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Visual Processing and Action

Successive Fixations Focus Our Attention in the Visual Field
Attention Selects Objects for Further Visual Examination

Activity in the Parietal Lobe Correlates with Attention
Paid to Objects

The Visual Scene Remains Stable Despite Continual Shifts
in the Retinal Image

Vision Lapses During Saccades

The Parietal Cortex Provides Visual Information to the
Motor Syste

An Overall View

ISION REQUIRES EYE MOVEMENTS. Small eye
‘ / movements are essential for maintaining the
contrast of objects that we are examining. With-
out these movements the perception of an object rap-
idly fades to a field of gray, a phenomenon correlated
with the decreased response of neurons in area V1 (see
Chapter 25). Large eye movements direct the fovea
from one object to another. These movements or sac-
cades bring the high resolution of the fovea to bear on
different regions of the visual field, exploiting the high
density of photoreceptors in the central fovea. With-
out saccades this high-resolution processing could be
achieved only by moving the head or body.

The preceding chapters have described how visual
images are constructed, beginning with the processing
of intensity and contrast, then the integration of visual
primitives, and finally the high-level processing that
leads to the recognition of objects. But the visual sys-
tem involves more than just object recognition. It must

also support the brain’s goal of assigning significance
to objects in order to develop strategies for interact-
ing with the environment. Thus the brain must be able
to select some objects for greater examination while
ignoring others.

In this chapter we consider how saccades support
that goal. We first consider the essential benefits that
saccades provide, shifting attention in the visual field
and assisting with the preparation to grasp objects. We
then consider the brain mechanisms that solve a major
problem created by saccades—the fact that the retinal
image is abruptly displaced with every saccade.

In shifting our attention from how the brain con-
structs a visual scene to how it uses visual informa-
tion to plan actions, we now concentrate on the region
of the brain referred to as the dorsal visual pathway
(Figure 29-1). This pathway extends from V1 to the
regions in parietal cortex that continue the intermedi-
ate level of visual processing, such as the middle tem-
poral area, and then to other regions of parietal and
frontal cortex. The regions particularly relevant to this
chapter are in the parietal cortex, such as the lateral
intraparietal area, but include also the frontal eye field
region of the frontal cortex.

Successive Fixations Focus Our Attention
in the Visual Field

A saccade usually lasts less than 40 ms and redirects
the center of sight in the visual field. Saccades occur
several times per second, and each intervening period



Figure 29-1 Pathways involved in visual processing
for action. The dorsal visual pathway (blue) extends

to the posterior parietal cortex and then to the frontal
cortex. The ventral visual pathway (pink) is considered
in Chapter 27. (AIP, anterior intraparietal cortex; FEF,
frontal eye field; IT, inferior temporal cortex; LIP, lateral
intraparietal cortex; MIP, medial intraparietal cortex;
MST, medial superior temporal cortex; MT, middle
temporal cortex; PF, prefrontal cortex; PMd, PMyv,
dorsal and ventral premotor cortices; TEO, occipitotem-
poral cortex; VIP, ventral intraparietal cortex; V1-V4,
areas of visual cortex.)

of fixation lasts several hundred milliseconds. The
Russian psychologist Alfred Yarbus was the first to
show that the pattern of saccades made by a human
looking at a picture reflected the cognitive purpose
of vision. He found that saccades were not directed
equally to all parts of a scene. Areas of apparent inter-
est were fixated most frequently, whereas background
objects were ignored. For example, the faces of people
were fixated repeatedly (Figure 29-2).

The image on the fovea shifts with each saccade,
yet we perceive a stable visual world. How does that
come about? One possibility is that the brain creates a
representation of the entire visual scene from a series
of visual fixations across the scene and that what we
see is this summed representation of the visual world.
If that were so, we should have detailed knowledge of
the entire visual scene at any given instant.

A series of experiments on change blindness showed
that this is not the case. These experiments involved
changing a picture during the brief time when the viewer
made a saccade from one part of the scene to another.
If there were a relatively complete internal representa-
tion of the scene before the saccade, then any substantial
change made during the saccade should have been rec-
ognized. But even a large change frequently went unrec-
ognized. This change blindness occurred even when
there were no actual eye movements, as when two pic-
tures were shown in succession with only a brief blank
between them to simulate the effect of an eye movement
(Figure 29-3).

The results of the change-blindness experiments are
inconsistent with the hypothesis that we are continually
updating a complete representation of the visual field
from second to second. Instead we seem to pay attention
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to only certain fragments of the scene. This selective vis-
ual attention relies on the saccades that bring the images
of desired parts of the visual field onto the fovea.

Attention Selects Objects for Further
Visual Examination

In the 19th century William James described attention
as “the taking possession by the mind in clear and
vivid form, of one out of what seem several simultane-
ously possible objects or trains of thought. It implies
withdrawal from some things in order to deal effec-
tively with others.” James went on to describe two
kinds of attention: “It is either passive, reflex, non-
voluntary, effortless or active and voluntary. In pas-
sive immediate sensorial attention the stimulus is a
sense-impression, either very intense, voluminous, or
sudden ... big things, bright things, moving things ...
blood.”

More recently these two kinds of attention have
been termed involuntary (exogenous) and wvoluntary
(endogenous) attention, or bottom-up and top-down
attention. Your attention to this page as you read it
is an example of voluntary attention. If a bright light
suddenly flashed, your attention would probably be
pulled away involuntarily from the page.

Voluntary attention is closely linked to saccades
because the fovea has a much denser array of cones
than the peripheral retina (see Figure 26-1), and this
permits a finer-grain analysis of objects than is possible
with peripheral vision.

Attention, both voluntary and involuntary, has
several measurable effects on human visual perform-
ance: It shortens reaction time and makes perception
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Figure 29-2 Eye movements during vision. A
subject viewed this painting (An Unexpected Visitor
by llya Repin) for several minutes, making saccades
to selected fixation points—primarily faces—that
presumably were of most interest. Lines indicate
saccades, and spots indicate points at which the eyes
fixated. (Reproduced, with permission, from Yarbus
1967)

more sensitive. This increased sensitivity includes the
abilities to detect objects at a lower contrast and ignore
distracters close to an object. The abrupt appearance
of a behaviorally irrelevant cue such as a light flash
reduces the reaction time to a test stimulus presented
300 ms later in the same place, but increases reaction
time when the test stimulus appears at a different
place. The light flash involuntarily draws attention to
itself, and attention to that location is maintained for
a brief period, thus accelerating the visual response
to the later test stimulus at the location. Similarly, if a
subject plans a saccade to a particular part of the visual
field, the contrast threshold at which any object there
can be seen is lowered by 50%. The saccade, under vol-
untary control, draws attention to its goal.

Activity in the Parietal Lobe Correlates with
Attention Paid to Objects

Clinical studies have long implicated the parietal lobe
in the process of visual attention. Patients with lesions
of the right parietal lobe have normal visual fields
when their visual perception is studied with a single
stimulus in an uncomplicated visual world. However,
when presented with a more complicated world, with
objects in the right (ipsilateral) and left (contralateral)
visual hemifields, they tend to report more of what lies
in the right visual hemifield.

This deficit, known as neglect syndrome (see
Chapter 17), arises because attention is focused on the
visual hemifield ipsilateral to the lesion. Even when
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patients are presented with only two stimuli, one in
each field, they report seeing only the stimulus in the
ipsilateral hemifield. They do not have the ability to
focus attention in the hemifield contralateral to the
lesion, and as a result they may not see everything in
that hemifield, even though the sensory pathway from
the eye to the striate and prestriate cortex is intact.

This neglect of the contralateral visual hemifield
extends to the neglect of the contralateral half of indi-
vidual objects. Patients with right parietal deficits often
have difficulty reproducing drawings. When asked
to draw a clock, for example, they may force all of the
numbers into the right side of the face (see Figure 17-11),
or when asked to draw a candlestick they may draw
only its right side (Figure 29-4).

The process of attentional selection is evident at
the level of single parietal neurons in the monkey. The
responses of neurons in the lateral intraparietal area
to a visual stimulus depend not only on the physical
properties of the stimulus but also on how the mon-
key behaves toward it. When a monkey fixates a spot, a
stimulus in the neuron’s receptive field evokes a mod-
erate response. When the animal must attend to the
same stimulus, the stimulus evokes a greater response,
often by a factor of two. Conditions that evoke both
involuntary and voluntary attention—the abrupt onset
of a visual stimulus in the receptive field or the plan-
ning of a saccade to the receptive field of the neuron—
evoke still greater responses (Box 29-1).

Neurons in the lateral intraparietal area collec-
tively represent the entire visual hemifield, but the
neurons active at any one moment represent only the
important or salient objects in the hemifield. That is, a
few salient objects—such as the goal of an eye move-
ment or a recent flash—evoke responses in a subset of
neurons, and the activity of these neurons is greater
than the background activity of the entire population
of cells. Both the attention mechanisms and saccades
are directed to the peak of the map.

The absolute value of the response evoked by a
salient stimulus does not determine whether the stim-
ulus is the most likely saccade target or most highly
attended stimulus. When a monkey plans a saccade to

Figure 29-3 Change blindness. In this example one picture

is presented followed by a blank for 80 ms, followed by the
second picture, another blank, and a repeat of the cycle. The
subject is asked to report what changed in the scene. There is
a substantial and, once perceived, obvious change between the
two pictures. It takes multiple repetitions for most observers
to detect the difference. (Reproduced, with permission, from
Ronald Rensink.)
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Figure 29-4 Drawing of a candlestick by a patient with a
right parietal lesion. The patient neglects the left side of the
candlestick, drawing only its right half. (Reproduced, with per
mission, from Peter Halligan.)

a stimulus in the visual field, attention is on the goal
of the saccade, and the activity evoked by the saccade
plan lies at the peak of the salience map. However, if a
bright light appears elsewhere in the visual field, atten-
tion is involuntarily drawn to the bright light, which
evokes more neuronal activity than does the saccade
plan. Thus the locus of attention can be ascertained
only by examining the entire salience map and choos-
ing its peak; it cannot be identified by monitoring
activity at one point alone.

The Visual Scene Remains Stable Despite
Continual Shifts in the Retinal Image

Saccades create a major challenge for visual process-
ing. Successive saccades produce a series of discrete
images, each centered where the eye is looking (Figure
29-8). Although this result might be expected to resem-
ble a home movie with the camera moving about in a

jumpy fashion, it does not. How visual scenes remain
stable despite repeated shifts in focus has been a source
of speculation since the 1600s.

Although the basis of this stability is not under-
stood, changes in perception at the time of a saccade
offer clues. At the time of a saccade, objects in the
perceived scene do not have exactly the same spatial
arrangement as in the visual field. The perceived scene
appears spatially compressed such that stimuli pre-
sented just before the saccade appear closer to the pre-
saccade point of fixation, whereas stimuli presented
after the saccade appear to be closer to the saccade’s
target (Figure 29-9).

This spatial compression is usually no larger than
half the size of the saccade and occurs only when there
is a larger visual scene. It is not due to stimuli falling
on different parts of the retina because of the saccade,
for stimuli presented before the saccade also appear
compressed. These considerations indicate that some
extravisual information is involved in the processing
of saccade commands.

What neuronal mechanism might underlie this
apparent shift in images at the time of saccades?
Neurons in the parietal cortex alter their activity preced-
ing saccades in ways that seem remarkably related to
the perceptual phenomenon. When a monkey is about
to make a saccade, a neuron becomes less sensitive to
the stimulus already present in its receptive field and
begins to respond to the stimulus that will be within
the receptive field after the saccade (Figure 29-10).

This shift in selectivity can begin even before the
saccade commences. Not every stimulus in the visual
field will activate the neuron, only those that will fall
in the neuron’s receptive field after the saccade. After
completion of the saccade, the neuron is again acti-
vated only by those stimuli that are actually within its
receptive field.

These observations reveal two neuronal mecha-
nisms that contribute to the stabilization of the visual
scene during saccades. First, neurons shift their recep-
tive fields from one part of the visual field to another
before the saccade occurs. This shift in receptive field
is comparable to the change in perceived location of
stimuli before the saccade and might contribute to the
compression in the perceived visual scene at the time
of the saccade. The output of the parietal neurons is
interpreted as indicating that stimuli are present in one
part of the visual field, although at the time of the sac-
cade the neurons are responding to stimuli that will
be in their receptive field after the saccade as well as
to stimuli presently within the receptive field. If the
brain assumes that stimuli at both locations are joined



together, this could account for the compression of the
perceived scene.

Second, because the new receptive-field position
after a saccade depends on the amplitude and direc-
tion of the saccade, the parietal neurons must have
advance information about the saccade. There are only
two potential sources of this information. One is the
feedback to the brain from the peripheral propriocep-
tors in the eye muscles that could inform the brain
that the eye is moving. This is unlikely because both
the receptive field shifts and the perceptual compres-
sion begin even before the eye moves, and the cortical
representation of eye position lags the eye movement
by nearly 100 ms. The second potential source is the
motor system that controls movement of the eyes (see
Chapter 39). This system could send a copy of its sig-
nals, known as a corollary discharge or efference copy,
to the parietal cortex to inform it that the saccade is
about to occur. This signal would provide the informa-
tion on the amplitude and direction of the impending
saccade needed to compute the new receptive-field
location before the saccade actually occurs.

The specific source of a corollary discharge to the
parietal cortex remains unknown, but neurons in the
frontal eye field that show shifts in receptive-field sen-
sitivity similar to those in the lateral intraparietal area
do receive an identified corollary discharge. The source
of this corollary discharge is the saccade-generating
neurons in the superior colliculus. Because the parietal
cortex and frontal eye field have strong reciprocal con-
nections, the same corollary discharge input could
affect both structures.

The corollary discharge from the superior col-
liculus reaches the frontal eye field through a relay
in a higher-order thalamic nucleus, the medial dor-
sal nucleus (Figure 29-11A). Neurons in this nucleus
signal the amplitude and direction of an impending
saccade and could therefore provide the information
needed to shift the receptive fields of neurons in the
frontal eye field and lateral intraparietal area before
the saccade occurs. But do they? Inactivation of neu-
rons in the thalamic relay greatly reduces the ability of
frontal eye field neurons to shift their receptive fields
prior to a saccade (Figure 29-11B), providing evidence
that the shift does depend on an efferent copy of the
saccade motor program.

Vision Lapses During Saccades

During a saccade the visual scene is not only displaced
but also swept rapidly across the retina as the eye
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moves at high speed. Because we are unaware of this
sweep, the American psychologist Edwin Holt at the
beginning of the 20th century posited that there must
be a central anesthesia during the eye movement.

But this cannot be true, for there are instances in
which vision is quite clear during a saccade. An object
can be seen during a saccade if it is moving as fast as
the eye and in the same direction, as occurs for exam-
ple during a saccade in the direction of a car passing the
observer in a train. What may instead be the case is that
much of the visual scene is ordinarily blurred by the
speed of eye movement. But why does the blur not reach
consciousness? Two underlying mechanisms in combi-
nation probably account for this perceptual omission.

The first mechanism is visual masking, which is
the effect one image has on another when the two are
presented in rapid succession. For example, a higher-
contrast image reduces or eliminates the perception
of a lower-contrast image. This happens during a
saccade: The rapid movement of the eye over the scene
produces a blurred, low-contrast image that is masked
by the stable, high-contrast images before and after
the saccade. This masking can be demonstrated by
an experiment in which high-contrast images are not
present before or after the saccade. Under these condi-
tions a blurred image is seen. If a high-contrast image
is present after the saccade, however, the blur vanishes
(Figure 29-12A).

There are conditions, however, when extravisual
input, such as a corollary discharge, also must be present.
For example, a coarse grating can be seen even when it
moves across the retina at the high speeds of saccades if
the bars are oriented in the same direction as the saccade
(Figure 29-12B). When the eyes are fixated, low- and
middle-frequency gratings can be seen but very high-
frequency gratings are not well seen. In contrast, dur-
ing a saccade the detection of low-frequency gratings is
markedly impaired but the highest-frequency gratings
remain visible. Thus the reduction of sensitivity during
the saccade, known as saccadic suppression, is specific
for low-frequency gratings.

These low spatial frequencies are precisely those
most likely to escape the effects of visual mask-
ing, so that a reduction in sensitivity to these stimuli
must result from extravisual input such as a corollary
discharge. They are also the best stimuli for the mag-
nocellular component of the geniculostriate pathway,
for the parvocellular pathway is more sensitive to high
spatial frequencies. Both masking and corollary dis-
charge must jointly act to produce the saccadic sup-
pression that usually eliminates the intrusive motion
of the scene during saccades.



Box 29-1 The Effect of Behavioral Significance on Neuronal Responses

The responses of neurons in the lateral intraparietal area
to visual stimuli vary with the behavioral significance
of stimuli as well as the physical characteristics of the
stimuli. This can be demonstrated by recording from
neurons while a monkey makes eye movements across
a stable array.

Stable objects in the visual world are rarely the
objects of attention. In the lateral intraparietal area, as
in most other visual centers of the brain, neuronal recep-
tive fields are retinoptic, that is, they are defined relative
to the center of gaze. As a monkey scans the visual field,
fixed objects enter and leave the receptive fields of neu-
rons with every eye movement without attracting the
animal’s attention (Figure 29-5).

The abrupt appearance of a visual stimulus can
evoke involuntary attention, however. When a light
flashes in the receptive field of a lateral intraparietal
neuron, that cell responds briskly (Figure 29-6A). In
contrast, a stable, task-irrelevant stimulus evokes little
response when eye movements bring it into the neu-
ron’s receptive field (Figure 29-6B).

When the stimulus appears abruptly outside the
receptive field, a saccade brings the attention-commanding
stimulus into the receptive field, evoking a large response
from the neuron (Figure 29-6C). When the monkey makes
the saccade, the objects in the visual field are identical in
both cases. However, the stable stimulus is presumably
unattended, whereas the light flash evokes attention and
provokes a much larger response. Stable objects can evoke
enhanced responses when they become relevant to the
animal’s current behavior.

In the experiment of Figure 29-7 the monkey begins
by fixating one of several images outside the receptive
field. A cue appears, also outside the receptive field,
that tells the monkey which image it should fixate
after a saccade to the center of the array of images. If
this second target is already in the receptive field the
stimulus evokes a large response. If it is not, the stim-
ulus evokes little response when the saccade brings it
into the receptive field. Thus attention modulates the
activity of neurons in the lateral intraparietal cortex
(LIP) regardless of how that attention is evoked.
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Figures 29-5 Exploring a stable array of objects. The
monkey views a screen with a number of objects, which
remain in place throughout the experiment. The monkey'’s
gaze can be positioned so that none of the objects are

included in the receptive field of a neuron (left), or the
monkey can make a saccade that brings one of the objects
into the receptive field (right). (Reproduced, with permis-
sion, from Kusunoki, Gottlieb, and Goldberg 2000.)
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Figures 29-6 A neuron in the lateral intraparietal area
fires only in response to salient stimuli. In each panel
neuronal activity along with horizontal (H) and vertical (V)
eye positions are plotted against time.

A. A stimulus flashes in the receptive field while the
monkey fixates.
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Figures 29-7 A neuron in the lateral intraparietal area
fires before a saccade to a stable object. On each trial
one object in a stable array becomes significant to the
monkey because the monkey must make a saccade to it.
The monkey fixates a point outside the array, and a cue
that matches an object in the array appears outside the
neuron's receptive field. The monkey must then make a
saccade to the center of the array and a second saccade
to the object that matches the cue. Two experiments are
shown, each in three panels. The left panel shows the
response to the cue when it appears outside the recep-
tive field, the center panel shows the response after the
first saccade that brings the cued object into the receptive

B. The monkey makes a saccade that brings a stable, task-
irrelevant stimulus into the receptive field.

C. The monkey makes a saccade that brings the position
of the recent light flash into the receptive field.
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field, and the right panel shows the response just before
the saccade to the cued object. The cues are shown here
in green for clarity but were black in the experiment.

A.The monkey is trained to make the second saccade to
the cued object; the cell fires intensely when the first sac-
cade brings the object into the receptive field.

B. The monkey is trained to make the second saccade to
an object outside the receptive field; the cell fires much
less when the saccade brings the task-irrelevant stimulus
into the receptive field. The visual scene at the time of the
saccade is identical in both experiments.
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Figure 29-8 Saccades present the brain with rapid changes
in the retinal image. (Reproduced, with permission, from
Wurtz 2008.)

A. Saccades (blue lines) result in a series of fixations at various
locations in the visual field (blue dots)

B. The successive fixations are represented here as isolated
foveal images.

C.The sensory signals for successive fixations provide no infor
mation about the location of each fixation. The visual informa-
tion from each fixation is interspersed with the blurs from the
intervening saccades.

Changes in neuronal activity that are associated
with a reduction of visual sensitivity have been found
along the visual pathway and are probably due to
both visual masking and corollary discharge. Neu-
ronal correlates of visual masking are evident in the
responses of neurons in the primary visual cortex.
Many V1 neurons fire when eye movement sweeps a
lone stimulus across their receptive fields but do not
fire when another stimulus falls within their recep-
tive fields just before the saccade (Figure 29-13A).
The masking effect of the stimulus falling within the
receptive fields before the saccade is analogous to
the stationary visual scene before and after a saccade
masking the blur of the scene during the saccade. The
same masking occurs when moving stimuli sweep
across the receptive fields at saccade speeds while the
monkey continues to fixate. This neuronal masking
effect therefore stems entirely from visual processing;
no saccade is required.

Saccadic suppression due to corollary discharge
is most pronounced for stimuli with low spatial fre-
quency and high contrast, the stimuli that are most
effective for activating neurons in the magnocellular
pathway of the visual system. During saccades the
activity of neurons in the lateral geniculate nucleus
is altered and frequently reduced, but the suppres-
sion is limited and not confined to the magnocellular
layers. In the absence of visual masking, neurons in
cortical area V1 show little suppression during sac-
cades so the effect of corollary discharge on the genic-
ulocortical pathway is limited. But in the regions of
extrastriate cortex devoted to motion processing,
the middle temporal and medial superior temporal
areas, there is clear suppression of visual stimuli
during saccades that could result from a corollary
discharge.

When eye movement sweeps the stimulus across
the retina, neurons do not respond, but when the
stimulus is moved at the same speed in front of the
stationary eye, these same neurons fire robustly (Fig-
ure 29-13B). The likely explanation of this difference
is that a corollary discharge of the saccade command
reduces the response of the neurons to the stimulus.
One possible source of this corollary discharge is the
superior-collicular signal that shifts receptive fields in
frontal and parietal cortex. This is a likely possibility
because visual neurons in the superior colliculus are
also suppressed during saccades and this suppression
stems from corollary discharge.

At both the neuronal and behavioral levels, then,
there is evidence that visual masking and corollary dis-
charge act together to reduce the disruption of vision
during saccades.
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The Parietal Cortex Provides Visual
Information to the Motor System

Vision interacts with the supplementary and premotor
systems to prepare the hands for action. When you
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Figure 29-10 Activity in a parietal cortex neuron anticipates
a change in position of its receptive field due to a saccade.
Neuronal activity is aligned to the stimulus onset. The response
of the cell to a stimulus in its receptive field decreases, even

Time (ms)

pick up a pencil your fingers are separated from your
thumb by the width of a pencil; when you pick up a
drink your fingers are separated from your thumb
by the width of the glass. The visual system helps to
adjust the grip width before your hand arrives at the

Stimulus onset in:
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before the onset of the saccade (A), while its response to a
stimulus in the anticipated postsaccade position of its receptive
field increases (B). (Modified, with permission, from Nakamura
and Colby 2002.)
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Figure 29-11 A corollary discharge from the motor pro-
gram for saccades directs presaccade shifts in receptive-
field location for frontal eye field neurons.

A. One possible pathway for a corollary discharge to the
cerebral cortex originates in saccade-generating neurons in the
superior colliculus, passes through the medial dorsal nucleus
of the thalamus, and terminates in the frontal eye field (FEF) in
the frontal cortex.

object. Similarly, when you insert a letter into a mail
slot your hand is aligned to place the letter in the slot.
If the slot is tilted, your hand tilts to match.

Patients with lesions of the parietal cortex can-
not adjust their grip width or wrist angle using vis-
ual information alone, even though they can verbally
describe the size of the object or the orientation of the
slot. Conversely, patients with intact parietal lobes
and deficits in the ventral stream cannot describe the
size of an object or its orientation but can adjust their
grip width and orient their hands as well as normal
subjects can. The parietal lobe is a critical source of

—A
100 ms

B. When the medial dorsal nucleus (MD) is inactivated, the
response to a stimulus currently in the receptive field is unaf-
fected (upper records), whereas the response to a stimulus
in the prospective (postsaccade) location of the receptive field
is severely impaired (lower records). This result demonstrates
that a corollary discharge from the saccade motor program
directs the shift in the neuron'’s receptive field properties.
(Modified, with permission, from Sommer and Wurtz 2008.)

information about the visual properties of the targets
of movement.

As described in Chapter 16, the representation of
space in the parietal cortex is not organized into a single
map like the retinotopic map in primary visual cortex.
Instead it is divided into four areas that analyze the
visual world in ways appropriate for individual motor
systems and project to areas of premotor cortex that
control individual movements (Figure 29-14).

The neural operations behind visually guided
movements involve identifying targets, specifying their
qualities, and ultimately generating a motor program
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Figure 29-12 Saccadic suppression.

A. Visual masking. When a subject makes a saccade to a
stable, high-contrast image (top), there is blurred image on
the retina (middle) but the viewer sees only the high-contrast
image after the saccade (bottom) and never a blur. If the high-
contrast image is present only during the saccade or slightly
after, the viewer sees a blur (zero on the horizontal axis of the
graph). When the high-contrast image remains on the screen
for a longer time after the saccade, the blurred image is no
longer evident (40 ms on the graph): The high-contrast image

Contrast sensitivity
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after the saccade masks the low-contrast blur. (Reproduced,
with permission, from Campbell and Wurtz 1978.)

B. Corollary discharge. A subject can see a coarse grating (low
spatial frequency) much better when it is presented briefly
during fixation than when it is presented during a saccade. A
fine grating (high spatial frequency) is seen just as well during a
saccade as during fixation (nearly superimposed red and blue
data points at 2 cycles per degree). (Reproduced, with permis-
sion, from Burr, Morrone, and Ross 1994.)
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Figure 29-13 Neuronal correlates of saccadic suppression.
A. Visual masking. 1. When a monkey makes a saccade across
a stimulus on a blank screen, a neuron in V1 responds (upper
record). However, if another stimulus falls in the neuron’s
receptive field before the saccade, the neuron does not
respond to the stimulus flashed during the saccade (middle
record), and the neuronal response resembles the response
to the first stimulus alone (lower record). 2. The same neuron
responds if the stimulus is swept across its receptive field
(RF) while the eye is stationary (upper record) but does not
respond to the same stimulus motion when it is preceded by a
stationary stimulus within the receptive field (middle record).

to accomplish the movement. Neurons in the parietal
cortex provide the visual information necessary for
independent movements.

The anterior intraparietal cortex has neurons that
signal the size, depth, and orientation of objects that
can be grasped. Neurons in this area respond to stimuli
that could be the targets for a grasping movement, and
also respond when the animal makes the movement

Again the neuron’s response resembles the response to the
first stimulus alone. This lack of response is a correlate of the
masking effect of one visual stimulus on another. (Modified,
with permission, from Judge, Wurtz, and Richmond 1980.)

B. Saccadic suppression. A middle temporal area neuron does
not fire during a saccade across a stationary stimulus (left) but
does fire when the stimulus is moved at the same speed in
front of the stationary eye (right). The difference is taken as
evidence that a corollary discharge from the saccade motor
system suppresses excitation of the neuron during the sac-
cade. (Modified, with permission, from Thiele et al. 2002.)

(Figure 29-15). Similarly, neurons in the medial intra-
parietal cortex represent the targets for reaching move-
ments and project to the frontal area that generates the
premotor signal for these movements.

The ventral intraparietal area has bimodal neu-
rons that respond to both tactile and visual stimuli in
the face (Figure 29-16). This area projects to the face
area of premotor cortex. Finally, neurons in the lateral



Figure 29-14 Four functionally discrete areas in
the intraparietal sulcus project to areas in the
premotor cortex. The medial intraparietal cortex
(MIP) represents targets of arm movements and
projects to the arm-control area of F2 in the dorsal
premotor area (PMd). The lateral intraparietal cortex
(LIP) represents targets of eye movements and
projects to the frontal eye field (FEF). The anterior
intraparietal cortex (AIP) represents targets for
grasping and projects to the hand-control area of
F5 in the ventral premotor area (PMv). The ventral
intraparietal cortex (VIP) represents the face and
projects to the face-control area of F4 in the ventral
premotor area. (Reproduced, with permission, from
Rizzolatti, Lupino, and Matelli 1998).

Viewing the object
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Figure 29-15 Neurons in the anterior intraparietal cortex
respond selectively to specific shapes. The neuron shown
here is selective for a rectangle, whether viewing the object or
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reaching for it. The neuron is not responsive to the cylinder in
either case. (Reproduced, with permission, from Murata et al.
2000.)
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Figure 29-16 Bimodal neurons in the ventral intraparietal
cortex of a monkey respond to both visual and tactile
stimuli. The neuron shown here responds to tactile stimulation

intraparietal area describe the targets for saccadic eye
movements and project to the frontal eye field.

An Overall View

The visual cortex is interconnected by ventral and dor-
sal streams of neuronal processing. The ventral stream
provides information about the nature of the objects
represented; the dorsal stream provides information
that the oculomotor and skeletal motor system can use
for movement.

A critical function of the dorsal stream is to mediate
attention, which is necessary in order to select objects
in the visual field for further analysis. Neurons in
the parietal lobe of the monkey respond more vigor-
ously to attended objects than to unattended ones,
and the activity of neurons in the monkey’s parietal
lobe mirrors the attention paid to certain objects in the
environment.

Because visual information enters the brain
through eyes that are constantly moving, the brain
requires a mechanism to compensate for eye move-
ments, constructing a stable visual world from suc-
cessive fixations. Information supplied by the motor
system through corollary discharges is used to adjust

Visual stimulus

—
200 ms

of the monkey'’s head or to a visual stimulus coming toward
the head, but not to the same stimulus moving away from the
head. (Reproduced, with permission, from Duhamel et al. 1997)

the receptive fields of visual neurons to compensate
for intervening eye movements. The parietal lobe has
a number of distinct representations of the visual field,
each of which provides information to a specific motor
subsystem.

Michael E. Goldberg
Robert H. Wurtz

Selected Readings

Bisley JW, Goldberg ME. 2003. Neuronal activity in the
lateral intraparietal area and spatial attention. Science 299:
81-86.

Cohen YE, Andersen RA. 2002. A common reference frame
for movement plans in the posterior parietal cortex. Nat
Rev Neurosci 3:553-562.

Duhamel J-R, Colby CL, Goldberg ME. 1992. The updating
of the representation of visual space in parietal cortex by
intended eye movements. Science 255:90-92.

Henderson JM, Hollingworth A. 1999. High-level scene per-
ception. Annu Rev Psychol 50:243-271.



Milner AD, Goodale MA. 1996. The Visual Brain in Action.
Oxford: Oxford Univ. Press.

Morrone MC, Ross J, Burr DC. 1997. Apparent position of
visual targets during real and simulated saccadic eye
movements. ] Neurosci 17:7941-7953.

Rensink RA. 2002. Change detection. Annu Rev Psychol
53:245-277.

Ross J, Concetta Morrone M, Goldberg ME, Burr DC. 2001.
Changes in visual perception at the time of saccades.
Trends Neurosci 24:113-121.

Ross ], Ma-Wyatt A. 2004. Saccades actively maintain percep-
tual continuity. Nat Neurosci 7:65-69.

Sommer MA, Wurtz RH. 2008. Brain circuits for the inter-
nal monitoring of movements. Annu Rev Neurosci 31:
317-338.

Wurtz RH. 2008. Neuronal mechanisms of visual stability.
Vision Res 48:2070-2089.

References

Burr DC, Morrone MC, Ross J. 1994. Selective suppression
of the magnocellular visual pathway during saccadic eye
movements. Nature 371:511-513.

Burr DC, Ross J. 1982. Contrast sensitivity at high velocities.
Vision Res 22:479-484.

Campbell FW, Wurtz RH. 1978. Saccadic omission: why we
do not see a grey-out during a saccadic eye movement.
Vision Res 18:1297-1303.

Duhamel J-R, Bremmer F, BenHamed S, Graf W. 1997. Spatial
invariance of visual receptive fields in parietal cortex neu-
rons. Nature 389:845-848.

Duhamel J-R, Colby CL, Goldberg ME. 1998. Ventral
intraparietal area of the macaque: congruent visual
and somatic response properties. ] Neurophysiol 79:
126-136.

Duhamel J-R, Goldberg ME, FitzGibbon EJ, Sirigu A, Grafman
J. 1992. Saccadic dysmetria in a patient with a right fron-
toparietal lesion: the importance of corollary discharge for
accurate spatial behavior. Brain 115:1387-1402.

Chapter 29 / Visual Processing and Action 653

Goodale MA, Meenan JP, Bulthoff HH, Nicolle DA, Murphy
KJ, Racicot CI. 1994. Separate neural pathways for the vis-
ual analysis of object shape in perception and prehension.
Curr Biol 4:604-610.

Henderson JM, Hollingworth A. 2003. Global transsaccadic
change blindness during scene perception. Psychol Sci
14:493-497.

Hollingworth A, Henderson JM. 2002. Accurate visual mem-
ory for previously attended objects in natural scenes.
J Exp Psychol Hum Percept Perform 25:113-136.

Honda H. 1991. The time courses of visual mislocalization
and of extraretinal eye position signals at the time of verti-
cal saccades. Vision Res 31:1915-1921.

Judge SJ, Wurtz RH, Richmond BJ. 1980. Vision during
saccadic eye movements. I. Visual interactions in striate
cortex. ] Neurophysiol 43:1133-1155.

Kusunoki M, Gottlieb J, Goldberg ME. 2000. The lateral intrapa-
rietal motion, and task relevance. Vision Res 40:1459-1468.

Murata A, Gallese V, Luppino G, Kaseda M, Sakata H. 2000.
Selectivity for the shape, size, and orientation of objects
for grasping in neurons of monkey parietal area AIP.
J Neurophysiol 83:2580-2601.

Nakamura K, Colby CL. 2002. Updating of the visual repre-
sentation in monkey striate and extrastriate cortex during
saccades. Proc Natl Acad Sci U S A 99:4026-4031.

Perenin MT, Vighetto A. 1988. Optic ataxia: a specific disrup-
tion in visuomotor mechanisms. I. Different aspects of the
deficit in reaching for objects. Brain 111:643-674.

Rizzolatti G, Luppino G, Matelli M. 1998. The organization of
the cortical motor system: new concepts. Electroencepha-
logr Clin Neurophysiol 106:283-296.

Ross J, Morrone MC, Burr DC. 1997. Compression of visual
space before saccades. Nature 386:598-601.

Snyder LH, Batista AP, Andersen RA. 1997. Coding of inten-
tion in the posterior parietal cortex. Nature 386:167-170.

Thiele A, Henning P, Kubischik M, Hoffmann KP. 2002.
Neural mechanisms of saccadic suppression. Science
295:2460-2462.

Yarbus AL. 1967. Eye Movements and Vision. New York: Plenum.



