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ABSTRACT A central problem in motor control, in the
representation of space, and in the perception of body schema
is how the brain encodes the relative positions of body parts.
According to psychophysical studies, this sense of limb posi-
tion depends heavily on vision. However, almost nothing is
currently known about how the brain uses vision to determine
or represent the location of the arm or any other body part.
The present experiment shows that the position of the arm is
represented in the premotor cortex of the monkey (Macaca
fascicularis) brain by means of a convergence of visual cues
and proprioceptive cues onto the same neurons. These neu-
rons respond to the felt position of the arm when the arm is
covered from view. They also respond in a similar fashion to
the seen position of a false arm.

The sense of limb position is necessary for the control of
movement. For example, in order to move your hand accu-
rately toward a glass of wine, you must process the location of
both the glass and the hand. These two pieces of information
can be combined to determine the location of the target
relative to the hand, a crucial piece of information for guiding
the movement (1–4). We use two types of cues to determine
the position of the hand: the felt position (proprioception) and
the seen position (5–8). However, almost nothing is known
about how these signals are combined in the brain. Although
dozens of neurophysiological studies, especially in monkeys,
have examined the role of vision in the control of movement
(9–12), these studies concentrate on vision of a target to which
the monkey is reaching. Vision of the hand is an equally
important, parallel, but neglected part of the visuomotor
pathway.

The premotor cortex of monkeys is a site of convergence of
visual, tactile, and proprioceptive information; it is also in-
volved in the control of movement of the mouth, head, and
arms (12–15). In the arm portion of the somatotopic map in
premotor cortex, many neurons have a tactile response on the
hand or arm and also a visual response to stimuli placed near
the tactile receptive field (RF), within about reaching distance
(13–18). When the eyes move, these visual RFs do not move
with the eyes. That is, they are not in retinocentric coordinates.
When the arm is moved, the visual RFs move through space
in rough correspondence with the arm (17, 18). Although the
amount of movement of the visual RF, and the closeness of
match to the arm, varies across neurons, an ensemble of these
neurons could encode the locations of nearby stimuli relative
to the arm, in arm-centered coordinates. This is precisely the
information necessary to guide reaching. Indeed, premotor
cortex projects to M1 (primary motor cortex) and also directly
to the spinal cord (19–23); many of its neurons are active
during reaching movements (24); and electrical stimulation of
this part of the brain elicits arm movements (24). Premotor
cortex, therefore, may be a primary site where the sense of limb

position contributes to the control of movement. The current
study asked whether premotor neurons use visual, proprio-
ceptive, or both types of information to assess the position of
the arm.

MATERIALS AND METHODS

Responses of single neurons in premotor cortex were studied
in four tame male Macaca fascicularis (4–5 kg). For details of
the experimental procedures, see ref. 17. Many of the neurons
were tested in other paradigms for other experiments (16–18).
Here we report on the 36 neurons that were tested in the
current paradigm. Daily recording sessions were conducted on
each monkey while the animal was seated in a primate chair
with its head fixed and the arm contralateral to the recording
chamber placed in an adjustable holder. A hydraulic micro-
drive was used to lower a tungsten microelectrode into the
portion of premotor cortex just ventral to the spur of the
arcuate sulcus, where a high proportion of neurons have tactile
RFs on the arm and visual RFs near the arm. Once a neuron
was isolated, it was tested for somatosensory and visual
responsiveness. Somatosensory RFs were plotted by manipu-
lating the joints and stroking the skin, and visual RFs were
plotted with objects presented on a wand.

Neurons that showed a tactile response on the arm or hand
and a visual response to objects near the arm were tested
further with a 5-cm-diameter ball mounted on the end of a
computer-controlled robot. The ball was moved through the
space near the arm along the trajectories shown in Fig. 1A. For
each stimulus presentation, the stimulus was first moved to the
starting position of the trajectory; then it paused for a 10-sec
intertrial interval; then it moved toward the monkey for 1 sec
at 10 cm per sec; then it paused for 2 sec before moving to the
start of the next trajectory. Neurons were tested under four
different arm configurations: the arm was held on the con-
tralateral side; the arm was held on the ipsilateral side; the arm
was contralateral and covered from the monkey’s view with an
opaque plastic barrier; the arm was ipsilateral and covered.
The configuration of the arm was changed every four trials
during an extended intertrial interval of about 1 min. The four
stimulus trajectories and four arm configurations yielded 16
different stimulus conditions, which were presented in an
interleaved fashion, usually 10 trials per condition.

Of the 36 neurons studied in the manner described above, 17
were also tested in a separate block of trials as follows. The
monkey was seated with its contralateral arm fixed in the arm
holder on the contralateral side. An opaque plastic barrier was
placed over the arm. On top of the barrier was placed an arm
that had been stuffed and prepared by a taxidermist. The arm
was from a monkey of the same species. Thus, the monkey’s
real arm was blocked from view while the stuffed arm was
visible. The proximal end of the stuffed arm was covered from
view by a portion of the monkey’s chair, and the arm extended
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payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.
Abbreviations: RF, receptive field; SI, shift index.
*E-mail: Graziano@princeton.edu.

10418



produce a life-like effect to the eye of the experimenter. We
tested each neuron under two arm configurations: when the
stuffed arm was on the contralateral side, directly over the real
arm; and when the stuffed arm was angled toward the ipsilat-
eral side. The four stimulus trajectories and two arm config-
urations yielded 8 different stimulus conditions, which were
presented in an interleaved fashion, usually 10 trials per
condition.

In a previous experiment (16) we showed that the visual RFs
in premotor cortex remain anchored to the arm, at the same
location, whether or not the monkey performs a fixation task.
However, the magnitude of the visual response is reduced for
some neurons during the performance of the fixation task. Five
of the 36 neurons in this experiment were tested both while the
monkey was fixating on a small light placed 23 cm away and
while the monkey was not performing any fixation task. The
pattern of results was the same in both these conditions for all
five neurons, confirming that fixation control was not neces-

sary for this experiment. The remaining 31 neurons were tested
without fixation control. Below, I report on the data collected
without fixation control.

RESULTS AND DISCUSSION

Fig. 1 shows the results for an example neuron with a tactile
RF on the forearm and hand and an adjacent visual RF. The
neuron responded best to visual stimuli that moved downward
in the region of the visual RF. It also responded somewhat to
other directions of motion of a visual stimulus, including
radially away from the monkey, toward the monkey, rightward
and leftward, and also to stationary stimuli in the space near
the tactile RF. For the tests shown in Fig. 1, we used a stimulus
that moved along a straight trajectory toward the monkey.
When the arm was held on the right and uncovered, visible to
the monkey (Fig. 1B, open squares), the neuron responded
best to a visual stimulus moving along trajectory 3, directly

FIG. 1. Visual responses of a typical premotor neuron with a tactile RF (hatched) on the forearm and hand, and a visual RF within 10 cm of
the tactile RF. (A) On each trial, the arm contralateral to the neuron was fixed in one of two positions and the visual stimulus was advanced along
one of four trajectories (1–4). For this neuron, the two arm positions were chosen to align the visual RF near the hand and forearm with trajectories
2 and 3. For other neurons, the arm was moved to different extents depending on the location of the visual RF, to better capture the movement
of the visual RF with the arm. (B) Responses of the neuron to the four stimulus trajectories when the arm was visible to the monkey. When the
arm was fixed on the right, the response was maximum at position 3. When the arm was fixed on the left, the maximum response moved to the
left, to position 2. (C) Responses of the neuron when the arm was covered. The movement of the visual RF with the arm was reduced but not
eliminated, indicating that the neuron combined both proprioceptive and visual information about the position of the arm. Each point is a mean
of 10 trials. Error bars are standard error.
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over the forearm. When the arm was bent toward the left (Fig.
1B, filled diamonds), the visual RF moved toward the left, and
the neuron responded best to trajectory 2, again directly over
the forearm. That is, the visual RF was anchored to the tactile
RF on the forearm and moved in spatial register with that part
of the arm. Fig. 1C shows the result for the same neuron when
the arm was covered, thereby removing visual information
about the position of the arm. Again, when the arm was on the
right, the neuron responded best to trajectory 3. When the arm
was on the left, the visual RF shifted slightly toward the left,
and the neuron responded equally well to position 2 and 3.
Because the response depended on arm position, even though
the arm was not visible, this neuron must have received
proprioceptive input about the position of the arm. However,
covering the arm reduced the amount that the visual RF
moved with the arm, indicating that the sight of the arm also
contributed to the neuron’s information about arm position.

To quantify the amount of shift of the visual response, a shift
index (SI) was calculated. First the weighted spatial average, or
center of mass, of the visual response was calculated by using
the formula CM 5 (R1 1 2R2 1 3R3 1 4R4)/(R1 1 R2 1 R3 1
R4), where R1 through R4 5 the mean neuronal response in
spikes/sec during stimulus presentation along trajectories 1
through 4. For the data in Fig. 1B, the center of mass when the
arm was on the right was 2.78 and the center of mass when the
arm was on the left was 2.30. The SI was then calculated by
subtracting one center of mass from the other. For this
example neuron, when the arm was uncovered and visible to
the monkey (Fig. 1B) SI 5 0.48; and when the arm was covered
(Fig. 1C), SI 5 0.29. Thus, removing the sight of the arm
caused a reduction in the effect of arm position on the response
of the neuron.

Fig. 2 shows the mean result for all 36 neurons. The mean
SI when the arm was ‘‘uncovered,’’ that is, when the monkey
had both visual and proprioceptive cues about arm position,
was significantly greater than zero, indicating that on average
the visual RFs moved when the arm moved (see legend of Fig.
2 for details of statistics). This result is expected, and is a

replication of our previous study (17). The SI varied from
neuron to neuron, ranging from 20.09 to 0.78. Thus, not all
neurons had a visual RF that moved as the arm moved, also in
agreement with our previous results. For different neurons,
the tactile RF was located on the upper arm, the forearm, and
hand, or encompassed the whole arm. Since these parts of the
arm moved to different extents, the associated visual RF also
moved to different extents in different neurons. This effect
also contributed to the variability in the SI.

The mean SI when the arm was ‘‘covered,’’ that is, when the
monkey had only proprioceptive information about arm po-
sition, was also significantly greater than zero (see legend to
Fig. 2), indicating that proprioceptive information alone was
able to influence the responses of the neurons. Finally, the
mean SI was significantly less when the arm was covered than
when it was in view, indicating that the sight of the arm also
contributed to the neuronal representation of arm position.
These results show that both visual and proprioceptive cues
about arm position converge on the same neurons.

To explore the effect of the sight of the arm on premotor
neurons, we used a monkey arm that had been stuffed by a
taxidermist. Of the 36 neurons described above, 17 were
further tested in a separate block of trials, during which the
monkey’s real arm was covered from view with the opaque
barrier and the stuffed arm was placed on top of the barrier.
We asked whether the visual RFs of any of the neurons would
move as the stuffed, or ‘‘visual’’ arm was moved. Note that in
this experiment, the position of the stuffed arm can be in
conflict with the felt position of the real arm. Will this conflict
nullify the effect of the stuffed arm? Psychophysical evidence
from humans shows that when the sight of the arm is disso-
ciated from the real position of the arm by using prisms (6) or
a rubber arm (8), the subjects’ sense of arm position is indeed
influenced by the visual information. The sensed position lies
between the actual position and the seen position. Thus we
hypothesized that the sight of the stuffed arm would influence
the behavior of the neurons in premotor cortex.

For each neuron, we calculated an SI for the fake arm; that
is, the amount that the visual RF moved when the fake arm
moved. As shown in Fig. 2, the mean SI for the fake arm was
significantly greater than zero, indicating that these neurons
were influenced by the sight of the fake arm. When the fake
arm moved, the visual RFs on average also moved in the same
direction, even though the monkey’s real arm was stationary.

The results were analyzed further as follows. For each of the
17 neurons, three SIs were obtained. SIvisual1proprioceptive indi-
cates the amount that the visual RF shifted with the monkey’s
own arm, when it was uncovered and the monkey had both
visual and proprioceptive cues about the change in arm
position; SIproprioceptive indicates the amount that the visual RF
shifted with the monkey’s arm when it was covered from view
and the monkey had only proprioceptive cues about the change
in arm position; and SIvisual indicates the amount that the visual
RF shifted with the stuffed arm, when the monkey was
provided with a purely visual signal about a change in arm
position. It was hypothesized that these three quantities should
be systematically related. Specifically, the difference between
SIvisual1proprioceptive and SIproprioceptive should indicate the
amount that the neuron is influenced by the sight of the
monkey’s own arm, while SIvisual should indicate the amount
that the neuron is influenced by the sight of the fake arm. If
the neurons are indeed influenced by visual information about
arm position, then these two experimentally independent
measures should be correlated. As shown in Fig. 3, across the
sample of neurons the two measures were highly correlated
(r 5 0.84, P , 0.0001). There was a range of neurons: some
were relatively more influenced by visual information about
the monkey’s own arm, and thus were influenced by the sight
of the stuffed arm; whereas others were relatively more
influenced by proprioceptive information about the monkey’s

FIG. 2. Mean SI (amount that the visual RF shifted when the arm
was moved) under three conditions: first, when the arm was uncovered
and the monkey had both visual and proprioceptive information about
arm position; second, when the arm was covered and the monkey had
only proprioceptive information about arm position; and third, when
the monkey’s arm was stationary and blocked from view, and a
detached, stuffed monkey arm was placed in view and moved to two
different positions. N 5 number of neurons per mean. Error bars are
standard error of the mean. The SI for Arm Uncovered was signifi-
cantly greater than zero: mean 5 0.18, SEM 5 0.04, t 5 4.97, P ,
0.0001. The SI for Arm Covered was significantly greater than zero:
mean 5 0.08, SEM 5 0.03, t 5 2.75, P , 0.01. The SI for Visual 1
Proprioceptive was significantly greater than the SI for Proprioceptive:
t test for correlated data, t 5 2.77, P , 0.05, adjusted with the
Bonferroni correction for multiple tests. The SI for Fake Arm was
significantly greater than zero: mean 5 0.12, SEM 5 0.06, t 5 2.20,
P , 0.05.
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arm position, and thus were not affected by the sight of the
stuffed arm.

Two neurons showed an especially intriguing property.
The visual RFs for these neurons moved with the arm;
however, the RFs moved most when the monkey could not
see his arm. When he could see his arm, the movement of the
visual RF with the arm was reduced. Thus, the quantity
SIvisual1proprioceptive 2 SIproprioceptive was negative. This result
suggests that for these two neurons, the visual input was
connected up paradoxically, in opposition to the propriocep-
tive input. The purpose of such crossed signals is not clear. We
would expect, however, that when tested with a fake, ‘‘visual’’
arm, the visual RFs of these two neurons would actually move
in the opposite direction as the fake arm, moving to the left
when the fake arm moved to the right, and vice versa. That is,
the SIvisual should also be negative. Such a counterintuitive
result would be strong confirmation that, indeed, the fake arm
was mimicking the visual effect of the real arm on these
neurons. This is precisely the result obtained (left-most two
data points in Fig. 3).

We do not know whether or how a monkey is aware of its
arm position, or whether the fake arm successfully ‘‘fooled’’
the animal. Instead, these data show that neurons in premotor
cortex, part of the neuronal machinery that guides movement,
are influenced by the position of the arm; that this influence
is both visual and proprioceptive; and that the two influences
converge on single neurons. Because premotor cortex lies
along the complex neuronal route from visual input to motor
output, and because many of the bimodal, visual-tactile neu-
rons in premotor cortex are known to be active during volun-
tary movement, we suggest that these neurons use their arm
position information to guide reaching.

Where does proprioception and vision of the limb become
synthesized into a coherent arm-position signal? Do separate
visual and proprioceptive inputs converge on premotor neu-
rons, or does the convergence occur at an earlier stage in the
processing, such as in the parietal lobe? One group has
suggested that vision of the limb and proprioception are
already combined in the medial parietal lobe (25), which sends
projections to premotor cortex (26). Some of the neurons in
this parietal region respond to changes in arm position during
a reaching task. Because these neurons behave differently in
the light than in the dark, the authors suggested that the sight
of the arm influences the behavior of the neurons. However,
turning off the lights changes more than the monkey’s vision
of his arm, and therefore it is premature to conclude that the
sight of the arm affected the neurons. Further study, perhaps
with a fake, ‘‘visual’’ arm, will be needed to determine if the
sight of the arm and the feel of the arm join to form a coherent
arm-position signal in the parietal lobe.
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FIG. 3. Effect of the sight of the monkey’s own arm and of a
detached, stuffed monkey arm on responses of premotor neurons. For
each neuron, three SIs were calculated. SIvisual1proprioceptive indicates
the amount that the visual RF moved with the monkey’s arm, when the
arm was uncovered and within view. SIproprioceptive indicates the
amount that the visual RF moved with the arm, when the arm was
covered from view. SIvisual indicates the amount that the visual RF
moved when the monkey’s arm was blocked from view and a stuffed
arm was placed in view and moved to different positions.
SIvisual1proprioceptive 2 SIproprioceptive provides an estimate of the
amount that the sight of the arm influences the neuron. SIvisual
provides an independent measure of the same property. These two
measures were highly correlated. The line at slope 5 1 is also plotted.
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