


body-centered coordinate system but rather shifted in a
systematic fashion implying that motor cortex does not
represent direction in a purely extrinsic coordinate sys-
tem. More recently, Scott and Kalaska (2000) also
demonstrated that the direction tuning of motor cortical
neurons exhibited signi“cant changes in orientation
when a monkey was required to move its hand under
two di�erent postural con“gurations of the arm again
implying that the motor cortex encodes direction in
some form of coordinate system that depends on the
con“guration of the joints.

Results of a recent simulation study have indirectly
suggested that motor cortical neurons encode direction
in a JA coordinate system (Ajemian et al.2000). In that
study, a set of model neurons were developed that rep-
resented movement direction in each of the three coor-
dinate systems. By using data from an experimental
study that examined the e�ects of di�erent hand paths
on neural activity (Hocherman and Wise1991), Ajemian
et al. (2000) found that model neurons with invariant
direction encoding in a JA coordinate system more
closely replicated the proportions of experimental neu-
rons that were selective to clockwise, counter-clockwise,
and straight paths.

We present evidence that none of these three coor-
dinate systems strongly dominates within the motor
cortex although there exist small subpopulations of
neurons that appear to encode direction in each of these
coordinate systems. We directly compared the encoding

of movement direction under a body-centered, ••CA••
coordinate system, a JA elbow-shoulder coordinate
system, and a SC coordinate system. We explored to
what degree the preferred directions (PDs) of motor
cortical neurons remained invariant under any of these
coordinate systems as a behaving monkey moved its
hand through a set of randomly positioned targets
thereby covering multiple regions of the workspace
(Fig. 1a,b). By assessing the degree of directional tuning
invariance over multiple regions, we found a unimodal
and broad distribution of invariance that was similar
across all three coordinate systems. However, we did
“nd a signi“cantly larger number of neurons that inva-
riantly represented movement direction in a SC coordi-
nate system as compared to either CA or JA coordinate
system. Those neurons that invariantly represented
direction in one coordinate system generated systematic
shifts in directional tuning (clockwise and counter-
clockwise) in the other coordinate systems that could be
explained by the geometric coordinate transformation
between the coordinate systems. Mutual information
estimates between neuronal “ring rate and direction
measured over the whole workspace also demonstrated
an encoding bias of the SC coordinate system. Finally,
using the population vector decoding algorithm to pre-
dict direction (Moran and Schwartz 1999), we observed
a slight bias in the SC coordinate system. Similar anal-
yses in the kinetic domain (Evarts1968; Thach 1978)
supported the “ndings that none of the three coordinate

Fig. 1 The ••RS•• behavioral paradigm used in this study.a The
monkey was operantly trained to move a cursor (red dot) by
moving its hand to a set of randomly-positioned targets (yellow
dots labeled with a ‘‘T’’). The monkey•s arm was constrained to
move in a two-dimensional plane, which resulted in a one-to-one
mapping between hand position (x, y) and shoulder (h) and elbow
angle (u). k1, k2 denote the upper and lower arm lengths,
respectively (u, v) denote the axes of the SC coordinate system.

b Position samples visited by the hand over a complete set of trials
in the RS task. An overall selection region ofx- and y-position
samples was chosen (mean ± 1.8· standard deviation) and
partitioned into nine (3 · 3) equally-sized sub-regions. Thered
dots are the centers of the sub-regions.c, d Illustration of the
location of the array implantation in primary motor cortex (MI) in
both monkeys



systems dominated although there was a weak but sig-
ni“cant bias in the SC as well as in the CA coordinate
systems. Taking the movement and kinetic direction
results together, the evidence argues against the view-
point that primary motor cortex uniquely encodes
direction in any of these three coordinate systems.

Materials and methods

Electrophysiological recording

Silicon microelectrode arrays containing 100 platinized-
tip electrodes (1.0 mm electrode length; 400lm inter-
electrode separation; Cyberkinetics Inc., Salt Lake City,
UT, USA) were implanted in the arm area of primary
motor cortex (MI) in two juvenile male macaque mon-
keys (Macaca mulatta) (Fig. 1c). Signals were “ltered,
ampli“ed (gain, 5,000) and recorded digitally (14-bit) at
30 kHz per channel using a Cerebus acquisition system
(Cyberkinetics Inc.). Only waveforms (1.6 ms in dura-
tion) that crossed a threshold were stored and spike-
sorted using O�ine Sorter (Plexon Inc., Dallas, TX,
USA). Single units were manually extracted by the
Contours and Templates methods. Inter-spike interval
histograms were computed to verify single-unit isolation
by ensuring that less than 0.05% of waveforms pos-
sessed an inter-spike interval less than 1.6 ms. The
number of units in each electrode varied from one to
“ve. To ensure good single unit isolation, we only
studied the single units whose signal-to-noise ratio was
larger than three. Raster plots from one neuron are
shown in Fig. 2 when the monkey•s hand moved in
di�erent directions during the execution of the task. A
total of 680 neuron samples in six data sets (three data
sets per animal) were recorded over a 3 month period
and analyzed where the numbers of distinct units within
each of the three data sets were 108, 124, and 133 for the
“rst monkey, and 90, 100, and 125 for the second one.
We decided to use the term ••neuron samples•• when
aggregating units over multiple data sets to make clear
that these represent independent samples but may or
may not represent di�erent neurons. Given the chronic
nature of our multi-electrode recordings, it is uncertain
whether recordings on the same electrodes over di�erent

sessions represent the same or di�erent neurons. Clearly
within each data set, we are sure that the units recorded
on di�erent electrodes are di�erent. Therefore, our ma-
jor results are reported in terms of the percentage of
units recorded per data set.

Random-sequence task

The monkeys were operantly trained to perform a ran-
dom-sequence task (RS) by moving a cursor to targets
via contralateral arm movements. The cursor and a se-
quence of seven targets (target size: 1· 1 m) appeared on
a horizontal projection surface. At any one time, a single
target appeared at a random location in the workspace,
and the monkey was required to reach it within 2 s. As
soon as the cursor reached the target, the target disap-
peared and a new target appeared in a new, pseudo-
random location (see Fig.1a). After reaching the sev-
enth target, the monkey was rewarded with a drop of
water or juice. A new set of seven random targets was
presented on each trial. On average, the monkey “nished
more than 400 trials in each session. We deliberately
arranged more targets in the boundary area of the
rectangle workspace so that su�cient hand position data
over the full working space were collected. The kine-
matic sample points of one data set are shown in
Fig. 1b.

The monkey•s arm rested on cushioned arm troughs
secured to links of a two-joint robotic arm (KINARM
system, see Scott1999) underneath the projection sur-
face. The shoulder joint was abducted 90� such that
shoulder and elbow ”exion and extension movements
were made in the horizontal plane. The robotic arm
contained two motor encoders that directly measured
the shoulder and elbow JAs of the monkey•s arm at a
sampling rate of 500 Hz. All of the surgical and
behavioral procedures were approved by the University
of Chicago•s IACUC and conform to the principles
outlined in the Guide for the Care and Use of Labora-
tory Animals (NIH publication no. 86…23, revised 1985).

Joint angle coordinate system

Due to the constraints imposed by the KINARM, the
monkey•s wrist was “xed, and therefore there exists a
one-to-one correspondence between the hand position
(x, y) measured in CA coordinates and JAs at the
shoulder (h) and elbow (u) (see Fig.1a). The mapping
from the JA to the hand position is described by the
forward kinematics equations:

x ¼ �k1 cosðhÞ � k2 cosðhþ uÞ
y ¼ k1 sin ðhÞ þ k2 sin ðhþ uÞ

: ð1Þ

Here, k1 and k2 denote the upper and lower arm lengths.
In Monkey 1, k1=13.0 cm, k2=19.0 cm; in Monkey 2,
k1=12.8 cm, k2=19.0 cm.

45° 90° 135° 180° 225° 270° 315° 360°

← 200ms →

Fig. 2 Examples of spike trains across six instances of movements
executed in di�erent directions during the task. Six spike trains of a
neuron are shown in raster display when the monkey•s hand
consistently moved in one of eight directions (45, 90, ..., 360� )
during a 200 ms period



The mapping from the hand position to the JA is
described by the inverse kinematics equations:

u ¼arccos
x2 þ y2 � k2

1 � k2
2

2k1k2

h ¼180� arctan
y
x
� arccos

x2 þ y2 þ k2
1 � k2

2

2k1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ y2
p :

ð2Þ

From Eq. 1, we can derive the velocity mapping from
the CA to the JA coordinate system:

dh=dt

du=dt

� �

¼
k1sinðhÞþk2sinðhþuÞ k2sinðhþuÞ
k1cosðhÞþk2cosðhþuÞ k2cosðhþuÞ

� ��1

dx=dt

dy=dt

� �

: ð3Þ

Shoulder-centered coordinate system

This is a coordinate frame whose main axis rotates with
the line connecting the shoulder to the hand. The map-
ping from CA to SC coordinate systems (u, v) is
described in the velocity domain:

du=dt
dv=dt

� �

¼
y
ffiffiffiffiffiffiffiffiffi

x2þy2
p � x

ffiffiffiffiffiffiffiffiffi

x2þy2
p

x
ffiffiffiffiffiffiffiffiffi

x2þy2
p y

ffiffiffiffiffiffiffiffiffi

x2þy2
p

0

@

1

A

dx=dt
dy=dt

� �

: ð4Þ

Analysis

The “ring rates of single cell were computed in non-
overlapping 50 ms bins. To match time scales, the
kinematics data (hand position, as well as shoulder and
elbow angles) were down-sampled every 50 ms. To
determine the optimal latency between “ring activity in
MI and hand movement, we estimated the peak mutual

information (Eq. 8) between each neuron•s “ring rate
and direction across a range of time lags. Consistent
with previous studies (Moran and Schwartz 1999;
Paninski et al. 2004), we found that the mean (across
neurons) peak information value occurred at a time lag
of � 100 ms in all CA, JA, and SC coordinate systems
(Fig. 3). Therefore, in all our analyses we compared the
neural activity in a 50 ms bin with the instantaneous
direction of the arm measured 100 ms later (i.e. a two
time bin delay).

To examine the degree of spatial invariance of
directional tuning in the CA coordinate system, the
workspace was partitioned into nine (3· 3) sub-regions
(see Fig.1b). Within each sub-region, we computed the
“ring rate every 50 ms of each neuron for each of 16
direction bins equally-spaced around the circle (typically
250 direction samples per direction bin). We only con-
sidered 664 (98% of the 680 recorded neuron samples)
task-related neuron samples that modulated their “ring
rate with movement direction in at least one of the nine
sub-regions (p < 0.05, ANOVA). 16 out of the total 680
MI neuron samples were not task-related and were not
studied further.

Each time step was assigned to one of the nine sub-
regions in the CA coordinate system. Within each sub-
region, we also computed the average “ring rate of each
neuron for each of 16 direction bins in each of the three
coordinate systems, and then “t the tuning curves with a
cosine function to estimate the PDs (Georgopoulos et al.
1982).

Due to the periodic nature of direction, we used cir-
cular statistical methods to estimate the statistical mo-
ments of the directional data. The meanl and standard
deviation r of given directions a 1 ,a 2 , ... ,a n are esti-
mated as follows:

l ¼ arctan
P

sin ai
P

cos ai

� �

; ð5Þ
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Fig. 3 The distribution of optimal time lags in mutual information
between each neuron•s “ring rate and movement direction over the
entire neuronal population. The optimal time lag of each neuron is
estimated as the largest mutual information between “ring rate and
direction across a lead/lag time range from�300 to 300 ms in the

CA coordinate system (black bars), the JA coordinate system (gray
bars), and the SC coordinate system (white Bars) for all 680 neuron
samples. The distributions in the three systems are nearly the same
with an average around 100 ms
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Shift quanti“cations

The curl was locally computed at each of the nine sub-
regions to describe the rotational trend in the preferred
direction vector “eld. In a vector “eld v=( vx, vy ), the
curl is de“ned as

curlv¼ @vy

@x
� @vx

@y
: ð7Þ

A positive curl implies a local counterclockwise shift,
and a negative curl implies a clockwise shift. We counted
the number of positive curl values (POS) over the nine
sub-regions to describe the overall rotational trend in the
space:

The PD vector field shifts
clockwise if POS¼ 0; . . . ; 4

counterclockwise if POS¼ 5; . . . ;9:

The curl of each sub-region was numerically estimated
from its nearest (horizontal and vertical) spatial neigh-
bors. Note that the center sub-region has four nearest
neighbors, the ones at the edges have three, and the ones
at the corner only have two nearest neighbors.

Mutual information estimates

We measured the mutual information between the “ring
rate and the movement direction in each of the three
coordinate systems. The “ring rate or more properly the
spike count,R (number of spikes within 50 ms bin) was
typically a small integer (always less than ten in the data)
and the directionD was also a small integer representing
one of the 16 directional bins. Therefore the joint dis-
tribution p(R, D) and marginal distributions p(R) and
p(D) could be directly estimated from the raw data using
non-parametric density estimation method. The mutual
information is de“ned as:

MI ðR;DÞ ¼
X

R

X

D

pðR;DÞ log2
pðR;DÞ

pðRÞpðDÞ: ð8Þ

Coordinate systems in the kinetic domain

The shoulder and elbow torques generated by the animal
were estimated by feeding the kinematics of motion into
the inverse dynamics equations of the exoskeletal robot
together with the animal•s arm (Scott1999). Let (fx, fy)

denote the force at the hand in CA coordinates, and (ts,
te) denote the torques at the shoulder and elbow (fx, fy)
corresponds to the hand velocity (dx/dt, dy/dt), and (ts,
te) corresponds to the joint velocity (dh/dt, du/dt) in the
kinematic domain. Similar to Eq. 3, the mapping from
the joint-based to CA coordinate systems in the kinetic
domain is (Wolovich 1987):

fx

fy

� �

¼

k1sinðhÞþk2sinðhþuÞ k1cosðhÞþk2cosðhþuÞ
k2sinðhþuÞ k2cosðhþuÞ

� ��1

ts
te

� �

: ð9Þ

The SC coordinate system in the kinetic domain is de-
“ned by rotating the force (fx, fy) with the line con-
necting the shoulder to the hand. As in Eq. 4, the
mapping from CA to SC coordinate system (fu, fv) is
described as follows:

fu

fv

� �

¼
y
ffiffiffiffiffiffiffiffiffi

x2þy2
p � x

ffiffiffiffiffiffiffiffiffi

x2þy2
p

x
ffiffiffiffiffiffiffiffiffi

x2þy2
p y

ffiffiffiffiffiffiffiffiffi

x2þy2
p

0

@

1

A

fx

fy

� �

: ð10Þ

Population-vector decoding

The population-vector algorithm depends on cosine-
tuning encoding of single neurons and can be expressed
in the following equation (Moran and Schwartz 1999):

PVk ¼
X

C

i¼1

ri;k � �ri

rmaxi � �ri
� B

*

i

rmaxi � �ri
; ð11Þ

where PVk is the population vector at time tk= kDt,
k=1, ... , M; ri,k is the “ring rate of neuron i at time tk�ri;
and rmaxi are the average and maximum “ring rates of
neuron i over all time bins, respectively; and~Bi is the 2D
unit-length vector pointing in the preferred direction of
neuron i, i=1, ... , N, .

AssumeVk is the true velocity at timetk, k=1, ... , M.
The average decoding error is estimated as the averaged
angular distance:

Err ¼ 1
M

X

M

k¼1

arccos
PVk

jjPVkjj
� Vk

jjVkjj

� �

; ð12Þ

where € denotes the inner product.

Results

Directional tuning of motor cortical neurons

In order to measure the directional tuning of each
neuron over the workspace, a standard cosine tuning
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Fig. 4 Cosine-“tting of
direction in all nine sub-regions
in CA, JA, and SC coordinate
systems.a The mean “ring rate
(solid line) of one neuron as a
function of movement direction
(16 directions) measured in a
CA coordinate system as well as
the best “t cosine function
(dashed line) over all nine sub-
regions. Theerror bar denotes
the standard error of the mean
“ring rate. b and c are the same
neuron and cosine “t as (a)
except that direction is
measured in the JA and SC
coordinate systems. HereCC
denotes the correlation
coe�cient between the neuron•s
“ring rate and the cosine
estimation



function (Georgopoulos et al. 1982; Scott and Kalaska
1997) was “t to the neural data to estimate the neuron•s
PDs at each of nine sub-regions of the workspace in all
the CA, JA, and SC coordinate systems (Fig.4). To
ensure accurate estimation of PDs, we only considered
neurons that were task-related (ANOVA, p<0.05) and
well-“t to a cosine function over at least two of the nine
sub-regions in each of the three coordinate systems. We
required the correlation coe�cient between the neural
data and the cosine function to be larger than 0.5 (p <
0.05, t-test). This requirement resulted in our examining
88% (585 neuron samples: 334 from monkey one, 251
from monkey two) out of a total of 664 task-related MI
neuron samples.

Invariance of preferred directions under the three
coordinate systems

We then examined whether the PDs remained spatially
invariant over di�erent sub-regions under each coordi-
nate system. We found a minority of neurons that
exhibited highly invariant directional encoding in each
of the three coordinate systems (Fig.5). For each neu-
ron, we examined the degree of spatial invariance of PDs
by measuring the PD standard deviation (Eq. 6) over
di�erent sub-regions of the workspace. The PD standard
deviations over the entire neuronal population possessed
a broad distribution ranging from highly invariant (less
than 10� ) to highly variable tuning (around 90� ) (Fig. 6)
in each coordinate system. Only 13% (26, 25, and 26
neuron samples for CA, JA, and SC coordinate systems,
respectively) of the population exhibited highly invariant

tuning in only one (i.e. uniquely invariant) of the three
coordinate systems. This indicated that invariant direc-
tional encoding was observed in each coordinate system
for small sub-populations of cells in MI and that none of
the three coordinate systems dominated in terms of
spatial invariance of directional tuning.

We then compared the PD invariance in the three
systems by computing the di�erence in PD standard
deviations between any two coordinate systems. The
distribution of PD standard deviation di�erences over
the entire neuronal population (585 neuron samples)
indicated a larger degree of invariance in the SC coor-
dinate as compared to either the CA or JA coordinate
systems (p < 0.01, paired t-test) (Fig. 7a). Though sig-
ni“cant, the di�erence in directional variability between
the CA and JA coordinate system was weaker (0.01 <p
< 0.05, paired t-test). By counting the number of neu-
ron samples with smaller PD standard deviation in one
coordinate system versus another (Fig.7b), we also
observed a signi“cantly larger population of samples
with smaller directional variability in the SC as com-
pared to either CA (p < 0.01, sign test) or JA coordinate
systems (p < 0.01, sign test). There was no di�erence in
population size when comparing CA and JA coordinate
systems (p=0.51, sign test). Similar results were ob-
tained if we restricted our analysis to only those neuron
samples (175 samples) that exhibited cosine-tuning over
all nine sub-regions (Fig.7c,d). Furthermore, the results
among those 175 samples were consistent over each of
the six data sets. That is, there were more neurons with
smaller variability in the SC as compared to either CA
or JA coordinate systems for each of the six data sets
across two monkeys.

x
y ..

CA θ
φ ..

JA u
v ..

SC
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b

Fig. 5 Spatial invariance of
directional encoding in CA,
JA, and SC coordinate systems.
a A neuron whose PDs (arrows)
measured in the CA coordinate
system remain relatively
invariant over the workspace.
The standard deviations of its
PDs in the CA, JA, and SC
coordinate systems are 5, 15,
and 13� , respectively.bA second
neuron whose PDs (arrows)
measured in the JA coordinate
system remain relatively
invariant over the workspace.
The PD standard deviations
in the three systems are 7, 4,
and 11� . c A third neuron whose
PDs (arrows) measured in the
SC coordinate system
remain relatively invariant over
the workspace. The PD
standard deviations in the three
systems are 16, 9, and 5�



Spatial shifts in preferred direction

Having found sub-populations of neurons that exhibited
spatially invariant PDs in one coordinate system, we
compared the observed shifts in PDs in another coor-
dinate system with the systematic shifts that would be
predicted based on the coordinate system transforma-
tion (Eqs. 3, 4). For example, neurons with spatially
invariant PDs in a JA or SC coordinate system should
result in systematic shifts in PD over the workspace in
the CA coordinate system. Theoretically, PDs in half of
the direction domain that are invariant in the JA or SC

coordinate system will result in a clockwise shift in PDs
over the workspace in the CA coordinate system, while
the other half direction domain will result in a coun-
terclockwise shift. This can be quanti“ed by computing
the theoretic curl of the vector “eld measured at each of
the nine sub-regions in the workspace and counting the
number of positive curl values (i.e. the theoreticalPOS
value) (Fig. 8a). These two direction domains will vary
with the arm lengths of the monkey and exact locations
of the nine sub-regions.

We then computed the actualPOS values from the
PD vector “eld measured in CA coordinate system. A
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Fig. 6 Spatial variations in
directional tuning over the
neuronal population. The
distribution of standard
deviations of PDs measured in
the CA coordinate system
(black bars), the JA coordinate
system (gray bars), and SC
coordinate system (white Bars)
for all 585 neuron samples. The
standard deviation is broadly
distributed from 0 to 90� in
each system
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Fig. 7 A comparison of PD
standard deviations in the CA,
JA, and SC coordinate systems.
a The average (over all six
recording sessions or data sets)
distribution of di�erences in PD
standard deviations between JA
and SC (top panel), between CA
and SC (middle panel) and
between CA and JA (bottom
panel) coordinate systems for all
585 neuron samples. They-axis
denotes the average percentage
of neurons per data set at each
bin. b The average (over all six
sessions) percentage of neurons
per data set with larger
directional invariance (i.e.
smaller PD standard deviation)
within pairs of coordinate
systems.Black, gray, and white
bars denote population sizes in
CA, JA, and SC systems,
respectively.Error bars denote
the standard deviations over the
six data sets anddouble star
denotes a signi“cancep-
value<0.01. c, d Same as (a, b)
except for the subset of 175
samples that had directional
cosine tuning over all nine sub-
regions



POS value of zero indicated a vector “eld with a ••highly
clockwise•• shifting trend (Fig.8b, left panel) while a
POS value of nine described a vector “eld with a ••highly
counter-clockwise•• trend (Fig.8b, right panel). The
actualPOS values over the subset of 175 neuron samples
with cosine-tuning in all nine sub-regions were broadly
distributed over the {0, ..., 9} range (see Fig.8c).

Due to experimental noise, variability in neuronal
“ring rate, and lack of precise cosine tuning, a neuron
will likely not exhibit perfect invariance in either JA or
SC coordinate system. By selecting a threshold on the
variation of PDs, we found a subset of neurons that were
considered ••invariant•• if their PD standard deviation
across the nine sub-regions were less than the threshold.
Using the average of the small variations of PD in the
••invariant•• coordinate system, we predicted either a

clockwise or counter-clockwise shift in the CA coordi-
nate system. Using a conservative threshold of 10� , we
found that we could accurately predict the systematic
shifts in PD in the CA coordinate system in 78% (18/23)
and 91% (32/35) of neurons with ••invariant•• PDs in JA
and SC coordinate systems, respectively. As expected,
the prediction accuracy dropped as the threshold value
increased but remained signi“cantly higher than 50%
(p < 0.01, sign test) even at a 40� threshold (Fig. 8d).

Mutual information between “ring rate and direction

Neurons that encode direction in a spatially invariant
manner in one coordinate system should provide more
directional information in that coordinate frame as
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Fig. 8 Predicting shifts in preferred direction across coordinate
systems. a Theoretical shifts in PD (clockwise and counter-
clockwise) in the CA coordinate system as quanti“ed by the
number of POS at the nine sub-regions in one data set as a function
of the invariant PD in the JA ( left panel) and SC (right panel)
coordinate systems. Thedashed line marks the threshold between a
clockwise shift (POS £ 4) and a counter-clockwise shift (POS ‚ 5).
Left panel: One half ([130, 310� ]) of the JA domain maps to a
counter-clockwise shift in the CA coordinate system, while the
other half ([0, 130� ] [ [310, 360� ]) maps to a clockwise shift;Right

panel: The SC direction domain ([90, 270� ]) maps to a counter-
clockwise shift in the CA coordinate system while the other half
domain ([0, 90� ][[270, 360� ]) maps to a clockwise shift.b Observed
clockwise (left panel) and counter-clockwise (right panel) shifts in
preferred direction in the CA coordinate system for two recorded
neurons.c Histogram of POS values over the subset of 175 neuron
samples with cosine tuning across all nine sub-regions.d Rotational
shift prediction accuracy in the CA coordinate frame as a function
of invariance PD thresholds in the JA (left panel) and SC (right
panel) coordinate systems



compared to one in which directional tuning was more
variable. To test this hypothesis, we used information
theory to compute the mutual information between “r-
ing rate and movement direction over the entire work-
space in each of the three coordinate systems. The
distribution of mutual information di�erences over all
585 neuron samples revealed signi“cantly higher infor-
mation values in the SC coordinate system as compared
to the JA and CA coordinate systems (p < 0.01, paired
t-test) (Fig. 9a). Though signi“cant, the di�erence in
mutual information between the CA and JA coordinate
system was relatively weaker (0.01 <p < 0.05, paired
t-test). Likewise, there were signi“cantly more neuron
samples with higher mutual information values in the SC
coordinate system as compared to the JA (p < 0.01, sign

test) and CA coordinate systems (p < 0.01, sign test).
There was no di�erence in population sizes between JA
and CA coordinate systems (p =0.19, sign test)
(Fig. 9b). Consistent results were also observed over the
subset of 175 neuron samples that exhibited cosine
directional tuning over all nine sub-regions (Fig.9c,d).
The nearly identical results observed in the directional
invariance and mutual information analyses can be
better understood if one considers the relationship
between directional tuning variability and mutual
information. As expected, the standard deviation of
PDs and mutual information between “ring rate and
direction are statistically anti-correlated (correlation
coe�cient =-0.25) over the neuronal population
(Fig. 9e).

Fig. 9 The comparison of
mutual information between
“ring rate and movement
direction in the CA, JA, and SC
coordinate systems.a The
average (over all six recording
sessions) distribution of the
mutual information di�erences
between SC and JA (top panel),
between SC and CA (middle
panel), and between JA and CA
(bottom panel) coordinate
systems for all 585 neuron
samples. They-axis denotes the
average percentage of neurons
per data set at each bin.b The
average (over all six sessions)
percentage of neurons per data
set with larger directional
mutual information values
within pairs of coordinate
systems.Black, gray, and white
bars denote population sizes in
CA, JA, and SC systems,
respectively.Error bar denotes
the standard deviation over the
six data sets anddouble star
denotes a signi“cancep-
value<0.01. c, d Same as (a, b)
except for the subset of 175
samples that had directional
cosine tuning over all nine sub-
regions.Single star denotes a
signi“cance p-value <0.05. e A
scatter plot relating the PD
standard deviation and the
mutual information over the
175 samples in all three
coordinate systems



Population vector decoding

If a neuron encodes a movement parameter such as
direction more accurately and with less variability in one
coordinate system, then it would seem plausible that
decoding this movement parameter from its response
would likewise be more accurate in that coordinate
system. Since we measured the directional tuning of the
neurons using a standard cosine function, we used the
population vector decoding algorithm (Moran and
Schwartz 1999) to predict movement direction from an
ensemble of simultaneously recorded MI neurons under
each of the three coordinate systems.

By computing the absolute directional error over
successive 50 ms time points during the performance of
the task, we measured an average decoding error
(averaged over time and data sets) of 52.82, 52.43, and
51.98� in the CA, JA, and SC coordinate systems. Al-
though the SC coordinate system had a signi“cantly
larger portion (53.1 and 51.5%) of total time steps with
lower decoding error than the CA (46.9%, p =2.2 ·
10�98, sign test) and JA (48.5%,p =2.2 · 10�24, sign
test) coordinate systems, the average improvement in
decoding in the SC coordinate system was extremely
small (< 1 � ).

To examine the e�ect of PD invariance on decoding
in each coordinate system separately, we partitioned the
neurons in each data set into two equal-sized subsets
based their PD invariance. That is, all neurons in one
subset had more invariant PDs than the ones in the
other. We measured an average decoding error of 58.1,
57.3, and 56.2� in the CA, JA, and SC coordinate sys-
tems, respectively, in the more invariant PD subset as
compared to an average error of 65.2, 64.5, and 65.7� in
the less invariant PD subset. This analysis indicates that
by carefully selecting a subset of neurons with stronger
PD invariance, it would be possible to improve direc-
tional decoding accuracy by at least 7� .

Comparisons in the kinetic domain

We compared directional encoding in the kinetic domain
in each of the three coordinate systems by computing the
preferred direction of hand force (in CA and SC coor-
dinate systems) or joint torque direction (see Materials
and methods). By measuring the variability in the pre-
ferred kinetic direction over all nine sub-regions in each
coordinate system, we found a signi“cant di�erence in
PD standard deviation between the SC and CA coor-
dinate systems (p < 0.01, sign test) and a marginally
signi“cant di�erence between SC and JA systems (0.05
< p <0.1, sign test) indicating a stronger invariance in
the SC coordinate system. There was no signi“cant dif-
ference between CA and JA coordinate systems. These
results, however, should be considered with some cau-
tion. First, after the same pre-selection process (that is,
ANOVA and good cosine-“t selection) as in the kine-
matic domain, only 411 (60% of the total 680) neuron

samples were quali“ed for further study. This is largely
due to relatively poor cosine-“ts in the kinetic domain.
Second, most of the selected cells had fewer numbers of
sub-regions (£ 5) with good cosine-“ts (Fig. 10b), while
the numbers were much higher in the kinematic domain
(Fig. 10a). Therefore, most PD standard deviations were
estimated from few sub-regions and are likely to be poor
estimates of the variability.

In contrast to the estimates of kinetic directional
tuning variability, mutual information estimates be-
tween kinetic direction and “ring rate were based on all
680 neuron samples and did not require partitioning into
di�erent sub-regions and are therefore more reliable.
The distribution of mutual information di�erences
indicated signi“cantly higher information values in the
SC and CA coordinate systems as compared to the JA
system (p < 0.01, paired t-test) (Fig. 9a, top and bottom
panel). However, there was no signi“cant di�erence in
mutual information between the CA and SC systems
(p =0.13, paired t-test) (Fig. 11a, middle panel). Con-
sistent results were obtained when comparing the num-
ber of neurons with higher mutual information values in
each coordinate system (Fig.11b). Furthermore, the
inferiority of the JA system was highly consistent over
all the data sets. There were fewer cells with higher
mutual information in the JA as compared to the CA
coordinate systems in “ve of the six data sets, and fewer
cells in the JA as compared to the SC coordinate systems
in all six data sets.

Although our study focused on the directional
encoding in the kinetic domain, a number of studies
(Evarts 1968; Smith et al.1975; Thach 1978; Cheney and
Fetz 1980; Taira et al. 1996; Ashe1997) have shown that
force magnitude also in”uences the “ring rate of motor
cortical neurons. We, therefore, examined the relation-
ship between the “ring rate and kinetic magnitude (force
or torque) under each coordinate system, and found that
44% (298 out of 680) of neuron samples exhibited a
linear increase in “ring rate with magnitude (Cheney and
Fetz 1980; Ashe 1997) (Fig. 9c, left panel). The
remaining samples exhibited either a linear decrease
(11% or 79 out of 680) or no linear trend (45% or 309
out of 680) in “ring rate with magnitude (Fig. 11c,
middle and right panels). By considering only those
••linear increasing•• cells, mutual information compari-
sons also revealed a di�erence between the SC and
CA as compared to the JA coordinate systems
(Fig. 11d,e).

Discussion

Our aim in this study was to directly compare the neural
representation of movement and force direction in pri-
mary motor cortex under three di�erent coordinate
systems. Such comparisons are valuable for two reasons:
(1) these three systems (particularly the CA) are widely
used in current neural coding research, and, therefore,
it is important to fully understand their performance



under the same framework; (2) previous work has not
systematically and directly compared encoding in these
three coordinate systems in a large population of MI
neuronal recordings. Our study investigated whether one
coordinate system was more dominantly represented
than the others over the neuronal population. Three

analytic methods examining the degree of spatial
invariance of directional tuning, the magnitude of
directional mutual information, and the performance of
directional decoding demonstrated a lack of dominance
of any of these three coordinate systems although there
was a small SC bias.

Fig. 11 The comparison of
mutual information between
“ring rate and kinetic direction
in the CA, JA, and SC
coordinate systems.a The
average (over all six recording
sessions) distribution of the
mutual information di�erences
between SC and JA (top panel),
between SC and CA (middle
panel), and between JA and CA
(bottom panel) coordinate
systems for all 680 cell samples.
The y-axis denotes the average
percentage of neurons per data
set at each bin.b The average
(over all six sessions) percentage
of neurons per data set with
larger directional mutual
information values within pairs
of coordinate systems.Black,
gray, and white bars denote
population sizes in CA, JA, and
SC systems, respectively.Error
bar denotes the standard
deviation over the six data sets
and double star denotes a
signi“cance p-value<0.01. c
Kinetic magnitude tuning
functions. The dots denote the
measured “ring rate as a
function of force magnitude,
and the solid lines are their
optimal linear “t. The left panel
shows a linear increasing tuning
curve; themiddle one shows a
linear decreasing tuning curve;
and the right one shows no
linear trend. d, e Same as (a, b)
except for the subset of 298
samples that exhibited linear
increasing magnitude tuning
functions in the three systems
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Fig. 10 a Distribution of number of sub-regions with good cosine “t among 585 pre-selected neuron samples in the kinematic domain.
b Distribution of number of sub-regions with good cosine “t among 411 pre-selected neuron samples in the kinetic domain



It should be noted that our results may not generalize
to all regions of motor cortex. First, we recorded from
the precentral gyrus and not from within the central
sulcus. Neurons recorded from the anterior bank of the
central sulcus appear to have physiological properties
that may be di�erent from those on the gyrus (Sergio
et al. 2005). Second, our chronically implanted electrode
arrays have electrodes that are 1 mm long. Histological
analyses from previous implants have shown that the
arrays can sink up to 600lm over time. However, the
time course of this sinking is unclear. Therefore, the
recordings that are presented here may be from cell
bodies located either in lower portions of layer 3 or
upper portions of layer 5. If we are recording from layer
3 neurons, our results may not necessarily apply to
projection neurons in layer 5.

Psychophysical studies examining the errors made
during reaching movements have suggested that human
subjects employ a SC coordinate to guide the hand
(Soechting and Flanders1989; Soechting et al. 1990;
Flanders et al. 1992). Moreover, previous electro-
physiological experiments found systematic shifts in
directional tuning of MI neurons measured in a body-
centered-CA coordinate system when monkeys
performed three-dimensional reaching movements from
three di�erent initial positions (Caminiti et al. 1990,
1991). Caminiti and colleagues found that the orienta-
tion of PDs were more strongly correlated between
neighboring parts of the workspace than between left
and right parts. Moreover, the authors found the pre-
ferred direction orientations shifted predominantly
along the z-axis. They hypothesized that these shifts
could be explained if one assumed that the motor cortex
employed a SC coordinate system to represent move-
ment direction. Our results con“rmed this hypothesis by
directly demonstrating that the systematic shifts in pre-
ferred direction that we observed in a body-centered
coordinate system could be predicted by the coordinate
transformation between SC and body-centered coordi-
nate systems. Our results are similar to the systematic
shifts in preferred force directions observed by Sergio
and colleagues (Sergio and Kalaska2003; Sergio et al.
2005) when monkeys were required to generate isometric
forces in di�erent directions from nine di�erent starting
positions. Although they did not directly compare
encoding of force direction in di�erent coordinate sys-
tems, the shifts they measured were proportional to the
shoulder angle.

Our study demonstrates that there is no dominance
toward a joint-centered coordinate system, which is
inconsistent with the results of Ajemian et al. (2000). It
is unclear why their results were not consistent with ours
although our results are based on a direct estimation of
PDs under all three coordinate systems.

Our work focuses on the motor cortex; however, it is
well known that limb movement is also encoded in other
cortical areas, such as the parietal cortex (Lacquaniti
et al. 1995). Lacquaniti and colleagues found that pari-
etal cortical neurons are tuned in a body-centered

reference frame. The coordinate systems in their study
included the CA space, the spherical space, the (SC)
spherangular space, and the orientation angles space.
They showed that each coordinate tends to be encoded
in a di�erent sub-population of parietal cortical neu-
rons. This is basically consistent with our “ndings in the
motor cortex that none of the systems uniquely can fully
describe the encoding of movement information.

Note that by the use of the KINARM system, the
monkey•s hand movements were constrained to two
dimensions in the horizontal plane. Such a constraint is
necessary for the comparison of the three coordinates as
only under this framework is there a one-to-one map-
ping between them (Eqs. 3, 4). If the movements were
unconstrained in three dimensional space, the external,
CA coordinate system would have three degrees of
freedom (for the hand movement direction), while the
intrinsic, JA coordinate system would have at least four
degrees of freedom. In that case, we would not have a
direct mapping between the coordinate systems. There-
fore it would be di�cult to do many of the comparisons
and impossible to do the analysis in Fig.8 which is
straightforward in the two dimensional situation.

Our results based on kinetic direction encoding were
generally consistent with those based on kinematic
direction. However, we did observe a strong bias toward
stronger mutual information in the CA as compared to
the JA coordinate systems, which was not observed
when examining movement direction. In fact, we ob-
served a weak bias in the opposite direction such that the
mutual information for movement direction was slightly
stronger in the JA as compared to the CA coordinate
systems. In addition, there was no di�erence in mutual
information estimates between SC and CA coordinates
in the kinetic domain whereas there was a strong bias in
mutual information for movement direction in SC as
compared to CA coordinates. It is unclear why such
discrepancies occurred although kinetic direction is quite
distinct from movement direction due to interaction and
inertial torques that occur during the performance of the
task.

The experimental methods we employed in our study
o�er certain advantages when exploring the question of
coordinate system encoding. First, we recorded simul-
taneously from multiple single units using a multielec-
trode array while monitoring the behavior of the animal
in a given data set. This has the attractive feature that
the behavior of the animal was identical for all simul-
taneously recorded neurons so that di�erences in coor-
dinate system encoding that we observed cannot be
attributable to di�erences in behavior. Second, the nat-
ure of the task was quite di�erent from the more com-
mon center-out task used to explore directional tuning.
As Fig. 1b demonstrates, our task allowed us to sample
a broader range of the movement space. Our estimates
of preferred direction, therefore, may better generalize
over di�erent behavioral conditions.

Our results demonstrate that none of these three
coordinate systems are uniquely represented in motor



cortex. Although we observed a bias toward a SC
coordinate system representation, it was small and likely
not to be functionally signi“cant in terms of decoding
on-going motion of the arm. These results lead to at
least two implications. First, there may be a coordinate
system that is employed by motor cortex that is yet to be
discovered. We believe this is unlikely. Second, an
intriguing possibility is that motor cortex does not rep-
resent movement parameters in any coordinate system.
Rather, the motor cortex as a whole may constitute a
substrate for various transformations including coordi-
nate and inverse dynamics transformations. Individual
motor cortical neurons would represent terms in these
transformations which would then be aggregated
downstream from the motor cortex to form the neces-
sarily language to control the periphery. Alternatively,
the optimal feedback theory proposed by Todorov and
Jordan (2002) argues that a particular desired trajectory
is not planned in the cortex but rather an optimal con-
trol law is realized in the motor cortex which exploits the
redundancy of the motor periphery by attempting to
minimize the task-relevant errors (e.g. reaching a se-
quence of targets in our task) at the expense of task-
irrelevant errors. Instead of representing spatially
invariant directional commands, individual motor cor-
tical neurons would realize control signals that when
taken together realize an optimal control law.
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