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Is Reachmg Eye-Centered Body-Centered, Hand-Centered,
or a Combination?

‘ Michéel S.A. Graziano

Department of Psychology, Princeton University, Princeton, NJ, USA

SYNOPSIS

There are currently three main views on the
neural basis of visually guided reaching:
1) neurons in the superior parietal lobe guide
arm movements in a spatial framework that is
centered on the body; 2) neurons in the
intraparietal sulcus guide arm movements in a
spatial framework that is centered on the eye;
3) neurons in the caudal part of premotor cortex
guide arm movements in a spatial framework
that is centered on the arm and hand. The three
viewpoints are mutually compatible and may fit
into a larger pattern. Eye-centered representa-
tions. of target position, and body-centered
representations of arm and hand position, may
be integrated to form a hand-centered repre-
sentation close to the output stage in caudal
premotor and primary motor cortex.
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~INTRODUCTION

- Primates have an extraordinary ability to reach
out with the hand and grasp nearby objects. The
action is so commonplace that it is easy to forget
how complex a problem the brain must solve.
Every time the eyes move, the image of the target
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moves across the retina. How does the brain
reconstruct - the external location of the target?
Locating the hand in space is no less complex. At
least three different types of signals are integrated:
proprioceptive information from the joints and
muscles, visual information from the sight of the
arm, and motor feedback signals. How is all this
disparate information put together to guide the hand
through space to the target?

There are currently three main views on the
neural basis of visually guided reaching. These
views are based primarily on single neuron studies
in the monkey. The first is that neurons in the
superior parietal lobe guide arm movements in a
spatial framework that is centered on the body /40/.
The second is that neurons in the intraparietal
sulcus guide arm movements in a spatial frame-
work that is centered on the eye /2/. The third is
that neurons in the caudal part of premotor cortex
guide arm movements in a spatial framework that is
centered on the arm and hand /29/. In the following
sections, I discuss the evidence for each of these
viewpoints. In each case, I discuss both strengths
and weaknesses of the hypothesis. Fhe three
viewpoints are mutually compatible and may all fit
into a larger pattern. Eye-centered representations
of target position, and body-centered \representa-
tions of arm and hand posmon may be jntegrated
to form a hand-centered representation cl se to the
output stage in caudal premotor and ﬁ’ i‘mary motor
cortex.

This review also discusses behavioral data from
humans. A wide range of experiments shows that
humans encode the space on and around the body
using many different spatial frameworks, including
eye-centered, trunk-centered  and arm-centered. In
particular, the evidence suggests that reaching is
controlled at least partly in a hand or arm-centered
coordinate system.~”
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BODY-CENTERED COORDINATES
IN PARIETAL AREA 5 OF MONKEYS?

Laquiniti et al. /40/ proposed that neurons in
area 5 encode the position and movement of the
hand in body-centered coordinates. (See Fig. 1 for
diagram of brain areas.) In the following sections, I
first describe some of the properties of neurons in
area 5. These neurons have both sensory and motor
properties, and may be involved in representing the
locations of body parts. I then describe research
into the coordinate system used by area 5 neurons
to encode hand position and hand movement.

S1 Dorsal Premotor
(area 2, 1, 3b, 3a)

Polysensory Zone
In Premotor Cortex

Kig. 1: - Side view of the macaque monkey brain showing
some of the brain areas discussed in this article. The
intraparietal sulcus is opened to show areas V6A,
PRR, MIP and AIP.

Somatosensory and motor properties of cortical area 5

Cortical area 5 in the superior parietal lobe
receives a direct input from the primary somato-
sensory cortex /52,54,69/. It in turn projects to
primary motor and premotor cortex, as well as to
other brain areas /31,32,33,34,66/. Neurons in area
5 respond mainly in relation to limb position,
although some neurons also respond to a touch on
the skin /11,47,61/.. Area 5 neurons often have

complex receptive fields that can include several

joints and body parts, both sides of the body, and
even different somatosensory submodalities com-
bined in a single neuron. In these respects, area 5
appears to represent an elaboration . of the more

_simple .response properties found in primary

somatosensory cortex. .

In addition to somatosensory properties, area 5
neurons also respond in association with movement
/47/. Even when the sensory nerves from the arm
are cut, about 38% of the neurons in area 5 respond
just before and during an arm movement /63/.
However, the role of area 5 in the control of
movement is not yet clear. For example, when the
monkey is about to make an arm movement, area 5
neurons began to respond on average 60 ms after
the neurons in primary motor cortex /36/. Thus at
least some of the motor-related activity in area 5
could be the result of feedback from the primary
motor cortex. In another study that compared area 5
to primary motor cortex /21/, neuronal selectivity
for the direction of hand movement was greater in
primary motor  cortex than in area 5; while
selectivity to the static position of the hand in space
was- greater in area 5 than in primary motor cortex.
In several studies /37,38/ the monkey was trained to
move a handle along specific trajectories while
various external force loads were applied to the
handle. In this way, the location and direction of
hand movement were dissociated from the
muscular forces that the monkey used. The results
showed that selectivity to the position and
trajectory of the hand through space was greater in
area 5 than in primary motor cortex; while
selectivity to the muscular forces applied by the
arm was greater in primary motor cortex than in
area 5. Taken together, these studies suggest that
although the functions of the two areas may
overlap, area 5 may play more of a role in
monitoring the position and movement of the arm
through space, while primary motor cortex may be
more involved in initiating and controlling arm
movement. Both these spatial and motor functions
are presumably necessary for the accurate guidance
of arm movements.

Coding of hand position

Laquiniti et al. /40/ studied the effect of hand
position on neurons in parietal area 5 by training
monkeys to press and hold buttons at various
locations. Different neurons preferred different
hand positions. The authors presented an example
of a neuron that responded best whenever the hand
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was in an upper position; an example of a neuron
that preferred lower positions; - and, similarly,
examples of neurons that preferred left, right, near
or far positions. In addition, the authors found that
many neurons appeared to ‘anticipate’ an upcoming
hand position. That is, the firing rate of these
neurons was correlated with the position to which
the monkey was about to reach. 4

The authors hypothesized that area 5 neurons
encode both the current position and the planned
position of the hand with respect to the trunk, in
‘body-centered’ coordinates. In order to test this
hypothesis it would be necessary to rotate the trunk
into different positions, independent of the head,
the legs, the eyes, or other possible points of
reference. A neuron’s preferred hand location
should then rotate by the same amount, remaining
anchored to the trunk, if the trunk-centered hypo-
thesis is correct. An alternative hypothesis is that
the neurons encode arm position with respect to the
point at which the eyes are looking. As described in
below, at least some area 5 neurons in the intra-
parietal sulcus may use an eye-centered code /2/.

When the monkey shifts its point of fixation, the

preferred hand position for these neurons shifts by
the same amount. :

. Another possibility is that area 5 neurons do not
code the position of the hand in an extrinsic
coordinate system, but rather respond in relation to
the angle of the joints. For example, a cell that is
mainly sensitive to the elevation of the shoulder
joint might respond best to upper hand positions. A
cell that is sensitive to the extension of the elbow
joint might respond better to hand positions that are
more distant from the body. A study by Scott ef al.
162/ suggests that some area 5 cells do code for
joint angle and not for hand position in space; in
this study, the activity of area 5 neurons during a
reaching task depended not only on the position of
the hand, but also on the posture of the arm. At
least some cells in area 5 respond to complex
combinations of joints /11,47,60/ including the
position of both arms, the legs and the head. Some
area 5 neurons also respond in relation to the
position of the eyes /2,18,51/. It would be mis-
leading to describe such a complex cell as coding
hand position with respect to the trunk or to any
other single reference point.
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In summary, area 5 neurons are sensitive to the
spatial configuration of the body. They encode the
positions of body parts with respect to each other.
In that sense, they appear to encode the position of
the hand and arm. Whether they code hand position
with respect to the trunk, or with respect to some
other reference point, or whether different neurons
are sensitive to hand position in different ways, is
not yet clear. Probably at least some neurons
integrate signals from the shoulder and elbow
joints, thus specifying the position of the hand with
respect to the trunk, exactly as proposed by
Laquiniti ef al. /40/. Other neurons, however, may
integrate signals from other combinations of joints.

Coding of hand movement

In addition to examining the code for arm
position, Laquiniti et al. /40/ and Ferraina and
Bianchi /13/ also studied how neurons in area 5
code the trajectory of the arm. These results are
more complex and the interpretation less clear. For
example, the terms ‘shoulder-centered’ and ‘body-
centered’ /13/ and the terms ‘vector coding’, ‘motor
error’, ‘variational neurons’, and ‘difference vector’
/40/ sometimes refer to the same thing and roughly
match the ‘arm-centered’ or ‘hand-centered’ coding
described by Graziano et al. /29/.

Fig.2: Hand-centered code for reaching. The arrow
represents the preferred direction of reach for a
hypothetical neuron. When the initial position of the
arm is changed, the preferred direction of reach also
changes, maintaining a fixed spatial relationship to
the hand.

Figure 2 (solid-line arm) shows a schematic
diagram of a monkey’s arm with a vector pointing
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out of the hand. The vector represents the preferred
direction of reach for an area 5 neuron. Most area 5
neurons -are broadly tuned, thus this vector
represents-only the peak of the tuning curve. If the
monkey were to reach in that direction, the neuron
would respond maximally. What happens if the arm
is placed in a different starting position -and its
preferred direction of reach is tested again? Figure
2 (dotted-line arm) shows a possible result. In this
hypothetical example, the preferred vector main-
tains a fixed spatial relationship to the hand. Such a
neuron encodes the reach in hand-centered coor-
dinates. The vector also maintains a fixed spatial
relationship to the entire arm, thus can be termed an
arm-centered code for movement. It can also be
called a motor error signal or a vector code for
movement. Because the arm, and therefore the
vector of preferred movement, pivots around the
shoulder joint, this type of movement coding has
also been termed shoulder-centered. According to
yet another view, the point around which the vector
pivots is not the shoulder, but the center of the
trunk; that is, the movement code is trunk- or body-
centered.

Note that all of these terms refer to essentially
the same phenomenon. Body-centered, trunk-cen-
tered, shoulder-centered, arm-centered and hand-
centered all refer to a movement vector that has a
fixed spatial relationship to the end of the arm. I
will refer to it as a hand-centered code.

What is the evidence that neurons in area 5 use a
hand-centered code for movement? In the experi-
ment by Ferraina and Bianchi /13/, the monkey was
trained to reach from a starting button to a set of
surrounding buttons. In this fashion, the preferred
direction of reach for a neuron could be deter-
mined. Starting buttons in three different locations
were used. Therefore, the directional tuning of the
cell could be examined at three different locations
in the workspace in front of the monkey. For most
neurons, the preferred direction of reach changed
from one part of the workspace to the next. These
changes in preferred direction were variable be-
tween neurons. Few single neurons behaved in the
simple, hand-centered fashion shown in Figure 2.
However, averaged across the sample of neurons,

the preferred direction was approximately hand-

centered.

Laquiniti ef al. /40/ used the same experimental
paradigm, but analyzed the results differently. For
each neuron, they asked whether the activity was
best correlated with the initial position of the hand,
the final position of the hand, or the hand-centered
vector connecting the two. They found that most
cells encoded hand position, either initial or final,
while only about 30% responded in relation to the
hand-centered vector of the reach.

In summary, the evidence suggests that move-
ment of the hand is not well represented in area 5.
Most neurons respond-:in relation to the static
position of the hand. Even ‘those neurons that
respond before and during a movement are
generally anticipating the upcoming position of the
hand, not encoding the movement trajectory.
Relatively few neurons in area 5 respond in
association with the movement vector,

A related finding involves the neuronal code for
eye position. In a posterior, medial part of area 5,
termed V6A, neurons are sensitive to the position
of the eye in the orbit /17/. Different neurons prefer
different eye positions. In addition to this sensiti-
vity to static eye position, the neurons also respond
in association with saccadic eye movements. Most
of these saccade-related responses, however,
depend on the final position of the eye; only a small

_proportion of neurons. code. the vector of the eye

movement /51/. Thus, just as in the case for hand-
related neurons, the eye-related neurons in area 5
appear to play a representational role, emphasizing
eye position rather than the parameters of the
movement. Cortical areas that are closer to the
motor output for eye movements, such as the
frontal eye fields, use primarily an eye-centered
vector code /4/. Perhaps motor areas closer to the
output for reaching movements, such as premotor
and primary motor cortex, use a hand-centered
vector code. This question is discussed in the third
section of this review.

EYE-CENTERED COORDINATES
IN THE INTRAPARIETAL SULCUS?

Batista et al. /2/ proposed that neurons in part of
the intraparietal sulcus guide reaching in a co-
ordinate system centered on the eye. In the next
section, I review some of the background on this
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© cbrtical 'region. I then describe the work on eye-

centered coding. Finally, I describe experiments in
the ' superior colliculus and the ventral, anterior
ptemotor cortex that also suggest an eye-centered
code for the control of reaching.

Reaéhing—related neurons in the intraparietal sulcus

The ‘medial bank of the intraparietal sulcus is
traditionally part of area 5. Many of the joint-
related and reaching-related neurons described in
the previous section were probably located in the
intraparietal sulcus. However, the medial bank of
the intraparietal sulcus has somewhat different

-connections and response properties’ from the

surface part of area 5, and therefore has been given
a ‘separate name, the medial intraparietal area, or
MIP /9/. Unlike the surface part of area 5, MIP
téceives projections from visual areas in the
1f1fer10r parietal lobe, and at least some neurons 1n
MIP respond to visual stimuli /9/.

“'Medially, MIP- grades into area V6A on the
anterior bank of the parieto-occipital sulcus. Area
V6a appears to be more involved in representing
eye position than arm position, although arm-
position signals have been reported in V6A
/17,18,51/. Toward the lateral tip of the intra-
piarietal sulcus, MIP grades into an area termed
AIP which may be more involved 'in the
representation of the hand and fingers /60/, Other
proposed areas extending on the medial bank of the
mtrapanetal sulcus include the posterior intra-
panetal area, or PIP /9/ and the parietal reach
region, or PRR /64/, but whether these are
functionally distinct areas or functionally part of
MIP is not yet known. PRR may be located toward
the posterior end of the sulcus, near or overlapping
area V6A. The next section describes work on
reaching-related neurons in PRR. =

Reaching toward targets while eye position is
controlled

In a study by Batista er al. /2/, monkeys were -

trained to foveate a target and then, while
maintaining the same eye position, to reach toward
other positions. Neurons in PRR responded while
the monkey was preparing to reach. The preferred
direction of reach for many cells was anchored, not
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with respect to the trunk or the initial position of
the arm, but with respect to the foveal target. For
example, a cell might prefer reaching to the left of
the point of fixation. If the point of fixation were
moved, then the preferred direction of reach would
move with it. These cells therefore encoded the
direction of reach in eye-centered coordinates.

This result suggests that PRR is involved in
coordinating between the eye and the hand. Area
V6A, which is near PRR and may partly overlap it,
contains a high proportion of neurons that respond
in relation to eye movement, but also many that
respond in relation to arm movement /17,18,51/.
Thus perhaps this general region of the intraparietal
sulcus, including both PRR and V6A, contributes
to the integration of eye movement and hand
movement /73/.

Does PRR initiate arm movements, or does it
monitor the changing position of the arm? That is,
does it play a dynamic role or a representational
role? As described in previous sections, neurons in
area 5 appear to play a part in both roles, but are
more involved in representing the spatial configura-
tion of the body than in actively guiding movement.
Perhaps PRR, a part of area 5, follows the same
trend. However, this remains to be tested.

Eye-centered coding of reach in other brain areas

The superior colliculus is traditionally an eye-
movement structure, but at least some collicular
neurons respond in relation to reaching /71/.
Stuphorn et al. /67/ found that these reaching-
related neurons had a. preferred direction of reach,
and that this preferred direction was fixed with
respect to the point at which the monkey was
looking. Thus the superior colliculus also appears
to code reaching in eye-centered coordinates.

Mushiake et al. /50/ studied reaching-related
neurons in a part of premotor cortex, and found that
about 40% coded hand movement in, an eye-
centered reference frame. The remaining 60% were
unaffected by eye position. This recording sight
was in the ventral and anterior part of premotor
cortex, just behind the lower limb of the arcuate
sulcus, roughly in the area termed F5 by Matelli et
al. /43/. Area F5 neurons are known to respond
during grasping and manipulation of objects, to the
sight of objects that the monkey is about to grasp,
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and even to the sight of other monkeys or humans
grasping objects /16,19,49/. One possibility is that
the processing of hand and finger movements
during grasping requires some degree of retinal,
and especially foveal, spatial representation.

Is reaching controlled in an eye-centered reference
frame?

Eye position and limb position are tightly
coupled. We tend to look at where we are reaching,
If we hold out a finger in the dark, we can fixate its
position and even track it with smooth pursuit eye
movements /35/. The neurons in PRR, the superior
colliculus and premotor cortex that combine eye
position with hand position may underlie this type
of integration. But is reaching toward a target with
the hand controlled in a coordinate system fixed to
the eye? Reaching must be controlled at least partly
separately from the eye, since it is possible to
pursue one target with the eyes while reaching
toward another target. Try throwing a coin across
the room and pursuing it with your eyes while
reaching toward a pencil on your desk. It is
surprisingly easy. Though eye position and hand
position often interact, and though some brain areas
may monitor and control them in tandem, other
brain areas must be able to control them separately,
Targets for reaching, even visual targets, must
ultimately be encoded relative to a reference point
other than the eye.

ARM CENTERED COORDINATES
IN.CAUDAL PREMOTOR CORTEX?

Graziano et al. /29/ proposed that neurons in
part of the premotor cortex locate nearby objects
and guide reaching in multiple coordinate systems
fixed to different parts of the body. In the following
sections I first review the properties of neurons in
premotor cortex and how they encode the space
near the body. I then describe the hypothesis that a
subset of neurons encodes the space around the
hand and also guides movements of the hand
in hand-centered coordinates. Finally, I describe
experiments in humans that suggest that reaching is
controlled in hand-centered coordinates.

Multimodal representation of space around the body

Premotor area 6, just anterior to the primary
motor cortex, has long been known to play a role in
the control of movement /72/. It receives projec-
tions from several parietal areas including 5, MIP,
VIP and 7b /6,7,31,32,34,39,42,46/. The parietal
neurons described above, those that code hand
position in area 5 and those that code reach
direction in PRR, probably project to premotor area
6. This in turn projects to primary motor cortex,
and also directly to the spinal cord /1,12,23,30,41,
42,44,48/. The premotor cortex is therefore in a
position to receive sensory information and
influence motor structures.

The premotor cortex is not a uniform area.
Neurons in the most caudal part of the premotor
cortex, adjacent to the primary motor cortex, often
respond to passively presented tactile, visual and
auditory stimuli /15,19,27,29,58/. That is, these
neurons have sensory receptive fields in addition to
their motor properties. The tactile receptive fields
are arranged to form a rough somatotopic map,
though in some monkeys the map is less clearly
segregated than in others. In the face and arm part
of this map, and especially the region of overlap
between the face and arm, about 40% of the
neurons also respond to visual stimuli /15,19,27,
58/. A small percentage of neurons are trimodal,
responding to tactile, visual and auditory stimuli
128/.

In a recent experiment mapping the precentral
gyrus, these multimodal neurons were found in a
relatively restricted zone just posterior to the bend
in the arcuate sulcus /25/. This area was termed the
polysensory zone. In earlier studies, the polysensory
neurons were described as being located in ventral
premotor cortex, or area PMv /15,19,27,58/. While
this description is strictly correct, it has caused
some confusion. The polysensory zone is mainly in
the caudal and dorsal part of PMv, as shown in
Figure 1. Its location and size varies somewhat
among monkeys. Other experimenters who investi-
gated the neuronal coding of space in PMyv
recorded from a region that is more ventral and
anterior, and found somewhat different results
/3,50/. Anatomical and mapping studies /19,48/
suggest that there are two arm fields in premotor
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cortex, one that is ventral and anterior, in area F5,
apparently specialized for the control of the fingers
‘and-hand; and one that is more caudal and dorsal,
dpparently specialized for the control of the arm.
The polysensory zone overlaps this caudal and
dofsal representation of the arm.

fricFor. the bimodal, visual-tactile neurons, the
visual :receptive fields are usually adjacent to the
 tactile ones and extend outward from the skin a
hmlted distance /58,15,27/. This distance varies
q,tg;long neurons. Some neurons respond to stimuli
only within a few cm, others respond within about
20:cm, and a minority respond to stimuli as far
away as a meter. Just like the visual receptive
fields, the auditory receptive fields emphasize the
space near the body. Most of the auditory neurons
respond best to nearby sounds, regardless of the
intensity of the stimulus /28/. The polysensory zone
therefore contains a representation of the space on
and near the body. One suggestlon is that the
purpose of this representation is to guide movement
of the head and limbs toward, away from, and
around the objects that surround the body /26/.

_For most bimodal cells, the visual receptive
fmeld is anchored to the site of the tactile receptive
ﬁeld on the body /14,15,20,27,29/. When the
monkey s eyes move, the visual response may
qhangc magnitude, but the location of the visual
rcceptlve field does not change. If the tactile
receptive field is on the head, then rotating the head

will cause the visual receptive field to move in

tandem with the head. If the tactile receptive field is
on the arm, placing the arm in different positions
w1ll cause the visual receptive field to move with
the part of the arm that contains the tactile
response. Some neurons have a tactile receptive
field on the upper arm, and for these cells, the
adjacent visual receptive field moves as the upper
arm moves. Other cells have a tactile receptive field
on the forearm, and the adjacent visual receptive
fields appear to move with the forearm. Thus the

bimodal neurons encode visual space in body-part-
centered coordinates. This type of spatial coding

would be especially useful for the control of move-
ment. A set of visual receptlve fields anchored to
the hand, for example, would be able to locate

nearby stimuli with respect to the hand, providing a

hand-centered signal for guiding reach.
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Possible relationship between bimodal neurons and
the control of movement

Premotor neurons help to guide movement.
Electrical stimulation of premotor cortex causes
muscle movements, lesions of premotor cortex
impair movement, and premotor neurons respond
before and during movement /19,53,55,70/.
However, only about 40% of the neurons in the
polysensory zone have visual receptive fields. Do
these visually responsive neurons contribute to the
control of movement? If so, how do their visual
receptive fields interact with their movement
properties?

Graziano et al. /27/ studied the motor properties
of neurons with a tactile receptive field on the head
and a visual receptive field near the face. About
60% of these face-related bimodal neurons
responded during one direction of head movement.
This response was usually reduced or eliminated if
the head was turned passively. That is, these
neurons with sensory properties also had motor
properties that corresponded to the same body part.

The data are less clear for neurons related to the
arm. Cells with a tactile receptive field on the arm
and a visual receptive field near the arm often
respond during arm movements /19/, but these
movement-related responses have not been syste-
matically studied. It is unknown whether the motor
properties match the visual properties. A cell that
prefers visual stimuli to the left of the hand might
also respond to movements of the hand to the left.
Such a cell would code both the target of the reach
and the movement itself in hand-centered co-
ordinates. A cell that prefers visual stimuli near the
medial surface of the arm might respond when the
monkey reaches around an object. These p0351b111-
ties have yet to be tested.

Mushiake et al. /50/ studied neurons in an area
of the precentral gyrus that they termed primary
motor cortex. However, based on the results of a
recent mapping study /25/, this region probably also
overlapped the polysensory zone. In this study, the
monkey reached toward various targets while the
eyes fixated one of two possible locations. None of
the neurons was influenced by the position of the
eyes. The neurons therefore did not code reaching
in an eye-centered coordinate system. Caminiti ef
al. /5/ studied neurons in the arm representation in
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both primary motor and caudal premotor cortex.
They found that, averaged across neurons, the
preferred direction of reach was approximately
hand centered. ~

In summary, the evidence suggests that neurons
in caudal premotor cortex participate in controlling
movements of the arm and hand. A subgroup of
neurons, the bimodal neurons, responds to the sight
of nearby objects, and encodes the location of those
objects in body-part-centered coordinates. In parti-
cular, neurons related to the arm and hand encode
visual stimuli in arm- and hand-centered co-
ordinates. It remains to be tested whether the same
bimodal neurons also guide reaching in a hand-
centered coordinate system. The evidence suggests
that this part of the brain does not encode reaching
in an eye-centered reference frame. Instead, on the
population level, the neurons use a hand-centered
code for reaching. ’ '

Hand-centered coordinates for reaching in humans

When we reach toward a target, we normally
have proprioceptive feedback from the arm, a
continuous view of the hand, and a continuous view
of the target. According to the hand-centered hypo-
thesis, all of these sources of information should be
important for the control of reaching. It is not
enough to know where the target is; that is, it is not
enough to know the end-point of the reach. It is
also important to know where the hand is, and to
determine the difference between hand location and
target location. A number of experiments have
investigated the effect of removing one or another
of these sources of information. If the hand-
centered hypothesis is correct, then reaching should
be compromised if any one of these sources of
information is removed. This is the case. For
example, when subjects view a target only briefly at
the beginning of the reach, the movement is less
accurate than when the target is visible throughout
the entire reach /57/. This result indicates that the
reach is not ‘preprogrammed, but depends on the
continuous adjustment of the position of the hand
relative to the target. Likewise, vision of the hand
throughout the reach improves accuracy /10,56/. If
the subject wears a displacing prism and is given a
brief initial view of the hand, the subsequent reach
is misdirected /59/. The importance of the view of

the hand is especially clear in patients who have
lost proprioceptive sense in their arms due to nerve
degeneration. These patients have no other sense of
arm- position than vision. If these patients reach
toward a target without the sight of their limbs, they
make large errors in both direction and extent /22/.
Together, these studies show that information about
both the location of the target and the location of
the hand are continuously monitored and integrated
during the reach.

In several studies, the pattern of errors during
reaching was analyzed in order to determine
whether there is any spatial coordinate system that
underlies the motor planning. Soechting and
Flanders /65/ found that the errors were most
systematic when plotted in a coordinate system
whose origin was located roughly at the shoulder.
This origin was somewhat variable between tests,
ranging in location from the eye to the upper arm.
How- does this result relate to the suggestion that
the target for reaching is represented with respect to
the hand?

It is important to note that visual information
first enters the “brain in retinal, or eye-centered,
coordinates, and is presumably transformed through
many intermediate stages before arriving at hand-
or arm-centered coordinates near the motor output
stage. Therefore, any errors in reaching toward a
target may reflect an accumulation across many
different coordinate frames. The exact parameters
of the reaching task may bias which processing
stage and therefore which coordinate system con-
tributes most to the errors. For example, McIntyre
et al. /45/ found that errors in reaching were
arranged in a manner centered on the point between
the eyes, suggesting that the largest source of error
was binocular depth perception. Two other’ groups
/8,24/ found that etrors during reaching were
mainly overreaches or underreaches along a line
connecting the hand and the target. This pattern of
errors suggests a hand-centered code for the reach.
Tipper et al. found a hand-centered effect of
distractor objects in a reaching task /68/. ‘

In summary, the psychophysical evidence from
humans suggests that reaching is controlled at least
partly in a hand-centered coordinate system. Both
the location of the target and the initial location of
the hand are used to guide a reach; and the pattern
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wfierrors: suggests that one signal used by the brain
Immhé“?locwlnon of the target relative to the hand

e the coordmates for reaching?

mg controlled by neurons in area 5 in
tered coordinates; by neurons in PRR and
”o* enég\ 1}_1‘areas in eye-centered coordinates; or by
' in caudal premotor and primary motor
X, 0 hand-centered coordinates? Perhaps all
® ‘areas part1c1pate in reaching. Area 5 may be
gspeoially important in monitoring the position of
therlimb. PRR may contribute to the coordination
dnd ‘$patial integration between limb and eye
movements These areas project to premotor and
p; mary motor cortex, where the neurons may use
predominantly a hand-centered reference frame to
control the reach. In this scheme, many different
coordinate frames are used to guide reachmg, and a
hand:centered one is the final step in cortical
Bfé)cessmg
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