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REVIEW

The functional organization of the intraparietal sulcus in
humans and monkeys
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Abstract

In macaque monkeys, the posterior parietal cortex (PPC) is concerned with the integration of multimodal informa-
tion for constructing a spatial representation of the external world (in relation to the macaque’s body or parts
thereof), and planning and executing object-centred movements. The areas within the intraparietal sulcus (IPS), in
particular, serve as interfaces between the perceptive and motor systems for controlling arm and eye movements
in space. We review here the latest evidence for the existence of the IPS areas AIP (anterior intraparietal area), VIP
(ventral intraparietal area), MIP (medial intraparietal area), LIP (lateral intraparietal area) and CIP (caudal intra-
parietal area) in macaques, and discuss putative human equivalents as assessed with functional magnetic resonance
imaging. The data suggest that anterior parts of the IPS comprising areas AIP and VIP are relatively well preserved
across species. By contrast, posterior areas such as area LIP and CIP have been found more medially in humans, pos-
sibly reflecting differences in the evolution of the dorsal visual stream and the inferior parietal lobule. Despite
interspecies differences in the precise functional anatomy of the IPS areas, the functional relevance of this sulcus
for visuomotor tasks comprising target selections for arm and eye movements, object manipulation and visuo-
spatial attention is similar in humans and macaques, as is also suggested by studies of neurological deficits (apraxia,
neglect, Balint’s syndrome) resulting from lesions to this region.

Key words AIP; CIP; cytoarchitecture; equivalent; fMRI; homologue; LIP; macaque; MIP; parietal lobule; VIP.

(Fig. 2). Numerous neuroimaging studies provide us
with information about the role of human PPC in
attention processes, planning and execution of move-

Introduction

The functional organization of the posterior parietal

cortex (PPC) has been extensively mapped during the
past three decades in both humans and monkeys
(Fig. 1). The pioneering electrophysiological experi-
ments by Mountcastle et al. (1975) demonstrated that
the PPC contains quite different sets of neurons con-
cerned with specific aspects of goal-directed arm and
eye movements, for example reaching, grasping, fixa-
tion and rapid eye movements (saccades). Anatomic-
ally, the PPC is strategically well situated between the
sensorimotor fields around the central sulcus and the
visual areas found posteriorly in the occipital cortex
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ments, and control of rapid eye movements (Culham &
Kanwisher, 2001). These data are supported by studies
of patients presenting with lesions of the parietal cor-
tex and neuropsychological deficits such as visuospatial
neglect, different forms of apraxia and other visuo-
motor coordination problems (for reviews see, for
example, Marshall & Fink, 2001, 2003).

In non-human primates such as macaques, anato-
mical and electrophysiological studies have identified
multiple cortical fields in the PPC, each of them being
concerned with particular functions for visuomotor
processes. Techniques such as single electrode recordings
while the animal is performing a specific task (e.g. grasping
an object) have helped to delineate functionally differ-
ent regions based on their neuronal response proper-
ties. In particular, the areas around the intraparietal
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Fig. 1 Lateral view of a macaque brain with the intraparietal
sulcus (IPS) opened up. The arrangement of the IPS areas is
schematically depicted as defined in various electro-
physiological experiments (see text for references). The
bottom of the IPS is indicated by a dashed line. cs, central
sulcus; pos, parieto-occipital sulcus; Is, lunate sulcus; sf, Sylvian
fissure (lateral sulcus); sts, superior temporal sulcus.

sulcus (IPS), which separates the parietal lobe into a
superior (SPL) and an inferior (IPL) part, have been
shown to integrate neural signals from different
sensory modalities for guiding and controlling action
in space (Fig. 1). Anatomically, these areas, which are
arranged in a modular fashion, are interconnected
with each other, and are thus implemented in a series
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of neural circuits comprising motor areas in the frontal
cortex and visual areas in the occipital cortex (Rizzolatti
et al. 1998). Dependent upon the connectivity pattern
of a specific IPS area, its respective neurons encode
information such as spatial coordinates of objects, the
position of body parts in space, eye movement data, or
geometrical properties of objects such as shape, size
and orientation (see, for example, Duhamel et al. 1992;
Colby et al. 1993; Sakata et al. 1995; Rizzolatti et al.
1998)

Although significantly larger and more expanded
than in the monkey, the IPS constitutes an anatomically
constant sulcus in the human brain (Fig. 2). Owing to its
complex folding and branching pattern (Fig. 2A) it is
sometimes difficult to localize the main course of the
human IPS, especially when the sulcus is split into
several anatomical segments (Ono et al. 1990; Grefkes
et al. 2001). Microanatomically, e.g. in terms of cyto- or
myeloarchitecture, to date little is known about the IPS
in the human brain (Zilles & Palomero-Gallagher, 2001;
Choi et al. 2002).

The macaque IPS has been used as a model by many
neuroscientists for understanding the structure and
function of its human equivalent. Furthermore, as func-
tional imaging techniques such as positron emission
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Fig. 2 Post-mortem anatomy of a
macaque and a human brain (specimens
taken from the Zilles collection, C. &
0. Vogt Institute of Brain Research,
Dusseldorf University, Germany). (A) The
sulcal anatomy of a macaque brain is
much less complicated than the highly
gyrified cortex of a human brain. The IPS
in humans often has various side
branches (indicated here by asterisks in
T A), and shows a complex folding pattern
|sf ’
r'e as demonstrated on the cell-stained
coronal sections through posterior
portions of the IPS (B). Note the highly
gyrified medial aspect of the human IPS
(right section) with a large unlabelled
intraparietal gyrus. cal, calcarine sulcus;
spl; superior parietal lobule; ipl; inferior
parietal lobule; other abbreviations as
defined in Fig. 1.
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tomography (PET) or functional magnetic resonance
imaging (fMRI) provide limited temporal and spatial
information on a neuronal level, the interpretation of
neuroimaging experiments frequently draws on the
knowledge of the neuronal response properties as
established in macaques with invasive electrophysio-
logy. Here we review recent findings with respect to the
functional organization of the macaque intraparietal
cortex, and present the current evidence for candidate
regions that constitute putative functional equivalents
in the human brain.

The intraparietal cortex in macaques

As the IPS in macaques is situated between the soma-
tosensory cortex and the visual cortex, anterior parts of
the IPS are more concerned with sensorimotor process-
ing whereas posterior parts are more dedicated to
visual information processing. Additionally, there is
another functional gradient across the IPS: neurons
located on the medial bank are more responsive to arm
movements, whereas neurons situated in the lateral
bank are predominantly involved in eye movements.
Importantly, almost each area of the IPS processes
information from more than one sensory modality. The
systematic testing of IPS neurons for the preferred type
of stimulus and behaviour has led to the definition of
several distinct cortical areas within the intraparietal
cortex named after their topographical
(Fig. 1): the anterior intraparietal area (area AIP), the
ventral intraparietal area (area VIP), the medial intra-
parietal area (area MIP), the lateral intraparietal area
(LIP) and the caudal intraparietal area (area CIP).

position

Area AIP in macaques

Area AIP is located on the lateral bank of the anterior
IPS (Fig. 1). Electrophysiological recordings within this
area have shown that AIP neurons are active during
fixation and manipulation of objects (Sakata et al. 1995).
These neurons are highly responsive to size, shape and
orientation of objects, sometimes even highly selective
in their response to the presentation of a specific object
geometry, e.g. selective responses for plates but not for
cylinders (Murata et al. 2000).

AIP neurons can be subdivided into three groups
according to their visuomotor discharge properties
(Sakata et al. 1995). ‘Motor dominant neurons’ fire to
fairly similar degrees during object manipulation in the
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light and in the dark. ‘Visual dominant neurons’ dis-
charge during the manipulation of objects in the light
but not in the dark. The ‘visual-and-motor neurons’
show an intermediate behaviour with less activation
during object manipulation in the dark than in the
light. Some of the latter two types of neurons also fire
during object observation when no object manipula-
tion is preformed (‘object type neurons’, Murata et al.
1996). Furthermore, some neurons show sustained
activity after brief presentation of an object, which has
been interpreted as a short-term memory function for
three-dimensional (3D) objects (Murata et al. 1996).

Anatomically, area AIP is connected to the ventral
premotor cortex (Matelli etal. 1986), especially to
motor area F5, the neurons of which also discharge
during specific object-related hand movements and
even only on presentation of a 3D object without sub-
sequent manipulation (Murata et al. 1997). It seems
that area AIP in combination with area F5 transforms
3D properties of an object into appropriate finger
formations and hand orientation for visually guided
grasping movements (Rizzolatti et al. 1998; Murata
et al. 2000).

Putative human AIP equivalent

The relevance of anterior IPS in object manipulation
and grasping movements has been demonstrated in
patients with lesions affecting anterior intraparietal
cortex (Binkofski et al. 1998). Likewise, PET studies with
healthy persons showed that an area in anterior IPS is
involved in a tactile shape-processing network when
subjects discriminate different objects according to
changes in their 3D structure (Bodegard et al. 2001).
Jancke et al. (2001) also found activations in anterior
(and posterior) IPS when subjects constructed or recog-
nized 3D shapes with their hands. The same region has
also been implicated in the discrimination of the orien-
tation of visual stimuli (Shikata et al. 2001).

Therefore, it seems that human anterior intraparietal
cortex is concerned with tactile and visual object
processing just as macaque area AlP. Furthermore, that
area was shown to play a crucial role for the cross-
modal transfer of object information between the
visual and sensorimotor systems (Grefkes et al. 2002;
Fig. 3). When subjects encoded and subsequently
recognized abstract 3D objects by visual inspection or
tactile exploration (rendering a delayed matching-to-
sample task), the lateral aspect of anterior IPS was
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Fig. 3 Putative human AIP equivalent as
assessed with fMRI (Grefkes et al. 2002).
(A) Subjects had to encode and
subsequently to recognize the shape of
3D objects either by visual inspection (as
presented on a video screen) or by tactile
manipulation (using their right hand).
(B) When 3D information had to be

specifically active when 3D object information had to be
transferred between the visual and the sensorimotor
systems for successful object recognition (Fig. 3B). It is
important to note that unimodal (visual, tactile) object
recognition also increased neural activity in this area
(compared with the low-level baseline) albeit to a
lesser degree than cross-modal object information
processing. Because macaque area AIP contains
neurons that discharge during object manipulation
(‘'motor dominant neurons’) or visual inspection (‘visual
dominant neurons’) and that have short-term memory
functions for 3D shapes (Sakata et al. 1995; Murata
et al. 1996), the putative human AIP candidate (hAIP)
in lateral IPS exhibits similar functional response prop-
erties in an equivalent position (Grefkes et al. 2002).
The cross-modal enhancement of activity in hAIP may
facilitate the interplay of visual object data and finger
movements for object grasping and exploration.

Area VIP in macaques

Macaque VIP is located in the fundus of the IPS (Maun-
sell & Van Essen, 1983), and constitutes a polymodal
association zone responding to visual, tactile, vesti-
bular and auditory stimuli (Colby et al. 1993; Bremmer
et al. 1997; Duhamel et al. 1998; Klam & Graf, 2003).
Neurons in VIP receive projections from several visual
areas (especially from the middle temporal area (MT)
and the middle superior temporal area (MST) complex),
from motor, somatosensory, auditory, vestibular areas
and from other polysensory cortices (Maunsell & Van

transferred between the visual and the
sensorimotor systems for successful object
recognition (cross-modal transfer),
increased neural activity was measured
in the lateral anterior aspect of left
intraparietal sulcus (P < 0.05, small volume
corrected for multiple comparisons, n =
12). That region was significantly less
active when objects were encoded and
recognized within the same modality
(visual, tactile). L, left; R, right; A, anterior;
P, posterior; pocs, postcentral sulcus;
other abbreviations as in Fig. 1. (Adapted
from Grefkes et al. 2002, with permission.)

Essen, 1983; Lewis & Van Essen, 2000). In particular, stimuli
conveying motion information have been demonstrated
to activate VIP neurons (Colby et al. 1993; Bremmer et al.
1997). The locations of these stimuli are frequently
represented in head-centred coordinates, which means
that when the position of the eyes is changed, the
receptive fields of VIP neurons maintain the representa-
tion of a certain spatial location (Colby et al. 1993).
Interestingly, most receptive fields for somatosensory
stimuli are restricted to the head and the face, and match
those for visual information in location, size and stimulus
direction (Duhamel et al. 1998). For example, a typical VIP
neuron may discharge when a moving visual stimulus
is detected in the upper left visual quadrant, but also
when the left eyebrow of the animal is touched. Likewise,
the preferred direction of VIP neurons for visual and
vestibular stimulation (horizontal rotation of the animal
on a turntable) is congruent, i.e. the neurons are prefer-
entially responsive to visual motion and head rotation
in the same direction (Bremmer et al. 2002). Furthermore,
a vast majority of VIP neurons simultaneously code for
head velocity, acceleration and position (Klam & Graf,
2003).

Therefore, the functions of VIP may encompass the
perception of self movements and object movements
in near extrapersonal space (Bremmer et al. 2002). For
example, when an animal is heading for fruits, visual
(approaching branches of trees), tactile (touching
leaves) and vestibular information (perception of head
movement) may guide the monkey to move through
the forest. Interestingly, electrical stimulation of VIP
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Fig. 4 Putative human VIP equivalent as assessed with fMRI (Bremmer et al. 2001). (A) Subjects experienced either a visual (large
random dot pattern), a tactile (air flow across forehead) or an auditory (binaural beats) motion stimulus, or a stationary modality-
specific control. (B) A conjunction analysis (P < 0.05, corrected for multiple comparisons, n = 8) testing for increased neural activity
common to all three conditions conveying motion information revealed significant activations in three circumscribed regions, one
of which was located in parietal cortex (labelled ‘1°). The superimposition of the functional images with the mean anatomical

volume showed that the area activated lay in the depth of either intraparietal sulcus (IPS). (Adapted from Bremmer et al. 2001,

with kind permission.)

neurons evokes avoidance behaviour such as eye closure,
contraction of facial muscles, shoulder shrugs and arm
movements, which do not occur when the cortex
surrounding VIP is stimulated (Cooke et al. 2003). Thus,
VIP may also contribute to the control of defensive
movements triggered by stimuli on or near the head
(Cooke et al. 2003).

Putative human VIP equivalent

Many studies have aimed at demonstrating that corti-
cal regions are concerned with motion processing in
different sensory modalities. Visual motion detection
(Corbetta et al. 1991; Zeki et al. 1991), perception of
auditory movements (Griffiths et al. 1994, 2000), ves-
tibular processing (Dieterich & Brandt, 2000; Fasold
et al. 2002; Fink et al. 2003) and processing of tactile
movements (Bodegard et al. 2000; Downar et al. 2000;
Kitada et al. 2003) have all been shown to recruit both
modality-specific and supramodal areas. Many of these
studies report the involvement of PPC, implicating that
this region is part of a network concerned with poly-
modal information processing (Macaluso et al. 2003).
For example, the neural networks for visual and audi-
tory motion processing encompass distinct but partially
overlapping activations in or near the IPS (Lewis et al.
2000). Likewise, vestibular stimulation increases neural
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activity in intraparietal cortex (Suzuki et al. 2001). The
polymodal nature of the PPC is further demonstrated
by patient studies showing that lesions to the PPC may
cause disorders such as neglect or extinction affecting
more than one modality. Interestingly, these deficits
are often organized in a head-centred frame of refer-
ence (Vallar et al. 1999, 2003). Therefore damage to a
putative human VIP equivalent (hVIP) may be respons-
ible for some of the symptomatology observed in
visuospatial neglect.

As reported above, the main features of macaque
area VIP encompass polymodal motion processing in
predominantly head-centred coordinates. Accordingly,
in order to identify a putative human equivalent,
Bremmer et al. (2001) conducted an fMRI study using a
polymodal motion protocol (Fig.4). In that study,
healthy subjects experienced either a visual (moving
starfield pattern), tactile (air flow across forehead) or
auditory (binaural beats) motion stimulus, or station-
ary controls (Bremmer et al. 2001; Fig. 4A). Testing for
common activations in all three tasks conveying motion
information (relative to the perception of a stationary
modality-matched stimulus) revealed a bilateral activa-
tion in either intraparietal cortex (Fig. 4B). The single
subject data confirmed that the region activated lay
indeed in the fundus of IPS. As the only area in
macaque IPS responsive to visual, auditory and tactile
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Fig. 5 Putative human MIP equivalent as assessed with fMRI (Grefkes et al. 2004). (A) Electrophysiological MIP experiments in the
macaque brain (Eskandar & Assad, 2002). MIP neurons were recorded while the monkey performed a visuomotor joystick task.
MIP neurons responded irrespective of whether a visual movement feedback was present on the video screen but much less when
joystick movements were absent (playback trials). (From Eskandar & Assad, 2002, with permission.) (B) Adopted protocol used for
the fMRI study with human subjects (Grefkes et al. 2004). Fixating volunteers were asked to guide the black square from the white
to the black circle using an MRI-compatible joystick. (C) Visually directed joystick movements (with or without movement
feedback) elicited significantly higher activity in medial IPS than the control conditions consisting of stereotype-intransitive
joystick movements. (Adapted from Grefkes et al. 2004, with permission.)

motion stimulation is area VIP (Bremmer et al. 2000), it
can be concluded that the human VIP equivalent is
found at a similar topographical position as the macaque

area VIP (Bremmer et al. 2001).

Area MIP in macaques

Neurons in the macaque MIP are implemented in

neural circuits mediating planning, execution and
monitoring of reaching movements. This area has

been much less studied than area AIP or other IPS areas,

and thus only little information about its specific func-
tion for reaching movements is available. Area MIP
is part of the parietal reaching region (PRR; Cohen &
Andersen, 2002), which includes also other areas such
as area V6A and the intraparietal parts of area PE (area

PE,,) (Fig. 1).

The anterior parts of MIP are differentially con-

cerned with somatosensory information compared
with more posterior and ventral portions of medial IPS,

which are preferentially responsive to visual informa-
tion processing (Colby & Duhamel, 1991). Neurons in
MIP specifically discharge dependent on the direction
of hand movements towards a visual target. For ex-
ample, increased neuronal activity was recorded in
MIP when monkeys used a joystick to guide a spot to a
visual target presented on a computer monitor (Eskandar
& Assad, 1999; Fig. 5A). The activity was much less
when monkeys just watched a play-back version of a
trial without moving the joystick (Eskandar & Assad,
2002), which indicates that MIP neurons are involved
in the coordination of hand movements and visual
targets. It has been claimed, accordingly, that MIP neu-
rons transform the spatial coordinates of the target to
be reached (e.g. an object) into a representation that
can be used by the motor system for computing the
respective  movement vector (Cohen & Andersen,
2002). These coordinate transformation processes may
take place even before an arm movement is initiated
(Johnson et al. 1996). Such cross-modal representations
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of the spatial relations between a motor effector (e.g.
the hand) and a nearby visual stimulus (e.g. an object)
are also likely to contribute to monitoring a limb posi-
tion during an actual reaching movement (Eskandar &
Assad, 2002). MIP neurons are also considered to be
part of a neural network that detects movement errors
or position changes of a target so that fast movement
corrections can occur (Desmurget & Grafton, 2000;
Kalaska et al. 2003). These automatic and unconscious
correction mechanisms do not necessarily require a
visual feedback of the moving hand, which implies that
the correction mechanisms may also rely on efference
copy information, proprioceptive feedback and on an
internal representation of the target location (Kalaska
et al. 2003).

Putative human MIP equivalent

Although only a few imaging studies have investigated
the cortical regions involved in reaching and visuo-
motor transformation in the human brain, it has been
demonstrated that human medial IPS also plays a cru-
cial role in tasks requiring a visuomotor coordination of
hand movements and targets (Chaminade & Decety,
2002; Simon et al. 2002). The same region was shown to
be involved in the spatial updating of pointing targets
(Medendorp et al. 2003). Likewise, transcranial mag-
netic stimulation (TMS) over left posterior IPS may
interfere with the adjustment of reaching movements
to a dynamic environment (della Maggiore et al. 2004),
and may also disturb sudden switches between differ-
ent grip apertures for different target sizes (Glover
et al. 2005), indicating that this region is relevant for
online-control and correction of movement errors.
Indeed, some patients suffering from reaching move-
ment disorders such as optic ataxia present with lesions
located within or near medial intraparietal cortex
(Pisella et al. 2000; Roy et al. 2004). However, other studies
testing for areas involved in pointing movements
found increased neural activity outside the IPS, for
example around the mesial parietal cortex near the
precuneus or the posterior cingulate cortex (Astafiev
et al. 2003; Connolly et al. 2003). Because electrophysi-
ological experiments in macaques do not usually
employ pointing tasks for studying area MIP, it is diffi-
cult to determine whether these discrepant findings
are due to differences in interspecies anatomy or
rather result from differences in the behavioural pro-
tocols used (Astafiev et al. 2003).
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As reviewed above, not only reaching movements
but also visuomotor coordination tasks using a joystick
may activate MIP neurons in macaques. For example,
neurons in MIP show increased activity when fixating
monkeys use a joystick to move a cursor to a target,
even when the cursor is transiently hidden during the
joystick movements (Fig. 5A; Eskandar & Assad, 1999,
2002). Neural activity in these neurons is reduced, how-
ever, when the animal sees a visual play-back of a trial
and no joystick movements related to the moving stim-
uli are performed (Eskandar & Assad, 2002). Accord-
ingly, an fMRI study employing a similar joystick task
with human subjects may identify the neural correlates
for similar processes in the human brain, therefore possibly
activating the human MIP equivalent (hMIP; Grefkes
et al. 2004). Indeed, when subjects performed object-
guided precision movements using an MRI-compatible
joystick (Fig. 5B), neural activity in medial intraparietal
cortex (Fig. 5C) was significantly higher when subjects
were required to compute accurate movement vectors
(and corrections thereof) to reach the target object
than in the control conditions. These control conditions
consisted of stereotype intransitive joystick movements
(i.e. pushing the joystick in the direction indicated by an
arrow) not requiring that movements closed in precisely
on a target. As observed for macaque area MIP (Fig. 5A),
there was no statistical difference in IPS activity whether
or not subjects experienced a direct visual feedback of
their joystick movements on the video screen. Rather,
modality-specific areas were additionally recruited, i.e.
differential activation of visual area V5/MT was observed
when a direct visual movement feedback was present,
and differential activation of sensorimotor areas was
demonstrated when subjects had to rely predominantly
on proprioception and efference copy information.

The data suggest that human medial intraparietal
cortex is crucial for transforming visual coordinates
into motor programs, and for the online control of
goal-directed precision movements. Because such pro-
cesses are computed in the PRR and area MIP of
macaque monkeys, the functions of human medial
intraparietal cortex seem to resemble closely those
observed for monkey area MIP (Eskandar & Assad,
2002; Grefkes et al. 2004).

Area LIP in macaques

Area LIP is found in the lateral wall of monkey IPS, and
is part of a network of areas mediating saccades. LIP
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receives input from several visual areas, and is inter-
connected with the frontal eye field (FEF) and the superior
colliculus (Lynch et al. 1985; Blatt et al. 1990).

Neurons in area LIP fire during the detection of a sali-
ent visual stimulus such as a flashing spot in the visual
periphery, but also in the delay period when the loca-
tion of a stimulus has to be memorized, and finally
when the animal is actually performing the saccade to
that location (Gnadt & Andersen, 1988). In the double
step saccade task (Hallett & Lightstone, 1976), the mon-
keys have to perform two successive saccades to previ-
ously encoded targets. It has been shown that LIP
neurons encode the correct movement vector for the
second saccade even before the first saccade is exe-
cuted (Duhamel et al. 1992). Such predictive response
characteristics of LIP neurons have been interpreted to
represent fast remapping mechanisms in order to cor-
rect for the anticipated displacement of the eyes in
relation to a visual target (Duhamel et al. 1992; Heide
et al. 2001; Bisley & Goldberg, 2003a).

Other studies have indicated that LIP neurons fire
more in saccade trials than in reach trials, supporting
the view that area LIP is specifically involved in the
representations of motor plans for saccades (Mazzoni
et al. 1996; Snyder et al. 1997). Likewise, auditory cues
may modulate activity in LIP (Stricanne et al. 1996)
albeit to a lesser degree than visual cues (Cohen et al.
2004). Other studies, however, suggest that LIP is not
directly concerned with generating saccades as the
activity of LIP neurons does not predict where, when or
if at all a saccade will occur (Goldberg et al. 2002).
Rather, the neural activity in LIP seems to describe accu-
rately the locus of attention, hence representing a ‘sali-
ence map’ (Bisley & Goldberg, 2003b). For example, the
spike activity of an LIP neuron significantly correlates
with the level of attention at a specific location, but
not with whether a saccade is actually attended or
performed to that location (Bisley & Goldberg, 2003b).
However, more recent studies (Janssen & Shadlen,
2005) suggest that LIP activity does predict saccadic
reaction times, albeit not as well as FEF or superior col-
liculus activity (Everling & Munoz, 2000). Whether LIP
neurons directly influence reaction time or simply
mirror with great fidelity the activity of the other oculo-
motor areas (i.e. FEF and superior colliculus) remains to
be elucidated (Janssen & Shadlen, 2005). Nonetheless,
neural activity of LIP neurons is significantly modulated
by the anticipation of a saccade to a potential target,
and this anticipatory modulation is strongest in LIP

neurons that represent the locus of the intended eye
movement (Janssen & Shadlen, 2005). The inactivation
of LIP by injecting the GABA, agonist muscimol pro-
duces deficits in saccadic target selection whereas
saccade programming and execution remain unaffected
(Wardak et al. 2002).

It has also been suggested that LIP uses the saccade
signal (driven by the FEF or other prefrontal areas) to
create a representation of a saccadic end point in its
salience map (Bisley & Goldberg, 2003a). Additionally,
the predictive visual response behaviour of LIP neurons
for anticipated saccades may help to maintain a spa-
tially accurate representation of the visual field despite
amoving eye and a resulting change in the eye-centred
frame of reference (Duhamel et al. 1992; Bisley &
Goldberg, 2003a). It has also been suggested that
LIP encodes the elapsed time between two events (e.g.
between the target onset and the ‘go’ signal) affecting
the meaningfulness of visual objects that are potential
gaze targets (Janssen & Shadlen, 2005).

In summary, the exact functions of LIP are still a
matter of debate. Furthermore, complex cognitive func-
tions such as decision processes, reward expectancy and
perception of time have also been related to activity of
LIP neurons (Platt & Glimcher, 1999; Roitman & Shadlen,
2002; Dickinson et al. 2003; Leon & Shadlen, 2003;
Cohen et al. 2004).

Putative human LIP equivalent

There are numerous functional imaging studies that
have shown that human IPS is involved in attention
and control of eye movements (e.g. Fink et al. 1997;
Corbetta et al. 1998; Corbetta & Shulman, 2002; Pierrot-
Deseilligny et al. 2004; Thiel et al. 2004). For example,
shifts in visuospatial attention are associated with acti-
vation in IPS (Corbetta et al. 1995; Connolly et al. 2000).
Searching for a visual target while fixating activates
both intraparietal cortex and FEF whereas the detec-
tion of that target increases neural activity only in IPS
but not in FEF (Shulman et al. 2003). The higher sensi-
tivity to sensory salience in human IPS parallels the
situation found for the neurons in macaque area LIP, as
reviewed above (Bisley & Goldberg, 2003a). However,
many of the activations observed in human IPS in these
tasks were located in the medial wall of IPS (Shulman
et al. 2003). Likewise, saccade protocols using vari-
ations of the double step saccade task — similar to that
used to study the predictive visual responses in LIP
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A Saccade trials

Target

Fig. 6 Putative human LIP equivalent as Vertical
assessed with fMRI (Koyama et al. 2004).
(A) The oculomotor task consisted of
horizontal saccades in response to the
shift of the fixation target. Upper row:
horizontal target displacement. Lower
rows: eye movement recordings in
horizontal and vertical direction.

(B) BOLD signal associated with saccades
in monkeys. Increased neural activity is
found in the lateral wall of IPS (left
image: coronal section; right image:
horizontal section). (C) BOLD signal
associated with saccades in humans.
Increased neural activity is found in the
medial wall of IPS (horizontal section).
(D) Saccade-related activity
superimposed on 3D renderings of a
macaque brain (left) and a human brain
(right). Monkey area LIP is situated in
lateral IPS, the putative human LIP
equivalent is located in medial aspects of
posterior IPS. (Adapted from Koyama
et al. 2004, with kind permission.)

macague

neurons — showed activations predominantly in superior
parietal cortex and medial portions of IPS, albeit also
extending into the lateral wall and into the adjacent
inferior parietal cortex (Heide et al. 2001). Another
study using several delayed saccade protocols in a
retinotopic mapping design identified a putative LIP
equivalent in superior parietal cortex just beyond the
medial end of posterior IPS (Sereno et al. 2001). The
same region was involved in remapping of the contra-
lateral space when fixating subjects had to perform
two subsequent saccades to remembered target loca-
tions in another variation of the double step saccade
task (Medendorp et al. 2003).

Taken together, most of the studies cited above sug-
gest that the human equivalent for monkey area LIP
(hLIP) is situated in medial IPS rather than lateral IPS.
Compelling evidence for that conclusion comes from a
recent fMRI study in which the same saccade task was
performed in both humans and monkeys (Koyama
et al. 2004; Fig. 6). In that study, BOLD (blood oxygena-
tion level dependent) signal changes were compared
in response to visually guided leftward and rightward
saccades (Fig. 6A). In monkeys, as in humans, a func-
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tionally equivalent region could be identified within
IPS that was highly selective to the direction of saccades
(Fig. 6B). However, whereas the monkeys most signific-
antly activated the lateral intraparietal cortex (dorsal
portion of area LIP, LIPd), the corresponding activa-
tions in human IPS were found in the posterior part of
medial intraparietal cortex (Fig. 6B,C). As that study
used identical tasks and identical methods, it must be
concluded that the functional organization of the IPS
in terms of area LIP is different between monkeys and
humans with hLIP found on the medial wall of IPS.

Area CIP in macaques

The macaque area CIP is situated in the lateral bank of
the caudal IPS posterior to area LIP, and receives fibre
projections from visual areas V3, V3A and probably V4
(Cavada & Goldman-Rakic, 1989; Tsutsui et al. 2003).
Neurons in area CIP are involved in the analysis of 3D
object features, and are especially responsive to axis and
surface orientations of objects in space (Sakata, 2003;
Tsutsui et al. 2003). Axis orientation-selective neurons
preferentially discharge upon the presentation of
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A response of a CIP neuron
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Fig. 7 Putative human CIP equivalent as assessed with fMRI (Shikata et al. 2001). (A) Electrophysiological recordings from a
texture gradient-sensitive neuron in macaque area CIP (adapted from Tsutsui et al. 2002, with permission). Responses to three
orientations [180° tilt, frontoparallel (FP), 0° tilt) are shown for dot texture patterns (dot-TP) and line texture patterns (line-TP)
aligned at the onset of sample stimulus presentation. Insets above rasters indicate stimuli presented. The neuronal responses are
selective to texture gradients of patterns defining 0° tilt (or right-side-nearer orientation). (B) Protocol of the fMRI study with
human subjects (Shikata et al. 2001). After a cue stimulus ("O’ for orientation discrimination, ‘C’ for colour discrimination), sample
and test stimuli composed of dot-TPs and different colours were sequentially presented. Subjects were asked to press a button
as soon as the matching stimulus appeared. (C) Surface orientation discrimination vs. colour discrimination significantly activated
two regions in human IPS bilaterally (single subject brain, P < 0.05, corrected; detailed images thresholded at P < 0.001,
uncorrected). The posterior activation (putative human CIP, hCIP) is stronger positively modulated by the orientation
discrimination performance of the subjects than the anterior region (putative human AIP, hAIP). (Adapted from Shikata et al.

2001, with kind permission.)

elongated stimuli and show tuning to the orientation
of the longitudinal axes of objects in 3D space (Sakata
et al. 1998). Other neurons within area CIP are selective
for the 3D surface orientation of a flat surface defined
by binocular disparity (Shikata et al. 1996; Sakata et al.
1998; Taira et al. 2000). However, not only binocular but
also monocular depth cues are processed in macaque
area CIP. For example, the specific 3D orientation of
texture gradients consisting of dots or lines with per-
spective cues (e.g. texture spacing, size and shape cues)
constitutes an effective stimulus for activating CIP
neurons (Tsutsui et al. 2002; Fig. 7A). Importantly, texture
gradient-sensitive neurons are not responsive to the
local features of the dot patterns, but rather respond
to the gradient signals extracted from the texture
patterns (Tsutsui et al. 2002). The majority of surface-

orientation-selective neurons are sensitive to both dis-
parity and perspective cues, and neural responses are
the strongest when both cues are present (summation
effect) (Tsutsui et al. 2001). Because the preference of
CIP neurons for texture and disparity gradients is
significantly correlated in terms of surface orientation
selectivity, area CIP may integrate these different
(binocular, monocular) spatial depth cues to compute
a 3D surface representation of the perceived object
(Taira et al. 2000; Tsutsui et al. 2002). Additionally, it
has recently been demonstrated that a high proportion
of CIP neurons show delay activity and match enhance-
ment after presentation of a specific surface orientation,
possibly reflecting neural substrates for short-term
memory of 3D surface orientations (Tsutsui et al. 2003).
Inactivation of CIP neurons through intracortical
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injections of the GABA, agonist muscimol leads to a
significant impairment of 3D surface orientation dis-
crimination without affecting the ability to discrimin-
ate 2D shapes (Tsutsui et al. 2001).

Conceptually, area CIP is probably part of a neural
circuit for visually guided grasping movements (Sakata,
2003). It has been proposed that area CIP analyses the
3D shape and 3D orientation of objects by integrating
binocular and monocular depth cues and information
from the dorsal and ventral visual streams (Sakata,
2003; Tsutsui et al. 2003). Object information is then
fed forward to visual-dominant and visual-and-motor
neurons in area AIP (see above), which further projects
to motor-related neurons in area F5 in the ventral pre-
motor cortex coding for finger shaping and grasping
movements (Rizzolatti et al. 1998; Sakata, 2003).

Putative human CIP equivalent

PET and fMRI studies have demonstrated that also in
humans, as in macaques, posterior portions of the IPS
are activated during the analysis of surface and pattern
orientation (Taira etal. 1998; Faillenot et al. 1999,
2001). In an fMRI experiment, neural activity was
increased in caudal parts of right IPS when subjects had
to discriminate whether the central part of a surface
was protruded or recessed based on shading cues (Taira
et al. 2001).

Shikata et al. (2001) used event-related fMRI to iden-
tify the neural correlates for surface orientation dis-
crimination with monocular depth cues such as texture
gradients, similar to those employed in macaques for
studying area CIP. In that experiment, subjects had to
encode and subsequently to recognize the orientation
of a sample stimulus consisting of black dots assembled
into a perspective array (rendering a slanted plane
in virtual 3D space) in a delayed matching-to-sample
(DMS) task (Fig. 7B, upper row). The control conditions
consisted of colour discrimination between the sample
and the test stimuli (Fig. 7B, lower row). Comparing
surface orientation discrimination vs. colour discrimi-
nation showed increased neural activity in two distinc-
tive IPS regions, bilaterally, comprising anterior and
posterior intraparietal cortex, respectively (Fig. 7C). In
particular, the posterior activation was strongly modul-
ated by the discrimination performance of the subjects,
which implies that the putative human CIP equivalent
(hCIP) is primarily related to the surface orientation
discrimination task per se whereas the anterior activa-
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tion (putative hAIP) possibly reflects a more general
visual representation of 3D object features that can
be used for grasping movements (see above). This
hypothesis is supported by a recent fMRI experiment by
Shikata et al. (2003) showing that the activity in hAIP is
highly modulated during the surface orientation dis-
crimination task when subjects were asked to imagine
or pantomime grasping movements related to the
perceived 3D surface with their right index finger and
thumb. By contrast, the activity in hCIP during surface
orientation discrimination is not influenced by imag-
ined or executed spatial finger adjustments, indicating
that hCIP is likely to be concerned with coding 3D
features of objects whereas hAIP is more involved in
visually guided hand movements, as has been observed
in macaques (Shikata et al. 2003).

Interestingly, in both experiments (Shikata et al.
2001, 2003) the anatomical position of the putative
human CIP equivalent was found on the medial bank
of IPS, and not laterally, as described for macaque
area CIP, resembling the situation reported for the
human equivalent of macaque area LIP (Koyama et al.
2004).

Conclusions

The studies reviewed here show that the human IPS is
involved in visuomotor and attentional processes simi-
lar to those observed in macaques. Likewise, human IPS
comprises various functionally different highly special-
ized areas that are likely to reflect the human equi-
valents for macaque areas AIP, VIP, MIP, LIP and CIP
(Bremmer et al. 2001; Shikata et al. 2001; Grefkes et al.
2002, 2004; Koyama et al. 2004). However, the anatom-
ical arrangement of these functionally defined areas is
not entirely equivalent, especially for the lateral wall of
IPS comprising area hLIP and hCIP in macaques, which
appear to have ‘crossed’ the bottom of the sulcus to the
medial bank in humans.

That a functional area may be encountered at differ-
ent topographical positions in humans and monkeys is
a well-known phenomenon. For example, the motion-
sensitive area MT/V5 is found in the superior temporal
sulcus in the macaque and in the inferior temporal
sulcus in humans (Zeki et al. 1991; Watson et al. 1993;
Wunderlich et al. 2002). Such differences in functional
topography may result from disproportionate expan-
sion of cortical regions in humans (Orban et al. 2004).
Warping techniques that register the macaque cortex
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to the human brain using anatomical and functional
landmarks suggest that in humans the parietal visual
cortex underwent greater expansion than the ventral
visual cortex (Denys et al. 2004; Orban et al. 2004).
Therefore, the evolution of the dorsal visual stream
representing areas concerned with action in space
(Ungerleider & Mishkin, 1982) and adjacent cortical
regions comprising language areas (Ungerleider et al.
1998) might have led to a ‘medialization’ of the human
LIP and CIP equivalents. The functional centre of grav-
ity of hLIP is found posterior to hMIP (Grefkes et al.
2004; Koyama et al. 2004). In addition, the putative
human equivalents for area CIP and the V6 complex
within the parieto-occipital sulcus (Fig. 1) are found
more medially in humans than in macaques (Shikata
et al. 2001, 2003; Dechent & Frahm, 2003). By contrast,
the location of anterior regions of human IPS compris-
ing areas hAIP and hVIP seems to be relatively well pre-
served across the species (Bremmer et al. 2001; Grefkes
et al. 2002).

These interspecies differences in the functional
organization of the IPS are also paralleled by structural
differences in the anatomy of the intraparietal region.
For example, the IPS in humans — especially in its medial
and posterior aspects — is often markedly gyrified,
sometimes containing various subsulci or even a large
intraparietal gyrus (as depicted in Fig. 2B, left to the
‘ips’ arrowhead), which is not the case in the macaque
brain. The degree to which this apparent anatomical
enlargement reflects interspecies differences in the
organization of the IPS areas is unknown. Although
various functional imaging studies have consistently
demonstrated that human areas MIP and LIP are both
located medially to the main (i.e. deepest) branch of
the IPS (Sereno et al. 2001; Medendorp et al. 2003;
Grefkes et al. 2004; Koyama et al. 2004), there is still some
evidence for a relative dorso-medial and ventro-lateral
separation between the functional zones associated
with visual attentional and motor intentional processes
(Rushworth et al. 2001), indicating that both areas
(hLIP and hMIP) may also be anatomically separated in
the human brain.

There remains a great number of questions that need
to be addressed in future experiments. For example,
the precise topography of human areas hAIP, hVIP,
hMIP, hLIP and hCIP within the intraparietal cortex is
not yet clear. In particular, the anatomical relationship
between hLIP and hMIP both closely situated on the
medial wall has to be examined further. A promising

approach to that question may be found in monkey
fMRI as this method fills the missing link between neuro-
physiology in macaques and fMRI in humans, and may
therefore provide direct comparisons of fMRI-based
functional anatomy between humans and monkeys
(Koyama et al. 2004; Orban et al. 2004). Such studies
have already suggested that human IPS contains prob-
ably more visuospatial processing areas than macaque
IPS (Vanduffel et al. 2002). In addition, preliminary
data from structural analyses indicate that that there
might be more areas in human IPS than in the monkey
(Zilles & Palomero-Gallagher, 2001; Choi et al. 2002).
Because little is known in terms of the microstructural
anatomy of the human intraparietal cortex, further studies
using cyto-, myelo- or receptorarchitectonical approaches
may provide useful information to establish equivalencies
in the organization of the IPS in humans and macaques.
And finally, human IPS and its surrounding cortical
areas are strongly implicated in many higher cognitive
functions, e.g. spatial orientating and re-orientating
(Corbetta et al. 1998; Thiel et al. 2004) or local/global
processing (Fink et al. 1996, 1999). Some of these cog-
nitive processes have been investigated in the macaque
(Horel, 1994; Robinson et al. 1995; Tanaka et al. 2001),
but more studies comparing well-established protocols
in humans and macaque are needed. Only by such a
multifaceted approach we will obtain a clearer picture
with regard to interspecies differences in the functional
and structural organization of the parietal cortex.
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