Representing Spatial Information for
Limb Movement: Role of Area 5 in the
Monkey

How is spatial information for limb movement encoded in the brain?
Computational and psychophysical studies suggest that beginning
hand position, via-points, and target are specified relative to the body
to afford a comparison between the sensory (e.g., kinesthetic) reef-
ferences and the commands that generate limb movement. Here we
propose that the superior paristal lobule (Brodmann area 5) might rep-
resent a substrats for a body-centered positional code. Monkeys made
amm movements in different parts of 3D space in a reaction-time task.
We found that the activity of area 5 neurons can be related to either
the starting point, or the final point, or combinations of the two. Neural
activity is monotonically tuned in a body-centered frame of reference,
whose coordinates define the azimuth, elevation, and distance of the
hand. Each spatial coordinate tends to be encoded in a different sub-
population of neurons. This parcellation could be a neural correlate
of the psychophysical observation that these spatial parameters are
processed in parallel and fargely independent of sach other in man.

What is computed in reaching a target and where in the
brain? A vector code of movement direction has been de-
scribed in primary motor cortex M1 (Georgopoulos et al.,
1982; Schwartz et al., 1988; Caminiti et al., 1990), dorsal pre-
motor cortex PMd (Caminiti et al., 1991; Fu et al., 1993), areas
2 and 5 of the parietal cortex (Kalaska et al., 1983; Cohen et
al., 1994), and cerebellum (Fortier et al., 1989). Many neurons
at all these sites are broadly tuned to the direction of the hand
movement. Preferred directions (PDs) tend to be distributed
uniformly throughout space, and the population vector pre-
dicts well the hand trajectory (Georgopoulos et al., 1988).

A vector code of movement direction implies that neural
activity should be the same for the same movement per-
formed along parallel directions but starting from different
initial positions. It has been found, however, that this is not
the case for many neurons in M1 (Caminiti et al., 1990) and
PMd (Caminiti et al., 1991). The PDs computed in each part
of the workspace rotate by an amount and direction that are
highly variable among cells. Taken at face value, the results of
this analysis would lead to the conclusion that, because the
tuning parameters of neurons appear to change across work-
space, the representation of limb movement is fragmented in
many local subregions centered at each different starting po-
sition of the hand (Caminiti et al., 1990, 1991; Burnod et al.,
1992).

An alternative view, however, is that locations of the hand
and target are encoded in a fixed reference frame for move-
ments performed in different parts of the workspace. If so,
one should be able to characterize neural activity by means
of just one set of tuning parameters that apply globally to
different parts of the workspace, independently of initial hand
position or target location. Psychophysical studies have indi-
cated that in the process of transforming sensory information
about target and hand position into motor commands, reach-
ing movements are specified in a body-centered frame of ref-
erence (Soechting and Flanders, 1989a; Jeannerod, 1991; Pail-
lard, 1991).

The present view reconciles the neural code during move-
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ment with the code during maintenance of static posture. It
is well known that static cell discharge is monotonically re-
lated to the corresponding position of the hand in space in
M1 (Georgopoulos et al., 1984; Georgopoulos and Massey,
1985; Kettner et al., 1988), PMd (Caminiti et al., 1991), area 2
(Soechting et al., 1992), and area 5 (Georgopoulos et al., 1984;
Georgopoulos and Massey, 1985).

We have searched evidence for coherent representations
of movement and posture in the dorsal part of parietal area
5 of the monkey (see Mountcastle et al., 1975). This is essen-
tially a somatosensory and somatomotor center, endowed
with a wide representation of the arm. Most neurons have
pure somesthetic receptive ficlds that are generally larger
than those found in area 2 (Duffy and Burchfiel, 1971; Bur-
baud et al., 1991). These fields are often multimodal (extero-
and proprioceptive) and receive inputs from one or more
limb segments (Duffy and Burchfiel, 1971; Sakata et al., 1973;
Mountcastle et al., 1975; Burbaud et al., 1991). Single joint
neurons reflect sensitively steady joint positions (Mountcastle
et al., 1975). There is another population of neurons whose
discharge is modulated weakly by passive mobilization of the
limb but strongly by active movements (Mountcastle et al.,
1975; Kalaska et al., 1983; Burbaud et al., 1991).

When the activities of area 5 neurons are anatyzed accord-
ing to the scheme of vector coding of movement direction,
they appear to be directionally tuned in the same manner as
the neurons of M1 and PMd (Kalaska et al., 1983, 1990; Fer-
raina and Bianchi, 1994). The prevalence of static positional
effects is higher in area 5 than in frontal areas (Georgopoulos
et al., 1984). An important functional difference between fron-
tal and parietal cortex emerges when static loads pulling the
arm in different directions are applied to the monkey’s arm
during planar arm movements (Kalaska et al., 1989, 1990).
Load sensitivity forms a relative continuum in M1; some neu-
rons are very sensitive to the applied load and appear to en-
code parameters related to movement dynamics (forces and
torques), whereas other neurons are relatively insensitive to
loads and appear to encode movement kinematics, and still
other neurons fall in between, exhibiting both directional and
load tuning (Kalaska et al., 1990). By contrast, the vast major-
ity of neurons in area 5 are essentially insensitive to loads;
they appear to encode only movement kinematics, not dy-
namics (Kalaska et al., 1990).

In the present study tuning properties of area 5 neurons
have been analyzed according to two different schemes: (1)
vector code of movement direction and (2) positional code
in body-centered coordinates.

Materials and Methods

General Procedures

General methodological procedures were the same as in previous
studies (Caminiti et al., 1990, 1991; Ferraina and Bianchi, 1994). Head-
fixed monkeys (Macaca nemestring) sat on a primate chair in front
of the apparatus (Fig. 1a,b). The targets consisted of l1-cm-diameter
transparent push buttons that could be retroilluminated. Sixteen of
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the buttons were placed at the vertices of three horizontally adjoined,
imaginary cubes. Three other burtons were placed at the centers of
the cubes. Cubes had 10cm-long sides, 8.7 cm center-to-vertex dis-
tance. The center of the central cube was in the midsagittal plane at
shoulder height, 25 cm in front of the animal. Monkeys were trained
to perform in a reaction-time task. A trial began with the illumination
of the center button in a given cube. The monkey was required to
push it for the duration of a control time (1.5-2.5 sec), until the
center light was turned off and one of the targets at the vertices of
the same cube was turned on. Within specified upper limits of re-
action time (0.35 sec) and movement time (1 sec), the monkey was
required to move the hand toward the target button and push it for
a variable duration (1-1.5 sec). A liquid reward was delivered and a
new trial was started after a2 random intertrial interval (1-1.5 sec).
Targets were presented in pseudo-random order until five move-
ments were performed correctly to each of the cight vertices of that
cube. The same sequence was then repeated for the two other cubes.

The location of selected points on the monkey was measured
ultrasonically (GP-8-3D, Science Accessories Corp.). To this end small
cmitters were attached to the head, and to the limb at the shoulder,
clbow and wrist joints. Four microphones mounted on the wall
picked up the ultrasonic signals and the Xx,y,z-coordinates of each
cmitter relatve to a laboratory-fixed frame (Fig. 1a) were calculated
after conversion of signal transmission time to distance. Spatial res-
olution was =~0.1 mm.

Electrical activity of cortical neurons was recorded extracellularty
using standard techniques (Caminiti et al., 1990) from the dorsal area
5 contralateral to the performing arm. Data from the right hemj
sphere and left arm were mirror transformed. At the end, the animals
were sacrificed with an overdose of Nembutal and computer-assisted
histological procedures were used to locate the electrode tracks
(Caminiti et al., 1990).

Data Analysis

Each trial was divided as follows: (1) center-holding time (CT), the
last 1 sec before the presentation of the target; (2) reaction time (RT),
from the target presentation to the release of the center button; (3)
movement time (MT), from the release of the center button to the
depression of the target button; (4) target-holding time (THT), the
last 0.5 sec during which the target button remained pressed before
the reward was given. RMT was the interval from 200 msec before
to 200 msec after movement onsct. Mean parameters related to both
limb geometry and neural activity were computed by averaging over
different epochs for each cell and each trial.

Limb Geometry
The position of the wrist was defined using a number of alternative
coordinate systems.

Cartesian: anteroposterior (x), mediolateral (3), and vertical (2)
coordinates. Posterior, lateral, and upward directions were taken to
be positive. This frame of reference was parallel to the setup (see
Fig. 1a).

Spberical. clevation angle () relative to the horizontal (positive
upward), azimuth angle (x) relative to the sagittal (positive right-
ward), and radial distance (p) from the origin. Two different origins
were uscd: the midpoint between the eyes, and the shoulder joint
(Socchting and Flanders, 1989a). The latter case is illustrated in Figure
lc.

Spberangular. a hybrid coordinate system centered at the shoul
der, defined by two parameters of the spherical coordinate system
(clevation and azimuth angles) and by the angle of extension at the
elbow (¢, Fig. 1¢). ¢ is related to the radial distance p of the wrist
from the shoulder by ¢ = cos™'[({,;* + L* — p®H/2,L], where [, and [,
are the length of the upper arm and forearm, respectively, with typ-
tcal values of 13 cm. Note that the spherangular coordinate system
differs from the spherical system because it is dimensionally homo-
gencous (all spatial parameters in angular units).

Orientation Angles. These are the four angles that give the ab-
solute orientation of the upper arm and forearm (Soechting and Flan-
ders, 1989b). Elevations (6, B) are the angles between the upper arm
or the forearm and the vertical axis. They are measured in the vertical
plane. Yaws (1, a) are the angles between the upper arm or the
forearm and the anterior direction. They are measured in the hort
zontal plane.

All derived coordinates were computed trigonometrically from
the measured Cartesian coordinates (Soechting and Flanders,
1989a,b). Mcan initial positions in specified coordinates were com-
puted by averaging over CT, and mean final positions were computed
over THT. In the following, q, and q, denote the vectors of initial
positions and final positions, respectively.

To determine the extent to which arm posture varied among dif-
ferent trials with the same target, cach orientation angle was re-
gressed on a cubic polynomial in shouldercentered spherical coor-
dinates of the wrist. Multivariate regressions were performed using
standard least-squares techniques (Morrison, 1990):

w, = U(p) M
w, denotes the vector of orientation angles (8, B, m, o), whereas p,
denotes the vector of wrist position in spherical coordinates (Y, ¥,
p). UQ is a polynomial lincar in the coefficients, and including first-,
second-, and third-degree position terms. The multiple regression was
performed over the ensemble of data (5 repetitions X 24 targets X
131 cells, n = 15,720).

Analysis of Neural Activity
Positional Properties. Neural activity during stationary posture at the
targets was related to final wrist position according to a polynomial
model:

r(THT) = V(qp @
r(THT) is the mean firing rate over THT. VO is a polynomial lincar
in the coefficients, and of first, second, or third degree in the position
terms, depending on the model. q, was expressed in Cartesian, spher-
ical, spherangular, or angular coordinates, depending on the coordi-
nate system chosen to describe limb position. All targets (n = 24)
and repetitions (n = 5) were used in the regressions for cach cell.
Statistical significance of the regression model was assessed by means
of an F test (a = 0.05). In addition to the complete regression model,
partial models were also assessed by means of standard iterative pro-
cedures (Morrison, 1990). Essentially, one term at a time was removed
from the complete best-fitting model and the residual variance of the
resulting partial model was tested against that of the complete model
(F test, a = 0.05; see also Fu ct al., 1993). The total correlation co-
cfficients of the models were computed for all cells with significant
regressions, and their Z-transformed values were averaged across
these cells to yield a mean R.

To test whether the firing rate during center-holding time, n(CT),
was explained by the same regression model that explained n(THT),
the values of initial positions (q) were used in Equation 2 to predict
r(CT). Predicted and actual activities were then statistically com-
pared.

Mcan firing rate during movement time, r(MT), was fitted by
means of a linear combination of initial positions and of the differ-
ence between the final and initial positions:

rMT) = M(q) + Nq, - q), (€))
where MO and NQ are polynomials of first degree. M = 0 implies
that the cell’s discharge is correlated with the variational terms only.
N = 0 implies that the cell’s discharge is correlated with initial po-
sition. M = N implies that the cell’s discharge is correlated with final
position. Finally, when M # N # 0, the cell's discharge depends on
both the initial position term and the variational term. Inequality tests
were based on >10% differences between terms and statistical dif-
ference (o = 0.05) from zero. To determine the relative contribution
of initial position, final position, and difference between the two, a
further model was assessed that included a linear combination of

«—

Figure 1. a, Experimental apparatus. Open circles indicate the targets; x, y, 2 the laboratory-fixed Cartesian axes. b, Layout of the workspace. Movements of constant amplitude
were required from one of three possibile starting points (sefid circles) in one of eight possible directions (arrows). Targets denoted by pairs of numbers (e.g., 2 11) could be reached
from two different starting points. ¢, Shoulder-centered referance frame. Wrist coordinates are elevation ¢, azimuth x, and distance p. & and b are modified from Caminiti et al.

{1991).
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Figure 2. Stick diagrams of imb geom-
etry at the targets. Al trials {n = 5) for
one cell recording have been superim-
posed, in continuous fines for odd-num-
bered targets and in dashed lines for
even-numbered targets. Targets are
numbered as in Figure 1b. Top four pan-
als, arm projections on a horizontal plane
seen from above the monkey, bottom
four panels, arm projections on a sagittal
plane.

Top view

Side view

Shoulder

Elbow

these three terms (the right member of Eq. 3 included also that of
Eq. 2). Partial models were then constructed by removing the terms
that did not explain significant portions of the total variance (see
above).

Clearly, the model of Equation 3 can account for both positional
and directional properties. However, we assumed that whatever set
of tuning parameters characterizes a given ncuron, it applies to all
three parts of the experimental workspace. Accordingly, Equation 3
(as Eq. 2) was fitted simultancously to the ensemble of the data ob-
tained for all 24 targets. The constraint of fixed tuning paramecters
was absent instead in the directional analysis described in the next
section.

Directional Properties in Each Cube Separately. This analysis fol
lowed the procedures previously described (Georgopoulos et al,
1982, 1988; Schwartz ct al., 1988; Caminiti et al., 1990, 1991). Briefly,
the mean firing rate during ecither RT, MT, or RMT was linearly re-
gressed on the Cartesian components of all movement directions (n
= 8) in cach cube separately. Movement direction is a vector of unit
length pointing from initial to final position. Statistical significance of
the regression was assessed by means of an F test (a = 0.05). The
vector of PD was then computed from the coefficients of the linear
regression for each directionally tuned neuron and in each cube sep-
arately.

Directional tuning during movement was compared with posi-
tional tuning during stattonary posture in the following mannecr. The
static positional gradient G of each cell was determined from the
multiple linear regression of THT activity and the Cartesian coordi
nates of the hand at all targets (Kettner ct al.,, 1988). G is a unit length
vector in the direction of the maximum change in ncuronal discharge
related to target positions. The orientation of G was then compared
with that of the corresponding PDs by computing their inner prod-
uct in each cube separately. Because both G and PD were taken as
unit length vectors, their inner product corresponds to the cosine of
the angle between these vectors.
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Results

Bebavior

For each movement the distance between center and periph-
eral targets was constant. Accordingly, movements were per-
formed under roughly comparable conditions in all parts of
the workspace. On average, the RT was 266 = 10 msec (mean
+ SE) over the eight targets of the left cube, 261 * 6 msec
in the center cube, and 261 * 11 msec in the right cube. MT
was 618 * 39 msec in the left cube, 574 £ 32 msec in the
center cube, and 611 * 41 msec in the right cube. Intertrial
variability was not negligible, however; on average (n = 24),
the SD over five movements to the same target was 44 and
149 msec for RT and MT, respectively.

Figure 2 shows the geometrical configurations of the arm
corresponding to the final positions at all targets (numbered
as in Fig. 15). All trials (n = 5) for one cell recording have
been superimposed, in continuous lines for odd-numbered
targets and in dashed lines for even-numbered targets.

The reaching workspace of the monkey was tested over a
wide portion of the anatomical range. In the shouldercen-
tered spherical frame, the azimuth angle of the wrist ranged
from about —55° to 45°, elevation from —40° to 15°, and dis-
tance from 10 to 35 cm. In spherangular coordinates, elbow
extension ranged from 50° to 160°. In angular coordinates,
upper arm yaw ranged from —45° to 90°, upper arm elevation
from 5° to 80°, forearm yaw from —70° to 35° and forearm
elevation from 90° to 145°. Though limited, there was some
variation of the center of rotation of the shoulder joint. This
depended on a shoulder translation associated with move-



Tatls 1

Regression of joim angles versus wrist position

Joat angle R, R Distance Anmuth EBavation
Upper arm yaw 0925 0.906 -005 0956 —0.482
Upper arm elevation 0.963 0882 0031 0040 0916
Forearm yaw 091 0914 0.004 m —0.045
Foreamm elevation 094 0831 —0019 —0.004 0sH

Each orientstion angle {6, B, m, o) was regressad on the spherical coordinates (distance, azimuth,
etevation) of wnst position over the ensemble of data (5 repetitions X 24 targets x 131 cells, n =
15,720). Data ars, from lsft to nght, muttiple comelation cosfficients (R,) for the cubnc regresson, those
(R,) for the lnaar regression, and the coefficients of the inear terms.

ments directed to distant targets. The SDs of its Cartesian co-
ordinates relative to a laboratory-fixed frame were about 1
cm (<10% of upper arm length).

An important question regarding arm posture in this task
is whether or not there exists motor equivalence for move-

ments directed to a given target (Lacquaniti and Maioli, 1994).

In a redundant limb, such as the monkey arm, a given 3D
position of the wrist can be obtained by means of several
different combinations of angular values at the shoulder and
elbow joints. To address this problem, we computed the SD

of the Cartesian coordinates of the final position of either the
wrist or the elbow over five movements to the same target.
A mean SD for each such coordinate was then obtained over
all targets and neurons (24 X 131, n = 3144). The values were
the following: x, 1.80 * 1.27 mm (mean * SD) at the wrist
and 1.84 * 1.80 mm at the elbow; y, 2.26 * 1.18 mm and
2.87 * 1.55 mm, respectively;z,2.03 * 1.07 mm and 2.64 *
1.44 mm, respectively. Thus, mean SDs were quite small, those
of elbow coordinates being only slightly greater than the cor-
responding ones of wrist coordinates. This indicates that the
postures associated with any given target were highly stere-
otypical, presumably because the monkeys were overtrained
in the task.

The lack of motor equivalence implies that the specific
geometric configuration of the Himb (joint angles) is com-
pletely determined by the endpoint (wrist) position only. In
other words, the values of joint angles covary tightly with the
values of wrist position. To demonstrate this point directly,
each angular coordinate (orientation angles, 6, 8, n, a) was
linearty regressed on the three spherical coordinates of wrist
position (Eq. 1). Regression parameters are shown in Table 1.
It can be noted that the correlation coefficients are high (R
> 0.9) in all cases, even with the simple linear model. As

Figure 3. Microslectrode penstrations in
dorsal area 5. a—d are enlargements of
the region outlined in the brain figurine.
Dots indicate entry points of penetra-
tions. In one animal penetrations were
made in the left hemisphere but are
shown in a mirror-reversed right hemi-
sphere (B} to facilitate the comparison
with dats obtainad in the other animals.
IPS, CS, intraparietal and central sulci,
respectively; PCD, postcentral dimple.
Scale bars, 05 cm.
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Figure 4. Impulse activity of a neuron with movements to different targets. Rasters of five replications for each target in the left, center, and right cubes are aligned with the
movement onsat (M). Targat presentation is indicated by T: beginning of target-holding time, by H. Longer vertical bars indicate, from left to right, beginning of the trial, target
presantation, movement onsat, and beginning and end of target-holding time. Numbers on tha vertical axas correspond with the targets of Figure 15.

expected, yaw angles are related mostly to wrist azimuth,
whereas elevation angles depend on both wrist elevation and
distance (Soechting and Flanders, 1989b).

Neuropbysiological Data Base
Two hundred nine arm-related neurons were recorded during

74 successful microelectrode penetrations in four hemi-
spheres of three monkeys from the dorsal area 5 contralateral
to the performing arm. Electrode penetration tracks were lo-
cated in a cortical region that is caudal to the postcentral
dimple and spans most of the exposed part of area 5 up to
the crown of the dorsal bank of the intraparietal sulcus (Fig.
3). All cells recorded in dorsal area 5 fired during active move-
ments and most of them (80%) responded also to passive joint
rotations and/or manipulations of deep tissues of the upper
arm and forearm. One hundred thirty-one neurons of the total
sample had a complete set of experimental repetitions for all
targets and were retained for further quantitative analysis.

Figure 4 shows in raster form the variations in activity of
one neuron for all movements. It can be noted that the dis-
charge changes in an orderty manner with the changes in
target location, during both movement and posture. Thus, the
activity is highest for target 1 and lowest for target 24, which
is at the opposite extreme of the workspace (see Fig. 1b). In
the following we describe first the postural activity of the
neurons and then their movement activity.

Activity of Area 5 Neurons during Stationary Posture

In agreement with previous 2D studies of area 5 (Georgopou-
los et al., 1984; Georgopoulos and Massey, 1985), we found
that the mean activity of most neurons reflects accurately the
position of the wrist in space during the maintenance of sta-
tionary posture at both center and peripheral targets. The
relationship between the changes in the mean neural activity
at the targets and the corresponding changes in the position
of the wrist is illustrated for six neurons in Figure 5. Wire
frames correspond to the three workspaces depicted in the
insets, offset horizontally for clarity. The wire-frame corners
indicate the position of the wrist relative to the shoulder at
the end of the movement to the corresponding target. Wrist
position has been averaged over THT across all trials (7 = 5)
to each target. Wire frames are substantially distorted relative
to the cubes defined by the corresponding targets, because
the final position of the wrist was not constant relative to the
target for movements directed to different targets. In partic-
ular, targets at the extremes of the workspace (e.g., targets 5
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and 26) were reached with the fingers more extended than
targets closer to the monkey; the distance between wrist and
target was then correspondingly greater (sce also Fig. 2).
These spatial anisotropies were reflected in the neural dis-
charge.

The neurons plotted in Figure 5 demonstrate in a paradig-
matic manner the general features of the vast majority of area
5 neurons. Their mean activity (gray bars at wire-frame cor-
ners) was related quasi-monotonically to the changes in wrist
position through all points of the tested workspace. Each neu-
ron was tuned best to the changes of only one out of the
three spatial coordinates of the wrist. Thus, the mean dis-
charge of neurons A and B was related to the azimuth of the
wrist relative to the body, increasing from right to left in A
and from left to right in B. The activity of neurons C and D,
instead, was strongly modulated by the distance of the wrist
from the body: the closer the wrist, the greater the neural
activity in C, and the smaller the activity in D. Finally, the
activity of neurons £ and F was related to wrist elevation,
increasing in the downward direction in E and in the upward
direction in F. It must be noted that, although the neurons
were best tuned along one coordinate axis, they were not
totally selective. For instance, the activity of neuron B in-
creased not only with increasing azimuth, but also with de-
creasing elevation. The issue of the degree of selectivity will
be addressed in a following section.

A simple linear model of final wrist position (spherical co-
ordinates relative to the shoulder) predicts the actual dis-
charge of these neurons reasonably well throughout the
workspace. This can be appreciated by comparing the gray
bars (data) with the corresponding black bars (model) in Fig-
ure 5; 64% of the neurons were fitted by this model, with a
mean R of 0.739. Figure 6 shows the frequency distribution
of the regression parameters over the ensemble of neurons.
All spatial coefficients (including the intercept) are distribut-
ed over a wide range, centered around zero.

We assessed a number of alternative models and the results
are summarized in Table 2. On average the differences in the
goodness of fit were small among the linear models, indepen-
dent of the coordinate system used to describe the position
of the wrist in space. This is due to the fact that the monkey
performed the reaching movements with head fixed and with
limited motion of the torso. Moreover, wrist position covaried
tightly with the angular coordinates at the shoulder and el
bow joints (see Behavior, above). Thus, neurons that were re-
lated to wrist azimuth were also related to its y-coordinate in



Figure 5. Mean activity of six neurons during static posture at the targets. Wire frames correspond to the three workspaces depicted in the inssts, offset horizontally for clarity.
Plots are in parallel projection to preserve the scale. Wirs-frama comers indicate the position of the wrist relative to the shoulder at the end of the movement to the corresponding
target Gray bars edjacent to each corner indicate the firing rate sveraged during THT. Black bars indicate the firing rate predicted by a linear mode! of final wrist position in
shoulder-centered spherical coordinates. Wrist position and firing rate have bean averaged acress all trials (n = 5) to each targst. The multiple correlation cosfficients (A), and the
coefficients of the position terms from the partial model are, for A, {0.827), —4.29x; B, (0.738), —0.12p + 263x — 4.38y; C, (0.818), —0.33p; O, {0.778), 0.35p; E, (0873), —1.83x —

6.70y; £, (0.525), 8.95. Calibration bars (to the right of each panel), 20 spikes/sec.

the Cartesian frame, and with the yaw angles in the angular
coordinate system; similar covariations were observed for the
other corresponding coordinates. On average, however, body-
centered coordinate systems (spherical, spherangular, and an-
gular) provided a better account of neural modulation ¢higher
correlation coefficients in Table 2) as compared with a Car-
tesian coordinate system parallel to the laboratory frame. We
shall take up this issue in a subsequent section.

Models involving either quadratic or cubic functions of the
final position fitted the data much worse than the linear mod-
el, because they predicted nonmonotonic changes of activity
with limb position. However, higher-order models including
both the quadratic and the cubic positional terms, in addition
to the linear ones, fitted the data better than the linear model
(see Table 2). This is because higher-order terms allowed to
follow local nonlinearities. The magnitude of these local de-
viations from linearity was generally small (<20%) compared
to the linear slope. However, local nonlinearities were sub-
stantial in the responses of some neurons. For instance, they
are appreciable in the case of the neuron F in Figure S for

targets 16, 25, 18, and 27.1In this cell the R of the linear model
(corresponding to the black bars in Fig. 5) was 0.525, whereas
the R of the nonlinear model (linear + quadratic + cubic
terms) was 0.908.

Neural activity during CT at starting locations was gener-
ally related to initial wrist position by the same regression
coefficients that accounted for the THT activity at the targets.
CT discharge predicted by this regression did not differ sig-
nificantly from recorded CT discharge in 81% of the neurons.

Segregation of Different Spatial Coordinates in

Distinct Subpopulations of Neurons

Inspection of the data in the format of Figure 5 revealed that
the modulation of neural activity was often related selectively
to just one of three spatial coordinates, and that the preferred
coordinate varied among neurons. We followed standard sta-
tistical procedures (Morrison, 1990) to assess quantitatively
the contribution of each spatial parameter to the net dis-
charge of each neuron. Eigenvectors were computed from the
covariance matrix associated with the multivariate regression
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Figure €. Fraquency distribution of the regression parameters for THT activity. Statistically significant coefficients are from the linear model of final wrist position in shoulder-centered

spherical coordinates.

of THT discharge as a function of wrist position (in shoulder-
centered spherical coordinates). We found that 95% of the
total sample variance is explained by the first eigenvector
alone (aligned with one coordinate axis) in 66% of all signif-
icant neurons, and by the first two eigenvectors (each aligned
with a different coordinate axis) in 26% of the neurons. All
three spatial eigenvectors (coordinates) are necessary to ac-
count for the experimental variance in only 9% of the neu-
rons.

To compare the results across neurons having different lev-
els of activity, we normalized the absolute (unsigned) values
of the coefficients of the partial multivariate regressions (see
Materials and Methods). The normalized coefficients express

Tebls 2
Regression modals for THT activity

Shoulder Eyes
Coordinates Model n % R % R
Cartasian Lmear 3 64 0728
Cartasian Nonfinear 9 54 0838
Sphence! Limear 3 64 0.739 67 0.743
Spherical Nonfinear 9 52 0892 0 0832
Spheranguiar Linear 3 68 0740
Spheranguisr Nonfinesr 9 54 0.891
Angutar Lingar 4 64 0.730
Anguiar Nondinear 12 54 0952

Data are comelations of THT mean discharge with final imb position. For esch regression, the coos-
dinate system, model order, numbev of spatisl peramaters, percentage of Btied neurons (Flest, a =
0.05), and mean cormetation coefficrent are indicated Nonfinear models incheded Enear, quadratic, and
cubic terms. For sphencal coordinates, resifts with the ongin at the shouldsr and eyes are raported.
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the relative gain of each spatial parameter in any given cell
and represent its homogeneous coordinates in 3D space. A
schematic diagram in the homogeneous spherangular coor-
dinates of the wrist is shown in Figure 7. The closer is a cell
to one vertex of the triangle, the greater the relative contri-
bution of the corresponding spatial coordinate and the small-
er that of the two other coordinates. By contrast, the closer
is the cell to the center of the triangle, the more evenly
weighted are the relative contributions of all spatial coordi-
nates.

The histogram of the distribution of all significant neurons
over the base of homogeneous coordinates is plotted in Fig-
ure 84. The coordinates have been discretized in 0.1 unit
intervals. The height of the prisms is proportional to the num-
ber of cells whose coordinates fall in a given interval. Most
cells are tightly clustered around the vertices of the triangle,
indicating that they are much more related to one spatial pa-
rameter than to the two others. The proportion of neurons
with one homogeneous coordinate > 0.7 is 34% for distance,
17% for azimuth, and 17% for elevation. Similar results were
obtained for movement (MT) activity (Fig. 88), as described
in a following section.

Spherangular coordinates have been used in Figure 8 but
similar clusters are observed when spherical or Cartesian co-
ordinates are used to describe wrist position. Clustering holds
also when the nonlinear models described above are used
instead of the linear model, each coordinate axis now includ-
ing both linear and nonlinear terms. On the other hand, clus-
tering becomes less evident when all the terms of the regres-
sion are included irrespective of whether they contribute to
the experimental variance of neural discharge (see Materials



Figure 7. Schematic diagram of the homogenaous coordinates of neural activity. Ab-
sofute values of the coefficients &, of linear regression in spheranguler coordinates
were normalized according to 8" = [a}/ZJal i j = 1, 3. Velues of &' range from 0
{null contribution) to 1 (100% contribution) and express the relative gain of each spatial
parameter in any given cell. Increasing values of a* are plotted from top to bottom on
the /aft side of the triangle for distance {d), from bottom to top on the right side of the
triangle for azimuth (x), and from right to left on the top side of the triangle for elevation
(). The location of an arbitrary neuron M on this triangle is defined by its homogeneous
coordinates o,, x. Y It corresponds to the point of intersection of the three lines
originating from these coordinates. Each of these lines is drawn parellel to the next
contiguous coordinate axis in the clockwise direction.

and Methods). Terms that do not account for statistically sig-
nificant amounts of variance are scattered throughout 3D
space.

Activity of Area 5 Neurons during Movement

The mean activity during movement was analyzed according
to two different models: (1) vector code of movement direc-
tion and (2) positional code in body-centered coordinates.

Directional Properties in Each Part of the Workspace
Analysis was carried out according to the procedures previ-
ously described (Georgopoulos et al., 1982; Schwartz et al,,
1988; Caminiti et al., 1990, 1991). Essentially, the mean firing
rate during MT was fitted with a cosine function of the angle
between the direction of movement and the cell’s PD in each
cube separately. We found that 52% of the neurons were fitted
by this model in either the left, the center, or the right cube.
However, only 22% of the neurons were fitted in all three
cubes, 27% in two cubes, and 34% in one cube. The propor-
tions of directional neurons were even lower during RT: 12%,
24%, and 32% in three, two, and one cube, respectively. Be-
cause the main goal of the present study was to characterize
the directional properties across the workspace, only those
cells that were directionally tuned in at least two parts of
space were further anatyzed.

When the PDs computed in different parts of the work-
space are compared, one finds that they are not invariant,-as
is also the case in M1 (Caminiti et al., 1990) and PMd (Cam-
initi et al., 1991). The rotations of PDs in space are visualized
in Figure 9. Clearly, the orientation of PDs change markedly
for movements performed in different parts of the workspace.
The direction and amount of rotation are highly idiosyncratic
to each given neuron. The absolute angular differences be-
tween the PD spatial orientation in the left cube and that in

the right cube ranged up to 140° over the ensemble of neu-
rons (circular mean = 50°).!

A different question concerns the spatial coherence be-
tween the directional tuning (as expressed by the PD) of a
given neuron during movement and the positional gradient
of the same neuron during static posture. Spatial coherence
was estimated in the following way. The static positional gra-
dient G was computed from the linear regression of THT ac-
tivity on the Cartesian coordinates of the hand at all targets
(Kettner et al., 1988). G is a vector in the direction of the
maximum change in neuronal discharge related to target po-
sitions. We then computed the cosine of the angle (inner
product) between G and PD of the same neuron. The cosine
is 1 when these two vectors are in the same direction, —1
when they are oppositely directed, and 0 when they are or-
thogonal. The results for the three cubes are plotted in Figure
10. For each cell the PD in one or more of the three cubes
was compared with the positional gradient computed over
the entire workspace. It can be noted that the spatial coher-
ence is highly variable among neurons, with cosine values
spanning the full range between 1 and —1.

Positional Properties in All Parts of the Workspace

The appeal of the directional model considered in the pre-
vious section is based on its applicability to many different
cortical and subcortical areas (see Georgopoulos, 1991). How-
ever, the percentage of area 5 neurons directionally tuned in
all three parts of the workspace was rather low. Moreover, the
PDs of most such neurons changed substantially from one
part to the other of the workspace. Finally, the spatial coher-
ence between the PD and the static positional gradient was
highly variable among neurons. We have assessed, therefore,
an alternative model to account for the measured changes in
neural activity during movement. According to this model, a
given neuron is characterized by just one set of tuning param-
eters that apply globally to different parts of the workspace,
independently of initial hand position or target location. In
this model, target and hand location are neurally encoded rel-
ative to a fixed origin. We found that the model predicts well
the movement discharge of many neurons throughout the
tested workspace. Moreover, the tuning of most cells during
movement, as predicted by the positional model, was coher-
ent with the corresponding tuning during stationary posture
at the targets.

MT activity was fitted by means of a linear combination of
the initial wrist position and of the difference between the
final and initial position (Eq. 3). Sixty-seven percent of the
neurons were fitted by this model, with a mean R of 0.833 in
shouldercentered spherical coordinates. The results were not
very different in the other coordinate systems we have con-
sidered, as was the case for THT activity. For instance, the
percentage of fitted neurons and the corresponding mean R
were 66% and 0.815 in Cartesian coordinates, 65% and 0.824
in spherangular coordinates, and 59% and 0.898 in angular
coordinates.

The model used to fit MT activity was broad, insofar as it
could account for both positional and directional properties.
In fact, the relative weight of these terms turned out to be
quite different. Most neurons were related essentially to final
wrist position. This was demonstrated using two different
procedures (sce Materials and Methods). First, in the model
of Equation 3 the coefficients of initial position deviated by
<10% from the corresponding coefficients involving the dif-
ference between final and initial position in 59% of the cells.
Thus, the initial position terms tended to null themselves by
algebraic subtraction, leaving the final position terms as the
dominant terms in the regression. Second, a model involving
a linear combination of initial position, final position, and dif-
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Figure 8. Histograms of the distribution of all neurons over the bass of homogeneous coordinates. The coordinates have been discretized in 0.1 unit intervals. The height of the
prisms is proportional to the number of cells whose coordinates fall in a given interval. Prisms at the azimutha! vertex (coordinates 1, 0, 0) are in gresn, at the elevation vertex (0,
1, 0} in blus, and st the distance vertex {0, 0, 1) in red. Prisms at intermediate locations are color coded in proportion to the distance from each vertex. A, THT actvity; B, MT

activity.

ference between the final and initial position was separately
assessed. Partial models were then constructed by removing
one term at a time from the complete best-fitting model and
the residual variance was tested (Morrison, 1990). We found
that the residual variance of partial models that included only
the terms in final position was the same (F test,a = 0.05) as
that of the complete model in 62% of the neurons. According
to the same procedure, 5% of the neurons were related sig-
nificantly to initial position only, 6% to the difference between
final and initial position, and 27% required all the terms of
the complete model.

Famdilies of Neurons. The neurons plotted in Figure 11 are
examples of the most numerous group under the present ex-
perimental conditions. Their mean MT activity was related
quasi-monotonically to the changes in final wrist position
through all points of the tested workspace. For the sake of
comparison, we have plotted the same six neurons whose
discharge during THT has been plotted in Figure 5. As in that
figure, the corners of the wire frames indicate the mean po-
sition of the wrist at the end of the movement to the corre-
sponding target. The gray bars adjacent to each corner indi-
cate the firing rate averaged during MT across all trials to that
target. By comparing the results illustrated in Figure 11 with
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those in Figure 5, it can be noted that the activity recorded
in each such neuron during movement is modulated in the
same direction as the activity recorded during stationary pos-
ture. Thus, the mean neural activity is related to the azimuth
of wrist position in 4 and B, to distance in C and D, and to
elevation in E and F. The black bars indicate the firing rate
predicted by a linear model of final wrist position in shoulder-
centered spherical coordinates (i.e., the same model used for
THT activity in Fig. 5). This model predicts the actual dis-
charge of these neurons reasonably well throughout the
workspace, as can be appreciated by comparing the gray bars
(data) with the corresponding black bars (model). The re-
gression parameters are reported in the figure legend. It is
noteworthy that they are similar to those computed for THT
activity (see Fig. 5 legend), indicating that the relationship of
MT activity with the spatial coordinates of the wrist is coher-
ent with that of THT activity not only qualitatively but also
quantitatively. When THT activity was related nonlinearly
with wrist position, so was MT activity (e.g., neuron F in Figs.
5,11).

The subpopulation of neurons related to final distance de-
serves further consideration, in view of their relevance to the
issue of the coordinate system putatively involved in the en-



Figure 9. Apparent rotations of the PDs for movements performed in different parts of the workspace. PDs are unit length vectors with origin at the center and tip on the sofid
sphere. Each white curve (“comet”) on the surface of the sphere represents the apparent trajectory traced by the tip of the PD vector of an individual neuron through workspace.
Tha darkest part of the comet (“tail”) corrasponds to the orientation of the PD computed in the right cube, whereas the brightest part of the comet (“head”) corresponds to the
orientation of the PD in the left cube.

coding of limb movement in area 5. Because the targets were
placed along parallel rows, the distance coordinate (x) takes
only two values in the Cartesian coordinate system (parallel
to the setup), one value for near targets and another one for
far targets (sce Fig. 1a). One would then expect a bimodal
distribution of neural activity in this Cartesian frame. By con-
trast, the distance coordinate (p) of the spherical coordinate
system varies continuously across the targets (see Fig. 2).
Thus, on the near plane, p is smallest at the targets immedi-
ately in front of the monkey (14 or 23 and 12 or 21) and
increases progressively at targets placed more medial (3, 1)
or lateral (24, 22) to the monkey. Changes on the far plane

are similar, though more limited because the wrist is not pro-
tracted in proportion to target distance at the extremes of the
workspace (targets 5 and 26). One would then expect a bell-
shaped modulation of neural activity along the near plane,
with a relative maximum (or minimum) at the central targets
placed in front of the monkey. A similar, though less marked,
modulation should exist on the far plane. This was indeed the
case in most distance-related neurons. Two examples have
been plotted in Figure 11, C and D, and three other examples
are shown in Figure 124-C. As before, the activity predicted
by the final position model in shoulder-centered spherical co-
ordinates is indicated by the black bars. In all these neurons
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Figure 10. Spatial coherence betwsen the PDs and the positional gradients (6). G is a vector in the direction of the maximum change in THT activity throughout the workspace.
The cosine of the angle {mner producy between G and PD of the same neuren is 1 when thesa two vectors are in the same direction, —1 when they are oppositely directed, and
0 when they are orthogonal. For each cell the PD in one or more of the three cubes was compared with the positional gradient computed over the entire workspace.

and in 78% of all distance-related neurons (72 = 27), this mod-
el fitted the data better than the same model expressed in
Cartesian coordinates. (Seventy-six percent of the distance-
related neurons during THT exhibit a better correlation in
spherical coordinates than in Cartesian coordinates.)

The neurons plotted in Figure 11, C and D, and Figure 124
are related to distance only. The activity of the neurons of

A ¢

ACOL:

C

Sgeded
DT

Figure 12, B and C, instead, is related to both distance and
elevation (increasing for increasing distance and decreasing
elevation). However, distance effects are clearly dissociable
from those of elevation. Elevation neurons are depicted in
Figure 11, E and F, and Figure 12D. Their activity is similar on
the near and far plane of targets, but varies deeply with their
height.

Figure 11. Mean activity of “final position” neurons during movement time (MT). Results are from the same six neurons whose THT discharge has been plotted in the same format
in Figure 5. The multiple correlation coefficients {), and the cosfficients of the final position terms are, for A, {0.838), —4.33; B, (0.847), ~0.18p + 4.45x — 5.15¢; C, (0.798), —048p;

D, (0.577), 0.26p; E {0.834), —121x — 7.67; F, (0.554), 14.58¢.
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Figure 12. MT activity of four other “final position” neurons. A, (0.814), 0.59; B, (0.873), 0.13p — 5.15; C, {0.950), 0.62p — 5.68¢ — 11.8%y; D, (0.822), —7.7%..

As noted above, the movement activity of a proportion of
neurons was not explained adequately by a model including
final position only. Some examples are shown in Figure 13.
Neuron A4 can be defined as “variational,” being related to the
difference vector between final and initial position. The mean
activity of this neuron during MT increased consistently for
movements directed to the left and below the starting posi-
tion for the movements performed in each cube. Thus, the
modulation of activity was independent of the initial wrist
position and only depended on the relative direction of move-
ment as defined in body-centered coordinates. Accordingly,
the correlation coefficient R of the model with variational
terms only (M = 0 in Eq. 3) was 0.923 in this neuron, whereas
the R for the model in final position was 0.325. (For the sake
of comparison, the corresponding R values for the “position-
al” cell illustrated in Fig. 114 were 0.250 for the variational
model and 0.838 for the final position model.) Note that, in
contrast with the *positional” neurons, none of the “variation-
al” neurons exhibited a significant modulation of THT activity
with target position (Eq. 2 did not fit the data). The percent-
age (6%) of “variational” neurons in body-centered coordi-
nates is much lower than the percentage (22%) of directional
neurons derived in a previous section by fitting the direction-
al model to the data obtained in each cube separately. This is
due to the fact that in the former case the tuning function is
assumed to be constant in all three cubes, whereas in the
latter case the tuning function is allowed to change and does
often change from one cube to the other.

The neurons plotted in Figure 138-D were related to both
initial position and the difference between final and initial
position. Neuron B was related to azimuth, neuron C to dis
tance, and neuron D to both distance and azimuth. The R
values were 0.842, 0.758, and 0.874 for the complete model
in B-D, respectively, and dropped to 0.634, 0.217, and 0.442

for the final position model, and to 0.063, 0.047, and 0.197
for the variational model.

Further Tests of Positional Factors. Each boundary corner
(n = 8) between adjacent cubes corresponded to the same
target location but was reached from two different movement
directions (see Figs. 1b, 2). We were then able to compute a
Z score of the difference between the mean MT discharge for
one direction and the MT discharge for the other direction
to the same target. Pairwise comparisons were performed for
each boundary corner in each neuron. We found that the
difference in discharge was not statistically significant (a =
0.05) in 58% of all target-neuron combinations, and in at least
half of the boundary corners of 70% of the neurons. (The
same tests on THT activity yielded 68% and 84% of not sig-
nificant cases, respectively.)

The overall relations between neural activities associated
with these movements are shown in the scatter plots of Fig-
ure 144 for MT discharge and Figure 148 for THT discharge.
Each point corresponds to the discharge during two equifinal
movements to the same boundary target but reached from
two different directions. Movements in a pair were randomly
assigned to the abscissa or the ordinate. Both MT and THT
activities tended to be similar for equifinal movements; the
correlation coefficient was 0.762 (p < 0.001, n = 672) for
MT and 0.847 for THT.

The relevance of final position as a determinant of MT
discharge suggests that neural activity during movement is
modulated in parallel to the modulation of stationary activity
at the targets (THT activity). This point has already been not-
ed in relation with the neurons plotted in Figure 11. To gen-
eralize the observation we computed the correlation coeffi-
cient between MT and THT activity over all targets (n = 24)
in each cell (n = 131). Figure 154 shows the distribution of
the correlation coefficients. Of these, 80% were significantly
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Figure 13. MT activity of four neurons belonging to other classes. A, {0.923), —7.96Ax — 2.95A4s; B, (0.842), —1.16x, — 0.MAy; C, (0.758), 0.73p, + 0.06Ap; D, (0.874), 0.31p, — 3.3y,

— 146Ax.

> 0 (o = 0.025,R > 0.404, df = 22). The high degree of MT-
THT correlation is not due to the intrinsic autocorrelation of
cell activity during different time epochs. For instance, RT
activity was poorly correlated with THT activity (Fig. 158):
only 26% of the neurons exhibited an RT-THT correlation
significantly > 0.

To investigate further the relation between MT and THT
activity, the following equation was fitted to the cells with a
significant correlation:

r(MT) = a + b 7(THT) “@
Figure 15C shows the distribution of the slopes b over these
cells. It can be noted that this distribution is centered roughty
symmetrically around 1. [Mean values of b and g are 0.975 =
0.088 (*SEM) and 35 * 19, respectively.] Thus, on average,
the changes in MT activity are quite similar to the changes in
THT activity through the tested workspace. However, MT ac-
tivity is significantly smaller (b < 1) or greater (b > 1) than
THT activity in a substantial proportion of cells.

Having established the close parallelism between MT and
THT activity, we now report a summary of the positional
properties expressed by means of the same model of final
position (shoulder-centered spherical coordinates) that was
used for THT activity (Eq. 2). Figure 16 shows the frequency
distribution of the regression parameters over the ensemble
of fitted neurons. These distributions are comparable to those
obtained for THT activity (see Fig. 6). The spatial coherence
between the positional tuning during movement and that dur-
ing stationary posture is illustrated in Figure 17. For each fit-
ted neuron we computed the cosine of the angle between
the vector of the regression coefficients of final position for
MT activity and the corresponding vector for THT activity.
The cosine was close to 1 in most neurons, indicating almost
perfect spatial coherence. This is to be contrasted with the
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variable spatial coherence existing between PDs and posi-
tional gradients (see Fig. 10).

The same type of segregation that we have previously de-
scribed for the stationary code of limb position applies also
to the movement code: different spatial coordinates tend to
be segregated in different subpopulations of neurons. The his-
togram of the distribution of MT activities over the base of
homogeneous spherangular coordinates is plotted in Figure
8B. As in the case of THT activity (Fig. 84), most cells are
tightly clustered around the vertices of the triangle, indicating
that they are much more related to one spatial parameter than
to the two others. The proportion of neurons with one ho-
mogeneous coordinate > 0.7 was 28% for distance, 20% for
azimuth, and 16% for elevation.

Positional factors are preeminent in the modulation of area
5 neurons during all time epochs of the task. Thus, RT activity
tended to be closely related to CT activity and initial position,
in the same manner as MT activity was related to THT activity
and final position. The correlation coefficient between RT and
CT activity over all targets was statistically significant in 72%
of the neurons. The mean value of the regression slope over
these cells was 0.986 * 0.095 (+SEM). As a consequence, RT
activity was poorly related to both MT and THT activity (Fig.
158). However, RT activity was tuned in the same manner as
MT activity in the variational neurons (as that of Fig. 134).

Discussion

There are three main findings in our study of dorsal area 5.
(1) Many ncurons are positionally tuned during both move-
ment and stationary posture. In contrast to frontal areas
(Schwartz et al., 1988; Caminiti et al., 1990, 1991), relatively
few neurons seem to be tuned to movement direction per se.
(2) Positional tuning is defined in a reference frame with the
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Figure 14, Scatter plots of cell actvity during equrfinal movements. Boundary targets were reached from two different directions. Movements in a pair were randomly assigned to

the abscissa or the ordinate. A, MT activity, B, THT activity.

same origin for movements performed in different parts of
the workspace. This reference frame is presumably centered
on the body. (3) Each spatial coordinate could be separately
encoded in a distinct subpopulation of neurons.

Positional versus Directional Tuning Properties

An orderly, linear relation was found in previous studies be-
tween the mean activity of area 5 cells during target holding
and the actively maintained position of the hand in one cen-
tral region of 2D space (Georgopoulos et al., 1984; Georgo-
poulos and Massey, 1985). The results of the present study
extend those observations to a much larger range of station-
ary postures, associated with the reaching to targets located
in three different regions of 3D space. The percentage of po-
sitional neurons (as determined by linear regression of neural
activity on wrist position) is similar (about 60% of the sample)
to that previously reported in 2D studies (Georgopoulos et
al., 1984). We found that the same regression parameters fit-
ted both THT activity and CT activity of most neurons for all
targets. This implies that the static neural activity is correlated
with the corresponding wrist position throughout the tested
workspace, irrespective of whether stationary maintenance of
posture precedes or follows a movement. Nonlinear models
including linear, quadratic, and cubic terms of wrist position
fitted the neural discharge better than the simple linear mod-
el. However, the magnitude of local nonlinearities is generally
small compared to the linear slope of the regression. Of
course, one cannot extrapolate this quasimonotonic behavior
outside the tested workspace. It is quite possible that activity
saturates or falls off there.

We have analyzed the activity of area 5 neurons during
movement using two different approaches. First, directional
tuning was assessed separately in each one of the three parts
of the workspace according to the classical cosine model (see
Schwartz et al., 1988; Caminiti et al., 1990). We found that a
relatively low (22%) proportion of neurons is fitted by this
model in all three cubes. This proportion is much lower than
that obuained in M1 (75% of the neurons, Caminiti et al., 1990)
and in PMd (77%, Caminiti et al., 1991) using the same task

and apparatus. On the other hand, the proportion of neurons
(52%) that are fitted in either one of the three cubes is not
very different from that (62%) reported in a previous study
of area 5 using only one central region of 2D space (Kalaska
et al., 1983) For those neurons that are directionally tuned in
both the left and the right cube, one can compare the re-
spective orientation of the PDs. They differ by as much as
140°, with a 50° mean difference. Not only the magnitude, but
also the direction of change in PD orientation is highly idio-
syncratic to each given neuron and has an erratic orientation
in space (see Fig. 9). Consequently, the spatial coherence be-
tween the directional tuning of a given neuron during move-
ment and the positional gradient of the same neuron during
stationary posture is also highly variable among neurons, in
agreement with a previous report of 2D reaching movements
(Georgopoulos and Massey, 1985).

Although we see no reason to reject this directional model,
we believe that the second model we have considered pro-
vides a more plausible account of the physiological properties
of area 5 neurons. This model assumes that the tuning func-
tion of a given neuron is the same in different parts of the
workspace, instead of changing across space as implied by
the previous model. The present model is more general in-
sofar as it encompasses both positional and variational terms.
Sixty-seven percent of the neurons are fitted by the model.
The relative weight of positional and variational terms is quite
different in different neurons. On this basis we have been able
to distinguish different classes of neurons. Sixty-two percent
of the fitted neurons are related essentially to final position,
5% to initial position, 6% to the variational terms, and 27% to
both initial position and the variational terms.

The movement activity of the first class of neurons is re-
lated quasi-monotonically to the position of the wrist at the
peripheral target throughout the tested workspace. The
weight of positional factors is underscored by the observation
that the activity of these neurons during movements directed
toward the boundary targets is largely independent of the
specific direction of movement. The simple linear model on
final position fits both THT activity and MT activity of a given
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Figure 15. Distribution of the correlation coefficients between MT and THT activity (A)
and between RT and THT activity (B) over all neurons (n = 131). C, Distribution of the
slopss of the linear regression of MT activity over THT activity over all neurons (n =
105) with a significant correlation. Best-fitting gaussian curve Is superimposed on the
distribution.

neuron with similar regression coefficients. Accordingly, the
spatial congruence between the positional code during sta-
tionary posture and that during movement is generally very
high, in contrast with the variable association between PDs
and positional gradients discussed above.

The properties of the other classes of neurons are de-
scribed also by a fixed tuning function throughout the work-
space. Movement activity of “initial position” neurons does
not change relative to the starting point. “Variational” neurons
are related to the difference vector between final and initial
position, that is, to the motor error. The description of the
activity of the neurons related to both initial position and the
variational terms is more difficult. This activity could be cor-
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related with positions (via-points) located along the direction
of movement. All classes of neurons, except that of “variation-
al” neurons, show a significant correlation of THT activity
with final position; “variational” neurons lack these static pos-
tural properties.

The boundaries between these classes are not always rig-
idly defined. A taxonomy of area 5 neurons based on discrete
criteria is affected by some degree of arbitrariness, because
their properties vary probably along a continuum. On the oth-
er hand, there exist some analogies between the classes we
have described and those identified in previous studies of
area 5 based on different criteria (Mountcastle et al., 1975;
Chapman et al.,, 1984; Kalaska et al., 1990; Burbaud et al,,
1991). For instance, Kalaska et al. (1990) identified “tonic”
neurons characterized by ramplike changes in movement ac-
tivity whose intensity is correlated with arm posture. In con-
trast, “phasic” neurons showed directionally tuned phasic
changes prior to or during movement but little or no variation
in tonic activity at target holding. “Phasic-tonic” neurons have
intermediate properties. A similar heterogeneity of the neural
responses associated with movement has been also empha-
sized in other studies of area 5 (Mountcastle et al., 1975; Chap-
man et al., 1984; Kalaska et al., 1990; Burbaud et al., 1991).

One has to be very cautious in interpreting neural data
during movement. The exact nature of the signals involved
cannot be assessed in the absence of a correlation between
the time-varying changes in neural activity and the corre-
sponding changes in limb kinematics. Nevertheless,a few con-
siderations are in order. Movement activity can be thought of
as composed of a combination of static and dynamic factors
(Georgopoulos and Massey, 1985; Kettner et al., 1988). Static
factors reflect a direct relationship with limb position, where-
as dynamic factors encompass all nonstatic effects. An ap-
proximate estimate of their relative contribution is obtained
by regressing movement activity on target-holding activity
(Kettner et al., 1988). In about 50% of the cells the slope of
this relationship is =1, indicating a large predominance of
static positional effects (Fig. 15). Dynamic effects are not neg-
ligible in the remaining cells. Their exact nature remains to
be determined, but velocity-dependent signals most likely
play an important role (Thach, 1978; Schwartz, 1994).

The described relationships with limb position presumably
reflect limb kinematics, rather than kinetics, in agreement
with previous studies of area 5 (Kalaska et al., 1990). In fact,
the monotonic modulation of neural activity with limb posi-
tion departs from the nonmonotonic relation that character-
izes muscle activity at shoulder and elbow joints (Flanders
and Soechting, 1990). Some neural activity may reflect current
position of the limb, as signaled by peripheral feedbacks or
efferent copy of motor commands: CT and RT activity related
to starting point, MT activity related to via-points, and THT
activity related to final point. MT activity related to final point,
however, may reflect a preplanned desired position or com-
mand function rather than current kinematics (Mountcastle
et al., 1975; Hocherman and Wise, 1991). Eye position signals
might theoretically play a role.

According to some present theories on trajectory forma-
tion, lawful characteristics of reaching kinematics can be ac-
counted for by assuming that a few spatial landmarks includ-
ing start and final point are centrally specified. Time-varying
kinematics may not need to be planned explicitly, emerging
from minimum principles (Flash and Hogan, 1985; Bizzi et al.,
1992; Hirayama et al., 1993). The A-model predicts that central
commands specifying the equilibrium point change monoton-
ically reaching the final point well before the end of the
movement (Feldman and Levin, 1995). According to an alter-
native model (Bullock and Grossberg, 1988), three types of
signals are computed in the brain: a target-position command
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Figure 16. Frequency distribution of the regression parameters for MT actvity. Statistically signficant coefficients are from the linear model of final wrist position in shoulder-

centered sphencal coordinates.

(TPC), which is switched on once and for all at movement
inception; a present-position command (PPC), which is con-
tinuously updated until it matches TPC; and a difference vec-
tor (DV) between TPC and PPC. The diversity of functional
properties observed in area 5 neurons is compatible with
these and other views emerging from psychophysical and
modeling studies.

The Issue of Body-Centered Coordinate Systems
We have shown that the activity of area 5 neurons is related
to changes of limb position in a reference frame with the
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Figare 17. Spatial coherence between the positional tuning during movement and that
during static posture. The cosine of the angle between the vector of the regression
coefficients of final position for MT activity and the correspending vector for THT activity
were computed for all fitted neurons {n = 67).

same origin for movements performed in different parts of
the workspace. Neural modulation was explained better in
body-centered coordinate systems (spherical, spherangular,
and angular) than in a Cartesian coordinate system parallel to
the laboratory frame. We have been unable to determine
whether the origin of the body-centered coordinate system is
located at the eyes, body midline, or shoulder, because the
monkeys performed the reaching movements with head fixed
and with limited motion of the torso and shoulder. Nor could
we determine whether limb position is neurally encoded in
terms of the global wrist coordinates or in terms of the in-
dividual orientation angles of both upper arm and forearm.
Monkeys performed highly stereotyped movements, wrist po-
sition covarying tightly with the orientation angles of the up-
per arm and forearm. The fact that the latter provide a better
fit of the neural data could be due simply to the greater num-
ber of parameters (degrees of freedom) used in the model.
The main point about the present findings is that neural
activity during posture and movement can be explained in
coordinate systems that are not related exclusively to the ge-
ometry of the somatosensory and motor apparatus, but de-
pend on multisensory integration and central processing.
Thus, both the spherical coordinates of the wrist (azimuth,
elevation, distance) and the orientation angles of the limb
(yaw, elevation) require to be defined the hybrid combination
of a reference external to the limb with the intrinsic somato-
sensory information about limb configuration (Soechting et
al., 1986). This reference could correspond to the vertical, as
sensed by the vestibular apparatus, or as estimated by visual
and somatosensory cues as an idiotropic vector. The finding
that the activity of several neurons in area 5 encodes the final
point during movement and stationary posture in a coherent

Cerebral Cortex Sep/Oct 1995,V 5 N 5 407



manner suggests that information about target location is
transformed into the same body-centered coordinate system
used to encode limb position (Soechting and Flanders, 1989a).
Alignment in register of information from multiple sensors
and destined to multiple motor effectors is one important
raison d’étre of intermediate processing stages in hybrid ref-
erence frames (Grobstein, 1988; Masino and Knudsen, 1990;
Flanders et al., 1992; Carrozzo and Lacquaniti, 1994). Inter-
mediate representations are useful both to produce output
signals and to compare reafferent signals with efferent copies
of such output (Bullock and Grossberg, 1988).

The known physiological characteristics of area 5 neurons
are compatible with the generation of positional signals in
body-centered coordinates. Thus, somesthetic receptive fields
are generally large, often multimodal and multisegmental
(Duffy and Burchfiel, 1971; Sakata et al., 1973; Mountcastle et
al., 1975; Burbaud et al., 1991). As to the source of the vertical
reference, area 5 is connected with area 2, which in turn
receives vestibular inputs (in addition to parietoinsular PIVC
region; see Grusser et al., 1990). Alternatively, the reference
could correspond to the body sagittal axis. Several neurons in
area 5 have receptive fields encompassing both chest and
shoulder (Burbaud et al., 1991).

Parcellation of Spatial Information in Area 5 Neurons
A key issue in understanding distributed representations of
space in the brain is given by the statistical properties of
population ensembles (see Georgopoulos et al., 1988). A con-
sistent observation concerning the vector code of movement
direction in motor and premotor cortex has been that the
PDs of single cells are distributed uniformly throughout space
(Georgopoulos et al., 1988; Caminiti et al., 1990, 1991). This
distribution is deemed important for the population code of
movement direction by coarsely tuned neurons (Georgopou-
los et al., 1988; Burnod et al., 1992).

By contrast, the positional code we found in area 5 neu-
rons does not seem to be uniform in 3D space. When the
neurons are classified on the basis of the relative contribution
of azimuth, elevation, and distance, most of them (about 70%)
cluster around the cardinal spatial axes for both THT and MT
activity (Fig. 8). It should be noted, however, that clustering
is less evident when the terms that do not account for statis-
tically significant amounts of variance are included also. Pend-
ing the acquisition of a larger data sample, we put forth the
hypothesis that each spatial coordinate could be encoded in
a different subpopulation of neurons. Interestingly, a nonuni-
form distribution of PDs has been previously reported in a
2D study of area 5 by Kalaska et al. (1983); their Figure 44
shows that there is a higher percentage of cells with PDs
aligned with the sagittal and frontal axes, corresponding to
distance and azimuth, respectively (elevation was not tested).

Segregation of different spatial dimensions has been pre-
viously described at several sites of the CNS. For example, the
visual responses of distinct populations of neurons in the ac-
cessory optic system, inferior olive, and cerebellar flocculus
are tuned around the axes of each semicircular canal (Simp-
son et al., 1988). Horizontal and vertical rotations of the head
are controlled by distinct neural circuits in the optic tectum
of the owl Masino and Knudsen, 1990). A proportion of eye-
position neurons in area 72 are monotonically tuned along
either the horizontal, or the vertical, or the depth axis of gaze
(Sakata et al., 1980; Andersen et al., 1990).

What is the functional significance of segregating the infor-
mation about distance, elevation, and azimuth of hand move-
ments in distinct subpopulations of neurons? Neural parcella-
tion could be a correlate of the psychophysical observation
that these spatial parameters are processed in parallel and
largely independent of each other (Flanders et al., 1992). Thus,
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pointing errors in distance are distinct from the errors in azi
muth and elevation in man (Soechting and Flanders, 1989a,b;
Gordon et al.,, 1994). Also, the central processing time involved
in programming movement direction is different from that in-
volved in programming movement distance (Rosenbaum,
1980). Projecting the spatial information onto separate axes of
neural coding could be important for sensorimotor coordina-
tion, because information related to motor commands could be
matched more easily with incoming sensory feedbacks. Spatial
axes that result from a hybrid combination of sensory and mo-
tor axes would be best suited to accomplish this matching
process (Carrozzo and Lacquaniti, 1994).

Although spatial information could be parcellated at the
level of single neurons, the complete information about limb
position could still be reconstructed by simple summation of
the individual contributions over a population of neurons, be-
cause the spatial coefficients are distributed symmetrically in
the positive and negative direction (Figs. 6, 16). This can be
demonstrated by using a neural network model. A layered
neural network whose intermediate layer contains position-
ally tuned neurons can be trained to generate the position of
the hand in body-centered coordinates. Global reconstruction
of limb position could take place either inside or outside area 5.

It remains to be seen whether the analysis we have applied
here to area 5 neurons can discriminate regional differences
with M1 and PMd. There are reasons to believe so. Functional
characteristics of arm-related neurons are partially different in
frontal and parietal cortices. In area 5, static positional tuning
is predominant and relatively few cells are directionally tuned
in all parts of workspace.By contrast, in M1 and PMd, dynamic
factors are large (Kettner et al., 1988) and the percentage of
directionally tuned neurons is much greater than in area 5
(Caminiti et al., 1990, 1991). Area 5 is extensively intercon-
nected with M1 and the border region M1/PMd (Johnson et
al., 1993, 1995). One might then speculate that these regions
form a network for the coordinate transformations involved
in movement generation.
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1. A spherical regression analysis was performed to determine the
rotation necessary to align globally the two populations of PDs ob-
tained in the left cube and in the right cube, respectively (see Cam-
initi ct al., 1990) This rotation had large, statistically significant com-
ponents around both the z-axis and the y-axis, in contrast with the
pure horizontal (z-axis) rotation observed in M1 (Caminit et al,
1990) and PMd (Caminiti et al., 1991).
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