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Moran, Daniel W. and Andrew B. Schwartz. Motor cortical repre- areas during three different tasks while examining the repre-
sentation of speed and direction during reachihdNeurophysiol82:  sentation of two movement parameters as they were encoded

2676-2692, 1999. The motor cortical substrate associated with reaﬁﬂbughout the duration of each task. This paper is the first of

ing was studied as monkeys moved their hands from a central positjpn_ _~. . . ) S
to one of eight targets spaced around a circle. Single-cell activ#t@ree in which we examine the dynamic activity of motor

patterns were recorded in the proximal arm area of motor corte@rtical cells during movement. Because movement can be
during the task. In addition to the well-studied average directiongharacterized with velocity vectors that in turn are described by
selectivity (“preferred direction”) of single-cell activity, we also founddirection and magnitude (speed), we designed three types of
the time-varying speed of movement to be represented in the cortieglperiments to examine these parameters. In the first study,
aCthlty A S|ng|e equation relatlng motor Cortical discharge rate @escrlbed here' d”'ectlon |S constant and Speed Varled |n each

these two parameters was developed. This equation, which has ement. In the second set of experiments, speed changed
independent (speed only) and interactive (speed and direction) com-

ponents, described a large portion of the time-varying motor cortiégonOton'Ca"y' and direction changed harmomcally.dunng Spi-
activity during the task. Electromyographic activity from a number di@l drawing. In the last paper, both parameters varied harmon-
upper arm muscles was recorded during this task. Muscle activity wigglly as monkeys drew figure-eights.

also found to be directionally tuned; however, the distributions of One of the most clearly represented parameters correlated
preferred directions were found to be significantly different fromyith motor cortical activity is that of movement direction.
cortical activity. In addition, the effect of speed on cortical and musc@eorgopoulos and colleagues (Georgopoulos et al. 1982;
activity was also found to be significantly different. Schwartz et al. 1988) have used a centeut task in which
subjects made arm movements from a central location to eight
targets separated by equal angles. Single-cell activity, charac-
INTRODUCTION terized by a rate averaged over the reaction (RT) and move-
ent time (MT) to each target, varied in a regular way with

problem in motor physiology. Jackson (1875), based on gection. The rates, when plotted against movement direction,
observations of epileptic seizures, helped establish the idea-gf! P& fit with a cosine function. Each cell has a peak discharge
an anatomic correlate for movement. Although Jackson hiffit€ in a different “preferred direction,” yet the tuning function
self did not believe in a discrete somatotopic representation "’;nz al!tgwictlons, sh0\t/vmg that each cell's activity is mod-
the cortex, others (Fritsch and Hitzig 1870; Leyton and Shé1‘-"’|1 ethW' a rrrovsmen f f ine directional tuni f
rington 1917; Schafer 1900), using electrical stimuli applied to ' tN€ original observation of cosin€ directional tuning o
the cerebrum to elicit muscle contraction, developed the idBPtor cortical activity, a single average (calculated over the
that different locations in the motor cortex were responsible fifaction and movement time of the task) discharge rate was
movement of specific body parts. To date, this issue is sfffmPared with the angle of the peripheral target from the

controversial, which may in part be due to static descriptions gENter (Georgopoulos etal. 1982). Using the average rate in the
movement-related activity. In the present set of studies, y8MParison to direction was valid because these point-to-point

examined the dynamic time-varying correlations between c4foVements were fairly straight. Although direction is almost
nstant during an individual movement, the speed of the arm

tical activity and arm movement by developing a model df° : ; . ;
single-cell activity. Is not. Typically, point-to-point movements are made with

ot ; ; Il-shaped velocity profiles (Georgopoulos et al. 1981; Mo-
As the distributed nature of motor representations is becoRf ] . . I
ing more clear (Kalaska and Crammond 1992), it has be@?i? 19f8.|1' Soechtrl]ng 1984). Thl')s IIIS tr:ue %f th% C?ﬁt'm ”
shown that multiple parameters can be contained in the acti\/!]I I’ 'FI)'LO lles to eac targllet Wg_r(_a ell-shaped and almost iden-
of single cells, that the same movement parameter can be follfi- Three experimental conditions (movements encompass-

in multiple areas and that representations within a structure 41 &l directions, constant directions within each movement,

labile (Alexander and Crutcher 1990a,b; Ashe and Georgopcﬁp—d similar speed profiles across different movements) made it

los 1994; Crutcher and Alexander 1990; Fritsch and Hitz%OSSibIe to remove the directional component from the re-
S

How movement is represented in the brain is a cent

1870; Fu et al. 1993, 1995; Sanes et al. 1990, 1992). With tiy3/ded activity pattern while preserving the time-varying non-
in mind, we studied neuronal activity in two distinct cortica irectional component. We used these characteristics to con-

struct an equation relating single-cell discharge rate to
The costs of publication of this article were defrayed in part by the paymemovement direction _a_nd speed. .

of page charges. The article must therefore be hereby maskhaftisemerit 1 he ensemble activity of motor cortical cells has been com-

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ bined using the population vector algorithm (Georgopoulos et
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al. 1983, 1988). These population vectors encode both inst&ehavioral task
taneous speed and direction within a movement (Schwart

L . . . ZRhesus monkeysMaccaca mullatq were trained using operant
1993, 1994a). Although it is clear that the directional Contrl:'onditioning to perform point-to-point movements and draw various

butions of Indlyldual cells can sum to'gen'erate a pOpU|at'q@ures with a single finger. All movements were performed by the
vector that points in the movement direction, the way theg@imal moving its finger along the planar surface of a vertically
contributions combine so that the resultant vector magnitug§ented glass touchscreen covering a computer graphics monitor. The
reflects speed is more elusive. This was one of the issues sueface of the touchscreen was lubricated daily with mineral oil to
were able to address with our model of single-cell activity. minimize finger friction. The finger position was digitized at 50 Hz
Motor cortical activity is considered to play an importantith a resolution of 22um horizontally and 17.5um vertically. A

role in regulating skeletal muscle contraction because a cogduence of tasks was performed after each cell was isolated.
ponent of corticospinal fibers from this region project directl The first task performed (the resu_lts of which are the subject of this
to motoneuronal pools and electrical currents applied to tﬁ@p.e.r) was a Cerf'tefoﬁt tas_k.hThe”fmger Wasa moved from ﬁcenter g
precentral gyrus cause muscle contraction (Asanuma %@mon to one of eight peripherally arranged targets equally space

J e ) jout a circle with a radius of 6.0 cm. Initially, a start target in the
Rosen 1972; Fritsch and Hitzig 1870; Landgren et al. 196g,m of a circle with a radius of 1.0 cm appeared at the center of the

Lemon et al. 1987; Woolsey 1958). Many reports have fouRglchscreen. As soon as the monkey placed its finger in the target,
motor cortical activity to be related to the force generategpike occurrence times began to be logged. After a brief hold time
against imposed loads during behavioral experiments, suggessid-A) of 280-780 ms, the start circle disappeared as one of the
ing again that motor cortical activity was facilitating muscleight target circles appeareX-Y coordinates of the finger were
contraction (Dettmers et al. 1996; Evarts 1968; Georgopoumj@asured from the touchscreen and recorded at this point. The animal
et al. 1992; Humphrey et al. 1970; Kalaska et al. 1989; Mai#as given 300 ms to move its finger from the center to the peripheral
et al. 1993; Schmidt et al. 1975; Thach 1978). Correlatidaraet While. maintaining contact with the touchscreen. As soon as the
techniques have shown that motor cortical activity can facilfio"key's finger crossed the outer border of the target circle, the
tate electromyographic (EMG) activity (Fetz and Cheney 197 ampling of movement data ceased. Spike data, however, were re-

. - A orded until a second hold time (hold-B) of 50-170 ms was satisfied
Fetz and Finnochio 1975; Mantel and Lemon 1987). To COMythe target circle. A liquid reward was given to the animal after each

pare the features of this cortical activity to muscle activity,ovement. The monkey made five movements to each of the eight
patterns, we recorded EMG activity of the proximal arm musargets in a random block design. After completing all 40 trials of the
cles and subjected this activity to the same analyses that wesater>out task, the monkey performed drawing tasks in which it
applied to the single-cell activity patterns. Although corticataced spirals and figure-eights, the results of which are discussed in
cell and muscle activity shared common features with respdleg two subsequent papers. This sequence was repeated with each
to direction and speed, there were also clear differences shéwlated unit.
ing that muscle activity was not simply related to firing patterns
of individual motor cortical cells. Cortical recording technique

Most of the previous studies examining the relation between
speed and motor'cortlcal discharge rqtes have been in P “skull over the proximal arm region of primary motor cortex. Each
dlgm_s based on isolated elbow .or W.r'St displacements Wi y a Chubbuck microdrive (Mountcastle et al. 1975) was mounted on
passive (Flament and Hore 1988; Lucier et al. 1975) or actiyg, chamber, which was sealed hydraulically. An electrode, held by
(Bauswein et al. 1991; Burbaud et al. 1991; Butler et al. 199 microdrive, was placed over a particular cortical location with an
Hamada 1981) movement. These studies, which were desigrgttage Transdural penetrations were used, and every attempt was
to examine putative muscle spindle contributions to motafade to record cell activity in all layers of the cortex. Single cells
cortical activity, typically found a subpopulation of cells wheravere isolated extracellularly with glass-coated platinum-iridium mi-
mean firing rate was related to average angular velocity witteepelectrodes (1@em tips). Standard criteria for single-unit identifi-
was interpreted as not contributing to the generation of ra| égplets were used (Georgopoulos et al. 1982; Mountcastle et al.
single joint or oscillatory movement because cortical cel ) as an indication of a well-isolated, healthy unit. In addition to

tended to be modulated in such a way that they lagged EM activity pattern during the task, the cell’s activity was monitored as

; joints of the arm were passively manipulated. Small electrolytic
(Butler et al. 1992) or fired after the movement began (Hamagaijons (2-3uA for 3-5 s) were occasionally placed along a pene-

1981). In the present study with two-dimensional multijoingation to mark the location of the electrode track for later use during
movements, we show that cell activity is modulated with spe@gtological identification. Spikes were transduced with a window
in a way that depends on the cell's preferred direction, discriminator to a transistor-transistor logic (TTL) pulse. A clock in
parameter that cannot be determined in a single-joint taghe laboratory interface (CED 1401) was used to label the occurrence
Furthermore, in the present reaching task, the cortical activitjpe of each spike (1-ms resolution) relative to the beginning of the

pattern clearly precedes each increment of the movement iRo4d-A period. The interface transferred the data to a laboratory
continuous way throughout the task. microcomputer that controlled the touchscreen display and recorded

the finger's position every 20 ms. These data were written to disk
between trials.

19-mm-diam stainless steel recording chamber was implanted in

METHODS

i . ) _EMG recording technique
The behavioral paradigm, surgical procedures and general animal

care were approved by the Institutional Animal Care and Use Com-EMGs of various shoulder and upper-arm muscligissimus
mittee. The outlines put forth by the Association for Assessment addrsi; infraspinatus;posterior, middle, and anterigieltoids; clavic-
Accreditation of Laboratory Animal Care and the Society for Neuratlar pectoralis; triceps; bicepsandbrachialis) were performed in a
science were followed. subset of the recorded trials. Two different types of EMG electrodes/
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methods were used in this study. The first involved daily placementfofe prebins of the hold-A period (before beginning of reaction period)
fine wire intramuscular electrodes (40 AWG stranded stainless stegfs calculated and subtracted from each of the 25 bins to remove the
into the five muscles chosen for that day. Each muscle was implantedic background component. Processed firing rates for a single cell
with two wires (1 cm separation) for bipolar recording. In a differenivere added bin-by-bin across all eight targets to reveal the nondirec-
monkey, chronic epimysial patch electrodes (Loeb and Gans 198&6nhal component of the discharge rate profile. This technique is
were used. Two stainless steel wires were stripped of their last 5 nsemmmarized irEq. 2

of insulation, threaded through a ¥ 10—mm piece of reinforced

Silastic sheeting (spaced 3 mm apart), and bonded to the sheeting num targets
using Silastic cement. The epimysial electrodes were surgically im- NDD(®) = >, [Dy(t— )~ bo] @
planted under the skin and over the desired muscle belly. The leads to =1

nondirectional discharge residual (NDD) is theterm of Eq. 1

can be visualized as a profile similar in shape to, but separated
emporally from, that of finger speed. The finger speed recorded
during the reaction and movement time was compared with a similar

: . i ed time window of neural activity. This window was displaced

mtgrfacs (CED %_?Ol)dclzr?\)/'lscs;‘-c?]rrelago?]bet\[/}veefqaraaw relctl_fled EMSackward in single-bin time incremyents through the entirepneural
and a Paynter filtere showed that the filtered relative to the lati tak t t the | t which th
unfiltered data were delayed by 18 ms. The timing of the Paynt ofile. Correlations were taken at every step and the lag at which the

X A dvie - - ighest lati d d d th ldgr that
filtered EMG data used in this study was adjusted accordingly. ccleglll est correlation occurred was deemed the averagerldgy tha

To generate an ensemble representation of speed, the nondirectional
Cortical activity model components of all recorded cells were averaged together binwise. An
] o overall lag was calculated from the ensemble representation using the
Although cortical activity is related to several movement paramefiding window correlation method described above. As a comparison
ters, in this study only two of these parameters will be investigateg neural activity, a similar ensemble analysis was carried out on the
movement speed and direction. The proposed temporal modelgfiG data.

single-cell activity in motor cortex is

where they were attached to a connector and glued to the skull.
raw EMG signals were differentially amplified, band-pass filtere
rectified, and smoothed using a Paynter filter=( 50 ms) (Gottlieb
and Agarwal 1970) before being sampled at 100 Hz by the laborat;

each electrode were routed under the skin to the back of the h?;’%

D(t — 7) — b = [V(t)[[(b, + b, sin[6(t)] + b, cos[o(]) (1) Directional analysis

whereD is the instantaneous cortical activity,is the time interval ~ Initially, a single, mean firing rate was calculated over the reaction

between the signal represented in the cortex and its expressiorf@d movement times for each trial, averaged over the five repetitions
movement,b,, b, b, and b, are constantsf is the movement to each target, and square-root transformed. The finger location at the

direction, andV is the velocity of the finger. The basis for our choiceend of movement time was subtracted from its location at movement
of terms in this equation was developed with a set of initial analysegset, yielding a movement displacement vector that was averaged
to separate direction and speed effects on the discharge rates. Qg the five repetitions to each target. The directional components of

validity of the model was then tested with multiple regression. ~ the averaged displacement vectors and the cortical activity were
regressed to the cosine tuning function model

Speed analysis | D; = By + By sin 6, + B, cos 6 ®)

The first step in the data analysis was to identify movement onﬂtis the estimated discharge rate during the movement to tja,réjet
in each trial of the centerout task. The position data sampled fronis the direction of finger movement, ari},, , are the regression
the touchscreen were digitally filtered using a phase-symmetric natefficients. The bars above the variablesEq. 3 represent time
ural B-spline (quintic order) with a low-pass cutoff frequency of 1@verages taken over the reaction and movement times. Taking time
Hz (Woltring 1986). Velocity profiles were generated directly fronaverages and assuming the velocity profile to each target is equal, it
the spline coefficients. Movement onset was defined as the pointcain be shown thdq. 1reduces tdq. 3because the speed terinX
time at which the velocity profile rose above 15% of maximunin Eq. 1can be combined with thie, term to yield theB, in the above
Because positional data collection ceased as the finger crossedeitpeation. Applying the regression model to each cell generated a
outer boundary of the target, a portion of the descending velocityreferred direction” for the cell as well as a coefficient of determi-
profile was truncated. Movement time was then defined as the perimation ¢2) corresponding to the “fit” of the model (Georgopoulos et
between movement onset and subsequent entry into the outer peam-1982). The EMG activity occurring over the reaction/movement
eter of the target circle. Reaction time was defined as the peripdriod was also averaged and directionally analyzed uEiqg3,
between target circle appearance and movement onset. yielding a preferred direction for each muscle recorded in this study.

The movement time for each trial of the cemtayut task was  Once the nondirectional component of the cell’s activity was found,
divided into 10 bins. In addition, 15 “prebins” were defined in thé& was subtracted from the total discharge pattern along with the tonic
period just before movement onset. The prebins were used to enceamtivity to get an estimate of the time-varying directional component
pass the neural activity occurring during the hold-A and reactidn each target. According tBq. 1, the directional component of a
times. Each prebin had the same time width as a movement bin, @edl's firing rate for the centepout task b, and b, terms when
fractional intervals (Richmond et al. 1987; Schwartz 1993) weraultiplied by|V(t)|)) should be a series of bell-shaped curves in time.
calculated throughout all 25 bins. The firing rates in each bin welkovements to the target closest to the cell's preferred direction should
averaged across the five repetitions and square-root transforrgederate the largest positive curve. Conversely, the directional com-
(Ashe and Georgopolous 1994). The square-root transform is usefuponent of discharge for movements opposite the preferred direction
making the variance of a Poisson distribution (typically found ishould be a negative curve whose magnitude is equal to that seen in
binned data) independent of its mean (Sokal and Rohlf 1995). (Noteovements in the preferred direction. Movements to the remaining
all references to cortical activity in the text and equations assumes tamets should generate directional components with magnitudes that
square-root transform has been applied.) vary systematically between those in the preferred and anti-preferred

The same 10-Hz low-pass digital filter used for the movement dataection. The directional components to each of the eight targets were
was applied to the neural data. The firing rate averaged over the lestegorized according to the angle between the movement direction
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and the cell's preferred direction. The data in each category4®, RESULTS

+90, =135, 180) were averaged over all cells to obtain ensemble ) )
temporal representations of the directional components. A total of 1,066 cells were recorded from eight hemi-

spheres of four monkeys. Figure 1 illustrates the locations of
the 218 penetrations from which these cells were recorded.
In seven of the eight hemispheres, recordings were made in
WhereasEq. 1 will give a firing rate profile in time, it is also the primary motor cortical area; in one hemisphere dorsal
informative to examine the effect of speed on the directional tuniggremotor activity was recorded exclusively. The criterion
function (discharge rate vs. direction). For this analysis we use@ed to select cells for further analysis was that good single-
average discharge rates during trials in which the movements werq gfit jsolation was maintained during all five repetitions to
different durations. The behavioral paradigm did not completely CORzch of the eight targets (40 trials). Each unit was examined

strain the speed used by the monkey to reach each target; it ev(\gas. . bulati f the should b ist
rewarded for movement duratiors300 ms. Because of the extensive” Y''Ng Passive manipufation ot the shoulder, €ibow, wrist,

amount of training before recording data and because our analysi@%d_ hand. Cells that were responsive exclusively to manip-
based on five-repetition averages, ensemble intertarget variationgliation of the hand or fingers were excluded from further
speed were not significant. However, by analyzing individual repetinalysis. These criteria were met for 1,039 of the units, 142
tions, enough variation in intratarget speed was found to make sogfe which were recorded in dorsal premotor cortex. The
statistically significant observations. This allowed us to construpﬁajor purpose of this analysis was to study primary motor

directional tuning functions for different movement speeds. . - . .
To compensate for the latency between cortical activity and fingg}ﬂl) cortical activity. However, as a comparison, a limited

speed, the average time lagfound previously was used to select thé1umber of dorsal premotor (Pmd) cortical cells were simi-
10 bins of cortical activity that corresponded to finger movemerl@rly analyzed.

Because there is significant variation in firing rate magnitudes acrossThe average trajectories to each of the eight targets over all
different cells, the individual firing ratesi (= 40) for each cell were trials are shown in Fig. 2 The circle sizes (1 cm radius)
normalized by their overall mean. Each of the targets for a particulﬁpresenting the targetS, excursion |engthsy (6 Cm) and trajec_

cell were labeled according to its direction relative to the cel'§ias are drawn to scale. The thick lines are average trajecto-
preferred direction. The normalized firing rates for movements in t1li1e . ’
cells’ preferred directions were regressed to peak finger speeds. S comprised of 5,195 movements to each target. Standard

provided a measure of the change in overall firing rate due to changi&viations are represented by the thin lines. Movement record-
in speed when moving in the average cell's preferred direction. THIRJ was initiated at the beginning of the reaction time (interval
was repeated for movements45, +90, =135, and 180° from the between peripheral target presentation and movement initia-
preferred direction. Combining these results, the variation in thimn) and ended when the outer perimeter of the target circle
“average” tuning curve as a function of speed was found. was crossed. The average velocity profiles to each of the eight
The same analysis was applied to the EMG data to calculate ffgets (thick lines), and the overall standard deviation (thin
effel‘?tdc’f féngerf spied on the mlfs‘:"i tubmngl_curvels. Tofcomblr" es) across all recorded trials are shown in Fig. 2n
multi- ay ata for the same muscle, the baseline vo tage rom e . .
experiment was subtracted before analysis. #ARova (IMSL, Visual Numerics) on the peak spegds_ .
grouped by targets found that these speeds were not signifi-
cantly different across targetp € 1%).

Speed analysis |l

Population vector analysis

The population vector algorithm (Georgopoulos et al. 1983) uses
each cell’'s preferred direction to define a vector that is subsequently
weighted by its current activity and summed with vectors similarly
derived from other cells recorded during the same task. The resultant
vector, termed the “population vector,” tends to point in the direction
of movement. A time series of these vectors can be generated through-
out the movement, and they match the instantaneous velocity of the
hand as it moves (Georgopoulos et al. 1988; Schwartz 1993). This
algorithm can be expressed in equation form as

num cells
D(t—7 —A By,
PV ()= > VI @)

i=1

PV, ;(t) is they component of the population vector (predicted velocity
vector) at timet for targetj. A is a bias term that centers the cell's
firing rate about zero. In a task that has balanced velocity components
(speed and direction) such as the centeut task A is typically set to

the average firing ratB,. However, in an unbalanced movement task
(i.e., essentially any figure whose shape is not identically symmetrical
about all axes)A is set to the geometric mean of the temporal firing
rate.M is a normalization factor that scales the cell’s maximum firing

rate to unity. The direction coefficient (found from aregressioB®f ;1 Ejectrode penetration locations from 8 hemispheres of 4 monkeys.
3) for theith cell in they direction isB, ;. The x component of the Recordings in 7 of the 8 hemispheres were in primary motor cost@agle).
velocity vector is calculated by substituting, ; as the direction one set of recordings was made in dorsal premotor coriex 4 and X,
coefficient. penetration sites of the cells also analyzed in the 2nd and 3rd paper.
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40 ~
FIG. 2. Average movement kinematics for the centeut task.

A: the monkey placed its finger in the center start circle (dark gray
circle) and made a planar movement to one of the 8 peripheral
targets (light gray circles). The thick black line shows the average
of 5,195 movements to each target. The thin lines represent the
standard deviation of the medst. average velocity profiles to each

of 8 peripheral targets are shown by the 8 thick black lines. The
overall standard deviation (across all target directions) is repre-
sented by the thin lines.

Speed (cm/s)
g
=

0= T T T )
=300  -150 0 150 300

Time (ms)

Speed response | derived from Pmd and muscle activity. Each curve in Fig. 5 is
The neuronal firing rates during each trial’s movement i composed of the 17 bins that best correlate with finger speed.
9 9 md activity had am? of 0.68 at a lag of 190 ms. Nondirec-

were divided into 10 bins to normalize binwidths among o .
trials. Across all cells, the average binwidth was24% (SE) nglszn il 5 I\gg ggi”%%vvn?:) also carrelated to the speed profile
R .96, .

ms for 41,560 trials. In addition, 15 prebins, having the sa
width as the movement bins, were calculated just before move- .. |
ment onset. On average, the first eight bins corresponded toﬁgecnona response
later part of the hold-A period, and the next seven bins coveredFigure 6 shows the response of a motor cortical cell (same
the reaction time. Five-trial averages were made over all movsll as Fig. 3) during the centerout task. The firing rate
ment directions. The outer perimeter of Fig. 3 shows the raw
(i.e., unsmoothed and untransformed) firing rates during move- _A_
ments to each target for an example cell. During the hold-A ) )
period the rates were very similar across targets. In the subse-
guent reaction and movement times, the activity was graded l‘l
with movement direction.
These histograms were smoothed and square-root trans-
formed. The average firing rate in the five bins before reaction
time was subtracted from the reaction and movement time bins,
eliminating the tonic component of cortical activitigf. Av-
eraging the resulting profiles across the eight targets removied
the directional componenb( and b, terms) of the discharge
profile. Finally, the 17-bin window of neural activity that best
correlated with finger speed over the reaction and movement
time was found. The result is the left profile in the center of
Fig. 3. This nondirectional profile is very similar to the speed ———————
of the hand averaged across the eight targets (right profile in L 2000 0.0 200.0 N
the center of Fig. 3). For this cell, the two waveforms were : : :
highly correlatedi® = 0.96) at a lag of 155 ms. In general, this
was true for cells throughout the motor cortical population as
shown in Fig. 4A. A histogram of the corresponding time lags __“
between the nondirectional discharge and velocity profile for : '
all M1 cells in the population can be seen in Fi§. Zhe time FiIc. 3. Speed representation in a motor cortical cell. Firing rates for move-

b : : - ments to each of the 8 centeput targets were aligned to movement onset
lag distribution peaked at a mode of 125 ms with a medi > 0.15/,,,,,, divided into 25 bins (26-ms binwidth) and averaged over 5

value of 75 ms. trials. The resulting histograms, located radially around the figure, represent
A similar analysis was performed on the recorded responsesaverage cortical activity recorded for movements in each of the respective

of 142 premotor cortical cells. FigureC4shows the results of directions. The vertical calibration bar on the left of the figures represents 100

correlating the nondirectional portions of Pmd cortical di __pikes/s. The timing marks under each histogram are 440 ms [average reaction

; . . ime (RT) + movement time (MT)] apart and represent the portion of the
charge with speed. Lags between Pmd cortical activity ay togram that was used to generate the central figure. These firing rates were

finger speed had a median value of 100 ms, but the mode of th& smoothed using a 10-Hz low-pass digital filter and square-root trans-
distribution was 175 ms (Fig.D). formed. The tonic firing rate occurring during the hold-A period (i.e., the
An ensemble nondirectional activity profile was generateﬂ&“ViW before the 1st timing mark in the histograms) was subtracted from the

: : : f : cord. The firing rates were then summed over the 8 movement directions to
by averaging all 897 M1 proﬁles bm_by-bm' The result (Flg' Sgimcel the directional component. The resulting nondirectional prdéfe (

is highly correlated Rz_: 0.99) V}/ith the speed prOf”_e, andmiddig is highly correlated to the average movement speeght( middle
leads it by 145 ms. This M1 profile was compared with thoggofile).
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FIG. 6. Directional tuning in a motor cortical cell. The outer raster data
show the spike activity occurring between the beginning of reaction time (1st
04 04 long hash mark) and the end of the movement (last long hash mark). The firing
0 05 i 100 o 100 200 rates for movements to each target were temporally aligned to central target
Speed R? Lags (ms) exit time (center long hash mark) and square-root transformed. The center

polar plot shows the resulting average firing rates for each taeyeegressed
Fic. 4. A: histogram of maximunr? values between actual movementto a cosine function (—). The units on the polar plot are in [rad]spikes/s

speed and neural nondirectional component from 897 M1 cells. A sliding time . L

window equal to the RF MT was used to find the maximurd for each cell. histogram ofr? values for the 1,039 cells is shown in FigA.7

B: lags between M1 cells’ nondirectional components and the actual movemg¢Riote: due to their similarities in directional tuning, both Pmd
speeds as determined from peak correlations of the sliding window analy: iﬁd M1 responses were included in Fig 7 ) The averéws
(A). C andD: same analyses applied to the 142 dorsal premotor (Pmd) ce 71 with 75% having values greater than or equal to 0.7. The

during the reaction and movement times to each target wiigtributions of preferred directions can be seen in the circular
averaged temporally over the trial and across repetitions. Tigtogram of Fig. B. Preferred directions were well distributed
eight resulting firing rates were square-root transformed aHioughout the workspace with a very slight skewing. The 0°
regressed against directiofd. 3 to generate a directional bin (rightward) of preferred directions contained the highest
tuning function. The filled circles in the polar plot of Fig. shumber of cells (101). The direction with the least number of
represent the processed firing rates for the cell, and the sdiRlls (70) was down and to the left (240°). All other directions
black line is the cosine tuning function. The tuning functiogontained counts between 70 and 101 cells. A Rayleigh test
explains well the dispersion of these points. Ttiefor the (Batschelet 1981) performed on the preferred directions re-
directional tuning of this cell is 0.96 with a preferred directiofulted in a test statistic af = 0.45, which corresponds tom

of 180° (arctar,/B,]). value = 0.64. The null hypothesis of a uniformity cannot be

All cells used in this Study were ana'yzed this way. Aejected, and there is little Uncertainty that this distribution is

uniform.
Pmd Ml EMG_ Finger
19 A B
300 -
ey
=z
5 0.5 4
<€
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0 —e=— : T T :
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FIG. 5. Average representation of nondirectional components in muscles

0

0.5

Dircctional R”

and cortical cells. The finger speeds= 41,560) of all recorded trials were
averaged over reaction and movement timegh{most profil¢. Ensemble FIG. 7. A: histogram of directional tuning? values for 1,039 cortical (M1
nondirectional components for Pma & 5,680), M1 o = 35,880), and and Pmd) cellsB: distribution of preferred directions in the tested work space.
electromyographic recordings (EM@ ;= 8,800) were correlated to movementA circular histogram composed of 30° bins shows a maximum count of 101 in
speed using a sliding window analysis. the 0° bin and a minimum count of 70 in the 240° bin.
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Fic. 8. Directional tuning in shoulder/elbow muscles. The temporal activities to each of the eight targets are positioned
accordingly in each figure with the muscles’ “preferred directions” shown in the center of each figure. The 5-trial histograms were
aligned by central target exit. The range of reaction time onsgtar{d the range of movement terminations (vertical bars) are
shown beneath each histogram. All muscles with the exception of “S2-Pectoralis” were recorded from the same arm.

Similarly, the average EMG activity of each muscle wamay be acting to flex the shoulder. The subsequent uniarticular
directionally analyzed. Figure 8 shows the temporal activity dficeps activity (short and lateral heads) counteracts elbow
nine of the left arm muscles recorded in this study. Except félexion and allows the biceps to continue flexing the shoulder.
the “S2 Pectoralis,” all the examples shown in Fig. 8 were frodlthough the triceps long head does cross the shoulder, its
a single monkey (S1) using intramuscular electrodes. Begrimary function is stabilization of the shoulder joint, and it
ning with thetop row, a systematic rotation in preferred direccontributes insignificantly to shoulder flexion/extension
tions can be seen in the shoulder muscles whose origins v&Bray’s Anatomy 1980).
systematically from posterior to anterior. Note the similarity in EMG activity from 14 left arm muscles of 2 different mon-
preferred directions between the two pectoralis muscles sholgys was recorded. The number of trials recorded for each
in Fig. 8, suggesting that the two monkeys used very similaruscle varied. Table 1 shows the total number of trials re-
strategies in controlling this muscle. Another interesting reswbrded for each muscle, those trials with significant directional
in Fig. 8 is the similarity in preferred directions among théuning and the average preferred direction across tuned trials.
biceps and triceps from the same arm. Classically considerdiistogram ofr? values for directional tuning in muscles (Fig.
antagonists to one another, these two muscles appear to9Bgshows that the EMG activity was as well tuned as that of
co-contracting during movements up and to the right. Hovthe neurons during this task. However, FigB%andC, graph-
ever, on closer inspection it can be seen that the biceps activitglly compares the average preferred directions among the
precedes the triceps activity. The biceps crosses the shouldeuscles recorded and shows that almost all of them are orien-
and the short head acts as a shoulder flexor in addition to tissed upward and within 45° of the vertical axis. The Rayleigh
contribution to elbow flexion. The early activity in this musclaest yields a statistical value of 8.70, which correspondspo a
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TABLE 1. Directional tuning statistics of EMG activity recorded from the left arms of two monkeys

Subject 1Left Arm Subject 2 Left Arm

All PD Tuned PD All PD Tuned PD
Infraspinatus 137 (1) 137 (1) 1M 7 (15) 114+ 7 (15)
Posterior deltoid 13% 45 (34) 129+ 53 (27) 185+ 16 (15) 188+ 34 (13)
Middle deltoid 125+ 29 (33) 130+ 56 (23) 114+ 21 (15) 108+ 32 (13)
Anterior deltoid 57+ 21 (7) 57+ 21 (7)

Pectoralis 54+ 41 (18) 54+ 50 (16) 49+ 5 (15) 49+ 5(15)
Triceps 71+ 25 (31) 71+ 74 (14)

Biceps 91+ 54 (3) 62+ 52 (2)

Brachialis 97+ 19 (10) 98+ 33 (9) 59+ 37 (15) 74= 94 (4)
Latissimus dorsi 61 13 (8) 59+ 44 (6)

Values are means SE with total number of trials in parentheses. For each subject, the average preferred direction (PD) and standard deviation (SD) &
tabulated for all the trials recorded for that muscle as well as for only the tuned tdais Q.7).

value of 0.00017. The null hypothesis of uniformity is clearly Starting with the activity profiles of individual cortical cells,
rejected. This differs from the distribution of cortical celldirectional (corresponding to thg andb, terms inEq. 1) and
preferred directions, which were found to be uniform (Fig).7 nondirectional (thd, term) activity patterns were separated by
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FiG. 9. A: histogram of directional tuning? in muscles i = 220 experiments, 14 muscle8). distribution of average preferred
directions of 9 left arm muscles from a single monk&)( All of the muscles have significant upwards “tunin®.” distribution

for the 5 left arm muscles of a different monke§2. With the exception of posterior deltoid, all these muscles are also tuned
upward.
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A B TABLE 2. Results from regressing primary motor cortical (M1) and
dorsal premotor (Pmd) activity spikes/s with finger speed
- Preferred Dircction (cm/s) for various directions relative to cells’ preferred directions
Mean Significant
. L 091 Direction Rate Slope cc DOF (5%) Ratio
E ’§ Non-Dircctional
E 04 2 0 M1 cells
—_— =
= E 0 1.26 0.015 0.38 4,463 yes 0.12
- 0.5 1 45 1.16 0.015 0.41 8,928 yes 0.13
90 0.89 0.011 0.35 8,928 yes 0.12
4 N 135 068 0008 028 8928 yes 0.12
200 100 0 100 200 180 062 0008 029 4463 yes 0.13
Time (ms) Ti g
et ime ) Pmd cells
Fic. 10. A: average representation of directional coding in M1 cells. Each
cell's tonic and nondirectional components were subtracted from the overall 0 1.40 0.030 038 708 yes 0.21
firing rate profile recorded during a movement to a single target. The resulting 45 127 0.022 030 1,418 yes 0.17
directional component for each target was categorized relative to the cell’'s 90 0.90 0.008 017 1,418 yes 0.09
preferred direction. Directional components derived from movements closest135 0.67 0.009 018 1,418 yes 0.14
to the cells’ preferred directions were averaged across all cells in the popula180 0.58 0.003  0.09 708 yes 0.05

D. W. MORAN

AND A. B. SCHWARTZ

tion and can be seen as the uppermost thick line. Those components from ] ] o )
targets that werer45, =90, 135, and 180° away from the cells’ preferred The mean normalized discharge rate, slope of the regression line, correlation
directions can be seen as the next 4 solid lines, respectively. Finally, grefficient (CC), degrees of freedom (DOF), and significance of the regression
nondirectional component from Fig. 5 can be seen as the thinBingimilar ~ are listed consecutively. The slope monotonically decreases but always re-
procedure performed on the Pmd celféme Orepresents movement onset. Mains positive as the direction gets further away from the preferred direction.
The last column shows the ratio of the change in firing over the mean for

. - . . . oving from 25 to 35 cm/s. Although the absolute slope varies with direction
SUbtraCtmg both the tonic and nondirectional activity to ea the M1 ensemble, the ratios (i.e., relative slopes) remain fairly constant

target. These profiles were then categorized by preferred liggesting that finger speed scales the tuning function.
rection and averaged across cells to give the average direc-
tional components to each target (relative to preferred dirdager speed (Fig. 5) and the directional responses (FiB).10
tion) across the population. The average nondirectionBihe directional interprofile magnitudes from the premotor en-
response (same as Fig. 5) is shown together with the directios@mble show excellent cosine tuning ¢ 0.99) throughout
profiles in Fig. 1. When moving in the preferred direction,the movement illustrating that premotor cell activity can rep-
the M1 directional component is much larger than the nondesent direction very well.
rectional term. In contrast, when moving perpendicular to the
preferred direction, the time-varying directional component Speed response ||
very small, suggesting that the observed activity of a cell is , )
dominated by the nondirectional component when moving in Average speed profiles for movements to each of the eight
this relative direction. With the exception af90°, the direc- targets were statistically similar across targets. However, mag-
tional and nondirectional components have similar bell-shapBiudes of individual profiles vary in repeated movements to
profiles, suggesting that both terms could contain instantaned@ same target. Trials were sorted by movement direction
speed information. This is the rationale for setting the spe&@glative to the preferred direction), and the average discharge
term in Eq. 1 as a multiplier to both the directional andrate in each trial was regressed to peak speed. EMG activity
nondirectional terms. ) ) -

The directional interprofile amplitudes shown in Fig.ALO TABLE 3. Regressmn results from proximal arm EMG activity
begin following the cosine tuning modet50 ms into the Y IVolts and finger speed (cm/s)
reaction time. From that point on, the correlation with the

. . . Mean Significant
tuning model remains high'{ > 0.98) throughout the rest of ;e Direction Rate Slope ~CC DOF  (5%)
the movement. However, the profile amplitude for movements
in the preferred directiontg¢p curvg has a larger overall Anterior deltoid 0 547 0.183 038 33 yes
magnitude than in the anti-preferred directidooifom curvi gg g-gg 8-82(13 8-2“21 gg yes
Because these curves were derived by subtracting the same 135 _208 —0052 —019 68 A
nqndirecti_ongl component from the response to eaqh target, 180 —-297 —0081 —-023 33 no
this may indicate that the speed component varies (interaatsjspinatus 0 242 0031 034 73 yes
with movement direction. In fact, previous work (Schwartz 45 188 0003 0.22 148 yes
1992) has shown that speed is better represented in motor 9 095 0001 004 148 no
tical activity patterns when movements are near the cell’'s 135 009 0004 008 148 no
cor y p 180  —-0.27 0.006 032 73 yes

preferred direction. Subtracting a constant contribution from
each profile would then tend to underestimate the speed con®nly those muscles that had significant correlations in the preferred direc-
ponent for the profiles near the preferred direction making tHen (0) and at least one other direction are listed. The mean rate in the table
. . - - ' is from the phasic activity of the muscles (i.e., activity during hold-A period
reSUItmg dlrgctlo_n pI’OfI|e too Iarge. . has been subtracted from entire record). The slopes are large and positive in the
The nondirectional response in the premotor population

! eferred direction but quickly drop to zero or become negative. CC, correla-
pears to have a much faster temporal profile than both tie coefficient; DOF, degrees of freedom.
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A B in discharge rate with increasing finger speed, which was

significant throughout all directions. However, the change in
M Pmd discharge rate was twice as large as that for the M1 cells in the
preferred direction and substantially less in the anti-preferred
direction (Fig. 1B).

Of the 14 muscles analyzed, only two showed significant
changes in activity with increasing speed in two or more target
directions (Table 3). EMG patterns for anterior deltoid and
infraspinatus were positively correlated with finger speed when
moving in the muscle’s preferred direction. As movements
were made further away from the muscle’s preferred direction,
the slope between EMG and speed either became insignificant
or negative. (Although statistically insignificant, similar pat-
terns were seen in all recorded muscles). The anterior deltoid
activity shown in Fig. 1C is greater with faster movements
when moving upwards (90°). However, because this muscle is
active during the hold-A period to counteract gravity, it de-
9 ' creases activity when the arm moves downward (270°). For
faster movement speeds in the anti-preferred direction (down-
ward), there is a decrease in anterior deltoid activity instead of
01 an increase. This is opposite the effect seen in motor cortical
cells for movements made in the anti-preferred direction (Fig.
11, A andB). The direction response of infraspinatus was only
-1 . . ; ) -1 . . . » modulated by speed when moving in the muscle’s preferred

-180 -90 0 90 180 -180 -90 0 90 180 direction (Fig. 1D)_
Direction (degrees) Direction (degrees)

—
(o3
—

W
L

Activity
.
Activity

0.5 T T T 0.5 T T T |
-180 -90 0 90 180 -180  -90 0 90 180
Direction (degrees) Direction (degrees)

Anterior Deltoid Infraspinatus

Activity
Activity

[l
1

Fic. 11. Cortical and EMG tuning functions for different finger speeds.
These functions were constructed from the results of regressing finger speed
with normalized activity (Tables 2 and 3). In all figures, the thick black curve
represents normalized activity during movements made with a peak speed pf B
35 cm/s. The thinner line corresponds to a peak speed of 25 cm/s. For
cortical figures A andB), the center of the tuning curve for the mean speed (30
cm/s) is represented by an ordinate value of 1.0. For the muscular data, 3% - 300 4
ordinate value of 0.0 represents tonic activity during hold-A period, and 1.0
represents muscular activity when moving at mean speed in the muscle’s
preferred directionA: M1 cortical activity is always higher for faster speeds
regardless of directiorB: Pmd cortical activity is also positively correlated
with speed.C: anterior deltoid activity increases for higher speeds when;s | 150
moving in the muscle’s preferred (agonistic) direction; however, this muscle’s
activity decreases during increasing speed for movements in the anti-preferred
(antagonistic) directionD: speed effects infraspinatus activity only when
moving near the preferred direction.

was regressed to speed the same way. The regression resufts0 o 0=
that were found to be significant in at least two or more ‘
directions are shown in Tables 2 and 3.
The motor cortical regression analysis shows that dischar
rate increases with increasing finger speed regardless of fin er.
direction. However, the amount of change in discharge (i.e.,
slope) is dependent on direction. The discharge rate increases
more in the preferred direction than in the anti-preferred di-
rection (Table 2). The mean peak speed in this analysis was
~30 cm/s with a standard deviation &f10 cm/s. The mean 307
rate and slopes for each direction were used to construct
ensemble tuning curves for trials with peak speeds of 25 and 35
cm/s (Fig. 1B). The difference in firing rate between the two
curves is greater in the preferred direction than in the anti-oJ
preferred direction, suggesting that speed does not simply shift ° 05
the tuning curve. The ratios (last column of Table 2), consisting R _ ' _ _
of the differences between fast and slow firing rates divided E{'Gﬁﬁ}stoﬁﬁi frOvaz |T§s't'fﬂfaﬂfgéﬁ§f¢'°f f’c‘g'g)s'rfg‘gr 3&”;'3‘%‘5&?{;‘
their mean, were Slml,lar_ ac_ross dlrectlc_)ns, ,SUQQeStI_ng that g similar analysis performed on nontransférmed firing rates resultedyin a
speed effect was multiplicative on the directional tuning curveigntly poorer medianC: using a constant lag of 145 ms, a reduced median
The premotor cortical cells also showed an overall increagealue was found for the transformed data.

—
(=

0.5 1
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A B the square-root transform slightly reduces the variance without
changing the shape of the distribution.
250 Ml 40 Pmd The individual cortical lags that provided the best fit&im

1 can be seen in Fig. 13 andB. The figure is divided into
primary and premotor cortical subpopulations to compare with
the lags shown in Fig. 4, C aridl The distributions in Figs. 4,
125 1 20 C and D, and 13,A and B, have identical modes and very
similar shapes showing that the two methods for calculating
cortical time lags provide similar results. Figure BandD,
show a distribution of differences in preferred directions cal-
0 - 0 culated from regressing the mean ratesEif. 3 and the
2100 0 100 200 300 -1000 0 100 200 300 dynamic rates ofEq. 1 to cortical activity. The preferred
Lag (ms) Lag (ms) direction is determined by the regression coefficidxytandb,
(preferred direction= arctanb/b,). Less than 20% of the cells
C D had preferred directions that varied B380° between the two
models.

An average representation of cortical discharge rate was
generated by categorizing cell activity by preferred direction
and averaging across all cells. Usig. 1to regress the eight
temporal firing rates to the corresponding finger velocities, an
overallr? of 0.99 was found at a lag of 145 ms. None of the
individual cells hadr? values >0.95, yet over 99% of the
variance in the average motor cortical activity can be explained
by Eqg. 1.

400 1 80 1

200 4 40 4

-90 0 90 -90 0 90 Population response
Angle (deg) Angle (deg)

Fie. 13. A andB: histograms of time lags found from the multiple regres- W€ qsed the responses of individual cells _in the c.orti.cal
sion analysis ofEq. 1 on the primary motor cortical cellsAf and dorsal population to provide a measure of how their combination
premotor cellsB). The distributions of lags are very similar to those shown ifmight lead to a representation of speed and direction during
Fig. 4. The dynamic data from the regression shown in Fig (B3. 1) were r aching. Responses from all directionally tune%j:é 0_7) M1
used to calculate preferred directions, and these were compared with tﬁﬁl bined to f ti . f |ati
conventional, time-averaged calculation of preferred directim 8 in C and cells were combined 1o Orm aume S_e”es Y pc_;pu aton vec-
D. The 2 methods gave similar results witt80% of both the primary motor tors. The results are shown in the perimeter of Ficp Mihere
(C) and premotor ) cortical cells falling within a difference angle f30°. movements to each target are represented by 17 population

) ) vectors (7 for RT and 10 for MT) as well as the corresponding
Multiple regression movement velocity vectors. Vectors corresponding to each
novement are centered at their corresponding target location in
he diagram with the time series advancing in a counter-

A B

D(t — 1) = by + [V(1)]|b, + V(Db sin[6(1)] + [V(V)]lb, cos[6(1)]  (5) Ml Pmd

Equation 1was validated using a multiple regression ana;
ysis (rcov— IMSL). The form of Eq. 1used in the multiple
linear regression is

The discharge rate, finger velocity, and direction as a function \\\\.wm'“’”m"ﬂt‘\'Ui/-/w/,/
of time were the known parameters of the regression. The time \\\\\\
lag (1) was varied from 250 te-125 ms in single bin incre- \\\\\\\\
ments. Two separate regressions were performed on each cell
one in which the firing rates were square-root transformed andZ
the other in which they were not. Figure 12 shows the histo-
grams ofr? values for all cells recordech(= 1,039) under =,
three different conditions. Because this is a temporal analysis, %,
the degrees of freedom (DOF) in the regressioreqf 1is
much higher (78 DOF) than the time-averaged regression of
Eqg. 3 (6 DQF)_ As a result, ar? > 0.08 is statistically FIG..14. Population vectors and traj_ectories. The outer o_ctagonal figures
significant at thep = 1% level. In Fig. 12, the time lag that contain vectorgrams of the velocity (thin) and population (thick) vectors for

. - - . movements to each of the 8 targets of the centaut task.A: generated using
y'elded the best fit to the model ("e" h|ghe§x for eac.h cell . 897 M1 cells.B: composed of 142 Pmd cells. Each set of vectors represents a
using square-root transformed data were used to build a hisi@e series (time advances in a counterclockwise direction) composed of 17
gram ofr? values. Figure 1R is a similar analysis performed total vectors: 7 during the reaction period and 10 during the movement period.
on nontransformed data. Finally, Fig.a8hows the histogram Lo Beiene e o o e e velosity vectors occurming over
for Sq”ar_e'“;‘)t trans_formed data using a fixed Iag of 145 nfé)éplrjnovement period were integrated in time. The rgsults of this integ%ation
The mediar® values in Fig. 12A-C,are 0.68, 0.65, and 0.54,can pe seen in the center of each figure. The thin lines represent finger
respectively. The results in Fig. 18,andB, are very similar; trajectory, whereas the thick lines represent the population trajectory.

D

%,
%, o

e
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A B data. In this case, a correlation coefficient of 0.83 was found at
a lag of 166 ms, which is a shorter lag than the 190-ms lag

407 M1 40 7 Pmd found from cross-correlating the nondirectional component
with finger speed (Fig. 5).

Averaging the magnitudes of the population vectors across
all eight directions yields a population vector “velocity” profile
that can be directly compared with the ensemble nondirectional
profiles shown in Fig. 5. Based on M1 activity, both methods
produce an accurate representation of the actual speed (Fig.
15C). Figure 1® shows the results of a similar procedure
. . ., performed on the premotor activity. The two curves have very
0 20 40 40  different temporal profiles. The Pmd nondirectional component

Finger Speed (cvs) Finger Specd (emvs) peaks during the portion of the movement where the population
magnitude is changing the most. This Pmd component is better
C D correlated to acceleration, whereas the population vector mag-
M Prd nitudes are well related to speed in this portion of the move-
1- . ment. The method used to generate population vectors removes
' additive factors that are common across all targets. Thus the
nondirectional componenty), derived as a common effect
across all targets, is not pertinent to the construction of popu-
lation vectors. Consequently, the effect of speed on population
vector length is due solely to the interaction between speed and
direction p, andb, terms; seeppENDIX).
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Fic. 15. A reg‘:;:?())n between finger speed and p(T)u:JI(ati)on vector mag i-The- direCt-ional- Sen-SitiVity of mOK-)r cortical. cells has been
tudes of M1 cellsB: similar regression performed on premotor populatio escribed primarily with a smglg estimated flrlng rate for each
vector magnitudes resulted in a lower correlatiGn.comparison of average '€ach. To demonstrate a continuous relation between move-
population vector magnitudes (thick lines) and ensemble nondirectional coment parameters and cortical activity, it is necessary to exam-
ponents (thin Iines).‘The nondirectional and population magnitude profiles fgfe those components that vary in time. During reaching, the
M1 cells are very similarr = 0.96), and t_)oth represent well the averageyrm'’s trajectory is fairly straight; movement direction is ap-
finger speedD: Pmd cells generate very different resulté € 0.07) when . ; .
comparing population vector magnitude to nondirectional activityne O pr'OX|mater constant. ln. Contra‘St’ the _spe_ed of the arm varies
represents movement onset. with a bell-shaped velocity profile, making it useful to compare

this parameter to firing rate over time. The design of this

clockwise direction. The movement vectors (thin lines) areaching paradigm with constant movement direction and time-
short and point in random directions during the RT, whereaarying speed allowed us to separate the effects of these two
the population vectors (thick lines) generally are initially shogiarameters on discharge rate. Our analysis revealed that speed
but quickly elongate during the middle of RT before movememicts both independently and interactively with direction to
begins. Vector field correlations (Shadmehr and Mussa-lvalsiodulate discharge activity. This was the motivation for in-
1994) between the movement and population vectors wesleding both nondirectionaby) and directional i§,, b,) terms
performed at varying lags to find the highest correlation. The Eq. 1.
M1 population vectors had a maximum correlation of 0.97 at a The idea that speed and direction information is combined in
lag of 145 ms, whereas the Pmd population vectors hadhe activity of single cells in the form d&q. 1was addressed
maximum correlation of 0.87 at a lag of 170 ms. and supported with four different approaches. The directional

Neural trajectories can be formed by integrating the popuancellation procedure showed that single-cell activity could
lation vectors (multiplying by the average binwidth and addinige separated into nondirectional and directional components. A
them tip-to-tail). Using the lag information from the vectoregression between peak speed and firing rate in individual
field correlations above, the 10 population vectors that tempwials showed that there was an interaction between speed and
rally corresponded to the movement period were integratdidcharge rate so that speed was acting as gain factor on the
into the trajectories shown in the center of FigAl4he M1 directional tuning curve. The validity oEg. 1 was tested
neural trajectories match the hand trajectories. FigurB 1dlirectly with multiple regression. And, finally the magnitudes
shows the population vectors and trajectories generated fromthe population vectors calculated during this task were
the premotor cortical data. Like the M1 cells, the Pmd celshown to be directly proportional to speed in a way that
provide a good overall representation of the movement trajeiepended on the form dq. 1.
tory. Initially we removed the directional component of activity

The population vector magnitudes were regressed to fingsr adding movements in opposite directions. Because the
speed across all eight targets and for each of the 10 movemdinéctional responses of these cells are symmetrical (cosine
bins. Figure 1B shows the results of this regression for the Miuned), the directional modulation is equal and opposite about
cells. A correlation coefficient of 0.94 was found at a lag of 146ome mean value. After removing the directional component,
ms. Figure 1B shows the regression results for the premotahe residual (nondirectional) pattern was found to be highly
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correlated with the speed profile. Speed also acts as a multiphérthe correct target location. Furthermore, subjects rapidly
of the directional modulation in single cells after the nondireenodified their abnormally curved trajectories, making them
tional effect was subtracted from the discharge profile (Figtraighter on subsequent trials. This shows that the subjects
10). One way to visualize how discharge activity is affected byere compensating for the unusual inertial loads placed on the
the combination of speed and direction is with the tuningrm, an operation that would be unnecessary if the equilibrium
functions in Fig. 11. Speed tends to modulate cortical dischargajectory was effective. This also shows that there was a
rate primarily when moving in the preferred direction, suggestontinuous monitoring of afferent information during the
ing thatspeedacts as a gain factor of the directional tuningnovement that was used to compensate for the abnormal
function. Previously, a gain factor was used to describe th@jectory.

receptive field of posterior parietal cells because the angle ofOne aspect of the equilibrium-point hypothesis is that the
the eyes in the head potentiated or attenuated the retinotogdiilibrium-point and actual trajectories should be similar.
tuning function (Andersen et al. 1985). This type of interactiofihis will happen only if the limb is sufficiently stiff during the
differs from the effect static loads have on the directionahovement (Flash 1987). However, recent elegant measure-
tuning in motor cortical cells (Kalaska et al. 1989). Loadments show the arm to be much less stiff in the middle of the
tended to shift the tuning function of these cells as an additit&jectory than predicted (Gomi and Kawato 1996). The mea-
offset. This is similar to the effect of movement amplitude osured stiffness of the arm was used to construct equilibrium-
the tuning functions of pallidal cells (Turner and Andersopoint trajectories, and from these, velocity profiles were cal-

1997). culated. These calculated profiles were multipeaked and quite
different from those of the actual trajectory.
Continuous control of reaching These behavioral studies show that there is a continuous

process underlying the generation of reaching. This process is

Our results show that direction and speed are representb@dracterized by a temporal template and is not immediately
continuously in the discharge activity of single cells duringffected by sensory feedback. Our neuronal results show that
reaching. Point-to-point movements have been consideliethlementation of this process is incremental throughout the
classically as discrete events. Reaching movements consistask. Reaching is controlled by an ongoing process that keeps
an initial ballistic transport component characterized by a stifte hand moving continuously along a specified trajectory.
reotypic force pulse and velocity profile. The shape of the force
pulse remains the same, but its magnitude is graded wijlfa ral recordings
different amplitudes of movement (Hollerbach and Flash 1982;
Morasso 1981). During this phase of movement, the effect ofNeural activity in the motor cortex varies in a systematic
sensory input may be delayed until the terminal phase of theay during reaching movements. The centeut paradigm
reach as the hand approaches the target (Brooks 1974; Massay originally designed to test the responses of motor cortical
et al. 1986; Megaw 1974; Paillard 1982; Paillard and Brouchaells to movement direction. Integrated activity within these
1974). The terminal phase of reaching is under visual contrapproximately straight reaches is characterized with a cosine
and it is here that accuracy constraints come into play (Fitts alohing function (Caminiti et al. 1990b; Georgopoulos et al.
Peterson 1964; Meyer et al. 1982; Soechting 1984; Woodwo(f83, 1988). Time series of population vectors constructed
1899). Because most of the distance covered during the redcining a three-dimensional version of this task closely matched
is in the initial transport phase and this is unaffected kg corresponding series of movement vectors (Georgopoulos et
ongoing sensation or the absence of it (Bossom 1974; Taukakt1988). During drawing movements where both the direction
al. 1975), it was suggested that the control of this movemeantd speed of the arm changes within the movement, the length
was completely specified before it began (Ghez and Vicarmd direction of the population and movement vectors matched
1978; Kelso and Holt 1980). (Schwartz 1993, 1994a). These results showed that motor

The concept of open-loop control during reaching led to treortical activity, when considered as an ensemble, did predict
idea that only the endpoint or target need be specified by tie arm’s trajectory in a continuous manner.
nervous system and that the springlike properties of the armSuch a demonstration is more difficult using only the re-
would ensure the proper delivery of the hand to the presgionses of individual cells. In this study we developed a model
target location (Polit and Bizzi 1979). Although soon abarthat explains how speed and direction can be encoded at the
doned (Bizzi et al. 1982, 1984), this idea was replaced widame time in the activity pattern of a single cell. In an earlier
similar theories using equilibrium points that shifted during thetudy, Ashe and Georgopoulos (1994) performed a multiple
movement (Bizzi et al. 1984; Flash 1987; Hatsopoulos 199%&gression of target direction, hand position, velocity, and
Won and Hogan 1995). The equilibrium trajectory hypothes&cceleration to discharge rate. This analysis showed that motor
supposes that a time series of muscle tensions is calculaéed parietal cortical cells had activity that was correlated with
before movement initiation. Each combination of terms can ladl of these parameters. Direction accounted for most of the
represented by a point in space where the arm would resv#riance in discharge followed by speed and position of the
those tensions were frozen at an instant in time. hand. A very small part of the discharge activity was related to

In experiments where reaching was transiently perturbedceleration. The mean best lag between motor cortical activity
with amplified Coriolis forces, subjects in the dark initiallyand the movement parameters wa80 ms (cortical activity
made unusually curved trajectories, missing the target (Ladiefore movement). For the parietal cells, the mean lag was
ner and Dizio 1994). Because Coriolis forces are absent at th80 ms (cortical activity after movement). Another analysis
end of the movement when the arm is stationary, the handing multiple regression (Fu et al. 1995) found that the static
should, under the influence of the equilibrium trajectory, arrivearameters of direction, target position, and movement ampli-
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tude (respectively) were represented sequentially in single niEMG

tor cortical cell activity patterns. Our analysis is similar to that

of Ashe and Georgopoulos because of the use of time-varyingJSing the center-out task we found our sample of proxi-
parametersEquation lincluded one kinematic parameter (veMal-arm EMG activity levels to be cosine-tuned in the planar
locity) while the model of Ashe and Georgopoulos include@ovement task. This might be taken as support for the direct
three kinematic parameters (position, velocity, and accelefg@ntrol of muscle activity by the motor cortex because both
tion) as well as a constant target parameter (target directi Mgle cortical cells and mu_scle activity are directionally tuned.
The explanatory power of our model was generated by the Udgwever, there are clear differences between the two types of
of both a direction-dependent (velocity) and a direction-ind@ctivity in this task. Perhaps the most important distinction is
pendent speed term. that the preferred directions of the sampled muscles were all

Combining the activity of all the cells (categorizing target§riented vertically, whereas the distribution of motor cortical
by preferred direction) and regressing Ex. 1 led to an Preferred directions were uniformly distributed. It is likely that
“ensemble” or overalr? of 0.99. This result is much largerthe preferred directions of the muscles in this task are oriented
than any of the of individual cell regressions used to create tfecounteract gravity because this is an important torque com-
average activity. Several factors could be responsible for tfignent for a vertically orientated centeout task (Kakavand
ensemble superiority. The effect of movement parameters tgatal- 1996). Previous studies involving EMG activity in a
influence the discharge of individual cells in an inconsisteR@rizontally oriented centerout task found that muscle pre-
manner will be removed by averaging across cells, wherggéred directions were evenly distributed (Georgopoulos et al.
those parameters that many cells have in common will be mdk@84). Because the movements in that study were in a near-
apparent. In the same way, stochastic noise in cortical firiigrizontal plane and the monkey’s arm was semi-supported by
rates would also be reduced and would lead to a higher fidelf}¢ manipulandum, gravity would be expected to have a neg-
signal. This is the fundamental meaning of the populatidi¢ible role on muscle dynamics.
vector. Another interesting difference between the centeut re-

The interaction of speed and direction as factors in tféllts of Georgopoulos et al. (1984) and our results is the
modulation of cortical activity can be an important considefifference in preferred directions of some muscles. For in-
ation when studying reaching movements. For instance, in tH@nce, the latissiumus dorsi in the horizontal study had a
center>out task, if the subject moves faster in some directiof§eferred direction that pulled the hand backward while in the
than others, the differences in speed will lead to an erraffirtical task, the preferred direction was oriented superiorly
measurement of preferred direction. This may be a spec?éi]d me@ally. Without joint angle mformatlo_n from both tasks,
problem when performing a task with different arm orientdt IS difficult to speculate; however, the primary functions of
tions (Caminiti et al. 1991; Scott and Kalaska 1995, 1997A1e latissiumus dorsi are shoulder extension, which would

; ; : It in a posterior preferred direction, and adduction, which
Nonuniform movement speeds to different targets will appe suitin : S '
to alter the preferred direction of the cell; however, it will no\NOuld yield a medial preferred direction. Thus both preferred

. e . i directions are a probable result of agonist activity in the two
alter population vector direction, only its magnitude. different tasks. It is likely that arm orientation can affect the

preferred direction of a muscle.
Premotor activity It is interesting that the nondirectional component of EMG
activity is well correlated with the velocity profile in contrast to

Activity patterns of single premotor cortical cells are similathe expectation that agonist activity would look more like the
to those of M1 cells in this task. The major difference betweenitial phase of the acceleration profile as found in typical
the two cell types is in their nondirectional components. Thgngle-joint movements (Gottlieb et al. 1989). When multiple
premotor nondirectional component peaks faster, and the overiscles are simultaneously active across the same joint in
all width of this profile is narrower than the velocity profileunconstrained arm movements, the combination of activity,
Consistent with other reports (Caminiti et al. 1991; Crammomakrhaps asynchronous, across the other muscles as well as the
and Kalaska 1996; Kurata and Tanji 1986), this suggests timanmuscle derived forces acting on the limb complicate the
the premotor contribution to reaching is earlier and morelation between the forces produced in individual muscles and
transient than M1. When aligned with the beginning of movehe actual torques generated across a joint (Bernstein 1967;
ment (15% maximum), the nondirectional activity corresponddanders et al. 1994; Gottlieb 1996).
better to the initial acceleration profile of the hand rather than Another interesting feature is the relationship between speed
velocity. The speed-direction interaction is expressed widtnd EMG activity during movements in different directions. As
greater sensitivity in these cells when compared with M1, wittkpected, EMG activity increases when moving faster in a
a regression slope between activity and speed that is twicenasscle’s preferred direction. This positive correlation with
steep in the preferred direction but half as steep in the argpeed disappears or becomes negative when moving in other
preferred direction. The observation that these cells are spel@ctions. Antagonistic bursts are often present if a movement
and direction sensitive shows that the representation of thésenade fast enough; however, with our well-trained subjects
parameters does not arise de novo in the primary motor cortexoving at peak speeds40 cm/s, antagonist bursts were not
Direction, speed and amplitude sensitivity has been found eénident. The data in this study suggest that the way a muscle
the cellular activity of many areas linked anatomically to Mtontributes to changes in movement speed in a particular
(Crutcher and Alexander 1990; Fortier et al. 1989; Ruiz et airection differs from that of M1 cells, which showed positive
1995; Schwartz 1994b; Turner and Anderson 1997). correlation with speed throughout all directions.
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Population activity EquationA1l is for movements along the positixeaxis; thus there is
. . . . noy component anéPV, is equal to the magnitude of the population

The representation of trajectory-related information presepctor.D, , corresponds to the average firing rate of ¢ed target 1
in the population of recorded activity is easy to visualize usinghdD,,,,,... corresponds to the maximum depth of modulation for cell
a simple algorithm. Summing the activity patterns of manyacross all targets. Movements in this direction correspond to a
cells together vectorially results in a time series of populatigtirection of zero degrees; therefore the average discharge of cell
vectors that represents the instantaneous velocity of the fingefing movements téarget 1can be written as
as it moves to the target in the centsout task. Our knowl-
edge of the way direction and speed are encoded by single cells
can help explain why the population vector, when integratedyl.ig(_ewise, thex component of celli's preferred direction can be
such a robust predictor of the finger’s trajectory. To construgfitten as
a population vector of appreciable length, there must be some ,
asymmetry in the vector components used to derive it. Because B. - = cos (6, (A3)
the distribution of preferred directions in the population is nne
uniform, the asymmetry stems from the uneven distribution §tibstitutingEgs.A2 and A3 into Eq. Al yields
individual firing rates at the instant when the population vector S
is calculated. We have shown that both direction and speed will PVi= > co2 (6,0 (A%)
contribute to the uneven distribution of firing intensities across
the population. Cells with preferred directions near the move- _ ) o o
ment direction will fire faster, and these larger contributiorfsSSuming a uniform directional distribution bfcells, Eq. A4 can be
will make the population vector point in the direction ofWrtten as
movement. If all the cells in the population now increased their N (2
discharge rate by the same amount (e.g., adding 10 spikes/s to PV, = 2wf cos’ (6)do (A5)
all cells), the resulting population vector would point in the 0
same direction and have the same magnitude. This is a cOng§ying:
guence of the normalization usedku. 4 In fact, any factor
that changed the activity of all cells in the population by an — N6 sin@el> N
additive constant would not change the magnitude or orienta- PVi=2— { * ] =5 (AB)
tion of the population vector (seerenpix). Interestingly, if the °
effect of this additive factor is not constant in all direction3hus for a population of cells with a uniform distribution of preferred
when performing the centerout task, the preferred directiondirections with discharge rates described completely by cosine tuning,
will appear to change when the experimental parameters #te lengths of the population vectors for a centeut task would be
varied (e.g., presence or absence of external loads). Changei! to one-half the number of cells in the population.
preferred direction of individual cells without changes in the Wel ha\;_e shown th;t %Op”:cat'on vlectlor_leng;h IS d_lre?:tly prcl)pc_)r-
population vector direction has been reported in several stud%é al to finger speed; therefore calculating theoretical population

N . - ] tor lengths for both a fast and slow movement should result in
(Caminiti et al. 1990a,b; Chen and Wise 1996; Scott a erent values. Now assuming speed affects discharge rate in the

Kalaska 1995). However, an increase or decrease in the firld@nner proposed iiq. 1,a ratio of population vector lengths in the
rate of all cells by the sanmatio, as our results show (Fig. 11),slow versus fast task can be calculated. Two formE@fA2 would

will change the length of the population vector by that ratibe generated: one for the fast trials and one for the slow trials.
(seearPenDIX). This is the basis for the robust relation betweeHowever, Eq. A3 would be unchanged. Recalculating population
the population vector magnitude and speed. Speed acts acior magnitudes for both populations yields

gain factor on the firing rates of individual cells, increasing the

I5i,1 = BO,\ + Iji,max COS(Opd) (AZ)

i=1

2 4

num cells S

amplitude of the tuning function. As a result, the speed effect 5 _ 3 Di maxpis COS’ (0pa) + (Bojns — Bo,) €OS () (A7)

is emphasized in those cells firing fastest (i.e., those with R D maxsts

preferred directions near the movement direction), and they

will have an increased contribution to the population vector. | MRED, s COF (6,0 + (Boys — Boy) COS (6,0)

This illustrates how the multiple representation of parameters  PVis= By o (A8)

in the activity patterns of single cells can be easily extracted =1 o

using a population algorithm. where the subscriptslS and LS correspond to the high-speed and
low-speed trials, respectively. (Both equations are normalized by the

APPENDIX high-speed maximum discharge rate because it would be the larger

) ) ) . overall firing rate.) Converting to integrals and solving yields
Here we derive the relation between time-varying parameters that

influence single-cell discharge rate and population vector magnitude. —

The theoretical length of a population vector can be calculated by PVins =7 (A9)
combining the motor cortical cell model &q. 3and the population

vector algorithm ofEq. 4. The formula for a population vector using BV - N Diaxs (A10)
the average discharge rates from a population of cells collected over sTop

maxHS

a movement tdarget 1is ) )
The lengths of the population vectors are dependent only on the ratios

mmeelsy g B of the depths of modulation of the cells for the two different trials.

—_— . = (A1)  Although theB, term could vary with speed, it would have no effect

i-1 D max D max on the population vector lengths. The proof above was based on

PV, -
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average population vectorgq. 3); however, the results would be theEvarTs, E. V. Relation of pyramidal tract activity to force exerted during

same for a multi-bin analysis. Thus the tertgsandb,, as defined in  voluntary movement]. Neurophysiol31: 1427, 1968.

Eg. 1would similarly have no effect on population vector length. FETz E. E.anD CHENEY, P. D. Muscle fields of primate corticomotoneuronal
cells. J. Physiol. Paris74: 239-245, 1978.
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