
747

Recent work on the coding of spatial information in the brain has
significantly advanced our knowledge of sensory to motor
transformations on several fronts. The encoding of information
referenced to the retina (eye-centered) but modulated by eye
position, called a gain field representation, has proved to be very
common throughout parietal and occipital cortex. The use of an
eye-centered representation as a working memory of spatial
location is problematic if the eyes move during the memory
period. Details regarding the manner in which the brain solves
this problem are beginning to emerge. Finally, the discovery of
eye-centered representations of ongoing or intended arm
movements has changed the way we think about the order of
operations in the sensory to motor coordinate transformation.
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Abbreviations
FEF frontal eye fields
LIP lateral intraparietal area
PM premotor cortex
PMd dorsal premotor cortex
PMv ventral premotor cortex
PPC posterior parietal cortex
PRR parietal reach region
SC superior colliculus
SEF supplementary eye fields
V1 visual area 1

Introduction
A major brain function is the manipulation of spatial infor-
mation. Much of what we do involves extracting spatial
information from sensory input and then using that spatial
information to direct a motor response. A simple example
is reaching for something we have seen. This act requires
that spatial information be transformed from a retinal coor-
dinate frame to the coordinate frame of the muscles or
joints involved in moving the arm. A major endeavor of
systems neuroscience has been to discover the algorithms
and the sites at which such transformations are per-
formed [1–4,5•,6•].

This review will focus on several recent issues related to this
endeavor. It will consider only transformations of visual infor-
mation used to drive eye and arm movements in primates,
and will focus on the involvement of the parietal cortex. It has
long been known that the lateral intraparietal area (LIP) in
parietal cortex is involved in coding targets for saccadic eye
movements. Recently it has become clear that cortical regions
medial to LIP are involved in coding arm movements. The

details of how spatial information is represented and manipu-
lated in these regions is of critical importance to our
understanding of sensory to motor transformations.

Eye-centered coding and gain fields
Many occipital and parietal areas involved in early process-
ing of visual information do so in an eye-centered frame of
reference [7]. In many areas, eye-centered spatial signals
are modulated by postural information. Cells in these areas
have receptive fields whose locations are fixed with
respect to the retina. For example, the receptive field of a
particular cell may always lie 10° above the fovea, regard-
less of the positions of the eyes, head and body. At the
same time, however, the magnitude of the activity evoked
by any given stimulus depends on eye, head, arm or body
position. The original description of this modulation,
called a ‘gain field’, was a monotonic influence of eye posi-
tion on visually evoked and saccade-related activity in
areas 7a and LIP [8]. Since then, gain fields have been
described in numerous other brain areas as well.

Effects of eye position have been described in visual
area 1 (V1), the cortical area closest to the retinal input
and therefore the most likely to be purely eye-centered
or retinotopic [9,10,11•,12]. However, these observations
are controversial [13•,14]. Elsewhere, the data for eye
position gain fields are well established. Spatial respons-
es in areas V3a, MT (middle temporal area), MST
(medial superior temporal area), VIP (ventral intraparietal
area), V6, V6a, 7m, PMv (ventral premotor cortex [PM]),
PMd (dorsal PM) and SEF (supplementary eye fields)
have all been shown to be modulated by the position of
the eyes in the head [15–22,23•,24•]. Head position gain
fields have been reported in both areas LIP and 7a [25].
In LIP, the gain fields are referenced to the body, where-
as in 7a they are referenced to the inertial frame, that is,
to the fixed world around you. Recently, eye position
effects have been identified in V4 [12,26••], demonstrat-
ing that eye position gain fields occur even in the ventral
(‘what’) visual pathway.

Several roles for gain fields in coordinate frame transfor-
mations have been proposed. Zipser and Andersen [27]
first showed that retinotopic signals modulated by eye
position could be used as an intermediate stage in com-
puting head-centered location of visual targets. As very few
neurons in parietal cortex code in explicit head-centered
coordinates [28,29], an alternative proposal is that gain
field representations themselves constitute a distributed
representation of head-centered spatial information.
Consistent with this idea, Bremmer et al. [30] recently
showed that a network using actual recorded responses
could be used to generate a reliable and precise estimate of
the head-centered location of a visual stimulus.
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Remarkably, despite 15 years of experimental and theoret-
ical work on gain fields, only circumstantial evidence exists
that gain field information is in fact used in a spatial com-
putation: gain fields are ubiquitous, and the distributed
representation contains spatial information that is rarely, or
never, explicitly represented elsewhere. At one time, an
argument could be made that gain field information is not
used by the brain. This argument was based on the idea
that LIP, one of the first areas in which gain fields were
well characterized, serves to identify the location of visual
targets for saccadic eye movements and to transfer that
spatial information to the superior colliculus (SC). As such,
LIP would appear to have no use for the head-centered
position information contained in the eye-position gain
field. However, recent studies using animals whose heads
are not fixed in place now link SC to the control of head as
well as eye movements [31,32]; for this purpose, head-cen-
tered target location is in fact highly relevant. Thus, the
argument that head-centered information in LIP is super-
fluous is no longer valid. More generally, the investigation
of animals that are free to move their heads may well rev-
olutionize our understanding of the role of cortex in
localizing targets and directing spatial behavior, much as
the data from head-free animals are now revolutionizing
ideas about how the vestibular nuclei code information
about head movements [33,34].

Updating eye-centered representations
What happens to spatial information encoded in eye-cen-
tered coordinates, with or without a gain field, when the
eyes move? In area LIP, cells continue to fire in response
to remembered task-relevant spatial information. Because
LIP response fields are fixed with respect to the eye, a
change in eye position would invalidate the information
being coded. However, several studies have shown that
the working memory signal is transferred to a different
population of neurons whenever a saccade occurs during a
memory period [35,36]. This remapping of activity is
arranged so as to maintain the validity of the (eye-cen-
tered) spatial information. As a result, LIP can retain a
world-fixed target location despite a change in eye posi-
tion. It has been suggested that this ability either underlies
spatial constancy [35] or else reflects the updating of stored
saccade vectors [36]. The remapping of activity usually fol-
lows or coincides with a change in eye position.
Occasionally, however, remapping can lead the change in
eye position, an effect termed ‘predictive remapping’ [35].
Predictive remapping is consistent with either of the two
proposed roles for LIP — the neural substate for spatial
constancy, or a buffer which stores target locations for
upcoming saccades in an eye-centered frame of reference.

In order to study the mechanism of remapping further,
Mushiake and colleagues [37•] compared the effects of col-
liding visually and electrically evoked saccades in the
frontal eye fields (FEF) and LIP [38]. In FEF, an electri-
cally evoked saccade that precedes or coincides with a
visually evoked saccade results in an eye position that is

independent of the location of the visual stimulus [39]. In
other words, a coincident electrically evoked saccade effec-
tively overrides a visually evoked eye movement. If the
electrically evoked saccade occurs late (100–200 ms after
the visually evoked saccade), then the resulting saccade
instead adds to the visually evoked saccade. In LIP, a sim-
ilar pattern of results occurs, but shifted in time. An
electrically evoked saccade must precede a visually evoked
saccade by 85 ms in order to completely override it; coinci-
dent saccades result in additivity [37•]. Mushiake and
colleagues suggest that these data support a role of LIP in
remapping upcoming saccade trajectories, and that the
85 ms time shift may be related to the phenomenon of pre-
dictive remapping [35]. Unfortunately, as they point out,
this time shift does not occur in FEF (or in SC), yet pre-
dictive remapping has been reported in both of these
areas [40,41].

Relevant to this issue is the fact that activity in LIP is
remapped not only in response to intervening saccadic eye
movements, but also in response to intervening smooth
pursuit eye movements and whole body rotations [42,43].
Interestingly, however, remapping in LIP is dependent
upon the expectation that the target will remain fixed in
the world. If the animal is led to believe that an extin-
guished target is not fixed in the world, but instead will
move along with the animal’s own body, then remapping
does not occur [43]. In order to understand what remap-
ping is and why it occurs, it will be important to quantify
its occurrence under different behavioral contexts and in
different brain areas.

Eye and arm movements
Much work on coordinate frame transformations has
focused on studying either eye or arm movements in isola-
tion. Although valuable, this approach has several
drawbacks. Eye movements in particular are problematic
because the visual and oculomotor reference frames are so
similar: a visual target that is 10° above and 5° to the right
of fixation, for example, will require an eye movement 10°
up and 5° to the right. This confound persists even for tar-
gets in depth: the retinal disparity of a visual target
correlates with the degree to which the eyes must move
disconjugately to foveate it. As a result, it is very difficult
to determine whether a given spatial representation codes
primarily sensory or motor information, especially in early
cortical areas (but see [44•]).

The study of visually guided arm movements does not suf-
fer from this drawback. The sensory frame of reference
imposed by the retina is quite distinct from the motor
frame of reference imposed by the joints and muscles of
the arm. However, if the arm is studied in isolation and the
position of the eyes is not measured, then the sensory
frame of reference is indeterminate. This can result in
unsuspected artifacts. For example, primates often look to
where they are reaching. If a subject begins a trial by
reaching for, and looking at, some starting location, then
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the arm-centered and eye-centered coordinate frames are
brought into alignment. As a result, an eye-centered (sen-
sory) representation can erroneously appear to be
arm-centered (motor).

These difficulties can be overcome by controlling (and
recording) both eye and arm position. This not only
helps to resolve issues related to which reference frame
is being used, but also helps to address whether a given
spatial representation reflects a generic sensory signal, or
whether it is specific to a particular motor system [45].
The study of eye movements alone is insufficient for this
purpose. Primates generally look at what interests them.
As a result, we might expect that neural activity related
to a plan to move the eyes would be closely related to
neural activity related to a locus of covert attention and,
indeed, this has proved to be the case [46]. The problem
is not necessarily limited to eye movements; monkeys
and human infants often reach for what interests them.
Thus, a salient stimulus in the environment is often also
a target for a subsequent movement. As a result, a repre-
sentation that is in fact linked to a particular motor
system may appear to be a generic, general-purpose rep-
resentation. By careful consideration of both arm and eye
movements, this confound can often be eliminated. This
approach is not new; Goldberg and colleagues took
advantage of it when studying the posterior parietal cor-
tex (PPC) and the FEF in the early 1980s [47]. In these
early studies, animals were trained to ignore, attend to,
look at, or reach for, a peripheral target. These studies
paved the way for two decades of work on attention in
the cortex. However, until recently, Goldberg’s tech-
nique of controlling both eye and arm movements as a
means of investigating coordinate frames has been
under-utilized.

In the last several years many studies have appeared in
which eye and arm movements have been manipulated
and monitored. This work has revealed an unexpected and
interesting finding: arm movements, and plans for arm
movements, are coded in eye-centered coordinates.

Eye-centered coding of visually guided arm
movements
Eye-centered coding of arm movements has been found in
both parietal and premotor cortices. In the parietal reach
region (PRR), medial and posterior to LIP, neurons code
upcoming or intended arm movements [45,48]. Recently, it
was shown that the response fields of these neurons were
linked more tightly to the position of the eyes than they
were to the position of the hand or of the head and body
[49••]. Eye-centered coding of ongoing arm movements
had been described in PMv, close to the arcuate spur [50].
This activity was time-locked to the arm movement, yet
40% of neurons were modulated by the direction of gaze.
Of these gaze-sensitive cells, many were reported to
reflect the position of the target relative to the eye.

These findings have important consequences for how we
think about the order of operations in the sensory to motor
transformation. Prior to these reports, the frame of refer-
ence used for spatial coding was taken to indicate the type
of information being coded. Thus, cells using an arm-cen-
tered frame of reference were considered to code arm
movements [17,51,52,53•], whereas cells which used a
non-motor (e.g. eye-centered) frame of reference were
believed to code information without regard for a particu-
lar motor effector [7,47]. As a result, the properties of
coding arm movements and coding in an arm-centered
frame of reference appeared to be inseparable. This in turn
suggested a general organizational principle: the process of
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Figure 1

Two possible orders of operation for early
sensory-motor transformations. (a) PPC may
reflect the output of an early attentional filter
through which only salient visual stimuli may
pass. These salient locations are then
encoded in PPC without regard for whether,
or how, they will be used. In this view, activity
in PPC is identified with the psychological
concept of a locus of spatial attention [80]. A
single PPC representation may lead to many
different types of motor output. In contrast,
representations in PM and in FEF (jointly
referred to as PM here) are not generic, but
instead reflect committal to a particular motor
system. (b) The discovery of motor-specific
responses in the PPC, coded in retinal
(sensory) coordinates, suggests an alternate
view. Target selection and response selection
occur in tandem, and are largely
accomplished within the PPC.
Transformations from eye-centered to body-
part-centered coordinates are completed
later, most likely in PM.

PPC

PM

Response selection
plus

reference frame
transformation

Reference frame
transformation

Target selection
plus
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transforming the frame of reference for spatial information
and the process of deciding how to respond to a particular
target are inseparable and occur together at the same locus
in the brain.

This view of brain organization is schematized in
Figure 1a. Salient stimuli are selected for representation in
the PPC (‘target selection’) [47,54,55•]. Next, a decision is
made concerning how the salient target will be acquired
(‘response selection’), and the results of this decision are
then manifest as spatial signals in premotor cortex (reach-
ing movements) and in the FEF (eye movements). The
key point is that, in these frontal areas, spatial signals are
coded in body-part-centered (motor) coordinates. Thus,
the transformation from retinal (sensory) coordinates to
body-part-centered (motor) coordinates (‘reference frame
transformation’) appears to be inseparable from the process
of response selection.

The finding of neurons coding arm movements in an eye-
centered frame of reference shows that, in fact, the
processes of response selection and reference frame trans-
formation are separable. Integrating this new information
requires a revision in the scheme of Figure 1a. The exis-
tence of an eye-centered reach representation in PRR is
evidence that parts of PPC reflect not only target selection,
but also response selection (Figure 1b). This suggests (but
does not prove) that response selection precedes coordi-
nate transformation. The coding in PPC is not purely
eye-centered. Initial arm position has some effect in PRR,
V6a and 7m [22,49••,56••]. Similarly, eye and head position
gain fields in LIP and elsewhere represent an influence of
other non-retinal frames of reference [57]. Furthermore,
just as the coding in PPC is not purely retinotopic, the cod-
ing in premotor cortex is not purely arm-centered;
Mushiake’s [50] data suggest that eye-centered coding
may persist all the way into some premotor regions.

An alternative view is that the eye- and arm-centered rep-
resentations we find in the brain are not mere stages in a
serial process, but rather that each is a useful representa-
tion in its own right. In this view, the fact that PPC
contains primarily eye-centered codes whereas PM con-
tains primarily arm-centered codes does not reflect a
progressive transformation. Instead, both eye- and arm-
centered representations co-exist at the same time in two
different places, each to be used for a different purpose. 

Eye-centered coding of ongoing arm movements has also
been described in SC [58••]. Arm-movement-related dis-
charge in a structure believed to code eye movements was
surprising when first described in 1993 [59], but is now well
documented. These responses suggest that SC plays a role
not only in eye and head orientation, but also in bringing the
arms to a target. A recent report shows that the responses of
40% of arm-related SC cells are independent of arm position
but dependent on gaze direction [58••]. The dependence is
consistent with eye-centered coding of target location. Most

of these cells lie at the same anatomical depth as the more
typical saccade neurons. (The remaining reach-related cells,
including an overwhelming majority of those lying deep to
the saccade-related cells, are independent of eye position but
are dependent on arm position.) The interleaving of eye-cen-
tered saccade-related and eye-centered reach-related cells
suggests a role for the SC in the coordination of eye and arm
movements, although at this time this is highly speculative.

In all three areas, PRR, PMv and SC, cells exist that code
arm movements but are strongly influenced by eye position,
consistent with the coding of targets for arm movements in
an eye-centered frame of reference. This might simply be
the representation of choice for storing targets for upcoming
arm movements, or it might be used for some aspect of
eye–hand coordination [60•]. There are differences between
the patterns of activity seen in PRR compared with PMv
and SC. PRR most probably includes parts of V6a, and V6a
is known to project to both SC and PMv [61]. Yet in PRR,
activity is associated with both planned as well as ongoing
arm movements, whereas in SC and PMv, activity is associ-
ated only with ongoing movements. Nearly one third of
reach-related PRR cells also discharge during saccades [62],
and cells in V6a fire immediately after saccades in an eye-
position-dependent manner [63•]. In contrast, only 14% of
reach-related SC cells fire during saccades [58••,64]. Further
information about differences in these eye-centered repre-
sentations may provide clues as to their roles in generating
visually guided arm movements. 

Combinatorial coding of arm movements
A large number of parietal areas code arm movements.
Reach-related responses have been described in areas 7a,
7b, 5, MIP (medial intraparietal), MDP (medial dorsal pari-
etal), 7m and V6a [2,65,66]. PRR also contains
reach-related responses and appears to overlap with areas
MIP, MDP and V6a. Caminiti and colleagues have pointed
out that the activity in 7m and V6a does not fit neatly into
a single coordinate frame [22,56••]. Instead, activity is
influenced by varying combinations of visual input [67•],
eye position, eye movements, arm position and arm move-
ment. Because they do not find explicit eye-centered,
head-centered, body-centered or arm-centered coding,
they reject the idea of simple serial coordinate frame trans-
formations. Instead, they view the sensory-motor
transformation as a process in which a densely intercon-
nected network of areas generates motor commands [68•].
This approach places organizational principles at the level
of networks of areas, rather than at the level of single cells.
Their most recent work, however, demonstrates a small
amount of organization at the single-cell level [56••]. In
V6a, the preferred directions for visual, eye and arm-relat-
ed signals tend to be aligned at the level of the single cell.
Although the elucidation of organizational principles at the
level of small networks is extremely valuable, it is perhaps
too early to abandon the search for organizational princi-
ples at the level of the single neuron, even in complex
areas such as V6a.
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Connectivity
The work of Caminiti and colleagues in understanding
sensory-motor transformations at the level of networks of
areas underscores the importance of studying inter-areal
connectivity. Much excellent work focusing on parietal and
premotor connectivity (e.g. [69,70•]) has been recently
reviewed [71,72]. The resulting data, especially when
paired with neurophysiological results, are absolutely
essential to understanding how sensory signals are con-
verted into actions.

One way to pair anatomical and neurophysiological infor-
mation is to characterize the responses of cells which
project from one cortical area to another. Within any area
there is a wide range of cell types. It seems likely that
much of this range reflects local (within-area) processing,
and that only a subset of cell types, representing the result
of the local computations, would project out to other areas.
Surprisingly, this does not seem to be the case. In a series
of heroic studies from the Wurtz laboratory, cells projecting
from LIP and FEF to SC were antidromically identified.
The responses of projection cells were then compared to
the general population of cells. These and other studies
failed to show major differences between responses in the
projecting neurons and the general population of neurons
[73,74,75•]. A related issue is how responses from neurons
within each of these three areas differ from one another. As
might be predicted from the antidromic activation data,
patterns of activity in FEF and LIP [76] and in LIP and SC
[77] are not too dissimilar. Furthermore, reversible lesion
experiments in FEF and LIP [78•] do not support a serial
processing model, but instead show that memory activity
in these two areas is interdependent.

The picture that emerges from these studies of inter-areal
connectivity and function is that areas LIP, FEF and SC
behave as an interconnected network, and that hierarchical
or serial processing is minimal. This is in line with the the-
ories of Caminiti and colleagues, in which processing units
are at the level of small networks of areas rather than at the
level of individual areas or single neurons. However, these
data are at odds with the previously described microstimu-
lation data showing clear differences between activity in
areas LIP and FEF [37•], and with previously described
differences in single unit activity recorded during go/no-go
tasks [47,79]. (In both of these cases, the data being com-
pared were collected within a single laboratory and
therefore the differences cannot be explained on the basis
of differences in technique or neuronal sampling.)
Resolving this paradox is an important issue for future stud-
ies. It is possible that simple tasks engage multiple areas in
a similar manner. If this is true, then as more complex tasks
are introduced — for example, tasks involving coordinated
eye and arm movements — clear differences may emerge.

Conclusions
Recent findings have significantly advanced our understand-
ing of how sensory signals are transformed into motor actions.

Visual spatial information is obtained in a retinal or eye-cen-
tered frame of reference. Eye-centered frames of reference
that are modulated by eye, head or arm signals (gain fields) are
proving to be very common across the cortex. Working mem-
ory signals that are stored in gain field representations can be
updated when the direction of gaze changes; a fuller descrip-
tion of the circumstances under which this remapping occurs,
and some insights into the mechanism, are beginning to
appear. While some work has aimed at categorizing and classi-
fying the responses of individual areas in parietal and premotor
cortex, other computationally inspired work is making
progress by considering how sensory-motor transformations
are performed by networks of areas. Finally, a major advance
in understanding sensory-motor transformations has occurred
with the renewed use of paradigms in which the movements
of two effectors (e.g. the arm and the eye) are independently
controlled. These paradigms have revealed motor programs
encoded in sensory frames of reference, which probably reflect
early manifestations of motor plans in the cortex. A critical
issue for future work is the extent to which these early mani-
festations of motor plans may reflect not the normal behavior
of the system, but instead the overtraining that takes place
before single-neuron recording ever begins. Although
extremely difficult to address in an awake behaving monkey
preparation, this issue is critical for our understanding of how
the brain performs sensory-motor transformations.
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