
Behavioral/Systems/Cognitive

Cortical Representation of Bimanual Movements
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It is well established that the discharge of neurons in primate motor cortex is tuned to the movement direction of the contralateral arm.
Interestingly, it has been found that these neurons exhibit a directional tuning to the ipsilateral arm as well and that the preferred
directions to both arms tend to be similar. A recent study showed that motor cortex cells are also directionally selective to bimanual
movements, but the relationship between the bimanual and unimanual representations remains unclear. To address this issue, we
analyzed the responses of motor cortical neurons recorded from two macaque monkeys during unimanual and bimanual reaching
movements. We decomposed the bimanual movement representation into contralateral and ipsilateral directionally tuned components.
Our major finding is that the movement of the contralateral arm modifies the tuning of the cells to the ipsilateral arm such that: (1)
the offset and modulation depth of the tuning are suppressed; and (2) the preferred directions are randomly shifted. Both these
effects eliminate the correlation between the contralateral and ipsilateral representations during bimanual movements. We
suggest that the modification of the ipsilateral arm representation is caused by the recruitment of local inhibition that conveys
callosal inputs during bimanual movements. This hypothesis is supported by the analysis of a model of two motor cortical
networks, coupled with sparse random interhemispheric projections that reproduce the main features observed in the data.
Finally, we show that the modification of the ipsilateral arm representation reduces the interference between the movements of
both arms.
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Many motor tasks require fine coordination between the move-
ments of both arms. Yet, very little is known about the neural
mechanisms underlying bimanual coordination (for review, see
Swinnen, 2002). It is well established that many motor cortical
neurons are tuned to the direction of movement of the contralat-
eral arm. These activities are often described by unimodal tuning
curves with preferred directions (PDs) that are distributed uni-
formly (Georgopoulos et al., 1982). Additionally, it has been
shown that MI neurons fire before and during movements of the
ipsilateral arm as well (Lecas et al., 1986). In a recent study
(Donchin et al., 1998; Steinberg et al., 2002), cells from the pri-
mary motor (MI), supplementary motor (SMA), and dorsal pre-
motor (PMd) cortical arm areas of macaque monkeys were re-
corded while they operated two x-y manipulanda, one with each
hand, which moved cursors on a video screen. The monkeys were
trained to perform unimanual reaching movements to one of
eight targets and bimanual movements to these same targets, in
which two arms moved either in parallel or in opposite direc-
tions. These experiments showed that many cells exhibit unimo-
dal tuning curves in both types of unimanual movements and
both types of bimanual movements (Fig. 1a,b). An important
feature of the data is that the PDs of the unimanual contralateral

and ipsilateral tuning curves are highly correlated (Steinberg et
al., 2002) (Fig. 2a).

These results raise the question of the relationship between the
bimanual representation and the two unimanual representa-
tions. If the underlying neural mechanism is linear, the
bimanual-related neuronal activities should be the superposition
of the activities taking place during the two constituent uni-
manual movements. However, a previous analysis of these data
invalidates this linear hypothesis (Donchin et al., 2002). Figure 1b
illustrates the lack of fit of the bimanual response of a sample cell
(solid lines) to the linear hypothesis prediction (dashed lines),
namely that the parallel tuning curve is predicted by the linear
hypothesis to be the sum of the unimanual tuning curves and that
the opposite tuning curve is predicted to be the sum of the uni-
manual contralateral tuning curve with the inverted ipsilateral
tuning curve. Motivated by the failure of the linear hypothesis, we
further studied the nature of the bimanual responses of motor
cortical cells from the recordings of the above-mentioned exper-
iments. Here, we show that the movement of the contralateral
arm modifies the representation of the ipsilateral arm. Next, we
propose a mechanism of callosal inhibition to explain this effect
and present a network model that supports this hypothesis.

Materials and Methods
Data analysis
The data. Our data include recordings from cells in MI, SMA, and caudal
PMd cortical areas of two macaque monkeys during performance of a
unimanual and bimanual center-out task (Donchin et al., 2002, their
penetration maps). The monkeys performed movements of each arm or
both arms in parallel or opposite directions, in which the different con-
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ditions were shuffled pseudo-randomly (Steinberg et al., 2002). In our
analysis, we characterized the response of a cell in a given trial by the
mean rate, averaged over an epoch of �100 to 400 msec relative to
movement onset, minus the baseline rate before this epoch. To obtain a

good estimate of the tuning parameters defined in Equations 7 and 9, we
preselected cells that had tuning curves that are well described by a co-
sine. We first computed the r 2 fit to a cosine for each of the four tuning
curves of each cell. Next, we averaged the four r 2 values of each cell and
selected 61 cells that had a mean r 2 value that exceeded 0.7. We note that
our main results are not sensitive to the value of this threshold, or to our
particular choice of selection criterion. The selected cells include 33 cells
from the MI area (two monkeys), 18 cells from the SMA (one monkey),
and 10 cells from the caudal PMd area (one monkey). The results we
present are found in all areas and for both monkeys, in line with addi-
tional comparisons in previous work (Donchin et al., 2002). In the
present analysis, all cells were pooled.

Statistical tests. We performed several tests to detect deviations from
the null hypothesis of linear bimanual responses (see Eq. 8). According to
this hypothesis, the mean of the bimanual offsets is equal to the mean of
the sum of unimanual offsets (see Fig. 4). To test deviations from this
hypothesis, we assumed that both these averages are normally distributed
with the same mean and different variances that we estimated from the
measured trial-to-trial variability. We applied a similar test to the differ-
ence in the variances of the bimanual and sum of unimanual offsets.
According to the null hypothesis, the histograms in Figure 5a should
be concentrated at zero, with a certain spread caused by noise attrib-
utable to trial-to-trial variability. To test the null hypothesis, we gen-
erated an artificial histogram by taking the bimanual responses as the
sum of the unimanual responses plus noise. The added noise was
Gaussian with a variance assessed according to the measured trial-to-
trial variability. The probability that the artificial and experimental
histograms were generated from the same distribution was assessed by
a one-tailed Mann-Whitney U test. This probability was averaged
over 100 noise realizations. According to the null hypothesis, the
points in Figure 5b are equally likely to be above and below the linear
prediction (solid line). Our H1 hypothesis is that points should tend
to be below the line, and the statistic we used is the number of points
below the line.

Single-cell model
The inputs that we assume for the single-cell model during unimanual
contralateral and ipsilateral arm movements, respectively, are:

uC��C� � �C � �C cos��C � �C�
(1)

uI��I� � �I � �I cos��I � �I� .

Here, �C,I are the direction of movement of the hands. The tuning pa-
rameters of the inputs are the PDs �C,I, the amplitudes �C,I and the offsets
�C,I. During unimanual movements, the cell receives the input corre-
sponding to the moved arm alone, whereas during bimanual movements
the cell receives the sum of both inputs. The output of our model cell r is
related to its total input u by the nonlinear relation:

r �
u

1 � u
, (2)

where r is normalized by the maximal firing rate, and u is normalized
by the input level that causes the neuron to fire at half its maximal
rate. The method of extracting the tuning parameters of the output is
identical to the method applied to the experimental data. The com-
putation presented in Figure 7a includes 61 such cells with inputs in
which tuning amplitudes �C,I and offsets �C,I were randomly chosen
between 0 and 1 and in which PDs �C,I were random with a preference
for similar PDs for the two hands (as observed in the experimental
responses).

Network model
Network equations. Our network model includes two coupled cortical
networks with N excitatory neurons and N inhibitory neurons each (see
Fig. 8e). We use equations of a semi-linear rate model to describe the

Figure 1. Example of directional tuning of one cell from MI. a, Unimanual contralateral (left)
and ipsilateral (right) tuning curves (�) and cosine fits (solid lines). b, Bimanual parallel (left)
and opposite (right) tuning curves (�), cosine fits (solid lines), and the bimanual cosine tuning
expected according to the linear hypothesis (dashed line). c, We obtain the bimanual contralat-
eral (left) and ipsilateral (right) components defined in Equation 9 (solid lines) with PDs �bi

C and
�bi

I , respectively (solid vertical lines), by summing and subtracting the parallel and opposite
tuning curves in b, respectively. The dashed lines represent the linear hypothesis prediction.

Figure 2. The correlation between the PDs of the contralateral and ipsilateral representa-
tions. a, Histogram of differences between the unimanual contralateral PD �uni

C and the uni-
manual ipsilateral PD �uni

I (bars) and the network model prediction (solid line). b, Histogram of
differences between the unimanual contralateral PD �uni

C and the bimanual ipsilateral PD �bi
I

(bars) and the network model prediction (solid line).
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neuronal activities as a function of the instructed directions of movement
for the left and right hands, �L and �R, respectively:

	
drE,i

R

dt
� � rE,i

R � �s � gi
R�ui

R��L� � JrI,i
R � �

j�1

N


E,ij
RL Cij

RLrE, j
L ��

�

	
drI,i

R

dt
� � rI,i

R � � h � �
j�1

N


I,ij
RLCij

RLrE, j
L � T�

�

	
drE,i

L

dt
� � rE,i

L � � s � gi
L� ui

L��R� � Jrl,i
L � �

j�1

N


E,ij
LR Cij

LRrE, j
R ��

�

	
drI,i

L

dt
� � rI,i

L � � h � �
j�1

N


I,ij
LRCij

LRrE, j
R � T�

�

, (3)

where [x]� equals x for positive x and zero for negative x. The values of
the model parameters are shown in Table 1. The superscripts R and L
correspond to the right and left sides, and the subscripts E and I corre-
spond to the excitatory and inhibitory populations. 	 is the neuronal time
constant, which is typically on the order of a few milliseconds, and gi

R,L

are the gains of the excitatory cells, distributed uniformly between 0 and
1. The randomness of the gains is important for generating heteroge-
neous tuning amplitudes and offsets, as observed in the data. We assume
that before the movement the sole input to the network is the baseline
input of the excitatory cells s. When one arm is moved alone, its corre-
sponding instruction input ui

R (�L) or ui
L) (�R) is also present. When

both arms are moved, both instruction inputs are present, and the con-
trol signal to the inhibitory cells h is turned on. Because we are only
interested in the mean firing rate during the movement, we assumed for
simplicity that the inputs are constant throughout the movement. The
matrices CRL and CLR describe the callosal connectivity, having elements
with a value of 1 for connected pairs and 0 otherwise, and the matrices

RL and 
LR are the random connection strengths. J is the gain of the
inhibitory interneurons, and T is their threshold.

Instruction inputs. The instruction inputs are cosine tuned to the
planned direction of movement:

ui
R��L� � � � � cos��L � �i

L�
(4)

ui
L��R� � � � � cos��R � �i

R� .

Here, �i
R,L are the isotropically distributed PDs, � is the modulation

amplitude, and � is the offset of the instruction inputs.
Connectivity. We assume that the probability of having a callosal con-

nection between a presynaptic neuron j in the left hemisphere and a
postsynaptic neuron i in the right hemisphere depends on the difference
in the PDs of their instruction inputs:

P(Cij
RL � 1) �

1

N
�K � �cos(�i

L � �j
R�], (5)

and similarly for Cij
LR. Here, K is the typical number of callosal afferents

impinging on a cell, and � characterizes the degree of preference for
connecting pairs with similar input PDs. The random connection
strength matrix elements 
ij

LR and 
ij
RL are distributed uniformly between


min and 
max. In the simulations shown in Figure 9d, we added an
internal connectivity term to the equations of the excitatory populations
(first and third equations in Eq. 3). These terms included a random
connectivity matrix Wij , where Wij � w with probability Kintra /N and
Wij � 0 otherwise.

Directional tuning of the outputs. To extract the tuning parameters of
the model neurons, we simulated the network equations (Eq. 3) for the
following conditions: (1) premovement; (2) right arm movement; (3) left
arm movement; (4) parallel bimanual movement; and (5) opposite bi-
manual movement. Because the network converges quickly to its steady
state, on the order of neuronal time constant 	, we assumed that the
neuronal firing rates at the steady state correspond to the experimentally
measured mean rates. For each of the four movement conditions, we
computed the rates for eight different directions and subtracted the base-
line rates computed for the premovement condition. Subsequently, we
extracted the offsets, modulation amplitudes, and PDs by the same
method that we used for the experimental data.

Results
Bimanual and unimanual directional tuning functions
We analyzed the relationship between the directional tuning of
the bimanual and the unimanual responses of 61 well-tuned cells
(r 2 � 0.7; see Materials and Methods) from MI, SMA, and PMd.
The directional responses of motor cortical cells during uni-
manual movements are often well approximated by cosine tun-
ing curves:

r��� � a cos(� � �) � b . (6)

r(�) is the modulation of the firing rate of a cell, minus the base-
line rate before movement, as a function of the hand direction of
movement. a is the modulation amplitude, � is the PD, and b is
the offset. We describe the responses of a cell to the unimanual
contralateral and ipsilateral movements by the following cosine
tuning functions:

runi
C ��C� � auni

C cos��C � �uni
C � � buni

C

(7)
runi

I ��I� � auni
I cos��I � �uni

I � � buni
I .

Here, the superscripts C and I denote contralateral and ipsilateral,
respectively, and indicate that a cell may have different direc-
tional tuning parameters for each arm. The subscript uni distin-
guishes the tuning to unimanual movements from the tuning to
bimanual movements.

A description of the response of cells to bimanual movements
requires a tuning function of both directions of movement �C and
�I. If the linear hypothesis held, the bimanual tuning function
would be the sum of the two unimanual tuning functions in
Equation 7:

rbi��C,�I� � auni
C cos(�C��uni

C )�auni
I cos(�I��uni

I )�buni
C �buni

I .

(8)

However, because the linear hypothesis does not hold, we pro-
pose an alternative bimanual tuning function:

rbi��C,�I� � abi
C cos(�C��bi

C )�abi
I cos(�I��bi

I )�bbi .

(9)

Here, the bimanual tuning function is assumed to be the sum of
an offset and two components, each cosine tuned to the direction
of movement of one hand. In contrast to the linear hypothesis
(Eq. 8), the amplitudes and PDs of these components are not
necessarily identical to the amplitudes and PDs of the corre-

Table 1. Parameter values of network model

N s h � � T J K � 
min 
max Kintra

2000 2.1 51.6 9.6 12 58.8 1 7 7 0 0.28 3

Units for s, h, �, �, and T are in spikes per second, whereas the other parameters are nondimensional.
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sponding unimanual tuning curves, and
the offset of the bimanual tuning curve is
not necessarily equal to the sum of the uni-
manual offsets (as indicated by the sub-
script bi). The bimanual contralateral and
ipsilateral components in Equation 9 de-
scribe the ways in which the bimanual
response varies with the direction of
movement of one hand when the direction
of movement of the other hand is kept
constant. Although our data are lim-
ited to parallel (�I � �C) and opposite
(�I � �C � 180°) movements, we can ex-
tract the contralateral (ipsilateral) compo-
nent of the bimanual response from the
data by summing (subtracting) the parallel
and opposite tuning curves. The solid lines
in Figure 1c depict the bimanual contralat-
eral and ipsilateral tuning components of a sample cell as ex-
tracted from its parallel and opposite tuning curves in Figure 1b.

The experimental data support the form of the bimanual tun-
ing that is assumed in Equation 9 in two ways. First, the tuning to
parallel and opposite movements is predicted to have a cosine
shape, as shown experimentally in a previous study (Steinberg et
al., 2002). Second, the offsets of the parallel and opposite tuning
curves of each cell should be equal. This prediction is confirmed
by our data (Fig. 3a). Equation 9 serves to predict the response of
a cell to bimanual movements in general directions different
from the measured parallel and opposite tuning curves. For pur-
poses of illustration, consider the tuning curve to bimanual
movements in orthogonal directions when the parallel and op-
posite tuning curves are of equal modulation amplitude. We pre-
dict that the orthogonal PD is half way between the parallel and
opposite PDs (Fig. 3b). If these PDs are either identical or oppo-
site, the amplitude of the orthogonal tuning curve is predicted to
be the same as that of the parallel and opposite tuning curves. In
contrast, cells for which the parallel and opposite PDs are nearly
90° apart are predicted to have substantially reduced tuning am-
plitudes in the orthogonal movement configuration.

Nonlinearity of the bimanual representation
We characterize the deviations from the linear hypothesis in the
bimanual cortical representation by comparing the bimanual
tuning parameters (Eq. 9) to the unimanual parameters of the
same cells (Eq. 7). We refer to such deviations as nonlinearities of
the bimanual movement representation. The linear hypothesis
predicts that the bimanual offset bbi is equal to the sum of the
unimanual offsets buni

C � buni
I . Figure 1b demonstrates the failure

of the linear prediction for one cell, for which the offsets of the
parallel and opposite tuning curves (solid lines) are substantially
smaller than the offset of the tuning curve predicted by the linear
hypothesis (dashed lines). Moreover, according to the linear hy-
pothesis, the bimanual PDs �bi

C ,�bi
I and amplitudes abi

C ,abi
I should

be equal to the corresponding unimanual PDs �uni
C ,�uni

I and am-
plitudes auni

C ,auni
I . In Figure 1c, we demonstrate the failure of this

prediction by comparing the contra and ipsi unimanual tuning
curves (dashed lines) with the corresponding bimanual compo-
nents (solid lines), which we extracted from the bimanual tuning
curves in Figure 1b. In this example, the nonlinearity is evident in
the shift of the bimanual PD �bi

I relative to the corresponding
unimanual PD �uni

I. We interpret this nonlinearity as a change in
the representation of the movement of the ipsilateral arm when
the contralateral arm also moves. As we show below, these types

of nonlinearities in the offsets and modulations of the tuning
curves are observed across the population of cells.

Figure 4, a and b, depict the means and SDs across the popu-
lation of cells of buni

C ,buni
I ,bbi , and the linear prediction buni

C � buni
I ,

denoted C, I, B, and L, respectively. As shown, the mean and SD
of the bimanual offsets are substantially smaller than the mean
and SD of the linear prediction ( p � 0.1%). Additionally, the
bimanual and contralateral offsets are similar, as shown by their
similar means and SDs and by their high correlation coefficient
(0.92). This suggests that the suppression of the bimanual offsets
is an outcome of a suppression of the ipsilateral representation
rather than the contralateral representation.

The analysis of the directional modulation of the cell activities
indeed shows that the nonlinearity is mainly attributable to the
ipsilateral representation. The histograms in Figure 5a reveal sig-
nificant shifts of the bimanual PDs �bi

C and �bi
I relative to the

corresponding unimanual PDs �uni
C and �uni

I ( p � 0.1%), whereas

Figure 3. Predictions of the bimanual tuning assumption (Eq. 9). a, The offsets of the parallel tuning curves versus the offsets
of the opposite tuning curves (crosses) and the prediction of Equation 9 (solid line). b, The prediction of the tuning to bimanual
movements in orthogonal directions when the parallel and opposite tuning curves have the same amplitude and a PD difference
of 0°, 90°, and 180°.

Figure 4. The bimanual offsets are smaller than the linear prediction. a, Means of the uni-
manual contra offsets (C), unimanual ipsilateral offsets (I), bimanual offsets (B), and sum of
unimanual offsets (L), over the population of cells. b, Standard deviations of the same sets of
offsets as in a. c,d, The predicted means and SDs of the offsets according to the network model.
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the linear hypothesis predicts that these histograms should be
concentrated near zero. However, the shifts in the ipsilateral PDs
are much larger than the contralateral ones. The most striking
aspect of the shift in the ipsilateral PDs is the fact that although
the unimanual ipsilateral PDs �uni

I are highly correlated with the
unimanual contralateral PDs �uni

C , the bimanual ipsilateral PDs
�bi

I are only weakly correlated with �uni
C (compare histograms in

Fig. 2). Note that the histogram of the differences between �bi
I and

�bi
C (data not shown) is very similar to the histogram in Figure 2b,

because of the high similarity of �bi
C and �uni

C . This means that the
modification of the representation of the ipsilateral arm is such
that it loses its correlation with the representation of the con-
tralateral arm. Note that the histogram of the differences between
�bi

I and �bi
C (data not shown) is very similar to the histogram in

Figure 2b, because of the high similarity of �bi
C and �uni

C . In Figure
5b, we plot the bimanual modulation amplitudes versus the uni-
manual modulation amplitudes for all cells (crosses). The large
spread, especially in the ipsilateral amplitudes, contradicts the
linear hypothesis prediction (solid line). Additionally, for both
the contralateral and the ipsilateral amplitudes, the slope of the
linear regression (dashed line) is below the linear hypothesis pre-
diction, showing a significant trend toward reduction of the bi-
manual amplitudes ( p � 0.1%), similar to the suppressive effect
seen in the offsets. In summary, the representation of the ipsilat-
eral arm during the bimanual movements in our experiments is
suppressed in its modulation amplitude and shifted in its PD,
such that it loses its correlation with the contralateral arm repre-
sentation. In contrast, the directional modulation of the con-
tralateral representation is less suppressed and only slightly
shifted in its PD. Additionally, the bimanual offsets are similar to
the contralateral offsets and substantially smaller than the sum of
the unimanual offsets.

Failure of the single-cell model
What underlying neuronal nonlinearity is responsible for the
modification of the ipsilateral representation during bimanual
movements? One class of possible mechanisms is the nonlinear
response properties of single cells. We examined this idea by
modeling a single motor cortical cell that receives two inputs
from higher visuomotor areas (e.g. the parietal cortex and PMd)
that are cosine tuned to the desired movement direction of the
two hands, respectively. We assume that during a unimanual
movement, only the input corresponding to the moved hand is
present (Fig. 6) (see mathematical details in the Materials and
Methods). The nonlinearity of the bimanual response is assumed
to arise from the output saturating nonlinearity of the cell. The
contralateral and ipsilateral components of the bimanual re-
sponse, described in Equation 9, of the model neuron are ex-
tracted by the same method as in the data, and their tuning pa-
rameters depend on the tuning parameters of the inputs. We
computed the tuning properties of 61 model cells with different
input tuning parameters. Figure 7a depicts the resulting ipsilat-
eral PD shifts versus the difference between the two unimanual
PDs ��uni

I � �uni
C �. This scatter plot reveals two major shortcom-

ings of this model. First, in contrast to the large ipsilateral PD
shifts observed in the data, the model predicts very small ipsilat-
eral PD shifts (note the difference in the y-axis in Fig. 7a,b).
Although output nonlinearity may distort a tuning function, the
effect on the PD is usually small. A second shortcoming of the
model is that these shifts are predicted to be highly correlated
with the difference between the two unimanual PDs ��uni

I � �uni
C �,

whereas the data show that the ipsilateral PD shift is largely inde-
pendent of ��uni

I � �uni
C � (Fig. 7, compare a, b). To understand the

source of this correlation in the model, consider as an example
the case in which the unimanual PDs for both hands are equal
(�uni

I � �uni
C ). In this case, the single-cell model predicts that the

parallel and opposite tuning curves should have a PD that is equal
to �uni

C . It follows that the ipsilateral component of the bimanual
response obtained by calculating the difference of the parallel and
opposite tuning curves will also have a PD that is equal to �uni

C .
Similar arguments show that there is no ipsilateral PD shift in the
single-cell model when ��uni

I � �uni
C � � 90°, 180°.

Callosal inhibition mechanism
Motivated by the failure of the single-cell model to produce large
ipsilateral PD shifts, we suggest a network mechanism for the

Figure 5. The directional tuning to the movement of one arm is modified when the other
arm is moved as well. a, Histogram of the differences between the unimanual PDs and the
bimanual PDs (bars), for both contralateral (left) and ipsilateral (right). The solid line depicts the
distributions predicted by the network model. b, Scatter plot of the unimanual amplitudes of
the cells versus the corresponding bimanual amplitudes (crosses), linear regression of data
points (dashed line), and the linear hypothesis prediction (solid line), for both contralateral
(left) and ipsilateral (right). The dots depict a sample of 61 cells from the network model.

Figure 6. The single-cell mechanism. The input during a bimanual movement is the sum of
the inputs during the two constituent unimanual movements. The nonlinearity of the bimanual
response arises from output nonlinearity and causes a negligible PD shift.
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modification of the ipsilateral representa-
tion. The observation that the ipsilateral
representation is modified substantially,
whereas the contralateral is only slightly
changed, suggests that the two representa-
tions are generated differently. Therefore,
we propose that the inputs into a motor
cortical cell, related to the contralateral
arm movement, originate predominantly
from the higher cortical areas in the same
hemisphere, whereas the ipsilateral signals
originate predominantly from the motor
cortex in the opposite hemisphere. We re-
fer to the former type of inputs as instruc-
tion inputs and the latter as callosal inputs.
Hence, we assume that the callosal projec-
tions are excitatory. Another observation,
namely the suppression of the ipsilateral
representation, suggests that the callosal
inputs are effectively suppressed during
bimanual movements. We, therefore, pro-
pose the following biological mechanism for suppressing the cal-
losal inputs: a callosal afferent that innervates a cortical cell also
projects to the same cell via a local inhibitory interneuron (Fig.
8a). We assume that these interneurons are subthreshold during
unimanual movements and are recruited during bimanual
movements by an excitatory control signal from a higher brain
area. Thus, the direct excitatory callosal projections generate the
representation of the movement of the ipsilateral arm alone. In
contrast, the indirect inhibitory callosal projections suppress the
ipsilateral representation during bimanual movements. The role
of the control signal is to activate these inhibitory callosal projec-
tions solely during bimanual movements. As we show below, this
control signal can modulate the degree of suppression of the
ipsilateral representation.

By way of demonstration, consider the gray cell that is shown
in Figure 8a. This cell receives a callosal input from a single cell in
the contralateral hemisphere. During a unimanual movement of
the ipsilateral arm, the direct callosal excitatory pathway drives
the cell and generates its tuning to the ipsilateral direction. Figure
8b (Uni) shows the resulting tuning for a particular choice of
connection weights. In contrast, during bimanual movements,
the control signal recruits the inhibitory cell, thus adding an in-
hibitory input on top of the excitatory drive. Note that the exci-
tatory and inhibitory inputs have the same PD, because they orig-
inate from the same source in the contralateral hemisphere.
Therefore, the modulation amplitude and offset of the tuning
curve of the cell are suppressed during bimanual movements
(Fig. 8b, Bi). The degree of the suppression depends on the rela-
tive strength of the excitatory and inhibitory pathways.

Interestingly, when several callosal inputs with different PDs
converge onto the same cell, large ipsilateral PD shifts can occur.
The basic idea is that the different tuned inputs are suppressed to
different degrees during bimanual movements. As a result, the
total callosal input into the cell has different PDs during uni-
manual and bimanual movements. For example, consider the
excitatory cell shown in Figure 8c that receives two callosal inputs
with different PDs, through direct excitatory and indirect inhib-
itory pathways. During unimanual ipsilateral movements, the
inhibitory interneuron is subthreshold, and the directional tun-
ing of the cell is a weighted sum of the tuning curves of the two
excitatory callosal inputs with a weight of 1 (Fig. 8d, Uni). How-
ever, during bimanual movements, the inhibition changes the

effective weights to �1 and 0. This results in a large shift of the
ipsilateral PD (Fig. 8d, Bi). Thus, heterogeneity in the tuning of
the callosal inputs and their weights can generate large PD shifts.
Note that similar effects can be generated by assuming that the
sources of the callosal inputs at the contralateral hemisphere are
suppressed.

Network model of bimanual responses
It remains to be demonstrated that the callosal inhibition mech-
anism quantitatively accounts for the tuning properties observed
in the data. Additionally, in the above description, we ignored the
reciprocal nature of the callosal interactions, namely that the
sources of the callosal inputs themselves receive callosal inputs
from the contralateral hemisphere. We, therefore, simulated a
model of two interconnected networks representing the two
hemispheric hand areas (Fig. 8e), each including an excitatory
and inhibitory population of threshold–linear cells (see Materials
and Methods for details). In accordance with the callosal inhibi-
tion hypothesis explained above, we assume that the excitatory
neurons in each network receive cosine-tuned instruction inputs
that convey the direction of movement of the contralateral arm,
whereas the instruction for the ipsilateral arm is conveyed by the
callosal afferents. A second ingredient of our hypothesis is that
the source of nonlinearity is the recruitment of callosal inhibition
solely during bimanual movements. We incorporate this mech-
anism into our model by assuming for simplicity that all callosal
afferents that project onto an excitatory cell project to the same
cell also via a local inhibitory interneuron (Fig. 8a,c). We assume
that these interneurons are recruited by a global excitatory con-
trol signal solely during bimanual movements. To compare the
model with the experimental data, we computed the predicted
distribution of the unimanual and bimanual tuning parameters
over the population of excitatory cells.

In designing the architecture of the callosal connectivity in our
network model, we aimed to account for two features observed
in the unimanual tuning PDs (Fig. 2a): (1) the differences be-
tween the contralateral and ipsilateral PDs are heterogeneous;
and (2) the two PDs are correlated. Models of cortical neuronal
circuits often assume a high degree of convergence on each neu-
ron (Ben-Yishai et al., 1995). This convergence tends to average
out inhomogeneities in the strength of individual synapses or in
the identity of the presynaptic sources of each neuron, leading to

Figure 7. The single-cell and network model predictions on the relationship between the shift of the bimanual ipsilateral PDs
( y-axis) and the difference between the two unimanual PDs (x-axis). a, The single-cell model prediction. b, The network model
prediction (dots) and the data (crosses).
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homogeneous tuning properties over the population of cells.
Models of this type, known as mean-field models, are inadequate
to describe the heterogeneity in our system. We, in contrast, hy-
pothesize that each excitatory cell receives callosal afferents from
a small random subset of cells in the contralateral hemisphere. To
account for the observed correlation between the ipsilateral and
contralateral PDs we assume a preference for connecting pairs of
cells with instruction inputs having similar PDs. As demonstrated
above, having heterogeneous callosal connection strengths gen-
erates large shifts in the ipsilateral PDs. We, therefore, assume
random independent callosal connection strengths, drawn from
a uniform distribution between a minimum and maximum
value. To illustrate the importance of this heterogeneity, we show
in Figure 9a that the mean shift of the ipsilateral PDs increases
with the variability of the callosal connection strengths. In these
simulations, the mean connection strength is fixed, and the width
of the distribution is varied. The variability index (x-axis) is de-
fined as half the distribution width normalized by the mean.
Thus, the point of lowest variability corresponds to homoge-
neous connection strengths, whereas the point of highest vari-
ability corresponds to the connection strengths being distributed
between zero and twice the mean value.

The gain of the inhibitory interneurons J plays an important
role in determining the strength of the nonlinear effects. As J
increases, the contribution of the inhibitory callosal pathway to
the response during bimanual movements is enhanced relative to
the excitatory contribution. As a result, the ipsilateral PD shifts
increase (Fig. 9b, solid line), and the correlation between �bi

I and
�uni

C decreases (Fig. 9b, dashed line). Here, we define the correla-
tion between the two PDs as the mean of cos(�bi

I � �uni
C ), such that

a correlation of 1 implies that the PDs are identical and a corre-
lation of �1 implies that the PDs are exactly opposite. Notice that
�bi

I and �uni
C become anticorrelated when J is increased beyond 1.

At this regime, the inhibition outweighs the excitation such that
most tuned callosal inputs flip their PD. Additionally, for small J
the ipsilateral modulation amplitudes are suppressed as J in-

creases (Fig. 9c). Here, we define the suppression factor (x-axis)
as the ratio of the mean of abi

I and the mean of auni
l . Notice that as

J is increased beyond 1 the inhibition dominates the bimanual
responses, and large ipsilateral amplitudes are generated. We

Figure 8. The callosal inhibition mechanism. a, An example of an excitatory cell (light cell) that receives an instruction input that codes for the contralateral arm and a single callosal input that
codes for the ipsilateral arm. The callosal input is conveyed by a direct excitatory pathway and via a local inhibitory interneuron (dark cell). The numbers indicate the connection weights. b, The
excitatory callosal inputs, inhibitory callosal inputs, and total callosal inputs during unimanual movements (Uni) and during bimanual movements (Bi). c, An example of a cell that receives two
callosal inputs. d, The callosal inputs from two sources and their sum during unimanual movements (Uni) and during bimanual movements (Bi). e, The callosal inhibition mechanism is incorporated
into a model of two coupled networks, each including an excitatory and inhibitory population of cells.

Figure 9. Behavior of the network model. a, The mean shift in the ipsilateral PD versus the
heterogeneity index, which quantifies the width of the connection strength distribution. The
heterogeneity index is defined as half the distribution width, normalized by the mean connec-
tion strength 0.25. b, Gain J of the inhibitory cells versus the mean shift of the ipsilateral PD
(solid line) and the correlation between the ipsilateral and contralateral representations
(dashed line). This correlation is defined as the mean of cos(�bi

I � �uni
C ). c, The suppression

factor of the ipsilateral amplitudes versus J. The suppression factor is defined as the ratio be-
tween the mean of abi

I and the mean of auni
I . d, Mean ipsi PD shift versus the intrahemispherical

feedback strength w for J � 0.2.

Rokni et al. • Cortical Representation of Bimanual Movements J. Neurosci., December 17, 2003 • 23(37):11577–11586 • 11583



conclude that in the intermediate regime of J around 1 the inhi-
bition is most effective in suppressing the ipsilateral representa-
tion and removing its correlation with the contralateral represen-
tation. We, therefore, chose a value of J � 1 in our simulations.

In the simulations described so far, we excluded intrahemi-
spherical cortical interactions, so that the tuning of a cortical cell
is generated entirely by its long-range afferents. However, it is
believed that intrahemispherical interactions play an important
role in sharpening the tuning of cortical neurons. We, therefore,
added recurrent connections to the model and tested how this
affects the modification of the ipsilateral representation. We as-
sumed that each excitatory neuron receives inputs from a small
number of randomly chosen neurons within the same network.
In this case, the ipsilateral tuning during bimanual movements of
a given neuron is modified because of two factors: (1) the local
inhibition; and (2) the modification of the ipsilateral tuning of its
presynaptic neurons within the same hemisphere. The latter fac-
tor provides an intra hemispherical feedback loop that amplifies
the nonlinear effect. Thus, even if the inhibitory gain is small, a
substantial modification of the ipsilateral PDs can be obtained by
adding recurrent connections (Fig. 9d). For simplicity, we omit-
ted the intrahemispheric connections in the simulations below.

Our network model reproduces the main effects we observed
in the tuning properties of the cells. The architecture we assumed
for the callosal connections indeed generates unimanual con-
tralateral and ipsilateral PDs that are different, yet correlated (Fig.
2a, solid line). The inhibitory mechanism we assumed in the
model produces bimanual offsets that are substantially smaller
than those predicted by the linear hypothesis (Fig. 4c,d). Addi-
tionally, the bimanual offsets are similar to the contralateral off-
sets, as shown by their similar means and SDs and their high
correlation coefficient (0.88). The ipsilateral tuning of the model
cells exhibits modifications similar to those observed in the data.
The amplitudes of the ipsilateral tuning show a trend of suppres-
sion (Fig. 5b, dots in right scatter plot), whereas the ipsilateral
PDs are shifted substantially (Fig. 5a, right solid line). In contrast
to the single-cell model prediction, these ipsilateral PD shifts are
independent of the difference between the unimanual PDs (Fig.
7b, dots), because the inhibition that causes these shifts is unre-
lated to the contralateral PD. Furthermore, the correlation be-
tween the modified ipsilateral PDs and the contralateral PDs is
very small (Fig. 2b, solid line). Finally, the modification of the
contralateral representation is much smaller than that of the
ipsilateral representation (Fig. 5, left). This effect stems from
the fact that the contralateral tuning is not directly modified
by the callosal inhibition and is only affected by the interhemi-
spheric feedback.

Although our model reproduces the main effects that we ob-
served in the data, there is a systematic tendency of the model to
produce PD differences that are smaller than the experimental
PD differences (Figs. 2, 5a, 7b). However, it is important to note
that the experimentally extracted PDs have a noisy component
that is attributable to the limited number of trials for each move-
ment. Indeed, when we add noise to the simulated tuning curves
that is comparable with the experimental noise, this discrepancy
is largely removed (data not shown). Additionally, the model
generates a variability in the offsets that is smaller than the ob-
served variability (Fig. 4). This may be a consequence of the par-
ticular choice of neuronal heterogeneity in our model, namely a
uniform distribution of neuronal gains.

Implications for bimanual coupling
What does the nonlinear cortical representation of bimanual
movements imply for movement control? Because of the sub-
stantial heterogeneity in the experimental data, it is difficult to
address this issue using the small samples of recorded cells di-
rectly. However, we can study the readout of the system by sam-
pling a large number of cells from our network model. We use the
concept of population vector (PV), which states that the hand
velocity vector is computed from the cell activities ri by:

PV
¡

� �
i

ri�ei , (10)

where �ei are unit vectors directed at the cell PDs (Georgopoulos et
al., 1988). The PV has been shown to be a good predictor of the
instantaneous contralateral hand direction during unimanual
movements (Moran and Schwartz, 1999). Here, we assume that
during bimanual movements the PV of each hemispheric popu-
lation, computed by �uni

C , serves as a predictor of the movement
direction of the contralateral arm. To see the effect of the biman-
ual representation on the prediction of the PV, consider a task in
which a subject is required to move the left hand upward and the
right hand rightward (Fig. 10a). First, we compute the right
hemisphere PV in the absence of the control signal. In this case,
the inhibitory interneurons are mostly subthreshold, such that
the ipsilateral representation is scarcely modified. The PV (Fig.
10b, vector designated total PV) is composed of two vectors cor-
responding to the contralateral (vertical vector) and ipsilateral
(horizontal vector) components of the bimanual responses. Ide-
ally, the PV should point upward, but the ipsilateral component
exerts an unintentional rightward velocity. Notice that the ipsi-
lateral component results from the correlation between the con-
tralateral and ipsilateral PDs. This phenomenon of coupling be-
tween the directions of movement of the two arms, termed spatial
bimanual coupling, is well known in human psychophysics
(Franz, 1997; Heuer et al., 1998) and has been attributed to neural

Figure 10. The modification of the arm representation during bimanual movements implies
bimanual decoupling. a, We consider a bimanual movement of the left hand upward and the
right hand rightward. b, The bimanual coupling in the absence of the control signal (left) and in
the presence of the control signal (right). The population vectors in both cases (total PV) are
composed of a contribution of the contralateral components of the bimanual responses (vertical
vectors) and a contribution of the ipsilateral components (horizontal vectors). The lines repre-
sent the populations of vectors. c, The error in the direction of movement can be continuously
modulated by the control signal.
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cross-talk between the hemispheres (Cattaert et al., 1999; Car-
doso de Oliveira et al., 2001).

When the control signal is turned on, the ipsilateral represen-
tation is suppressed and modified in its PD such that it loses its
correlation with the contralateral PD. As a result, the bias in the
PV is considerably reduced, and the arms are effectively de-
coupled (Fig. 10b, right). This decoupling is consistent with re-
cent local field potential measurements that indicate that the cor-
relation between the electrical activities of the two motor cortices
is suppressed during the execution of the same type of bimanual
movements as in our experiments (Cardoso de Oliveira et al.,
2001). Thus, our model shows that a control signal that recruits
local inhibitory interneurons can suppress the neural cross-talk
between the hemispheres. Interestingly, continuously increasing
the control signal modulates the degree of neural cross-talk con-
tinuously, between the high coupling scenario depicted on the
left of Figure 10b and the low coupling scenario depicted on the
right. Figure 10c shows how the error in the direction of move-
ment that is induced by the neural cross-talk gradually decreases
with the increase in the control signal. This gradual change occurs
because more interneurons are activated, and, thus, more neu-
rons undergo a modification of their ipsilateral representations.

Discussion
We have shown that during a bimanual visually guided reaching
task to two different targets, the cortical representation of the
ipsilateral arm movement is suppressed relative to the represen-
tation of the same arm when it is moved alone. Two effects com-
bine to generate this suppression: (1) the modulation amplitudes
of the directional tuning of the cell to the ipsilateral arm tend
to be smaller in the bimanual condition; and (2) the PDs of
the ipsilateral tuning are randomly shifted such that they lose the
correlation with the contralateral PDs that is observed in the uni-
manual condition. These effects help demonstrate why the bimanual
responses differ from the sum of the responses of the two constituent
unimanual movements. We have explained these bimanual re-
sponses with a model composed of two coupled hemispheric
populations, in which the callosal projections generate the corti-
cal representation of the ipsilateral arm. Interestingly, the inter-
hemispheric coupling tends to move the two arms in directions
that are similar in extrinsic space rather than in directions that
involve activation of homologous muscles, as would be expected
if the activity of motor cortical cells simply reflects muscle acti-
vations. We have shown that recruitment of inhibitory interneu-
rons during bimanual movements by an external control signal
can account for the observed changes in the ipsilateral represen-
tation. This mechanism relies on two elements to suppress the
tuning modulation depths and randomly shift the PDs: (1)
threshold nonlinearity of the local inhibitory interneurons; and
(2) heterogeneity of the callosal connection strengths. We have
shown that the proposed mechanism of callosal inhibition en-
ables a flexible context-dependent modulation of the degree of
bimanual coupling.

Our conclusion that the interhemispheric cortical influences
undergo suppression during bimanual reaching movements
seems counter-intuitive and calls for an explanation. We suggest
that the “default mode” of the motor system is a mode of strong
interhemispheric coupling that helps coordinate the arms in bi-
manual tasks that require fine control of the relative motion of
the two arms. Indeed, daily experience and behavioral studies
show that limbs tend to coordinate automatically and that tasks
that deviate from this natural coordination are difficult (Kelso et
al., 1979; Franz et al., 1991; Weisendanger et al., 1996). Addition-

ally, evidence for the importance of the corpus callosum for bi-
manual coordination comes from observations that normal sub-
jects perform better than callosal subjects on certain bimanual
tasks (Preilowsky, 1972; Serrien et al., 2001; Kennerley et al.,
2002). However, in many bimanual movements, the precise co-
ordination of the relative movements of the two arms is not re-
quired, and some degree of decoupling is advantageous. In our
particular bimanual task, which requires visually guided move-
ments to two different targets, an accurate execution of the move-
ment of the two arms independently is more important for suc-
cessful task performance. Thus, the monkey may adopt a strategy
of suppressing the natural tendency of the arms to couple. This is
corroborated by evidence that callosal patients perform better in
tasks that require two simultaneous different movements of the
two arms (Franz et al., 1996). The ipsilateral-related responses
during unimanual movements might reflect bilateral coupling
that exists by default in the motor cortex. Alternatively, these
signals might help maintain the unmoved arm in place, by coun-
terbalancing signals arriving through lower-level bilateral cou-
pling (e.g., at the spinal cord).

Other studies of bilateral responses
Here, we introduced a novel model for the cortical representation of
bimanual movements (Eq. 9) that generalizes the common cosine
tuning model of the unimanual movement representation. The ad-
vantage of this model is that it allows us to disassociate the contribu-
tion of the contralateral and ipsilateral movements to the bimanual
response and to compare these components with the corresponding
unimanual representations. It would be interesting to further test
this model in future experiments with a more general repertoire of
directions and amplitudes of movements.

Our analysis was based on pooling the cells from SMA, PM,
and MI. Inspection of the data from each area separately did not
yield substantial differences in either the ipsilateral or the biman-
ual responses. A recent study (Cisek et al., 2003) found a strong
correlation between the contralateral and ipsilateral PDs in PM,
similar to the correlations reported here for the entire population
of SMA PM and MI cells, but much weaker correlations in caudal
MI. This discrepancy probably stems from the fact that our MI
recordings were located more rostrally. Indeed, the above-
mentioned study has found evidence for a systematic decrease in
these correlations as one progresses from rostral to caudal direc-
tions. Furthermore, other studies (Crammond and Kalaska,
1996, 2000) also show that movement tuning properties change
along the rostrocaudal axis. Our study has found an overall ten-
dency of suppression of bimanual movements relative to the sum
of the unimanual responses. Other studies of responses of cortical
cells to bimanual movements have reported examples of en-
hancements as well as suppressions (Tanji et al., 1987, 1988; Ker-
madi et al., 2000; Donchin et al., 2002). It is important to stress
that the presence of bimanual enhancements in part of the cell
population is consistent with our model, for the following rea-
sons. First, the random shifting of the PDs may increase the re-
sponse to certain configurations of bimanual movements even
when the modulation amplitude is suppressed. Additionally, the
broad distribution of tuning properties across the population
implies that many cells undergo an enhancement of tuning mod-
ulation depths. Finally, the model includes a population of inhib-
itory cells that only respond during bimanual movements.

Additional evidence for callosal inhibition
Experimental evidence from other studies supports our hypothesis
that callosal afferents to the motor cortex can induce local inhibition.
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Electrical stimulation in an anesthetized cat showed the existence of
excitatory and inhibitory callosal projections (Asanuma and Okuda,
1962). Transcranial magnetic stimulation (TMS) studies in humans
have shown that a conditioning stimulus on one motor cortex sup-
presses the response of the opposite motor cortex (Ferbert et al.,
1992; Lazzaro et al., 1999) to a local testing stimulus, an effect that is
absent in callosal patients (Meyer et al., 1995; Schnitzler et al., 1996).
In the framework of our model, the suppression of the response to
the testing stimulus is attributed to the inhibition by the condition-
ing stimulus. In other TMS experiments, in which the conditioning
and testing stimuli were much weaker, a facilitatory effect was ob-
served (Ugawa et al., 1993). In this case, we claim that the interneu-
rons were subthreshold.

Nonlinear suppressive effects on the activity of a local group of
neurons by the activations of a remote population have also been
observed in the primary visual cortex (Kapadia et al., 1995; Toth
et al., 1996; Polat et al., 1998). Analogous to our interpretation, it
was suggested that this nonlinearity is attributable to the recruitment
of local inhibitory interneurons (Stemmler et al., 1995; Sommers et
al., 1996) by cortical long-range connections. These observations
suggest that the modulation of cortical processing via local inhibi-
tory circuitry is a general principle of the cortical function.
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