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SYNOPSIS 

This article reviews what is currently known 
about how the brain selects targets for saccadic eye 
movements. Saccade target selection is needed 
because primates can look at just one thing at a 
time. Target selection ought to be judicious because 
it is important to look at the right thing in a 
potentially dangerous and ever changing 
environment. Usually, conspicuous visual features 
attract gaze. While much is known about the low 
level mechanisms responsible for generating 
saccadic gaze shifts, very little is presently known 
about how the brain selects the targets for eye 
movements. Saccade target selection may not be 
that difficult a problem; there is not yet much 
neurophysiological data. Current data indicate that 
when confronted with multiple possible targets, 
comparisons, possibly through lateral inhibition, are 
made across the visual field by neurons encoding 
stimulus features within topographic maps. Through 
topographic mapping, the outcome of this visual 
spatial comparison ultimately activates neurons in 
maps of saccade direction and amplitude that 
generate a shift of gaze to the desired target and 
attenuates the activity of cells that would generate 
inappropriate saccades. Through investigating 
saccade target selection more can be learned about 
the roles of structures throughout the visual system 
as well as elucidating how processes such as 
attention and memory influence visual processing. 
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INTRODUCTION 

Primate visual behavior is organized around the 
fovea which provides high acuity vision over a 
limited range of the central visual field /29/. To 
identify an object in the scene, the eyes move in 
conjugate fashion so that the image of the object 
falls on the fovea. Saccadic eye movements are the 
rapid shifts of gaze that redirect the visual axis onto 
a new point in the image. Foveation of an object 
often precedes further action directed at the object, 
such as reaching and grasping /16/. During natural 
viewing, saccades of less than 10° amplitude, which 
are by far the most common 191, direct gaze to 
conspicuous and informative features in the scene 
/123,172/. Furthermore, when viewing complex 
images, gaze shifts exhibit idiosyncratic but fairly 
regular patterns of fixations which have been called 
scanpaths/112,182/. 

Normal visual behavior, thus, is accomplished 
through a continuous cycle of fixation and visual 
analysis followed by another fixation and renewed 
visual analysis; the focus of gaze shifts two to five 
times every second even when viewing a single 
object such as a face. This incessant scanning may 
seem to be unnecessary given that simple or familiar 
images like faces can be recognized at a glance /15/. 
Nevertheless, active scanning is what we do, so it is 
presumably adaptive. In fact, scanning movements 
have now been used to improve the performance of 
machine vision systems. A number of the 
computational problems of early vision are difficult 
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to solve when using a single image frame but can be 
solved when the cameras move, that is, when visual 
processing becomes integrated in ongoing behavior 
/5,12/. Thus, it seems that further progress in 
understanding the neural basis of visually guided 
behavior may require that perception and action be 
considered together /4,110/. Examination of the 
physiology and anatomy of the brain force the same 
conclusion; very few structures in the brain can be 
assigned exclusively sensory or motor functions. 
Understanding how the brain selects the targets for 
saccades will, therefore, involve understanding both 
visual processing as well as saccade production. 
After brief surveys of the visual and oculomotor 
systems, I review the studies that bear more directly 
on the issue of saccade target selection. A number 
of brain regions are ignored in this survey because 
of lack of information rather than lack of involve-
ment in saccade generation. 

ORGANIZATION OF THE PRIMATE 
VISUAL SYSTEM 

Work over the last 35 years has produced a 
detailed knowledge about the organization of the 
visual system in primates. Two key findings are im-
portant for understanding the function of the visual 
system in selecting features and objects on which to 
act. First, neurons in the visual cortex respond 
selectively to stimuli having different features /70/. 
Second, in the cortex there are multiple representa-
tions of the visual field with certain specific 
functional specializations /36,50/. 

Figure 1 portrays a very simplified version of the 
organization of the visual system in the macaque. 
Among several targets the retina sends efferents to 
the dorsal lateral geniculate nucleus (LGNd) and 
pulvinar in the thalamus and to the superior colli-
culus. The LGNd relays visual signals to the primary 
visual cortex (known as area VI). In area VI the 
visual field is represented in a precise visuotopic 
map with neurons having very small receptive fields 
that increase in size with eccentricity in the visual 
field. In VI neurons respond selectively to stimuli 
differing along several dimensions, including orien-
tation, color and direction of motion. The discri-
mination of these neurons provides the substrate for 

visual selection of stimuli on the basis of different 
features. Thus, having neurons that respond 
differently to red versus green spots provides signals 
that can be used to select just the red or just the 
green spots for some purpose. 

VI has a number of outputs, both cortical and 
subcortical. For example, neurons in layer 5 of VI 
project to the superior colliculus and confer visual 
responsiveness on neurons in the deeper layers of 
the superior colliculus /143/. Within the cortex, VI 
projects to at least seven secondary and tertiary 
regions. It is becoming evident that each of these 
regions is a separate map of the visual field, 
encoding somewhat different feature properties or 
processing attributes. At last count, 32 visual areas 
were identified in the cortex joined to one another 
by 305 connections /50/. 

Many properties distinguish the various cortical 
visual areas. For instance, the response properties of 
neurons vary across areas. Whereas neurons in the 
middle temporal visual area (area MT, also referred 
to as V5), situated in the caudal superior temporal 
sulcus of the macaque, respond preferentially to 
moving stimuli, neurons in the inferior temporal 
cortex respond preferentially to objects such as 
complex stimuli or faces /93,159/. In addition, 
selective lesions of different areas result in particular 
visual deficits. Whereas ablations of MT result in a 
specific deficit in perceiving the speed and direction 
of moving visual stimuli, ablations of V4 result in 
deficits in discrimination of hue and pattern and in 
the selection of the less prominent of several stimuli 
/68,111,140/. Also, ablations of the posterior 
parietal cortex result in deficits in behaviors 
requiring spatial judgments while ablations of the 
inferior temporal cortex cause deficits in behaviors 
requiring object recognition /96,167/. Another 
property that distinguishes cortical areas is that the 
visual field is mapped differently across areas; 
whereas in the inferior temporal cortex most 
neurons have receptive fields emphasizing the fovea 
and central vision, neurons in the posterior parietal 
cortex have receptive fields in the peripheral visual 
field. In fact, whereas certain areas in the visual 
cortex, such as VI , V4 and MT, have retinotopic 
maps, the areas exhibiting the extreme 
overrepresentations of central or peripheral visual 
field with large receptive fields have no discernible 
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Fig. 1: Simplified overview of macaque monkey cortical visual pathways. The location of the cortical areas described in this 
review are indicated. Associated with certain areas is a diagram of the visual field with an indication of the basic response 
property of the neurons in that area. The final stage of processing before each saccade occurs in the frontal eye field (FEF) 
located in the rostral bank of the arcuate sulcus. Neurons in FEF are visually responsive and discharge in relation to 
saccades. Whereas neurons in ventrolateral FEF have smaller, central receptive fields (dotted line) and fire for shorter 
saccades (arrow), neurons in dorsomedial FEF have larger, peripheral receptive fields and fire for longer saccades. 
Saccade-related activity is also found in the supplementary eye field (SEF), located on the dorsomedial convexity of the 
cortex, which is reciprocally connected with FEF. Cortical visual processing starts in the primary visual cortex (area VI) 
where the cells with small receptive fields in a very precise topographic map of the visual fields respond preferentially to 
stimuli of different orientations, color, direction of motion, stereoscopic depth, etc. (indicated by thin, vertical bar). 
Efferents from primary visual cortex innervate secondary (V2) and tertiary (e.g., V4, MT) areas from which issue forth 
many other connections, and the vast network may be organized in at least two streams. One stream passes through area 
V4 into the inferior temporal (IT) cortex. Neurons in area V4 have larger receptive fields and respond to static stimuli of 
different orientations or colors (indicated by gray bar); the level of activation of cells in V4 is modulated by visual 
attention. Area V4 innervates the prearcuate cortex in a topographic fashion. Neurons in caudal IT cortex exhibit less 
topographic organization than those in V4 but they are still tuned for stimulus features; efferents from this level of IT 
cortex project mainly to the ventrolateral portion of FEF. In rostral IT cortex neurons are selective for more complex 
visual objects (indicated by the star shape), including faces. The rostral regions of IT cortex, besides projecting into 
medial temporal lobe memory circuits, also innervates the ventrolateral prefrontal cortex. This region of prefrontal cortex 
sends axons into ventrolateral FEF. Thus, FEF itself receives direct visual information about features and indirect 
information about objects. The second cortical visual processing stream passes through the middle temporal visual area 
(MT, also referred to as V5) into the posterior parietal cortex (PP). Neurons in MT, also with larger receptive fields, 
respond best to stimuli moving in one direction (indicated by arrowheads). Neurons in PP cortex exhibit two pronounced 
extraretinal signals. The first, described in the text, is a modulation of visual responses according to visual attention. The 
second, illustrated by the variation in apparent receptive field size for different locations, is a modulation of visual 
responses by angle of gaze. Efferents from PP project throughout the FEF representation of short and long eye 
movements. 
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map. Finally, the constellation of intracortical 
connections supported by each area is different. For 
example, whereas the inferior temporal cortex is 
preferentially connected to the foveal representation 
of retinotopically mapped areas, the posterior 
parietal cortex is preferentially connected to the 
peripheral visual field representation of retinotopic 
areas/11,100/. 

Based on the patterns of anatomical connections, 
investigators have organized the various areas in a 
hierarchical scheme /6,18,37,50,183/. It is important 
to realize, though, that visual processing is not 
sequential, stepping from lower order to higher order 
areas. Were it sequential, visual response latencies 
ought to increase from one area to the next. It is the 
case that response latencies are shortest in VI 
/92,106/, ranging as low as 30 ms and up to 100 ms 
or more. However, although the mean visual 
response of neurons in the secondary visual area V2 
is around 10 ms greater than the VI average, many 
V2 neurons have latencies as low as those in VI 
/106/. On the other hand, response latencies in the 
inferior temporal cortex range from as low as 70 ms 
up to 200 ms /114/. For comparison, visual response 
latencies in the frontal eye field (FEF) average 
around 80 ms, ranging from as low as 40 ms to over 
100 ms /58,132/. Thus, while activation of many 
cells in VI precedes the activation of cells in other 
areas, the activation of other neurons in VI begins 
after neurons in higher visual areas have begun 
discharging. In general, within 60-100 ms after a 
stimulus appears almost all visually responsive 
structures in the brain become active. This simple 
fact challenges any concrete notion of exclusively 
serial, sequential processing. 

A number of findings have contributed to the 
view that two distinguishable visual pathways 
branch out from VI, one passing into the temporal 
lobe that is responsible for object recognition and 
the other running into the parietal cortex that is 
responsible for spatial localization /167,183/. Even 
though it is becoming clear that there is less segre-
gation and independence than was originally 
proposed 1961 and that alternative organizing 
schemes are possible /61/, it is not known precisely 
how information from the various cortical areas is 
combined to generate perception and action. Inves-
tigations of visually guided eye movements may 

provide data with which this question can be 
examined because information about both object 
identity and spatial location must be combined to 
produce accurate eye movements. That is, shorter 
eye movements are guided by both object and 
spatial information. However, longer eye move-
ments cannot be guided by sophisticated object 
recognition processes because of reduced peripheral 
visual acuity; longer saccades are involved in 
orienting responses to peripheral visual as well as to 
acoustic stimuli. Thus, by studying how saccades of 
different amplitudes are guided by different sorts of 
visual information, we can get more information to 
improve our understanding of the roles of different 
visual areas. 

ORGANIZATION OF THE PRIMATE 
OCULOMOTOR SYSTEM 

Figure 2 illustrates a selective overview of some 
of the major structures of the visuomotor system in 
primates. A sophisticated understanding of the eye 
movement production system has emerged over the 
last 25 years /28,179/. Saccadic eye movements are 
produced by a pulse of force to initiate the rapid 
movement combined with a step of force to hold 
the eye at its new location. A network of neurons in 
the brainstem is responsible for generating the 
activation of ocular motor neurons necessary to 
produce these forces. For our purposes what is 
important is that activation of a population of burst 
neurons initiates a saccade. These burst neurons are 
gated by another population of neurons that 
discharge at a high rate until each saccade. These 
pause neurons tonically inhibit the burst neurons; 
inhibition of the pause neurons releases the 
inhibition on the burst neurons thereby permitting 
production of a saccade. The direction of a saccade 
is specified by which population of burst cells fire. 
The amplitude of the saccade is specified by the 
burst frequency for saccades less than 15° and by 
burst duration for longer saccades. This network of 
neurons is so well understood that sophisticated, 
detailed models have been developed /169/. While 
the various models may differ in intrinsic details, 
they share the use of two inputs: where to shift gaze 
and when to shift gaze. 
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Thus , the next level o f t h e p r o b l e m involves 
specif icat ion of wh ich s a c c a d e t o p r o d u c e , in o ther 
words , p r o d u c i n g t h e con jo in t signals o f ' w h e r e ' 
and ' w h e n ' . O n e key s t r u c t u r e innerva t ing t h e 
saccade g e n e r a t o r is t h e super io r coll iculus / 128 , 
152/. T h e super io r col l iculus is o rgan ized wi th a 

t o p o g r a p h i c r ep re sen t a t i on o f visual space in its 
superficial layers and o f s a c c a d e m o v e m e n t d i rec-
t ion and ampl i tude in its d e e p e r layers. 

T h e func t iona l p r o p e r t i e s o f visually r e spons ive 
neu rons in t h e re t ino tec ta l sy s t em are substant ial ly 
di f ferent f r o m t h o s e in t h e re t inogen icu la te system. 

Fig. 2: Summary of the saccade generating network. The diagram illustrates a simplified schematic of the connectivity between 
structures involved in generating saccadic eye movements. A network located in the brainstem is responsible for 
generating saccadic eye movements. A saccade is initiated when burst neurons activate motor neurons. Burst neurons 
are gated by pause neurons. The saccade generation network requires two conjoint inputs, one signalling the desired 
direction and amplitude of the movement and the other triggering when to initiate the movement. One main source of 
these signals is the superior colliculus which receives visual afferents from the retina as well as descending inputs from 
many cortical areas, in particular the lateral intraparietal area (LIP) in the posterior parietal cortex, frontal eye field 
(FEF) and supplementary eye field (SEF). FEF and SEF each project directly to the saccade generator. FEF and SEF 
may also regulate the activity of neurons in the superior colliculus through a basal ganglia circuit. The superior 
colliculus receives tonic inhibition from the substantia nigra pars reticulata. Neurons in the substantia nigra are 
themselves inhibited in relation to visually guided saccades by an oculomotor region of the caudate nucleus. The 
oculomotor region of the caudate nucleus is innervated by FEF and SEF. Visual signals reach LIP, FEF and SEF via a 
number of extrastriate visual areas (indicated by the multiple arrows) that are organized in a hierarchy originating in 
VI. VI receives visual input from the dorsal lateral geniculate nucleus (LGNd) as well as the pulvinar which also 
projects to the various extrastriate visual areas including FEF. FEF and SEF receive input from other thalamic nuclei in 
and along the internal medullary lamina (IML) that are themselves innervated by afferents from the brainstem saccade 
generator, the superior colliculus and the substantia nigra. 
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Visually response neurons in the superficial layers of 
the superior colliculus have spatially restricted re-
ceptive fields and are arranged in a retinotopic map, 
but they respond equally for stimuli having different 
properties, such as color, orientation, or direction of 
motion /128/. In experiments using awake, behaving 
monkeys trained to fixate light spots for reward, the 
response of many of these cells is enhanced if the 
stimulus is used by the monkey as a target for a 
saccadic eye movement /60,181/. Further work has 
found this enhancement in a number of other 
visuomotor centers. The enhancement appears as 
either a larger initial response or an elevated acti-
vation after the initial visually evoked response. 
Furthermore, the enhanced activation can occur 
when a continuously visible stimulus is cued as the 
target for a saccade. This enhancement of the visual 
response of neurons in the superficial superior 
colliculus may signal the outcome of a selection 
process associated with the generation of a visually 
guided saccadic eye movement. 

Neurons in the deeper layers of the superior 
colliculus discharge immediately before and during 
saccadic gaze changes /152/. At each location in the 
deeper layers of the superior colliculus neurons 
discharge in relation to saccades of a particular 
direction and amplitude. Thus, activation of cells in 
a particular location in the motor map will result in a 
saccade of a particular direction and amplitude. 
Through a process that is not completely under-
stood, the spatial motor coordinates are converted 
into the temporal discharge patterns of burst cells 
/153/. The movement field of any single neuron and 
the areal extent of activation within the deep layers 
of the superior colliculus are quite large relative to 
the precision of saccadic eye movements. Therefore, 
the activation of many cells in one region of the 
motor map seems to be combined vectorially to 
produce a signal producing a single saccade 
/87,170/. 

When multiple potential targets are available, a 
saccade resulting from the average of all the 
potential neuron contributions typically directs gaze 
to none of the targets. Humans and monkeys will 
actually produce saccades directing gaze to a point 
between two stimuli /51,115/ although this tendency 
is under voluntary control /66,95,116/. Saccade-
related neurons in the superior colliculus discharge 

before averaging saccades /57a, 171a [added]/. The 
pattern of activation of the motor output neurons of 
the superior colliculus for averaging saccades 
produced in response to two simultaneously 
presented stimuli seems more or less the same as for 
normal saccades. This means that the specification of 
actual saccade direction and amplitude happens 
before the superior colliculus motor output neurons 
are fully activated. Hence, for an accurate saccade to 
just one among many stimuli the activation in the 
motor map of the superior colliculus must be limited 
to the cells responsible for generating just that 
saccade. But how does the brain insure that just one 
of the sites has become sufficiently more activated; in 
other words, when should a saccade be released? 

Saccade initiation is prevented by inhibitory 
circuits at a number of levels; the brainstem pause 
neurons have already been described above. The 
movement cells in the motor map of the superior 
colliculus are tonically inhibited by fixation cells in 
the rostral end of the superior colliculus /107,108/ 
and by neurons in the substantia nigra pars reticulata 
/69/. It seems that a saccade will be initiated when 
these inhibitory circuits are shut off. If signals that 
represent the saccade vector needed to acquire a 
desired target location also suppress the inhibitory 
circuits, then a saccade of a particular direction and 
amplitude will be produced when one location in the 
motor map becomes sufficiently activated. If more 
than one location in the motor map becomes 
activated, then it will take further processing to 
resolve which of the potential sites of activation will 
become dominant and produce an eye movement. 
An accurate saccade will be produced only when 
one of the locations in the motor map becomes 
sufficiently active to release the inhibition. It is well 
known, however, that speed can prevail over 
accuracy in saccade production /II6,173/. In the 
scheme I am sketching this could happen when the 
inhibition of saccade generation is released too 
early, either by an intrinsic threshold reduction or by 
an extrinsic trigger signal. 

Most investigations of the superior colliculus 
have presented monkeys with a single stimulus as 
the target for an eye movement. However, Ottes 
and coworkers /117/ recorded from the superior 
colliculus in monkeys making saccades to one of 
two targets distinguished by color. Monkeys were 
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trained to generate a saccade to fixate a green target 
even when it was presented with a single red 
distractor. Neurons with visual or combined visual 
and saccade-related activity were analyzed. Ottes et 
al. reported no difference in the initial visual 
response to either the green target or the red 
distractor in the response field. Previous work had 
shown that neurons in the superior colliculus do not 
discriminate color /91/. The saccade-related activa-
tion of the cells occurred when a saccade was 
generated into the response field regardless of the 
stimulus configuration giving rise to that saccade, 
even if the movement was not rewarded. Upon 
closer examination of the data published by Ottes 
and coworkers, one can observe differential 
activation in the interval following the initial visual 
response but before the saccade. If the green target 
was in the response field, some cells discharged in a 
sustained fashion for 100-200 ms, leading up to the 
saccade-related burst. This prelude of activation 
was absent if the specified target was not in the 
response field. Thus, this prelude of activation may 
reflect the process of specifying which stimulus will 
become the target of the saccade. Further evidence 
has been obtained that the prelude of activity of 
saccade-related neurons in the superior colliculus 
reflects the response selection process /57/. 
Monkeys were trained to make a saccade to one of 
two stimuli specified by a color signal presented as a 
foveated stimulus. Once the fixated stimulus speci-
fied that the stimulus in a cell's response field was 
to be the target, the low-frequency prelude of 
activity commenced and continued until a sub-
sequent signal triggered the saccade to the target. If 
the stimulus in the response field was not the target 
for the movement, a degree of activation was 
evident but at a lower level than if it was a target. 

These data indicate that the movement cells in 
the superior colliculus reflect the outcome of the 
target selection process, but it is less clear how the 
neurons participate in the decision. The problem of 
saccade target selection amounts to insuring acti-
vation of the neurons in just the one appropriate 
location of the motor map in the superior colliculus. 
Initially there may be a low level of activation in the 
superior colliculus motor map related to many 
potential saccade targets. Activation must grow for 
locations corresponding to more likely or cons-

picuous targets, yielding a burst that triggers the 
saccade occurring at just one location in the motor 
map. The process by which activation in just one 
region is insured may depend on intrinsic inhibitory 
interactions /171 /, but because superior colliculus 
neurons do not discriminate visual features afferents 
from the cerebral cortex must be used. 

ROLE OF FRONTAL EYE FIELD IN SACCADE 
TARGET SELECTION 

The frontal eye field (FEF) in the rostral bank of 
the arcuate sulcus (Figure 1), represents the final 
stage of cortical processing before a visually guided 
saccadic eye movement occurs /22,59,134/. At least 
two other areas in the cerebral cortex are directly 
involved in saccade production, the lateral intra-
parietal area (LIP) in the posterior parietal cortex 
/7,13,14/ and the supplementary eye field situated 
on the crown of the cortex dorsomedial to the FEF 
/90,133,145/. Unfortunately, at present there is no 
information about the role of these two areas in 
saccade target selection. 

Different functional types of neurons have been 
identified in FEF. Among these, certain neurons are 
visually responsive; others discharge before and 
during saccadic eye movements, and others exhibit 
both visually-elicited and saccade-related activation. 
Each of these populations of neurons responds to 
stimuli in particular parts of the visual field or 
before saccades of particular directions and ampli-
tudes. Intracortical electrical stimulation in FEF 
with currents of less than 50 μΑ elicits saccadic eye 
movements /25/. Mapping the representation of 
saccades in FEF with microstimulation has demon-
strated that saccade amplitude is laid out in FEF 
with the shortest saccades represented ventro-
laterally and longer saccades dorsomedially /25, 
126/. This pattern of mapping is consistent with the 
finding that the receptive fields of visual cells in the 
lateral prearcuate cortex represent the central visual 
field, and dorsomedial cells the peripheral visual 
field /158/. The signal output by the FEF to the 
oculomotor system appears to be the retinotopic 
goal of the next saccade /43,146/. 

FEF innervates other oculomotor structures. 
Neurons that discharge specifically before and 
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during saccades send axons to the superior colli-
culus /150/ and to the brainstem saccade generating 
circuit /149/. Each site in FEF excites the site in the 
superior colliculus representing the same saccade 
and inhibits surrounding sites in the superior 
colliculus /146/. The projection to the brainstem 
saccade-related structures has also been demon-
strated in anatomical studies /71, 148,155/. The FEF 
is connected to the superior colliculus in a 
topographic fashion /53,82,156/ as well as to other 
subcortical targets, such as the oculomotor zones of 
the caudate nucleus and the thalamus Π 1,118,156/. 

FEF is also connected with a large number of 
visual cortical areas /72,88,154/. In our own work 
199,136-139/ we have found that convergence from 
the dorsal and ventral processing streams occurs in 
lateral FEF but not in medial FEF (Figure 1). In 
particular, whereas the caudal inferior temporal 
cortex projects mainly to the lateral FEF, area LIP 
in the posterior parietal cortex projects throughout 
FEF. Also, the dorsal bank of the superior temporal 
sulcus projects to medial FEF; the ventral bank, to 
lateral FEF, and the fundus, throughout FEF. In 
addition, certain extrastriate areas with retinotopic 
visual field organizations, such as area MT, project 
topographically onto FEF. Thus, lateral FEF, which 
is responsible for generating short saccades, 
receives visual afferents from the foveal represen-
tation in retinotopically organized areas, from areas 
that represent central vision in the inferotemporal 
cortex and from other areas having no retinotopic 
order. In contrast, medial FEF, which is responsible 
for generating longer saccades, is innervated by the 
peripheral visual field representation of retino-
topically organized areas, from areas that emphasize 
peripheral vision or are multimodal, and from other 
areas that have no retinotopic order. 

Physiological recordings in the FEF of monkeys 
trained in visual tracking tasks have shown that 
roughly half of the cells respond to visual stimuli 
/24,58,83,97,121,132,157,18ο/. The latency of re-
sponse is typically 60 to 100 msec. The receptive 
fields are large, emphasizing the contralateral hemi-
field but often extending into the ipsilateral. As 
previously observed in the superior colliculus, the 
response of the visual cells is enhanced if the 
stimulus is the target for a saccade /58,180/. This 
enhancement is not observed if the stimulus falls 

outside a neuron's receptive field or if the monkey is 
not required to make a saccade but responds 
otherwise to the stimulus. In all of these experi-
ments, the monkey is generally presented with a 
single stimulus that is the target for the saccade. To 
investigate the process of target selection itself, a 
choice must be provided by presenting multiple 
stimuli, in essence creating a visual search task. 

In visual search tasks a target stimulus is 
presented simultaneously with multiple distractor 
stimuli; the target may be distinguished from the dis-
tractors on the basis of a single feature, such as 
color or orientation, or on the basis of combinations 
of features known as conjunctions. An extensive 
literature has evolved exploring human visual search 
performance under a variety of conditions /165, 
178/. Only a couple of basic findings need to be 
understood for our purposes. If the difference 
between the target and distractor features is large 
(e.g., a red target among green distractors), then the 
time to respond to the target is not influenced by the 
number of distractors. This performance has been 
referred to as "pop out" or "parallel" search because 
the target is effortlessly discriminated from any 
number of distractors. If the target is not easily 
discriminated because the difference between the 
features is small (e.g., a target line oriented at 80° 
among 90° distractors) or no single feature distin-
guishes the stimuli (e.g., "T" among "L"s), then the 
time to respond to the target increases as more 
distractors are added to the display. This 
performance has been referred to as "serial" search 
because each stimulus must be inspected in turn to 
identify the target accurately. Such inspection can 
be done without shifting gaze but through moving 
visual attention /78/. Knowledge such as this 
acquired about discrimination performance using 
different visual search displays can be used to design 
experiments aimed at investigating neural 
mechanisms of target selection. 

We have been investigating target selection by 
training rhesus monkeys to perform not only the 
single target tracking task but also a simple, pop-out 
visual search task. Such tasks have been used 
previously with macaque monkeys to investigate 
visual abilities /141/. We recorded the activity of 
single neurons in FEF in monkeys performing these 
two tasks /135Λ Neurons with combined visual- and 
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eye movement-related activity were analyzed 
because they were active during target identification 
and response selection. A representative neuron is 
illustrated in Figure 3. The initial responses of 
neurons to the search stimulus arrays did not 
differentiate whether the target or a distractor was 
in the response field. However, the activity of the 
neurons ultimately evolved to specify target location 
before the execution of the saccade. If the target 
was in the response field, then the activity peaked, 
but the activity was suppressed when the target was 
beside but not distant from the response field. This 
finding was quite common in the visuomovement 
neurons we studied. We have also analyzed the 
activity of neurons with exclusively visual responses 
/162/. The common finding was that visual cells in 
FEF did not discriminate the target from the 
distractor in any way. We have analyzed the level, 
time course and duration of activation of the cells 
when the target was presented alone or with 
distractors and have found no discernible differences 
in the neurons sampled to date. We are currently 
investigating how these findings relate to the 
aforementioned visual response enhancement. We 
have also analyzed a population of movement cells. 
These discharged in association with saccades into 
the movement field whether the target was 
presented alone or with distractors. 

These preliminary findings have a number of 
implications. First, using search stimulus displays 
that are flashed on, FEF cells exhibit an initial, non-
discriminating response. This finding is particularly 
interesting because, as described below, feature 
selective cells in primary visual cortex do respond 
differentially from the onset of their activation. This 
implies that FEF visual neurons receive convergent 
afferents from neurons representing many features 
at one retinotopic location. The anatomical data 
referred to above allow this possibility. Second, the 
activation of visuomovement neurons evolved be-
fore the saccade, becoming most active if the target 
was in the response field and becoming attenuated if 
the salient target was near its response field. Based 
on the spatial tuning of these neurons, it seems 
reasonable to suppose that this suppression reduces 
the probability of an eye movement to the distractor 
inside the response field. The observed facilitation 
surrounded by suppression of visuomovement 

Time from target (ms) 

Fig. 3: Activation of a FEF visuomovement neuron during 
visual search. Each panel illustrates neural 
activation in two ways. First, each vertical 
tickmark indicates the time of an action potential 
in a raster display; each row is from a different 
trial. Also, the average density of spikes as a 
function of time is shown. The rasters and spike 
density function are aligned on the time of target 
presentation; t h e ' s ' symbol indicates the time of 
saccade initiation in each trial. When the target 
was in the response field (top panel), the activation 
was similar to that observed when the target was 
presented alone at the same location. When the 
target was distant from the response field (bottom 
panel), the neuron responded to the distractor in 
the response field and continued discharging at a 
reduced rate until the saccade. When the target fell 
beside the response field (middle panel), the 
neuron discharged only briefly, becoming inactive 
prior to the saccade. 
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neuron activity resembles the center-surround 
receptive field organization of neurons in the early 
visual system and may likewise arise through lateral 
inhibition. In summary, these results demonstrate 
one possible mechanism by which a desired target is 
fixated and inappropriate eye movements are 
prevented. 

To the extent that saccades are normally pro-
duced in a very cluttered visual environment, 
studying saccade target selection with the visual 
search tasks just described will provide limited 
information. In this context, a recent study by 
Burman and Segraves is important because they 
investigated the activity of neurons in FEF of 
monkeys scanning complex natural images 1261. 
Burman and Segraves found that the activity of 
movement cells was the same for saccades produced 
in response to light spots as for saccades produced 
to scan a natural image. The activity of visually 
responsive cells during scanning behavior, however, 
varied according to whether the subsequent saccade 
was made to a feature in the cells' receptive field. 
On average visual cells were activated if the next 
saccade was to a feature in their receptive field, and 
were suppressed preceding saccades to features 
outside the cells' receptive field. This finding 
indicates that the visual cells in FEF usually signal 
whether the upcoming saccade will be into the cell's 
receptive field, although close examination of the 
data reveals that this relationship can be quite 
variable. For example, Figure 3C of Burman and 
Segraves /26/ shows a raster display of the activity 
of a visual cell before saccades made to parts of the 
image that were in the cell's receptive field. 
Sometimes the neuron was activated after a specific, 
short latency once gaze landed in the current 
fixation; this tended to occur near the bottom of the 
raster which represents later saccades in the 
scanning. Other times the same neuron was not 
activated or not modulated before the saccade; 
these tended to occur near the top of the raster 
which represents earlier saccades. This analysis 
indicates that the visual cell activity reliably 
predicted where the upcoming saccade would go 
following only certain fixations. When the visual 
response occurred with a consistent, short latency, it 
seems to indicate that the decision about the next 
saccade target was made either very rapidly 

following or even before the fixation in question. 
But how could the decision be made at such a time? 
One possibility involves the observation described 
earlier that the pattern of eye movements made to 
inspect a complex image often exhibits a repetitive 
scanpath. Thus, perhaps in the early period of 
scanning the monkey had not established a scanpath, 
so the choice of saccade target was constantly 
evolving and being updated. In fact, in this early 
period, shown in the rasters at the top in Figure 3C 
of Burman and Segraves /26/, the activity of the 
visual neuron was less predictive of saccade target. 
However, as the scanpath became established, the 
target for each saccade following a given fixation 
became more regular and predictable. In this later 
period the visual neuron could discharge with a 
specific latency following fixation because target 
selection had already occurred. Interestingly, there 
appeared to be a corresponding change in fixation 
duration as scanning progressed during collection of 
the data from the cell in Figure 3; early on the 
fixation durations tended to be long and variable 
whereas later in the scanning the fixation durations 
became shorter and more regular. Curiously, this 
evolution of fixation durations is actually opposite 
to the general tendencies that have been observed 
for humans viewing pictures /8/. Burman and 
Segraves made the additional very interesting 
finding that when the monkey retraced the original 
scanpath over the image by following a spot of light, 
the visual cell responses were delayed until the 
presentation of the tracking spot, even though the 
visual image and subsequent saccade were identical 
to what had previously elicited activation earlier 
after fixation. This final finding shows that the visual 
responses of FEF neurons are sensitive to the 
context in which the target selection occurs. 

In summary, these findings from our laboratory 
and from Burman and Segraves show quite clearly 
that FEF is active during the process of target 
selection during natural scanning eye movements. 
This preliminary work frames many questions for 
future research. Where and how are the visual 
responses of FEF neurons gated? Are intrinsic 
interactions responsible for the evolution of activity 
in visual and visuomovement cells? What do the 
visual afferents to FEF signal about target location? 
How is the processing in FEF linked to what is hap-
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pening in other visuomotor centers, such as SEF 
and LIP as well as subcortical structures? 

The interpretation of the role of FEF in saccade 
target selection must consider the effects of FEF 
lesions. In general, brain lesions involving FEF do 
not prevent the generation of visually guided 
saccades; the common effects involve impairments 
in generating voluntary saccades. For example, 
patients are unable to direct a saccade in the 
direction opposite to that of a flashed target /62/. 
Monkeys suffer a loss in predictive saccadic eye 
movements /23,75/ and an inability to generate 
saccades to remembered locations /43a/. In humans, 
following frontal cortex damage patients exhibit 
difficulties in instructed visual scanning /89/ and in 
visual search /33,74,161/. For example, one patient 
with right frontal lobe damage made no saccades 
into the left visual field during scanning of static 
visual scenes /101/. In monkeys, lesions of the FEF 
and surrounding cortex impair visual search when 
the task involves multiple eye movements to find a 
target /38,85/. The time to find a target embedded 
in distractors and the number of errors both increase 
following FEF lesions /86/; in particular, monkeys 
with lesioned FEF fail to exhibit inhibition of return 
in their search pattern, looking more often than 
normal to image locations they have already viewed. 
When monkeys are tested in a task comparable to 
that used in our recordings, requiring a single 
saccade to one odd target in an array, then FEF 
lesions do not increase the latencies of the saccades 
/142/; unfortunately, this study did not report the 
error rates, nor the time course of the effects. 

The results of these ablation studies indicate that 
individuals can ultimately recover the ability to 
generate saccades following FEF lesions. Other 
experiments have demonstrated that the superior 
colliculus is primarily responsible for this ability. 
Combined, bilateral lesions of the FEF and superior 
colliculi result in a permanent loss of saccadic eye 
movements /144/. This work indicates that two 
parallel pathways are normally involved in the 
generation of saccades: the subcortical pathway 
depends on the superior colliculus, and the cortical 
pathway is headed by the FEF. A reasonable 
working hypothesis is that the subcortical pathway 
is responsible for reflexive, orienting saccades, and 

the cortical pathway is responsible for the more 
voluntary, visually instructed saccades. This is borne 
out by the effect of FEF and superior colliculus 
lesions on saccade latency; ablation of the superior 
colliculus but not FEF results in a loss of the short 
latency, express saccades /142/. It appears, then, that 
the FEF functions in a more discriminating fashion 
than does the superior colliculus. This it can do by 
virtue of the constellation of afferents FEF receives 
from other cortical areas as described above. In fact, 
this anatomical organization provides a framework 
within which to interpret the functional contributions 
of other cortical visual areas toward saccade target 
selection. 

ROLES OF VISUAL CORTEX 
IN TARGET SELECTION 

Visual selection depends on the differential 
responses of neurons in the early visual system to 
stimuli having different feature attributes, such as 
orientation, direction of motion, color or spatial fre-
quency. This idea is motivated by psychophysical as 
well as physiological studies. As mentioned above, 
work by a number of investigators has shown that 
discrimination of stimuli is easier if the stimuli differ 
along particular visual feature dimensions, e.g., 
different colors or orientations. The list of simple 
features that support effortless discrimination cor-
responds more or less to the types of features which 
single neurons in the visual cortex discriminate. 

If feature selective neural responses are the basis 
of visual selection, then two questions arise. First, 
when do single neurons discriminate stimuli in the 
course of their activation? Second, how does the 
brain make use of such signals? We will consider 
these questions in turn. Recordings in primate VI 
indicate that the stimulus preference of neurons is 
expressed virtually as soon as the cell can respond 
/31,80,163,175; but see 47/. In other words, if the 
stimulus is within the optimal range, then neurons 
fire, but if the stimulus is outside the optimal range, 
then the neurons have no period of even slight 
activation. This is illustrated in Figure 4. Similarly, 
the responses of V2 neurons to real and illusory 
contours are selective as soon as a response is 
possible /176/. Face-selective neurons in the inferior 
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temporal (IT) lobe also express their selectivity 
quite soon from the beginning of their response 
/114,164/ (Figure 4). For these IT cells the latency 
of response was 90 ms on average, and statistically 
reliable discrimination was achieved within another 
20-30 ms and improved in reliability for another 60 
ms. Although the cells remained active, the 
reliability of the discrimination decreased because of 
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increased variability in the activity level. When 
masking stimuli are presented at different intervals 
after an optimum face stimulus, the neural activity is 
eliminated following a mask delay of 20 ms; this 
mask delay value corresponds to the perceptual 
threshold /130/. These results taken together 
indicate that when presented with a single stimulus, 
visual neurons signal according to their particular 
mode of selectivity as soon as they are active, and 
that a reliable discriminative signal is available in the 
first few action potentials issued by a neuron. 

We turn now to the question of how selective 
neural responses are used to make perceptual 
decisions. Recent studies have used signal detection 
theory to compare the discrimination performance 
of neurons with psychophysical abilities /20,21,174/. 
It appears that signals generated by a small number 

Time (ms) 
300 

Fig. 4: Time course of selective activation of cortical 
neurons. Representative figures, redrawn from the 
cited publications, are illustrated with the same time 
scale and normalized amplitude for comparison. The 
top panel illustrates the response profiles for neurons 
in VI in response to an optimally oriented stimulus 
(solid line) and an orthogonally oriented stimulus 
(dashed line) /31,92/. The second panel illustrates 
the response of neurons in V4 to a stimulus that 
matches (solid line) or does not match (dashed line) 
a cue stimulus /103/. The third panel shows the 
activity of a neuron in posterior parietal cortex to a 
pair of stimuli when the stimulus in the receptive 
field is the target for a saccade (solid line) and when 
the other stimulus is the target for a saccade (dashed 
line) /27/. The fourth panel shows the activation of 
neurons in inferior temporal cortex in response to an 
optimum face stimulus (solid line) and a non-
optimum stimulus (dashed line) /114/. The fifth 
panel illustrates the activation of inferior temporal 
neurons to the same stimulus array when the optimal 
stimulus is specified as the target for a saccade (solid 
line) and when a non-optimal stimulus was specified 
as the target (dashed line) /34/. The bottom panel 
shows the evolution of activation of a 
visuomovement neuron in frontal eye field relative 
to stimulus presentation (left) and saccade initiation 
(right) when the target was in the receptive field 
(solid line) and when the target was beside the 
receptive field (dashed line) /135/. 
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of cells may be sufficient to discriminate stimuli 
reliably. It is important to note that the discri-
mination takes time. For example, estimates of the 
discrimination threshold of neurons in MT decrease 
as longer intervals of activation are measured; a 
corresponding change in perceptual discrimination 
was also observed /21/. In general, as longer 
durations of activation are measured, noisy 
variations in firing rate make less of a difference; 
this has been incorporated in one model of how the 
activity of feature-selective neurons can be used to 
discriminate stimuli in a visual search task /184/. 
One outcome of this model, based on physiological 
data from VI, is that a reliable perceptual dis-
crimination may require something like at least 150 
ms of activation. We should not forget that the 
temporal discharge pattern as well as the rate may 
contribute to neural decision making /10,55,94/. 
However, the extremely short intervals needed for 
discriminable activation of visual cortex neurons to 
evolve may limit the amount of time available for 
temporal patterns to be registered. 

The foregoing discussion regards local decision 
processes about one stimulus within a neuron's re-
ceptive field. When more than one stimulus is in 
view, interactions occur between neurons respon-
ding to stimuli in neighboring parts of the scene 
which provide the basis visual selection by 
comparing features across the visual field. Such 
comparisons entail horizontal interactions between 
cells in topographic maps of visual areas. There is 
good evidence that the response of a neuron to a 
stimulus in its receptive field may be modulated by 
the presentation of other stimuli outside its 
receptive field /3,17,56,109/. For example, in a 
recent physiological investigation most cells 
recorded in VI were suppressed by an oriented 
texture pattern surrounding the receptive field, but 
some cells were more active when the orientation of 
the surround texture was orthogonal to the 
orientation of the stimulus in the receptive field /80/. 
These effects of a surrounding pattern on VI 
neuron activation were expressed around 20 ms 
after the initial activation which indicates that they 
are the outcome of local or feedback processes. 
Similar interactions have been observed in motion 
processing areas MT and MST /2,113,131/, and 
suppressive receptive field surrounds have also been 

observed in V4 /44,45/. These interactions seem to 
reveal the mechanism for segmentation of the image 
into figure and ground and identifying the location 
of features that are conspicuously different from 
surrounding features. 

NEURAL CORRELATES OF VISUAL ATTENTION 

The suppressive interactions just described may 
subserve early, bottom-up stages of visual selection 
by identifying the salient stimuli in different regions. 
However, gaze does not always shift to the most 
conspicuous parts of a scene. Another control 
mechanism in primates provides voluntary control 
over the locus of the most elaborate visual pro-
cessing in the visual field. The focus of visual 
attention can be directed away from the focus of 
gaze /49,67,73,122/. Such shifts of attention can 
precede and thus may guide eye movements; but the 
link between gaze shifts and attention shifts, while 
common, is not obligatory /42,79,124,125,151/. A 
number of neurophysiological studies have investi-
gated the activation of neurons when monkeys 
produce a voluntary shift of visual attention /35,46/. 

The first identified modulation of neural activity 
related to directed visual attention was found in the 
posterior parietal cortex /27,127/. Monkeys were 
trained to respond to visual stimuli either with 
saccadic eye movements or by releasing a bar or 
reaching toward the light without shifting gaze. 
Under these circumstances, neurons in the posterior 
parietal cortex exhibited enhanced visual respon-
siveness even if a saccade was not made. Some of 
these data are illustrated in Figure 4. This dissocia-
tion of the visual response enhancement from 
saccade execution distinguishes the parietal cortex 
from the superior colliculus or FEF. It will be 
important to investigate the activity of neurons in 
the posterior parietal cortex when monkeys must 
discriminate targets from among many distractors. 

Area V4 on the prelunate gyrus has been the 
focus of a number of physiological studies 
investigating the neural basis of visual attention and 
selection. Moran and Desimone /98/ demonstrated 
that when two stimuli were presented within the 
receptive field of a V4 neuron, the response of the 
cell was modulated according to which stimulus the 
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monkey was instructed to use for a matching task; 
in other words, if the optimal stimulus was used, the 
response was robust, but if the other, non-optimal 
stimulus was used, then the response of the neuron 
to the same stimulus configuration was attenuated. 
However, if only one of the two stimuli was in a 
cell's receptive field, then the influence on response 
was not observed. Other studies have also observed 
modulation of V4 neuronal responses to stimuli 
presented under different circumstances, requiring 
different degrees of attention on the part of the 
monkey /52,63,64,105/. One condition in the study 
by Henny et al. /63/ involved presentation of four 
oriented gratings equidistant from the fixation spot 
with one grating oriented differently from the other 
three. Cells were recorded in V4 while monkeys 
made a single saccade to fixate the odd oriented 
grating. Only a small fraction of the units exhibited 
any differential response to the stimulus in its 
receptive field if it was the target for a saccade or a 
distractor, and the cell illustrated in the paper was 
activated 250 ms after stimulus presentation. 

Motter /102/ has shown that the responsiveness 
of neurons in V4 to the optimal stimulus in the 
receptive field was modulated by prior cuing about 
whether the stimulus was to be used in a feature 
discrimination judgment. The modulation of 
responsiveness was greatest when multiple 
distractors were present. In a subsequent study 
Motter /103,104/ investigated the activation of V4 
neurons using a task in which monkeys selected a 
subset of visual stimuli to be used in a subsequent 
feature discrimination judgment based on a foveal 
cue. He found that neurons in V4 responded 
differentially to stimuli in their receptive field 
depending on whether the receptive field stimulus 
was selected for use in the judgment because they 
matched the foveal cue stimulus. The initial visual 
response to the array of bars, having a latency of 50 
ms, was the same whether or not the receptive field 
stimulus matched the cue; after 120-170 ms the 
differential activation became established and 
persisted until the end of the trial (illustrated in 
Figure 4). This selective activation did not depend 
on the feature specificity of neurons, did not require 
the continued presence of the foveal cue and 
changed if the cue color was switched. According to 
Motter, V4 neurons may be responsible for selecting 

stimuli in the visual field according to the presence 
of specific features. This kind of signal is an 
essential element for target localization during visual 
search; recent work has shown that humans can use 
features such as color or form to guide the 
allocation of visual attention 139,111. 

A recent study by Chelazzi and coworkers /34/ 
has provided information on the role of the inferior 
temporal cortex in selecting the target for a saccade. 
The activity of neurons was examined in the anterior 
inferior temporal cortex of monkeys making a 
saccade to the location of one stimulus in an array 
of stimuli that matched the appearance of a 
remembered cue stimulus. One of the stimuli used 
was optimum for each cell, and the other elicited 
little response. After the cue was presented, neurons 
discharged at a low rate throughout the 1500 ms 
delay period; this activation was somewhat higher if 
the cue was an optimal stimulus. When the choice 
stimulus array was presented with more than one 
stimulus in the large receptive field, the inferior 
temporal cells exhibited a 150 ms period of 
activation that did not vary with array configuration. 
However, 150-200 ms after choice array presenta-
tion, which was 90-120 ms before the saccade, the 
activation of the neurons changed to reflect target 
identity (Figure 4). That is, if the optimum stimulus 
was the target, then neuron activation remained 
elevated, discharging more once the saccade 
brought the optimal stimulus into the fovea. 
However, if the non-optimal stimulus was the 
target, then neuron activation was attenuated and 
remained so after fixation of the non-optimal 
stimulus. This finding indicates that signals of visual 
object identity can be modulated with localization 
signals for the guidance of eye movements. 
Anatomical evidence indicates that the region of 
anterior IT cortex in which this finding was made 
does not project directly to FEF but instead to the 
ventrolateral prefrontal cortex /11,138,166/ that 
then projects to FEF /154/. FEF gets input from 
more caudal parts of IT cortex /11,99,138/. The 
properties of visual cells in IT cortex vary from 
caudal to rostral. Neurons in the caudal 
inferotemporal cortex are selective for primary 
stimulus features, such as color orientation, and 
neurons selective for more elaborate shapes or faces 
are found in the rostral inferotemporal cortex /160/. 
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This routing of feature but not complex object 
information to FEF may be related to the common 
finding that eye movements are directed to features 
of objects, such as the eyes, nose and mouth of a 
face /76,182/. 

The extrastriate visual cortical areas just de-
scribed are linked by connections with the pulvinar 
nucleus of the thalamus. The results of a variety of 
studies of pulvinar function in primates have been 
summarized by surmising that the pulvinar 
participates in identifying salient stimuli /129/. The 
pulvinar has been subdivided into a collection of 
four nuclei, medial, lateral, inferior and anterior, that 
are distinguished on the basis of their connectivity 
and functional properties /32,128/. The inferior 
pulvinar receives input from the retina as well as 
from the ipsilateral superior colliculus. The inferior 
division of the pulvinar is reciprocally connected 
with VI and extrastriate visual areas. The lateral 
nucleus of the pulvinar receives input from the 
superior colliculus and pretectum and is inter-
connected primarily with extrastriate visual areas. 
While the inferior and lateral pulvinar nuclei are 
intimate with the visual pathways, the medial 
nucleus of the pulvinar forms different associations, 
being interconnected with the superior temporal 
gyrus, the inferior parietal lobule and the cingulate 
cortex, as well as the prefrontal cortex including 
FEF. 

The response properties of neurons vary in the 
different subdivisions /128/. Most cells in the 
inferior and lateral subdivisions of the pulvinar are 
visually responsive with retinotopic receptive fields. 
However, in a dorsomedial portion of the lateral 
pulvinar visual responsiveness is less prominent and 
no retinotopy is evident. Neurons in inferior and 
lateral pulvinar exhibit some feature specificity. 
Many cells respond more vigorously when a visual 
stimulus is the target for a saccade. However, unlike 
their counterparts in the superior colliculus or FEF, 
neurons in the inferior and lateral segments of the 
pulvinar, whose responses are enhanced if a saccade 
is executed to the stimulus in their receptive field, 
exhibit enhancement even for stimuli outside their 
receptive field. In contrast, neurons in the 
dorsomedial sector of the lateral division show 
spatially selective enhanced responses to visual 

stimuli to which the monkey either shifts gaze or 
attends without shifting gaze /119/. 

Using pharmacological manipulations, informa-
tion has been acquired about the role of the 
dorsomedial sector of the lateral pulvinar in 
selective visual attention. In one experiment a 
GABA-agonist or antagonist was injected into the 
dorsomedial sector of monkeys performing a task 
requiring shifts of visual attention /120/. Monkeys 
were trained to respond to the appearance of a 
visual stimulus that appeared on either the left or 
right of the fixation point. The location of the 
stimulus could be cued by a prior stimulus. This task 
has been designed to investigate spatial shifts of 
visual attention in humans /122/. If the target 
appears at the cued location, the reaction time is 
faster than if the target appears elsewhere. This 
difference is believed to reflect the shift of a visual 
attention process anticipating the appearance of the 
target at the cued location. Increasing GAJBAergic 
inhibition in the dorsomedial lateral pulvinar with 
the agonist, muscimol, increased the reaction times, 
which suggests a slowing or other impairment of the 
shift of attention. In contrast, decreasing 
GABAergic inhibition with the antagonist bicu-
culline, facilitates the shift of attention in this task, 
as reflected in a reduction in reaction times. This 
finding seems to show that the dorsomedial sector 
of the lateral pulvinar is involved in the movement 
or reallocation of visual attention across the visual 
field. 

The same pharmacological manipulation was 
performed in another experiment in which monkeys 
were required to discriminate the color of a stimulus 
presented at a previously cued location /46/. Inacti-
vation of the retinotopic part of the lateral pulvinar 
impaired identification of the target color in the 
affected hemifield when a distractor was present in 
the unaffected hemifield but not when the target was 
presented alone or when the distractor was in the 
same hemifield as the target. These results indicate 
that the lateral pulvinar plays a role in filtering the 
visual image, preventing non-selected stimuli from 
influencing behavior. 

Sensory systems are commonly considered as 
limited in capacity, able to process only some of the 
stimuli being transduced from the environment 
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/178/. But this notion can be questioned on a 
number of grounds /168/. For example, the notion 
of limited capacity in visual processing seems hard 
to reconcile with all the evidence for multiple, 
parallel visual representations throughout the brain. 
Having the neural circuits necessary to analyze each 
point in the visual field duplicated in hypercolumn 
after hypercolumn across the cortex, it is hard to see 
where any limitation on visual processing per se 
would arise. On the other side of the system, 
however, the production of movements has obvious 
functional limits. Thus, because only one saccade 
can be made at a time, the visual image must be 
analyzed such that one point becomes the target for 
the next saccade. 

RESPONSE SELECTION 

Understanding how perceptual decisions are 
made seems to require knowing how response 
selection works. How and when does sensory 
information influence motor preparation and 
execution? In considering the general problem of 
stimulus and response selection, distinctions are 
often made between processes subserving stimulus 
processing and selection, processes responsible for 
allocating attention and processes subserving motor 
response selection. In other words, is the activation 
of a neuron following presentation of a stimulus in 
one part of the visual field due to a visually elicited 
response, or because visual attention is directed to 
that location, or because a movement is going to be 
produced toward the stimulus? In fact, such 
distinctions may not be very useful in understanding 
sensorimotor integration. Nevertheless, to investi-
gate the stimulus, attention or mnemonic and motor 
elements of processing, one must experimentally 
dissociate the processes. 

Boussaoud and Wise /19/ designed a task for 
macaque monkeys in which the same stimulus, 
presented more than once, had different meanings 
for the monkey because of the reward 
contingencies. The same stimulus could guide a 
covert shift of attention or it could instruct a 
movement direction. Neurons in the frontal cortex 
tended to respond differently to the same stimulus 
when it guided an attention shift versus when it 

instructed a movement direction. Among other 
findings, these investigators reported that neurons in 
the postarcuate premotor cortex /177/ responded 
more to the stimulus when it signaled movement 
direction, and cells in the prefrontal cortex 
responded more when the same stimulus cued the 
upcoming location of the movement stimulus. These 
results indicate differential roles for these cortical 
areas and that the same stimulus can elicit activity in 
different neurons at different times according to its 
meaning in the context of the desired behavior. 

Another way to dissociate sensory or attentional 
activation from motor planning-related activation is 
to manipulate stimulus-response compatibility. Al-
most always eye or limb movements are directed 
toward the location of stimuli in the world; the 
direction of the stimulus and of the evoked move-
ment are compatible. It is possible, however, for 
primates to generate arbitrary movements in a 
direction different from that of a stimulus. For 
example, humans and monkeys can be instructed to 
generate an anti-saccade in the direction opposite a 
visual stimulus /65/. In conditions that require 
movements that are incompatible with stimulus 
locations, neurons in the prefrontal cortex tend to 
discharge more in relation to the location of the 
stimulus /48,54/. However, in cortical areas linked 
to movement production, cells are more commonly 
found that are active in relation to the movement 
direction as opposed to the stimulus direction 
/l,48,147/. It is important to note that these distinc-
tions represent trends across populations of neurons 
with clear counter-examples in each area. 

These results are important because they 
indicate the value of a strategy for elucidating the 
neural processing underlying target selection and 
saccade production. They also emphasize something 
Lashley /84/ said many years ago. The brain is never 
really dormant, even in an experimental animal. 
Responses to stimuli depend on the context in which 
the stimuli are presented. 

SUMMARY 

Saccade target selection must be understood in 
relation to the obvious fact that vision naturally 
occurs in a continuous cycle of fixations interrupted 
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by gaze shifts. The guidance of eye movements 
requires information about what is where in the 
visual field. The identities of objects are derived 
from their visible features. Single neurons in the 
visual system represent the presence of specific 
features by the level of activation; the reliability of 
the discriminating signal from single neurons varies 
over time. Each point in the visual field is 
represented by many populations of neurons 
activated by all types of features. Topographic 
representations are found throughout the visual and 
oculomotor systems; neighboring neurons tend to 
represent similar visual field locations or saccades. 
Selecting one out of many stimuli to which to direct 
gaze requires comparing stimulus attributes across 
the visual field. The existence of retinotopic maps of 
the visual field makes possible local interactions to 
implement such comparisons /41/. For example, a 
lateral inhibition network can extract the location of 
the most conspicuous stimulus in the visual field 
/30,40,81/. Coordinated with this parallel visual pro-
cessing is activation in structures responsible for 
producing the movement such as FEF and the 
superior colliculus. A saccade is produced when the 
neurons at one location within the motor maps 
become sufficiently active. One job of visual pro-
cessing, then, is to ensure that only one site within a 
movement map becomes activated. This is done 
when the neurons signalling the location of the 
desired target develop enhanced activation while the 
neurons responding to other locations are attenu-
ated. Saccade target selection often converts an 
initially ambiguous pattern of neural activation into 
a pattern that reliably signals one target location. 
The ambiguity may be reduced through prior 
knowledge of the likely target location or identity, 
and extraretinal signals reflecting such expectations 
can modulate the responsiveness of afferent visual 
neurons. Specifying the metrics of a saccade and 
triggering the movement are coordinated but 
dissociable processes. Speed-accuracy trade-offs 
can thereby be produced allowing the visuomotor 
system to produce a saccade that is inaccurate 
because it is premature relative to the target 
selection process. 

While there are many gaps in our knowledge, 
the questions to ask seem reasonably clear. Because 
saccade target selection involves visual processing 

and eye movement programming combined with 
mnemonic influences, only continued experimental 
ingenuity will disentangle the various and variable 
contributions of individual neurons. With more 
experimental work we can anticipate a significant 
improvement in our understanding of how the brain 
selects the targets for saccades, so this should be a 
very active area of research in coming years. 
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