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Ajemian, Robert, Daniel Bullock, and Stephen GrossbergKine- 1998). Cell activity therefore shows relations to a multitude of
matic coordinates in which motor cortical cells encode movemegigvement variables that span the sensorimotor spectrum.

direction.J NeurophysioB4: 21912203, 2000. During goal-directed gjnce not all MI cells are equally responsive to each of these
reaching in primates, a sensorimotor transformation generates a.d%{ﬁables it makes sense to separately investigate distinct
namical pattern of muscle activation. Within the context of thid ’

sensorimotor transformation, a fundamental question concerns fnponents of firing rate modulation. Although force or other
coordinate systems in which individual cells in the primary motdmovement variables could be analyzed with the methods em-
cortex (MI) encode movement direction. This article develops ployed herein, the present analysis focuses on cell response
mathematical framework that computes, as a function of the coordemponents related to a kinematic variable—movement direc-
nate system in which an individual cell is hypothesized to operate, tign—because studies have demonstrated the prevalence and
spatial preferre_d direction (pd) of th_at cell as the arm con_figurati rength of directional coding in MI (Ashe and Georgopoulos
and hand location vary. Three coordinate systems are explicitly m 94) and because a large literature exists on center-out tasks
eled: Cartesian spatial, shoulder-centered, and joint angle. The com-

puted patterns of spatial pds are distinct for each of these tht eWhICh movement direction is the explicitly controlled vari-

coordinate systems, and experimental approaches are described@Rd- Still, knowing that cell activity strongly reflects a kine-
can capitalize on these differences to compare the empirical adequat§tic movement variable like direction does not specify the

of each coordinate hypothesis. One particular experiment involvifigture of the cellular representation: Cartesian spatial coordi-
curved motion was analyzed from this perspective. Out of the thraates, joint angle coordinates, or muscle length coordinates all
coordinate systems tested, the assumption of joint angle coordinatgight be used to represent movement direction at one neural
best explained the observed cellular response properties. The magiage or another.
matical fra_mework developed in this paper can als_o be used to de_sigrp:or the entirety of MI, the supposition of a unique coordi-
new experiments that_are capable of disambiguating between a giygfie system in which movement direction is encoded may be
set of specified coordinate hypotheses. inappropriate since a heterogeneity of coordinate systems may
exist within a single brain region (Crutcher and Alexander
1990). Indeed it is well-documented that the representations
that mediate motor behavior are distributed, often in a graded
Activity in primary motor cortex (M) has been implicated inmanner, across extensive, overlapping cortical regions (Fetz
a variety of aspects of movement behavior from control dQ92; Kalaska and Crammond 1992; Mushiake et al. 1991).
movement execution to participation in movement planningherefore we restrict our analysis to the single-cell level and
Specific examples of MI involvement in the control of kineask: how can one analyze the coordinate system in which an
matic or kinetic attributes of multi-joint movements includéndividual cell encodes movement direction? Beyond outlining
established correlations between cell firing rates and the falgeneral framework for testing alternative coordinate hypoth-
lowing movement variables: movement direction (Georgopoases, we test three specific coordinate systems, Cartesian spa-
los et al. 1982; Schwartz et al. 1988), hand position (Georgiial, shoulder-centered, and joint angle, with regard to the data
poulos and Massey 1985; Georgopoulos et al. 1984; KettneoétHocherman and Wise (1991).
al. 1988), force (Georgopoulos et al. 1992; Kalaska et al.
1989), hand speed (Ashe and Georgopoulos 1994; Moran and
Schwartz 1999a: Schwartz 1992), movement amplitude (FuMpdel and approach
al. 1993, 1995), and target direction (Alexander and Crutch&teFERRED DIRECTIONS IN AN INTERNAL SPACE. Georgopoulos
1990b; Shen and Alexander 1997). Further studies have shasyral. (1982) showed that the movement-related activity of
that cell firing rates correlate with aspects of movement plamany Ml cells in the standard center-out task can be repre-
ning such as movement preparation (Alexander and Crutchehted as
1990a; Kettner et al. 1996), target sequence information (Car-
penter et al. 1999), and rapid motor adaptation (Wise et al. v(w) = bg + by cos(w — wp) 1)
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where v is the cell’'s average firing rateh, is the mean METHODS
movement-related activity across all directiobg,is the am

) A ) Model arm
plitude of the direction-dependent modulation of movement-
related activity,w is the movement direction of the hand, and The analysis in this paper assumes a 2-joint or 2-degree-of-freedom
wpq IS the spatial preferred direction or spatial pd, i.e., th@-DOF) arm moving on a 2-dimensional (2-D) planar workspace
movement direction in space that elicits the maximal cellul&ituated within the horizontal plane passing through the shoulder. This
response. model arm, illustrated in Fig.A, will be referred to as the 2-DOF

- . . planar arm. The kinematic equations describing this arm are detailed
The empirical success &fq. lwarrants investigating, as ON€ the aprenDIX. A critical feature of the 2-DOF planar arm that

possibility, whether movement direction is represented ing@pjifies our analysis is that positions map one-to-one to postures.
spatial coordinate system. This hypothesis contrasts with some

earlier studies where cell activity correlated strongly with o

muscle force (Cheney and Fetz 1980; Evarts 1968). MdModeling internal pds

recently, Mussa—lv_ald| (1_988) dempnstrated_theoretlcally t.hatOne complication in adoptingq. 1as a general model for cell

the observed spatial tuning can arise even if a motor cortigging rates in center-out type tasks is that spatial pds have been
cell explicitly controls the time rate of change of multipleobserved to vary with hand position (Caminiti et al. 1990) and, more
muscle lengths. From a diversity of empirical and theoreticgénerally, arm posture (Scott and Kalaska 1997). To account for more
studies, no consensus has emerged, and a variety of coordifhtee variance in cell discharge as the center-out task base expands,
interpretations spanning the sensorimotor spectrum have pagdgtional predptor varlz?\bles (such as hand position) might be added
proposed for understanding directionally tuned cell activity iff. \€ "egression equation (Ashe and Georgopoulos 1994). Alterna-

) L2 . ively, a change in the coordinate representation of the variable of
MI (Bullock and Grossberg 1988; Caminiti et al. 1990; MusSgsierest (Lacquaniti et al. 1995), which in this case is the preferred

Ivaldi 1988; Sanger 1994; Schwartz 1992-1994; Scott aRgbvement direction, might allow an equation as compa&asl to
Kalaska 1997; Tanaka 1994; Zhang and Sejnowski 1999). account for a larger proportion of the variance. As part of the search
A key step to investigating alternative coordinate hypothests a more generally applicable tuning equation, the 2-DOF planar

is to distinguish between two types of representation of pdsa#n model can be used to construct alternative coordinate systems for
spatial pdand aninternal pd. the purpose of testing whethEg. 1(in which a cell's pd is specified

once and without regard to the arm’s posture) can provide a better data
SPATIAL PD. A spatial pd is that hand motion direction, adit if the spatial pd is interpreted as a specific instantiation of an
represented in extrapersonal space, to which a cell will respotiglerlying and invariant internal pd. A constant internal pd, together
maximally during small movements made from a commotith the relevant coordinate transformation, can in principle fully
starting posture. What is meant here by the term “space” is lain the observation of a posture-dependent spatial pd by gener-

. - . L on . atihg a systematic prediction of the manner in which the spatial pd
coordinate system utilized by the experimentalist in mak|r[g1aggeS leith postu?e. P P

measurements, typically a Cartesian coordinate system whosgy jllustrate, suppose that the spatial pd of a cell at some reference
axes are aligned with the task space: e.g., the planar surfaceesture is directior and that the internal space of a cell is coordinate
which the monkey performs a center-out task. This coordineggstemZ. Movement directiorA in space maps to movement direc-

system will henceforth be referred to as Cartesian spatii@n B in coordinate systenZ. Now suppose that movements are
coordinates initiated from a new arm posture. How can we predict the new spatial

pd, A’? Assuming thaB remains the cell’'s pd in internal coordinate
INTERNAL PD. An internal pd is that movement direction thasystemZ at the new arm posture}’ can be calculated using the
elicits maximal cell response when represented in whateveyerse mapping: between directions in coordinate sy&teendirec-
coordinates best characterize the cellular-level encoding oS in external space. In general, for all cases where the internal

: . e w " . oordinate system is not identical to external sp&cayill not be the
movement direction. This “internal” coordinate system of ame ad\, because the transformation between directions in coordi-

cell may be_ Cartesian spatial Coordlln'ates, or it could be SOiGe systen¥ and directions in external space depends on posture
other coordinate system, such as a joint angle or muscle lengtfl| as the posture changes, so does the local relationship between
coordinate system, which is more closely coupled to the bimovement directions in the 2 coordinate systems). This type of
mechanical variables directly affected by the cell through it®ordinate analysis belongs to the branch of mathematics known as
output connections. Thus, although the spatial pd reflects gf#ierential geometry.
internal pd, it is the internal pd that describes a cell’s distinc-
tive role in the s_ensqrimotor transf_ormation. “Vector fields of spatial pds

For a well-defined internal coordinate system, mathematical
transformations can be used to convert back and forth betweeGiven a 2-DOF planar arm, hand position maps uniquely to arm
a representation of direction in external space and its corp®sture (which is not the case when the arm possesses redundant
sponding representation in the internal space. These transfifigrees of freedom). Thus determining the spatial pd at every posture
mations are in general posture dependent: the relationsi§iggguivalent to uniquely determining the spatial pd at every hand
between directions in the internal space and directions RRSItioN in the workspace. Specifying a spatial direction and a corre-
external space changes as a function of posture. By using nding magnitude over a field of points in space defines a vector

distincti bet tial pd and int | bd I ield [in this case, a vector field of spatial pds as in Zhang and
IStinctions between a spalial pd and an Internal pd as we §l§nowski (1999)]. Thus an internal pd in a particular coordinate

the posture-dependent properties of the directional transforndgsiem implies a vector field of spatial pds. To illustrate, plots of
tions between the spaces, a vector field method is develop@etor fields of spatial pds were constructed under the assumption of
that generates, for a given cell, spatial pd predictions that diffesich of three internal coordinate systems for a sample cell whose
across the workspace as a function of coordinate hypothesspatial pd is 60° at a reference posture, as indicated in Rig. 1
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Cartesian Spatial

Fic. 1. A: model arm and spatial preferred di-
rection (pd) at the reference posture. The model
describes a 2-link planar arm controlled by shoul-
der flexion/extension and elbow flexion/extension.
k, denotes the length of the upper arm segment,
and k, denotes the length of the lower arm seg

. - \ . . . . ment. A shoulder rotation (denoted Wy of 24°
30 20 -10 0 10 20 30 and an elbow rotation (denoted hy) of 120°
x (cm) specify the reference posture of the arm. At this
D posture, which places the hand at the point (0,16),
Shoulder-centered the spatial pd of the sample cell is 60°. All lengths
P are given in cm.B: illustration of shoulder-cen-
301 T P tered coordinates. The spatial pd is defined relative
! 7 i to a coordinate system that is aligned with respect
to the shoulder-hand axis. As the hand moves
about the workspace, the spatial pd rotates the
same amount as the shoulder-hand axis rotates.
C-E vector fields of spatial pds are constructed for
the sample cell under the assumption of each of the
3 internal coordinate systems. For each plot, the
0. : : ’ ’ vector in the center of the workspace, surrounded
by the thick gray box, corresponds to the spatial pd
at the reference posture, which, by definition, is
E Joint Angle identical for the 3 coordinate hypotheses. The other
vectors correspond to spatial pd predictions at dif-
s ferent workspace locations. Using the direct sam-
pling paradigm, one can, on a cell-by-cell basis,
compare spatial pd predictions at a small number
of other postures (such as those enclosed by the
thin gray boxes) to the observed spatial pds to
compare the goodness-of-fit of the alternative co-
ordinate systems.
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Cartesian spatial coordinates coordinate system (Caminiti et al. 1990, 1991; Tanaka 1994). In
) ) ) ) ) consideration of these observations, suppose as shown inB-that

The simplest vector field arises when the internal coordinate systengell's spatial pd is computed in a mobile Cartesian spatial reference
in which a cell encodes movement direction is the same Cartesigime, one axis of which is aligned with the axis connecting the
spatial coordinate system in which spatial pds are measured. Psydigulder to the hand. As the shoulder-hand axis rotates (due to
physical evidence (Morasso 1981) suggests that movement planniggations at the shoulder and/or elbow joints), the cell’s spatial pd
may occur in this coordinate system. Spatial pds for this case will n@ftates by an equivalent amount. Thus the rotational transformation
vary with posture because the spatial pd at the reference posturgdfverts between representations of direction in the two spaces.
also the cell's internal pd; in other words, the identity transformatiofigure 1D plots the variable-direction vector field of spatial pds
converts between the two representations of direction. Fig@re Jenerated for the sample cell with a constant pd in shoulder-centered

shows this constant-direction vector field of spatial pds. The mag@bordinates. Specifications for generating this vector field are con-
tude of each vector is unity; theePENDIX describes how magnitudestained in theaPPENDIX.

are determined. For this and subsequent vector field plots, information

regarding the direction but not magnitude of the vectors is provided., . .
?A vectgor at a given point in thesge vector field plots repregents tl Q'm angle coordinates

cell's expected spatial pifl the center-out task were performed with  An M| cell may encode movement in a joint angle coordinate

that point as the movement origiBecause it is impractical to map outsystem that represents a later stage in the sensorimotor transformation

a cell's vector field of spatial pds by performing the center-out task gm spatial coordinates to muscle activations. Psychophysical studies

many times as there are arrows on the simulation plots, alternatiy@ motor adaptation (Gandolfo et al. 1996; Shadmehr and Mussa-

testing methods are described later. Ivaldi 1994) have implicated joint-based representations. Mussa-
Ivaldi (1988) suggested that Ml cell activity could be a linear function
Shoulder-centered coordinates of the rate of multiple muscle length changes. More recently, Scott

and Kalaska (1997) introduced a joint angle interpretation of Ml cell
One axis important for many mammals is the line between tleetivity, and our interpretation is similar to theirs.
proximal and distal end of a limb; e.g., between the shoulder and theSuppose that at the reference postuég, (g), a cell possesses a
hand (Maioli and Lacquaniti 1988). Psychophysical studies (Flandesgatial pd,w,q Using the inverse of the Jacobian of the kinematic
et al. 1992; Soechting and Flanders 1989) have suggested the exaasformation from joint angle coordinates to spatial coordinates, this
tence of a shoulder-referenced spatial coordinate system, and cell dattial direction can be converted to a direction in joint angle space.
have been interpreted in terms of a shoulder-referenced intrin€la assumption of a new arm posture, the Jacobian can be used to
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convert the joint angle direction back to a spatial pd. Since tleentered coordinates). The constant value depends only on the joint

Jacobian is posture dependent, application of the inverse Jacolsgnergy to which the cell is tuned.

followed by application of the forward Jacobian evaluated aew

posture is not equivalent to operating with the identity transformatiowti”ty of vector fields

the composite transformation will result in a new spatial pd. The

mathematical details of constructing this vector field are contained inMeasuring the curl experimentally is problematic since it is a local

the APPENDIX. measure whose accurate estimation at multiple points would require a
An intuitive explanation of what it means for a cell to possess drigh resolution sampling of the workspace that may be difficult to

internal pd in a joint angle coordinate system is as follows. Suppoaecomplish in practice. Nonetheless, for any pair of candidate coor-

the internal pd for a cell is dinate systems, computation of the curl indicates whether the two
. coordinate systems give rise to vector fields of similar or disparate

[f_’pu] _ [1] (2 sStructure, and thus whether they are empirically distinguishable.

Ppd 3 Based on this fact, two distinct methods for experimentally disambig-

here i de d h lati hould d elb yating between distinguishable vector field structures are now de-
where 6,4 and ¢, correspond to the relative shoulder and e W ribed: “direct field sampling” and “indirect field sampling.”
components of the preferred velocity vector in joint angle space. Sudh

a cell responds maximally to directions of coordinated two-joint ) )
motions produced when the elbow rotation rate is three times tRdrect field sampling

shoulder rotation rate. Depending on the posture, the spatial move-., . . . .
ment direction that corresponds to this movement direction in joip& This method determines spatial pds at several different workspace

angle space (i.e., this joint synergy) will vary. Figurg depicts the cations and then, using a least mean square analysis, compares the

! . ; Its with those predicted by the different coordinate hypotheses.
vector field of spatial pds generated for the sample cell with a const oy . o ) N
pd in joint angle coordinates. @)r example, spatial pd predictions at the locations indicated by the

thin-lined boxes in Fig. 1C—E, can be compared with the measured
spatial pds at those locations to determine which coordinate system
Global description of vector fields provides the best fit. Knowledge of the vector field structures can
optimize the discriminatory efficacy of the direct field sampling
These three vector fields simulated for a sample cell clearly dlﬁpbrac“gm by enabling workspace sampling that focuses on those
from one another. Is there any simple way to classify the differencegations that engender very different predictions for the coordinate
in their structure without comparing vectors in the alternative vectgystems being evaluated. For 2-D planar arm movements, no exper-
fields one by one for each cell? Tleerl of a vector field is a local iment has been performed that directly sampled the workspace in the
measure of the rotational tendency of vector field flow; that is, @anner suggested above, although Caminiti et al. (1990) and Scott
measure at a point of how much the vectors rotate in the neighborhegll Kalaska (1997) have performed experiments based on this con-
of that point. Observing how the curl changes across the workspaggt (seepiscussion.
helps to explicate the global structure of a vector field. Below we
present the distinct curls for each of the three classes of vector fi
described above. The mathematical details of the derivations

reported in thexpPENDIX. Another method relies on investigating cortical activity during long,

CARTESIAN SPATIAL COORDINATES. Cartesian spatial internal pdscurved movements that sweep broadly across the workspace, thereby
imply that the spatial pds do not change. Hence, there is no orientégiting many postures and implicitly sampling a cell’'s vector field of
flow to the vector fields, and their curls are everywhere zero. ~ spatial pds over a single trajectory. The pattern of movement-related

) activity registered by a cell along multiple such paths determines the
SHOULDER-CENTERED COORDINATES. Vector fields generated un-

- . . . cell's trajectory-selectivityor its tendency to respond preferentially to
der the assumption of this coordinate system yield certain types of trajectories. A cell’s trajectory-selectivity, if any, can

serve as the signature for a specific coordinate system.
(3) Equation 1was initially applied only locally and only to move-
ments of constant spatial direction. For long, curved trajectories the
ggatial movement direction of the hand varies continuously, and the

ejﬁglirect field sampling

—COSWyy(Xrs YR)

curl(x,y) = ;

wherew,q (X, Yr) is the spatial pd of the cell at the reference postur
andr is the distance of the hand from the shoulder. The inver
dependence om indicates that the rotational tendency of vector:
diminishes at more distal portions of the workspace.

nd position or arm posture can change significantly as well.

chwartz (1992) demonstrated that, for the traversal of sinusoidal
trajectories, the activity of many Ml cells varied continuously as a
. . . function of the continuously changing movement direction in accord
tion in joint angle space, this internal pd can be written as a normgkken during movements in which the movement direction markedly

ized joint angle velocity vector (* denotes normalization) varied, provided that there was an appropriate temporal lead between
- the cell firing rate and the corresponding hand movement direction. A
[ 2 ] similar finding was made regarding a spiral tracing task in Moran and
‘de

Schwartz (1999b).
where 'sz denotes the shoulder component of the preferred jointon the basis of these and other findings that suggest that directional

synergy ands*,, denotes the elbow component. The curl value for thgPNtro! is an important aspect of movement control, we hypothesize
vector field oFsuch a cell is that cells will respond in continuous accord with the principles of

broad directional tuning (as embodied by tuning curves such as the
curl(x, y) = 20% + &% ) cosine model) in arbitrary movement tasks. Thus the movement-
related temporal discharge pattern of a cell during an arbitrary move-
This curl is a nonzero constant (no dependence on hand positiom@nt trajectory can be modeled hy breaking the trajectory into a
arm posture). Thus vectors in this vector field rotate (in sharp contréeatge number of small, essentially linear, path segme)tdetermin-
to Cartesian spatial coordinates), and their rotational tendencying the movement direction within a given bin; aBdapplyingEq. 1
uniform throughout the workspace (in sharp contrast to shouldeo- each of these path segments. These steps will determine the
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direction-dependent component of cell activity over the course of a B B

movement path. A 0O c A c
To complete the determination of the temporal response profile, WQ ," ,/"5 - D\ D

note that Ml cell response for trained movements with unimodal speed " /7 ) . 1

profiles often takes the form of a phasic pulse or burstlike response\.u $ ‘e ° 3 8 /9

Many generative hypotheses are consistent with this shape. As theh\'\_ 7 . °

focus of this article is not on explicating the specific shape of the \q’“

response, but on understanding how variations in cell response arise as N

a function of the directional characteristics of the movement path  CLOCKWISE STRAIGHT COUNTER-CLOCKWISE

taken by the hand, we simply assume a generic burstlike shape for cell ARCs LINES ARCS

response in our S'mm_at'ons' Therefore to determ'ne _the tempor#le. 2. Three types of movement curvature in the experiment of Hocher-
response profile, the directional component of cell activity (as detefian and wise (1991). A movement of each curvature type was made to each
mined in steps 1-3 above) is modulated by a generic Gaussian fahe 3 targets (A-C). Comparisons were made for movements to the same
embodies the phasic response properties of many MI cells. Tiaeget to see whether a cell responded preferentially to movements of one
Gaussian modulation is a fixed component of cell response ussecific curvature type across all targets. Reprinted with permission from
identically for all paths and coordinate assumptions, and it introducdgcherman and Wise (1991).

no bias. Simulations showed that the precise form of the response

envelope (which included different pulse shapes as well as the cdf. was used as a normalized measure of a cell's average movement-
stant function) does not alter the results on trajectory-selectivity. /&lated activity for path and was computed with the equation
determination of trajectory-selectivity indicates that a cell responds

preferentially to certain movement paths, and this path-dependent M, _ AR (6)
response depends on the variable directional component of cell re- Auax = R

sponse a_nd not on t_h_e fixed modulatqry component. whereA is the cell's average activity over movement patR is the
_Averaglng the activity over all the bins of a movement pa_th dete&-e”,s resting discharge rate, aig,»« is the cell's average discharge
mines the mean firing frequency over the course of the entire MOY&se ey that movement path (of the 9) for which the cell is maxi-
ment. Thus_the average firing raie,of a cell over the course of an mally active. AnM value close to 1 means a cell is highly active for
arbitrary trajectory can be expressed as that path, while anM value close to 0 means the cell is largely
inactive. Cells were classified as trajectory selective for a certain
1\ @ curvature type if they were preferentially active for movements of that
v= <7) EG(i)(bOerl cos (i) — wyd(i)))At; (5) curvature type (see theppenDIX). For example, a cell that was
2 clockwise trajectory selective exhibited higher levels of activity for
the clockwise trajectories (labeled in Fig. 2 as 1, 4, and 7) than for its
wherei denotes the bin numbedy, denotes the duration of bin G~ Straight or counterclockwise movement counterparts. Similar defini-
denotes the modulation of the burstlike activity by a Gaussian, aHg@ns held for classifying cells as straight trajectory selective or
T = S, At, denotes the total movement time. Note that since ttfPunterclockwise trajectory selective. ) )
movement directiony, and spatial pd,, are written as functions of _ Using the method of indirect field sampling, we simulated the
the bin number (i.e., the position along the movement path), both &¥Periment of Hocherman and Wise (1991) bycomputing each
interpreted as varying as a function of hand position or arm postuf@del cell's modulation index for all of the nine movement paths
Therefore not only does the movement direction in general changes4d their normalization procedure®y,classifying model cells using

the hand traverses a curved path, but so too may the cell’s spatial {h§ir classification criteria, an8) generating cellular temporal re-
sponse profiles. A model cell was identified by its spatial pd at the

reference posture; the population of model cells consisted of 360 cells,
1 for each degree of the angular continuum. Simulation details are

Hocherman and Wise (1991) found in theAPPENDIX.

The data of Hocherman and Wise (1991) are now analyzed within
the framework of indirect field sampling for the purpose of evaluatingESULTS
the adequacy of the three internal coordinate hypotheses. That st dr\{1 . . -
investigated the correlation between individual motor cortical ce%' ulations of trajectory-selectivity

activity and the curvature type of end-effector motion. Briefly, a . .
monkey was trained (by use of intermediate via points between th A key discovery of Hocherman and Wise (1991) was a

movement origin and target locations) to make movements of diﬁéﬁong tendency for Ce."S to respond prefer_entlally to move-
ent curvature types from an origin point to each of three equidistdMents of the curved trajectory types. lllustrations of the results
targets spaced at intervals of 30°. Both the arm and the targets wefdhe original experiment are given in Fig. 8,andC, which
constrained to lie on a 2-D planar surface. The three movement tyséOw the percentages of trajectory-selective cells for each
consisted of clockwise arcs, straight lines, and counterclockwise artrgijectory type using thetrict (A) andrelaxed(C) criteria to

a movement of each curvature type was made to each of the thet@ssify cells.

targets for a total of nine distinct trajectories, which are numerically For the simulations run under the assumptions of Cartesian
labeled in Fig. 2. Unconstrained return movements were also part atial, shoulder-centered, and joint angle coordinates, there
the protocol, so even though the targets were concentrated in a Ore, respectively, 181, 156, and 135 task-related model cells

Wedge, movement directions did span the entire 360° of the angu 42 total of 360 model cells. The spatial pds of these cells at
continuum. ’

Cell activities were recorded in the arm area of MI both before armle refoerence p_osture were almost _e”t'Te'y Conta_uned in the
during the movements. (In the actual experiment, cell recordin§s-180° range since the movement directions required to reach
occurred in several different epochs, but we only simulate activity &€ targets also exist in that range. Plots in FigB3and D,

a single movement-related epoch, which corresponds closely to th@@pict the percentages of cells that were trajectory selective for
“late movement epoch.”) In the study, a neuronal modulation indegach trajectory type using each classification criterion. Under
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A DATA C DATA the assumptions of bot_h Cartesian spatia] qoordinates _and
shoulder-centered coordinates, the vast majority of the trajec-

100 100 tory-selective model cells, 100 and 68%, respectively, were
P © trajectory selective for the straight trajectory type when the
g 80) cw &8 s_trict classification criterion was used; using the relax_ed crit_e-
5 6 'S &0 rion, the percentages were 98 and 69%. These S|mul_at|9n
g % cw results are not consistent with the data where the vast majority
£ 4 xcw £ 40 Xew of trajectory-selective cells are Qf .the two curveq movement
3. © str types. Unde( the assumption of joint angle coordlnatgs, how-
o & ever, the majority of model cells were (like Ml cells) trajectory

o 1 st o : selective for the curved trajectories. Furthermore, the percent-

Trajectory Type Trajectory Type

ages of all three types of trajectory-selective cells using the
joint angle model correspond well with the data for both

B SIMULATIONS D SIMULATIONS classification schemes, as can be seen by comparing the graphs.
Cartesian Spatial Cartesian Spatial To understand the simulation results, rel 5.1t implies

st str that, over the course of a trajectory, a cell registers significant
activity while the movement direction is parallel to the spatial
pd; the greater the deviation from colinearity, the less the
activity generated. The average firing rate of a cell for an entire
movement, then, depends on the interaction between the vector
field structure of spatial pds and the sequence of movement
directions taken by the hand. Previously, it was shown that the
hypothesis of a particular coordinate system imparts a signa-
ture structure to the vector field of spatial pds. Similarly, each
type of movement curvature (clockwise, straight, counterclock-
Shoulder-centered Shoulder-centered wise) engenders its own characteristic pattern of movement
directions. The movement direction for clockwise movements
rotates continuously and in a clockwise manner from the be-
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?3 80 st g 80) ginning of the movement to its end for a net rotation of about
str o . .
5 e B 60 90 . The reverse is true for the counterclockW|s_e movements.
g g During straight movements, the movement direction never
£ 4« £ a0 changes. The observed ratios of trajectory-selectivity for a
gzo Xcw 520 xow given coordinate system can be understood by considering,
k3 cw o cw I——_I within the context of the task, how these characteristic move-
o1 [ ment patterns interact with each vector field structure.
Trajectory Type Trajectory Type For example, the spatial pds of vector fields generated by the
assumption of joint angle coordinates tend to rotate in a uni-
Joint Angle Joint Angle form direction over the entire course of each trajectory. Figure
100 100 4 shows plots of a model cell’s spatial pd values over the

course of a clockwise trajectory and a straight trajectory to a
particular target under the assumption of each coordinate sys-
tem. It can be seen in the plot of the joint angle coordinate
simulation that the spatial pd is not initially aligned with the
movement direction at the beginning of the clockwise move-
ment, but the two gradually fall into alignment over the course
of the trajectory. The reverse is true for the straight trajectory.
A rotating movement direction can engender considerable
activity when paired with a rotating spatial pd if they rotate in
oy o g s Sreron o oo Sssahconon ot e same direction an if the movement direction rotates more
(A)Jthe d);tg‘c))fHochgerman and Wise (1991) (adapted with permission), a Barp,ly’ over the Sar_ne ;patlal extent, ,than the spat|allpd (@
(B) model simulations using each of the 3 internal coordinate systems. catuation that does arise in the case of joint angle coordinates
clockwise trajectory selective; str, straight trajectory selective; xcw, coufior the curved movements in this experiment). The dual rota-
terclockwise trajectory selective. Note that in the data most cells respoﬂgn facilitates the occurrence of an interval of Over|ap during

preferentially to the curved trajectories, while, in the model simulations, IhiCh the two directions are nea”y aligned At some point the
or most cells respond preferentially to the straight trajectories under the : !

assumption of Cartesian spatial or shoulder-centered coordinates. Undépvement direction “overtakes” the spatial pd, although these
the assumption of joint angle coordinates, the vast majority of model ceflirections may not be initially aligned, and this tendency
respond preferentially to the curved trajectories as in the @atndD are  toward alignment occurs for multiple movements of the same
analogous plots of data (adapted with permission) and model simulationgEJrvature type even when the final targets of these movements

this time using the relaxed criterion for cell classification. Once again, . . . K
preponderance of cells in the data respond preferentially to the cur different. Thus the assumption of joint angle coordinates

trajectories while the same is true in the model simulations only when joi§iVe€s rise to relatively large propor_tions of cells that are tra-
angle coordinates are used. jectory selective for the curved trajectory types. In contrast,
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Cartesian Spatial Shoulder-centered Joint Angle Fic. 4. A cell’s changing spatial pd over the
28 28 course of a clockwise movement path and a
1 t ift jj : s straight movement path under the assumption of
24 1 ! 11 24 ! ! A each internal coordinate system. Each arrow rep-
t ! ! < v resents the cell's spatial pd at that point in the
! Ii t jj < + workspace. For the joint angle coordinate simu-
20 t t 20 t ! 20 4 “ lation, the spatial pd is initially out of alignment
/ with the movement direction for the clockwise
1 ! / trajectory, but falls into alignment as the move-
t ; / ment proceeds. This effect causes cells to re-
1 i ! ! !/ spond preferentially to clockwise movements un-

y(cm)
cm)

der the assumption of joint angle coordinates,

j/ making it clockwise trajectory selective using the

strict criterion for cell classification. The spatial

pd for this model cell is 86° at the reference

0 5 10 0 5 10 0 5 10 posture, which corresponds to the origin of the
x(cm) x(cm) x(cm) simulated movement.

under the assumption of either Cartesian spatial or should€emparison of model cell response properties with data
centered coordinates, there is either no tendency or a much o

weaker tendency for the spatial pds to rotate over the course oP© real Mi cells exhibit graded responses such as those
the trajectories, and what rotation does occur is often nfestrated in Fig. 5? Instead, an MI cell might be highly

unidirectional over an entire trajectory. This produces mod@lodulated for clockwise trajectories but relatively silent for
cells that respond preferentially to straight trajectories. straight and counterclockwise movements. If curvature were

explicitly encoded as a movement primitive by Ml cells, then

one might expect such a discretization of response character-
Simulations of cell response profiles istics. Some of the plotted response profiles in Hocherman and

Wise (1991) seem to support the all-or-none view, although

In addition to simulating the average activity over the courshis type of analysis was not performed in that study. To assess
of an entire trajectory, the model can also simulate, as shown
in Fig. 5, the temporal response profiles of a cell for each of the = CLOCKWISE STRAIGHT COUNTER-CLOCKWISE
nine different movement trajectories under the assumption of Path 1 Path 2 Path 3
joint angle coordinates. Figure 5 shows that cell response ‘
properties vary as a function of movement curvature. For
example, the relative timing of peak activity depends critically
on the time-evolving relationship between the hand’s move-
ment direction and the cell’s spatial pd for the movement path
under consideration. The peak activity for the model cell
occurs 150—200 ms after the onset of movement-related activ-
ity for the counterclockwise movement paths and 275-325
after onset for the clockwise movement paths. This predicted
time lag between the peak activities can be tested experimen-
tally. Such temporal differences in activity profiles exist for all
the response envelopes we tried since these differences stem
from the variable directional component of cellular response, ¢
which is highly differentiated in this paradigm as a function of _ Path 7
curvature type. For other model cells (depending on the spatid ;
pd at the reference posture), the relative timing of peak activit;%s :
as a function of movement curvature will be reversed: the peak
activity will occur sooner for the clockwise paths than for the §
counterclockwise paths.
This cell is typical of all model cells in two important = o-—HEEL
respectsil) its response characteristics, such as its peak firing time (sec.)
rate, mean firing rate, and the timing of its peak firing rate,ric. 5. The temporal response profiles of a sample cell for each of the 9
change relatively gradually from one trajectory type to theovement paths under the assumption of joint angle coordinatesy-akis
next; and?) the mean activity levels across trajectory types af[:@r_resppnds to cell activity in normalized units, while thaxis corresponds
. L - . . 0 time in seconds with the movement-related activity beginnirig=a0. The

Ordere_d na Ch_araCte”St'C mannen e, a CIOCKW'Se traJeCtOBé'shed vertical line in the middle of each plot corresponds to the midpoint of
selective cell will be most active for the clockwise paths, leagie movement-related interval st 0.25. Note that the peaks and total areas
active for the counterclockwise paths, and intermediately aaf-the response profiles, as well as the timing of the peaks, vary characteris-
ive for ihe siraight movement paths (e inequaiyis revers&ghl (ebeiar, o i fesn, bbe 1, o605 e Taeeer,
for counterclockwise trajecmry_sele(:t.lve cells). In Wha.t fOI_rofiles were generated by usingpthe bi?]—Wise cosine between thg local frajec—
lows, we analyze Hocherman and Wise (1991) data with '%ary direction and the spatial pd to multiply a Gaussian that reflects the phasic
spect to the above two model cell response properties. response properties of many Ml cells.

impulse:

1 0
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whether MI cell activity more closely conforms to the graded A
or categorical response characteristics, we obtained the original
data files for 59 of the 76 task-related MI neurons (which
included 19 of the 24 trajectory-selective cells using the strict
criterion) from Hocherman and Wise (1991) and analyzed the
spread in activity for movements of different curvatdypes.
Specifically, for each trajectory-selective cell, fgt,, A .., and

A, denote cell activity averaged over each set, respectively, of
clockwise movements, counterclockwise movements, and
straight movements. For exampla,,, denotes cell activity
averaged over the clockwise movement paths 1, 4, and 7 in
Fig. 2. Consequently, a separation index, analogous to the

modulation index, was defined for each trajectory-selective 0 02 04 08 08 1
cell as Separation index

DATA

A — Aun . B
Amx — R 20k
whereA, .«is the largest oA, A, aNdAy,; A is the least MODEL
of these three averages;,,x is the cell’'s average discharge °
rate over that movement path (of the 9) for which the cell is 3
maximally active; andRis the cell's resting discharge rate. The 5
numerator represents the absolute spread in activity as a func- R
tion of curvature type, while the denominator represents the
maximum amount of movement-related activity exhibited by
the cell. The ratio can range from 0 to 1 with a fraction close
to 1, suggesting that the curvature-dependent activity possesses L
close to an all-or-none character, while a fraction close to 0 02
suggests that activity varies rather gradually as a function of
movement curvature. FIG. 6. A: plot of the distribution of the separation indices for the trajec-

Figure 6 plots the distribution of separation indices for théory-selective cells in the experiment of Hocherman and Wise (18kame
lot constructed for model cells. For both plots, the indices of separation are

population of traJeCtory'Selth'Ve cells mn HO_Ch?rman and WiGisiered below 0.5. This indicates that cell response varies relatively gradually
(1991). The mean and median separation indices are 0.48 a&d function of movement curvature in both the data and the model. All-or-

0.43, suggesting that (outside of the small percentage of oure coding of curvature would yield values closer to 1 (the maximum
liers present in the plot) cell response varies relatively gradepssible).

ally as a function of movement curvature. Figui @ots the ) . . . :
corresponding distribution of simulated separation indices fBYPOthesis. However, the simulations did require values for the

the population of model trajectory-selective cells under tH@cation of the movement origin, the speed profiles of the hand,
assumption of joint angle coordinates. The mean and medi&# lengths of the arm segments, dgeéndb; of a cell’s tuning
separation indices are 0.35 and 0.34. Note that for both disgHrve. Regarding the kinematic movement parameters, Ho-
butions the vast majority of separation indices lie in the interveherman and Wise (1991) did not have precise measurements
between 0.3 and 0.5. Therefore the gradual variation exempr these quantities. Therefore while the values used in the
fied by the Fig. 5 model cell is a characteristic feature of botfimulations were in accord with the specifications communi-
the model and the data. cated to us by Dr. Wise, we systematically varied these pa-
A second distinctive feature of model cell response propameters to probe the robustness of the results regarding tra-
erties is the very specific ordering of mean activity as a funfectory-selectivity. ThexpreEnDIX provides the details of these
tion of curvature type. In particular, for every clockwise trasensitivity analyses, the findings of which demonstrate the
jectory-selective model cell, the following condition holdsrobustness of the simulation results for all three coordinate
Acw > Agr > Ajcw- This condition (with the inequality accord systems. Varying the cellular parametbggndb, [which must
ingly reversed) also holds for every counterclockwise trajebe assumed since no center-out task is performed to determine
tory-selective model cell. For the population of curved traje¢hem in Hocherman and Wise (1991)] did not alter a cell’s
tory-selective cells in Hocherman and Wise (1991), 89% of theajectory-selectivity as shown in therpenpix. The use of
cells (17/19) showed the same ordering in their activity. Thuesponse envelopes with different pulse functions or with the
the model reproduces not only the observed graded respongesastant function made no significant difference in the simu-

— 08 08 1
Separation index

but also the observed ordering of those responses. lation results. Finally, although the simulations employed a
uniform distribution of spatial pds at the reference posture (as
Varying simulation parameters revealed in Lurito et al. 1991), distributional skewing away

from nonuniformity, such as that reported in the literature
There are no free parameters in the model, since the offyeorgopoulos et al. 1982; Scott and Kalaska 1997) did not
model variable is a cell's vector field of spatial pds, which ishange the character of the results under the assumption of any
completely determined as a function of the working coordinatd the three internal coordinate systems.
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Amplitude effects TABLE 1. Prediction using indirect sampling
In the experiment of Hocherman and Wise (1991), th&yatial pd of a Model Cell at Predicted
curved paths were longer than the straight paths (23 cm &g Reference Posture, deg Trajectory-Selectivity

opposed to 20 cm), so the prevalence of curved trajectory-

selective cells could conceivably result from an amplitude e F'OCkWisfe

- . — ndeterminate
dependence of the cell firing function (Fu et al. 1993, 1995). 96-105 Straight
However, this hypothesis conflicts with the observed ordering 106 Indeterminate
of cell activity by trajectory type, which indicates that, for the 107-161 Counterclockwise

actual clockwise trajectory cellgy,, > Ay > A (the order
. - . p . Predicted results for a composite protocol that conjoins the standard center-
of inequalities is reversed for counterclockwise trajectory SEit task (Georgopoulos et al. 1982) and the curved motion task of Hocherman

lectivity). Even if mOdU|5_1ti0n indices are Scale_d OUtrig_ht D¥nd wise (1991) under the assumption of joint angle coordinates. The center-
path length, the simulation results for Cartesian spatial and task will determine a cell's spatial preferred direction (pd) at a reference

shoulder-centered coordinates grossly contradict this observgsfure. The curved motion task will result in a cell’'s being classified as either
ordering 1) trajectory selective for the clockwise, straight, or counterclockwise trajec-

tory type (using the strict criterion of cell classification), 2)rindeterminate

trajectory selective, which means that the cell is modulated by the task but
Effect of other movement variables cannot be classified as responding preferentially to 1 of the 3 movement types

using the strict criterion (for example, the cell may respond preferentially to the

We conducted analyses (seereENDIX) t0 assess whether aclockwise movement fotarget Abut responds preferentially to the straight
simple dependence of cell firing rates on either hand speedr(wement fortarget B. Those cells absent from the list are not found to be
hand position could alter the relative goodness-of-fit of tj@sk related. The table maps the dual experimental outcomes 1o each otfier on
- . . cell-by-cell basis implicitly utilizing a cell's assumed internal pd as the

t_hree (‘foordmate hypOtheseS' The inclusion of the_s’ef Corre@ mmon underlying factor (and sole cellular response characteristic) in gen-
tions did not change the nature of the results. The joint angl@ting cell behavior for each paradigm. As this experiment has not been
coordinate hypothesis continued to fit the data well while therformed, these simulation results serve as an untested prediction, the con-
other two coordinate systems failed. Although we believe thégfmation of which would provide support for the contention that observed
q,ﬁults on cellular trajectory-selectivity (Hocherman and Wise 1991) are de-

amp“tUde and hand SpeEd were the most pertinent task V{;\lved from joint angle directional control and not from the explicit encoding of

ables (aside from direction) to consider in explaining the daigyature as a movement primitive or from the encoding of other movement
these variables comprise only a subset of the known correlaiasables.

of MI cell activity (see iINnTRobucTioN). Additional studies
would be needed to assess whether correlations with otA@rget selectivity
movement-related variables could provide an alternative or

supplementary explanation of the Hocherman and Wise (1991)" addition to classifying cells as trajectory selective, Ho-
resptﬁts. y exp ( chHerman and Wise (1991) classified cells as target selective if

the cells responded preferentially to movements to a specific
target as compared with the responses to movements to the
other targets. For the purpose of representing the findings of
Hocherman and Wise (1991) on target selectivity and of show-
The simulations of the Hocherman and Wise (1991) expdhg corresponding simulation results (using the strict criterion
iment not only determine the percentages of cells selective fjfrclassification), lek/y/zindicate thai% of task-related cells
the different trajectory types but also imply a relationshipre target selective faarget 1, o of cells are target selective
between a cell’s internal pd and its trajectory selectivity. Spéor target 2,and 2% are target selective fdarget 3.0n the
cifically, a cell’'s spatial pd at a reference posture maps tobasis of Table 3 and Fig. 12b in Hocherman and Wise (1991),
cell's internal pd; from the cell’s internal pd, a vector field othe percentages of excitatory target-selective cells found in that
spatial pds is generated; from the cell’s vector field of spatigludy were 42/29/29. For the Cartesian spatial simulations, the
pds, the cell's trajectory selectivity is determined. Thus Rercentages were 33/31/36; for the shoulder-centered simula-
mapping is constructed from the spatial pd of a cell at #ns, the percentages were 38/16/46; for the joint angle sim-
reference posture to the type of trajectory selectivity which theations, the percentages were 46/16/38. Thus all three coor-
cell is predicted to possess. For example, a model cell witiflipate hypotheses roughly reproduce the results on target
spatial pd of 45° at the reference posture is clockwise traject@§lectivity, and these target selectivity data cannot distinguish
selective under the assumption of joint angle coordinatd¥tween the coordinate systems.
Table 1 depicts the complete predicted mapping from a cell's
spatial pd at the reference posture to its trajectory selectiviympatibility of joint angle coordinates with prior
using the example of joint angle coordinates. This predictigfypulation vector analyses
can be tested in an experiment that determines both spatial pds
through the center-out task and cellular trajectory selectivity The population vector algorithm (PVA) has been used to
through the curved motion task of Hocherman and Wigwedict movement direction over the course of a trajectory on
(1991). The end result of this composite protocol would be anbin-by-bin basis with good results (for review, see Georgo-
empirical determination of the mapping between spatial pds@dulos 1995). In standard use of the algorithm, the assumed
a reference posture and type of trajectory selectivity. Modgpatial pds do not change as the hand location changes from
mappings constructed for each internal coordinate syst@me bin to the next. If spatial pds in actuality do vary across the
could then be compared with the actual mapping to assess Warkspace, the population vector should rotate away from the
goodness-of-fit of alternative coordinate hypotheses. movement direction as the movement progresses away from

Prediction: internal pd controls spatial pd and trajectory-
selectivity
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the point at which the cell’'s pd was assessed. Such a mismataétion. Finally, the current analysis focuses on the represen-
between the population vector direction and the movememtion of movement direction but, as reiterated above, cell
direction would arise because the algorithm’s invariant repraetivity likely reflects information about other movement vari-
sentation of a cell's vectorial contribution comes to lie in ables as well. A more detailed exploration of the functional
direction slightly askew from the cell’'s actual preferred direadependence of cell activity on multiple movement variables is
tion. Nonetheless, the very robustness of the PVA, as warranted for clarifying these and other data.
aggregate estimator of movement direction, renders it insensiBy looking at the coordinate system in which an individual
tive to alternative coordinate assumptions (Georgopoulosll encodes movement direction, it becomes possible to assess
1996; Mussa-lvaldi 1988; Sanger 1994). To assess sensitiityw populations of cells with similar coordinate representa-
in the current case, we performed a bin-by-bin populatidions are distributed across a cortical area. Hocherman and
vector simulation for all eight movements in the standand/ise (1991) recorded in the supplementary motor area (SMA),
center-out task. In this PVA, computed cell activity was baseatbrsal premotor cortex (PMd), and ventral premotor cortex
on the bin(posture)-dependent spatial pds determined by (Ré&lv) as well as MI. In these other cortical regions, a smaller
joint angle coordinate model. The trajectories were dividguercentage of cells responded preferentially to curved move-
into 25 bins, each of length 20 ms. Under these conditions, timents. From the present analysis we infer that Ml represents
population vector did rotate away from the actual movementovement commands in a coordinate system possessing a
direction (due to the structure of the joint angle coordinatronger joint angle character than do the SMA, PMd, or PMv.
system), but the rotation was modest and the resultant predityis conclusion is consistent with the findings of Scott et al.
tion error was within the range of prior reports that used th{@997).
PVA. The average amount of rotation from the beginning of a Our study uses curved movements as a means to probe the
trajectory to the end of the trajectory wasl0°. Further, the structure of a cell's vector field of spatial pds by indirectly
mean absolute differences between the population vector sismpling the workspace. Another way to investigate vector
rection and the movement vector direction over all of the birield structure is bydirectly sampling the workspace, and two
was <5°. That the mean signed difference between the twaior studies involving proximal arm movements fall into that
vector directions over all of the bins was 0° indicates theategory: Caminiti et al. (1990) and Scott and Kalaska (1997).
difficulty of using a population vector analysis to distinguistin Caminiti et al. (1990), a 3-D center-out task was performed
between coordinate systems. Thus the joint angle coordin&tem three distinct movement origins that were colinear (nor-
hypothesis is consistent with prior PVA results. mal to the saggital plane), spaced 10 cm apart, and situated in
a transverse plane cutting through the shoulders. Spatial pds
were found to change across the workplace by a statistically
significant amount. These changes were fit reasonably well by
This paper presents a framework for analyzing the coordgissuming that the change in a cell's spatial pd matched the
nate system in which an individual cell encodes movementtation of the shoulder joint from one workspace location to
direction. A cell's preferred direction can be predicted to varhe next. Since the rotation of the shoulder joint from one
across the workspace in a distinct manner depending on therkspace location to the next, proceeding from left to right, is
assumed internal coordinate system, and direct sampling eitually equivalent in this task to the rotation of the shoulder-
periments can be designed to probe these variations. Indireahd axis (18 and 20° for the former as opposed to 21.8 and
sampling experiments examining cell activity over longg1.8° for the latter), the shoulder-centered coordinates defined
curved movements implicitly sample vector fields of spatiah this paper would fit the data about as well. Lacking infor-
pds and can be used to choose between alternative coordima&tion regarding the movement trajectories in joint angle
hypotheses from the pattern of path-dependent activity. V8pace (which is here necessary since an unconstrained arm
simulated one such experiment (Hocherman and Wise 19@perating in 3-D space is motor redundant), we were unable to
under the assumption of three kinematic coordinate systemisiwulate this paradigm under the assumption of joint angle
(Cartesian spatial, shoulder-centered, and joint angle) armbrdinates.
found that joint angle coordinates robustly fit the MI data better In Scott and Kalaska (1997), a monkey performed the cen-
than either of the other two coordinate systems. ter-out task in two different postures (natural and abducted)
These results do not imply that all Ml cells encode movehat corresponded to the same end-effector location in space.
ment direction in joint angle coordinates. First, only thre&hey noted a significant posture by direction interaction effect
coordinate systems were tested, and there may exist anofir@sent in the response properties of a majority of cells and
coordinate system that fits the data better than joint anglemonstrated statistically that changes in a cell’s directional
coordinates. Second, even if a majority of cells within a givepreference were a major contributing factor. The difference
brain region represent movement direction in one particulbetween the mean spatial pds across the two arm orientations
coordinate system, evidence (Crutcher and Alexander 19%@s significant for 48% of the 422 cells examined. Scott and
suggests that there will often exist other cells in the same bradalaska (1997) modeled these data using Cartesian spatial,
region that utilize different coordinate representations. Thirdj@nt angle, and joint torque coordinate systems. They found
recent investigation (Wise et al. 1998) demonstrates the captiat joint angle coordinates best fit the data. The results were
ity of motor cortex to rapidly reorganize its response properti@scompatible with the assumption of either Cartesian spatial or
during adaptation to a series of differentiated visuomotor taslefioulder-centered coordinates.
perhaps implying that the CNS solves motor control problemsOn the basis of our analyses as well as the analyses in
by implementing task-specific solutions that utilize task-depe@aminiti et al. (1990) and Scott and Kalaska (1997), Table 2
dent coordinate decompositions of the sensorimotor transfprovides an evaluation of the adequacy of the three different

DISCUSSION
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TABLE 2. Summary evaluation wrist and hand. Preferred directions of MI cells during a
— latency interval (final 100 ms before movement onset) were
Caminiti etal. Scott and Kalaska  Hocherman  getermined in three different wrist postures: pronated, supi-

(1990) (1997) and Wise (1991) 1 ated, and midway between pronated and supinated. On the
Cartesian spatial Inconsistent Inconsistent Inconsistent Pasis of the rem'f'Ve size of po_st_ure-dependent fShIfi_iS In
Shoulder-centered  Consistent Inconsistent Inconsistentcellular pds, Kakei et al. (1999) divided the population into
Joint angle Untested Consistent Consistent g class of “muscle-like” (sizeable pd shift) cells (32%) and

. . . larger class of “extrinsic-like” (limited pd shift) cells
A summary evaluation of each coordinate system with regard to each of 0%). At | id . for bei .
3 experiments involving unloaded planar arm movements. °)' tleast two considerations argue for being cautious

in treating these extrinsic-like cells as truly extrinsic. First,

coordinate systems modeled in this paper with regard to thneeighly 60% of extrinsic-like cells exhibited large posture-
experiments, each of which investigated proximal arm calependent gain changes, a response feature analogously
activity during unloaded reaching movements: Caminiti et dound in muscle activations but not expected of a true
(1990), Hocherman and Wise (1991), and Scott and Kalasi&etrinsic coding scheme. Second, as shown by Scott and
(1997). Kalaska (1997) and by our simulations, not all cells that

The observations of Caminiti et al. (1990) and Scott arehcode direction in a purely intrinsic coordinate system
Kalaska (1997) may appear to contradict the findings @fill exhibit significant shifts in their pds; it depends on the
Schwartz (1992), which investigated the temporal dischargpecific internal pd. More research is needed to clarify
patterns of individual cells in motor cortex during the tracing d¢he implications of the important results in Kakei et al.
sinusoids. It was found that cell discharge patterns correspqi®99).
closely (high correlation coefficient) to what would be pre- The generality of the vector field framework makes it ap-
dicted under the assumption of a fixed spatial pd (i.e., Cartesjalitable to all well-defined coordinate frames, including kine-
spatial coordinates), once the time lag between the corticahtic, kinetic, and hybrid kinematic-kinetic frames. For exam-
signal and its controlling effect at the periphery is taken intple, a plausible hypothesis is that motor cortical cell activity
account. One could conceivably interpret these findings eeflects combinations of muscle shortening rates (Mussa-Ivaldi
support for Cartesian spatial coordinates, although Schwat@88). Support for the idea of bound muscle synergies comes
(1992) does not address the issue of coordinate systems focth post-spike facilitation studies (Fetz and Cheney 1978,
makes no claims in this regard. The framework for coordinal®80; Fetz et al. 1976), which suggest that motor cortical cells
analysis established in this paper suggests that the resultsypically project to motor neurons associated with more than
Schwartz (1992) do not support or refute any coordinate syme muscle. Generating predictions for muscle-length coordi-
tem hypothesis. Differentiating between coordinate systemates requires a detailed biomechanical model of the arm-
requires1) probing the organization of spatial pds across muscle system and knowledge of the recruitment patterns by
broad postural range that includes both the central and peripiiich multiple muscles are synergistically innervated by indi-
eral portions of the workspace, a2)i comparing the results vidual cortical cells. Extending the framework to consider a
with those predicted by alternative coordinate systems. Thimetic, muscle-force based coordinate system remains desir-
height of the sinusoids in Schwartz (1992) ranged from 3 to Bble, particularly for MI, because muscle forces ultimately
cm, and their horizontal extent was roughly 15.5 cm. Althouglirive movements and because anatomical and physiological
detailed postural information was not given, the dimensionspnsiderations have long shown Ml to provide prominent cor-
location, and orientation of the 2-D workspace indicate that thieal input to the spinal cord and motoneurons. Further, studies
monkeys were able to trace the sinusoids without moving thave established correlations between Ml cell activity and
contributing joints through more than a relatively small fradorce for multijoint movements (Bullock et al. 1998; Kalaska et
tion of their full range of motion. Such was not the case ial. 1989; Sergio and Kalaska 1998). Unfortunately, an analysis
Caminiti et al. (1990) or Hocherman and Wise (1991), wherd a muscle force coordinate system would require, in addition
the larger dimensions of the workspace (80 X 10 cm and to a detailed biomechanical model and knowledge of cortical
20 X 20 cm, respectively) required a broader range of joimécruitment patterns, an understanding of all relevant elastic,
angles that would make changes in a cell’s spatial pd mdreertial, and viscous forces involved in center-out hand move-
easily discernible. ments. Given the difficulty in gauging these forces (which are

Spatial pds will not vary significantly over small posturalntricately composed, highly complex, and posture-dependent),
changes undeany of the three coordinate systems consideredgliably constructing an explicit muscle-force based coordinate
so it is not surprising that Cartesian spatial coordinates engsgstem is an exceedingly difficult task. While we did not
dered good correlations in Schwartz (1992). Further, a defiattempt to model such a coordinate system, skeletomuscular
tive analysis must compare correlations under the assumptammsiderations suggest that a vector field of spatial pds based
of Cartesian spatial coordinates versus correlations under dremuscle forces would possess a highly curved structure. A
assumption of alternative coordinate systems. Such compamiere efficacious analysis of kinetic coordinate systems, how-
sons are as important as broad workspace sampling, and weétier, can be achieved by applying the vector field framework
out them, one cannot make strong inferences about coordin@@n analysis of postural variations of a cell’s preferred direc-
systems. tion of force in isometric tasks (Sergio and Kalaska 1997).

Although our analysis has focused on proximal arrfinally, the framework can be extended to the analysis of a
movements, the approach can also be applied to the invegstem of noncanonical coordinates defined by a set of motor
tigation of distal movements. Kakei et al. (1999) performeprimitives like those proposed by Bizzi et al. (1991) to explain
a direct sampling experiment on movements restricted to tthee results of stimulating intermediate gray matter in the spinal
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frog. If a cell controls a fixed linear combination of these forcEsing the chain rule to compute the difference of partials that com-
fields, a vector field of spatial pds that represents either mowises the curldv,/ox — dv,/dy) yields
ment directions or force directions can, in theory, be con- ' 20 20
structed and subsequently evaluated in either movement or curlv = 632] + ¢Ed{2+ kl[sin(ﬂ)&—cosw) Fy]} (A10)
isometric tasks.
These partial derivatives, rather than being explicitly computed, can
be taken directly from the first row of the inverse Jacobian to produce

APPENDIX .
curlv = 634 2]

Joint angle coordinate vector fields of spatial pds

sin (6) cos(6 + ¢) — cos(6) sin (6 + ‘P)]} (A11)

+ ohgd 2 + kik
‘P"“{ g 2[ kiko Sin @

The forward and inverse kinematic equations of a 2-DOF planar
arm are The resulting expression can be simplified using the cosine angle
addition formula to yield

X = k; cos(6) + k, cos(0 + ¢) (A1) )

curlv = 2654 + pq (A12)

y =kisin(6) + kysin(6 + ¢) (A2) " Remarkably, all intermediate dependencies of the curl on hand posi-
tion and arm posture cancel, leaving a final expression for the curl that
o atan<y> Cac S<r2 +K+ k§> (a3 does not depend on hand location or arm posture and instead depends

2k,r only on the joint synergy to which the cell is tuned. Thus the rotational
tendency of vectors in such a vector field remains uniform across the
[ e workspace.
T&) (A4) The rest of therpenDIx, including simulation details and additional

o= acos(
derivations, can be found at http://www.cns.bu.edu/pub/ajemian.

wherer = \,xz + y2 The forward Jacobian (joint angle velocities to

endpoint velocities) is The authors thank R. Amos for valuable assistance in the preparation of the

manuscript and P. Cisek, M. Cohen, R. Raizada, M. Giamporcaro, and S. Wise
) ) ) for helpful comments about the data and model. We also thank S. Wise for help
36, ¢) = [_kl sin(6) — k;sin(6 + @)  —kysin(6 + <P)] (A5) with original analyses on data from the study of Hocherman and Wise (1991).

' k; cos(6) + k,cos(6 + ¢)  k;cos(6 + ¢) This work was supported by the Defense Advanced Research Projects

Agency (ONR N00014-92-J-4015), the Defense Advanced Research Projects
The inverse Jacobian is Agency and the Office of Naval Research (ONR N00014-95-1-0409), the
National Science Foundation (NSF IRI-90-00530 and NSF IRI-97-20333), and
the Office of Naval Research (ONR N00014-91-J-4100, ONR N00014-92-J-

Y0, ¢) = 1 1309, ONR N00014-94-1-0940, and ONR N00014-95-1-0657).
' kiks sin ¢
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