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Monosov IE, Thompson KG. Frontal eye field activity enhances
object identification during covert visual search. J Neurophysiol
102: 3656 –3672, 2009. First published October 14, 2009;
doi:10.1152/jn.00750.2009. We investigated the link between neu-
ronal activity in the frontal eye field (FEF) and the enhancement of
visual processing associated with covert spatial attention in the ab-
sence of eye movements. We correlated activity recorded in the FEF
of monkeys manually reporting the identity of a visual search target to
performance accuracy and reaction time. Monkeys were cued to the
most probable target location with a cue array containing a popout
color singleton. Neurons exhibited spatially selective responses for the
popout cue stimulus and for the target of the search array. The magnitude
of activity related to the location of the cue prior to the presentation of the
search array was correlated with trends in behavioral performance across
valid, invalid, and neutral cue trial conditions. However, the speed and
accuracy of the behavioral report on individual trials were predicted by
the magnitude of spatial selectivity related to the target to be identified,
not for the spatial cue. A minimum level of selectivity was necessary
for target detection and a higher level for target identification. Mus-
cimol inactivation of FEF produced spatially selective perceptual
deficits in the covert search task that were correlated with the effec-
tiveness of the inactivation and were strongest on invalid cue trials
that require an endogenous attention shift. These results demonstrate
a strong functional link between FEF activity and covert spatial
attention and suggest that spatial signals from FEF directly influence
visual processing during the time that a stimulus to be identified is
being processed by the visual system.

I N T R O D U C T I O N

Visual spatial attention—a critical component of normal
vision and is necessary for the recognition of objects in natural
environments (Rensink 2002; Sheinberg and Logothetis 2001)—
enhances the representation of visual information at selected
peripheral locations, thereby improving detection and discrim-
ination (Maunsell and Cook 2002).

It is widely accepted that the spatially selective signals in the
frontal eye field (FEF) are associated with the planning and
execution of saccadic eye movements (Goldberg and Segraves
1989; Hanes et al. 1998; Schall and Thompson 1999; Tehovnik
et al. 2000). A growing body of evidence suggests that FEF
also plays a causal role in directing covert spatial attention
(Awh et al. 2006). Human functional magnetic resonance
imaging (fMRI) studies show that the FEF is active during the
allocation of attention, both with and without eye movements
(Beauchamp et al. 2001; Bressler et al. 2008; Corbetta and
Shulman 2002; Kelley et al. 2008; Kincade et al. 2005).

Transcranial magnetic stimulation over FEF modulates percep-
tual performance in covert attention tasks (Grosbras and Paus
2002; Muggleton et al. 2003; Smith et al. 2005) and also
modulates visual activity in extrastriate visual cortex (Mori-
shima et al. 2009; Silvanto et al. 2006; Taylor et al. 2007). In
monkeys, electrical microstimulation of FEF enhances percep-
tion (Moore and Fallah 2001, 2004; Schafer and Moore 2007)
and produces enhanced visual responses in extrastriate visual
cortex that resemble the effects of covert spatial attention
(Armstrong and Moore 2007; Ekstrom et al. 2008; Moore and
Armstrong 2003). Inactivation of FEF disrupts target detection
during covert visual search (Wardak et al. 2006).

Neuron recordings in monkeys have shown that the spatially
selective activity of visually responsive FEF neurons identifies
the probable location of spatial attention and is dissociated
from saccade production (Juan et al. 2004; Murthy et al. 2001;
Sato and Schall 2003; Thompson et al. 1997; Zhou and
Thompson 2009). We recently reported that in the absence of
eye movements FEF visually responsive neurons select the
singleton target in popout visual search arrays, whereas sac-
cade-related movement neurons are inhibited (Thompson et al.
2005b). Consistent with this, a recent anatomical study showed
that FEF neurons projecting to visual cortex are separate from
those that send saccade commands to the superior colliculus
(Pouget et al. 2009). However, neurophysiological evidence
directly linking modulations of neuronal activity in FEF to
behavioral measures of covert spatial attention is lacking.

In this study we recorded single-unit activity from monkeys
performing a difficult covert visual search task in which mon-
keys manually reported the identity of a target object. On a
large fraction of trials, a popout color singleton cued the
monkeys of the most probable target location. By comparing
activity across physically identical trials, sorted by differences
in the monkeys’ behavior, we found that variability in the
magnitude of spatial selectivity for the target to be identified,
not for the spatial cue, predicts the speed and accuracy of target
identification. A minimum level of spatial selectivity in FEF is
necessary for target detection and a higher level is necessary
for target identification. In addition, to test whether there is a
causal link between FEF activity and visual object identifica-
tion, we inactivated FEF with microinjections of muscimol, a
�-aminobutyric acid type A (GABAA) agonist, while the mon-
key performed the cued covert visual search task. The neuro-
physiological recordings and inactivation results show that
FEF activity plays a causal role in covert spatial attention by
enhancing the processing of a stimulus to be identified as it is
being processed by the visual system.

Address for reprint requests and other correspondence: K. G. Thompson,
Laboratory of Sensorimotor Research, National Eye Institute, NIH, Bldg. 49,
Rm. 2A50, Bethesda, MD 20892 (E-mail: kgt@nei.nih.gov).
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M E T H O D S

Subjects and data collection

The data were collected from two male monkeys (Macaca mulatta)
weighing 6.5 kg (monkey C) and 7.8 kg (monkey B). All surgical and
experimental protocols were approved by the National Eye Institute
Animal Care and Use Committee and complied with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Sterile surgery was performed under ketamine and isoflurane
anesthesia to place a head-holding device, a plastic recording chamber
over the frontal eye field, and a scleral search coil. Frontal eye field
was localized within the recording chamber using low-current micro-
stimulation (�50 �A) to evoke saccades and by the presence of
saccade-related movement neurons (Bruce and Goldberg 1985). Neu-
ronal recordings were made in the left FEF in monkey C and in the
right FEF in monkey B. Muscimol injections were made in the right
FEF of monkey B in separate experimental sessions after all neuronal
recording sessions were completed (see following text). Recording
sites were confirmed to be in the rostral bank of the arcuate sulcus
histologically in monkey C and by MRI in both monkeys.

Visual stimulation and behavioral control was done by a computer
running REX (Hays et al. 1982). Visual stimuli were presented on a
computer monitor (26 � 21 cm, 1,024 � 768-pixel resolution, 60-Hz
frame rate) viewed at a distance of 57 cm. In each recording session,
a single tungsten microelectrode (FHC, Bowdoin, ME) was inserted
into the FEF by a motorized microdrive under computer control.

Action potential waveforms were digitized and saved using a com-
puter-based data-acquisition system (Plexon). Often two or three units
were recorded simultaneously. Off-line spike sorting separated single
units based on the size and shape of the spike waveforms. Analog eye
position and lever position signals were digitized and sampled at 1 kHz.

Behavioral training and tasks

Monkeys were seated in a primate chair with head fixed. Using
operant conditioning with positive reinforcement, the monkeys were
trained to perform a memory-guided saccade task and a covert visual
search task. The two tasks were run in separate blocks of trials.

The memory-guided saccade task was used to map the spatial
extent of each neuron’s response field (Bruce and Goldberg 1985) and
to assess the effectiveness of muscimol inactivation (see following
text). After the monkey fixated a 0.3° diameter gray spot on a black
background for 400–800 ms, an identical spot was flashed for 50 ms
at a peripheral location. The monkeys were required to maintain
fixation on the central spot for a random interval ranging from 800 to
1,400 ms. After the central spot disappeared, the monkeys were
rewarded for making a saccade to the remembered location of the
target. Once gaze shifted, the target reappeared to provide feedback
and a fixation target for the monkeys.

After mapping the neuron’s response field with the memory-guided
saccade task, the monkeys performed the cued covert visual search
task illustrated in Fig. 1A. A lever that could be turned left or right of

A B

C

FIG. 1. Task and behavior. A: the cued covert visual search task. After the monkey grasped the lever in the vertical position and fixated a small central fixation
cross a cue array appeared. Cue trials: in about 75% of trials one of the rings was red and the rest were green; neutral cue trials: in about 25% of trials all the
rings were green. After a variable cue-target onset asynchrony (CTOA), ranging from 0 to 470 ms, a search array appeared. The target of the search array was
a leftward or rightward-oriented Landolt C. The location of the red ring identified most probable target location, but in a minority of trials the cue was invalid;
the target appeared in one of the 3 green rings directly opposite the red ring. The monkeys were required to maintain fixation at the center and were rewarded
for turning the lever in the same direction as the leftward- or rightward-oriented C target and for releasing the lever if there was no target. Reaction time (RT)
was measured from search array presentation to the time of the monkeys’ behavioral report. The temporal structure of the task is illustrated at the bottom. The
approximate percentages of each trial condition are indicated in parentheses. B: cue-related behavior. Average RT and percentage correct � SE across recording
sessions is shown for monkey C (left) and for monkey B (right) from valid cue trials (red bars), invalid cue trials (green bars), and neutral cue trials (white bars).
Percentage correct performance from no-target trials is shown for each monkey (gray bars). For monkey C we grouped trials into 4 groups based on similar
CTOAs. For monkey B all recording sessions included the same 3 CTOAs: 33, 167, and 300 ms. For each monkey, the average RT and percentage correct across
all trials is shown at the far right. C: average reaction times of monkey C (top) and monkey B (bottom) in correct and error trials for each trial condition. The
color conventions are the same as those in B. Errors in target-present trials are separated by behavior into lever turn errors and lever release errors.
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vertical was attached to the front of the chair within easy reach of the
monkey. An electrical circuit detected when the monkey was touching
the lever. When no force was applied to the lever, a spring automat-
ically returned it to the vertical position. Although they were free to
use either hand to grasp and turn the lever, both monkeys were
exclusively right-handed.

After grasping the lever and positioning it within 10° of vertical, a
small (0.3°) central yellow fixation cross appeared on a black back-
ground. The monkeys were required to maintain eye position within
2° of the central fixation cross until the reward. After fixating the
central cross for a random interval (400–800 ms), a cue array was
presented that consisted of eight 2° diameter isoluminant rings spaced
equally around the fixation cross. The rings were isoeccentric and
adjusted so that at least one ring was inside the neuron’s response
field. Response field eccentricities of recorded neurons ranged be-
tween 8 and 12° of visual angle. On about 75% of trials one of the
rings was red and the other seven rings were green. On the remaining
25% of trials, all the rings were green. The position of the red ring was
randomized from trial to trial and served as a spatial cue for the most
probable location of the visual search target to be identified. The cue
array remained on until the end of the trial.

After a cue-target onset asynchrony (CTOA) lasting between 0 and
470 ms one item of the search array appeared simultaneously inside
each of the colored rings. All items of the search array were gray in
color and 1° in diameter. The target of the search array was a leftward-
or rightward-oriented Landolt C target with a 0.5° gap on the left or
right. There was an equal probability that the C target was facing
leftward or rightward. The Landolt C target appeared on about 75% of
trials (range: 66 to 83% across sessions). The monkeys’ task was to
report the presence and identity of a Landolt C target with a leftward
or rightward lever turn that corresponded to the location of the gap in
the Landolt C target. The monkeys were rewarded for making the
correct lever turn (�15° from vertical) within 4 s following search
array presentation; in practice, the monkeys nearly always turned the
lever to the limit of 35° from vertical. If the monkey broke fixation at
any time during the trial, released the lever, or made an incorrect lever
turn, the trial was immediately aborted. In about 25% of trials
(ranging from 17 to 34% across sessions) no target and only distrac-
tors were presented and the monkeys were rewarded for releasing the
lever. Overall, about 45% of target-present trials were valid cue trials;
the Landolt C target appeared inside the red ring (ranging from 31 to
55%). About 30% of target-present trials were invalid cue trials; the
Landolt C target appeared inside one of the three green rings opposite
the red ring (ranging from 14 to 39%). Therefore on invalid cue trials
each of the three target locations opposite the red ring had a nearly
10% probability of containing the target. The remaining 25% of
target-present trials were neutral cue trials; all the rings in the cue
array were green.

Combining the probabilities of cue or neutral cue, target or no target
trial, and valid or invalid cue, the approximate percentages of each
trial condition shown in Fig. 1A within a recording session are as
follows: 1) valid cue trials: 34%; 2) invalid cue trials: 22%; 3) neutral
cue target trials: 19%; 4) cue no-target trials: 19%; and 5) neutral cue
no-target trials: 6%.

Although the task was the same for the two monkeys, there were
some differences in the visual stimuli. Data were collected first from
monkey C. In this monkey, we tested various CTOAs between 0 and
470 ms. We found that reaction time was longest for 0-ms CTOAs and
reaction times did not differ across trials with CTOAs �100 ms (Fig.
1B). For monkey B we used only three CTOAs: a short CTOA of 33
ms, a medium CTOA of 167 ms, and a long CTOA of 300 ms. The
luminance of the search array was also different between the two
monkeys. Luminance was measured using a Minolta CA-100 spec-
trophotometer. For monkey C, the luminance of all the visual stimuli
was 3.7 cd/m2 on a dark gray background of 0.5 cd/m2. During
practice sessions with monkey B it became evident that the task was
too easy. Therefore to generate enough errors for analysis it was

necessary to make the task more difficult. We did this by decreasing
the luminance of the search array stimuli to 0.2 cd/m2 on a black
background of 0.02 cd/m2. In addition, to make the task more difficult
for monkey B, we altered the shape of the distractors. For monkey C
the distractors of the search array were gray rings with no gaps; for
monkey B they were upward- or downward-oriented Landolt C targets
as illustrated in Fig. 1. Finally, to provide further encouragement to
monkey B to direct attention to the red ring, on about 70% of valid cue
trial the search array stimuli were presented for only 50 ms. The
behavioral and neurophysiological results were the same from trials in
which the search array was presented briefly and from trials in which
the search array remained on and were combined for the behavioral
and neurophysiological analyses. In all invalid cue and neutral cue
trials the search array remained on the screen for the entire trial. The
results from 30 recording sessions are included in this study (monkey
C: 10 sessions; monkey B: 20 sessions).

Data analysis

A lever turn was defined as a turn �15° from vertical. The
beginning and end of each lever turn were defined as the beginning
and end of the monotonic change in lever position before and after the
15° threshold was reached. The time of the beginning of the lever turn
on each trial was used as the reaction time for that trial. The only trials
included in the analysis were those in which the monkeys maintained
fixation on the central fixation cross until after the behavioral report of
lever turn or lever release.

Spike density functions were calculated for each trial by convolving
spike times with a Gaussian filter (� � 10 ms). For the analysis of
neural activity, we compared activity on trials when the target of the
search array was in the response field to activity on trials when only
distractors were in the response field. For some neurons, two adjacent
stimulus locations were determined to be inside the response field
because responses in the memory-guided saccade task were indistin-
guishable when the target was presented at those locations. Trials
involving locations at the edge of a response field that produced weak
responses to a target were excluded from all analyses. For invalid cue
trials, distractor-related activity was from trials in which the red cue
stimulus appeared in the response field. To be included in any of the
analyses in this study a neuron had to exhibit significant spatially
selective activity before the lever turn on correct trials and have at
least four trials for each trial condition being compared.

The time course and magnitude of spatially selective activity were
quantified by calculating the area under the receiver operating char-
acteristic (ROC) curve from the single trial spike density functions at
1-ms nonoverlapping intervals aligned on the time of search array
presentation. This method has been described in detail in previous
reports (Thompson et al. 1996, 2005a). The ROC area measures the
separation of two distributions normalized to values between 0 and 1
and corresponds to the probability of an ideal observer correctly
identifying the distribution to which a sample belongs (Green and
Swets 1966). An ROC area of 0.5 indicates that the two distributions
of activity are completely indistinguishable. ROC areas of 0 and 1 are
equivalent statistically; both indicate that the two distributions are
completely separate. For each neuron in this study, the ROC analysis
was used to compare the activity during trials in which the search
array target was presented in the response field (RF) to the activity
during trials in which the distractor was presented in the RF. As a
convention, the analysis was structured so that ROC area values �0.5
indicate that the activity during trials in which the target was in the RF
was greater than the activity during trials in which distractors were in
the RF. In this report, the ROC area is referred to as the selectivity
index (SI). Average SI values measured across time intervals, as
shown in Fig. 3, are calculated by averaging the SI values obtained at
each millisecond during the time interval.

Only those neurons that exhibited spatially selective activity in the
cued covert search task were included in this study. A neuron was
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determined to exhibit spatially selective activity if the average activity
during correct valid cue trials was significantly greater in trials in
which the target was in the RF than in trials in which a distractor was
in the RF during the time interval between 150 ms following the
appearance of the search array and the median reaction time. Statis-
tical significance was determined using a t-test (P � 0.05).

Muscimol injection procedure

Muscimol injections were made in the right FEF of monkey B at the
same sites from which we collected neuronal recording data presented
in this report. Monkey C died unexpectedly before we were able to
collect data during muscimol inactivation. Ten muscimol injection
experiments were carried out after all the neuronal recordings were
completed and were separated by �1 wk. On a muscimol injection
day we inserted a 30-gauge cannula through a 23-gauge tube into the
brain at a depth previously identified to contain spatially selective
neurons. The other end of the cannula was connected to a 10-�l
Hamilton syringe. An insulated wire threaded through the cannula,
with its exposed tip extending 500 �m beyond the cannula tip,
allowed us to record multiunit activity at each injection site (Crist et
al. 1988). Each injection site exhibited strong multiunit visual and
saccade-related activity in the memory-guided saccade task.

The experimental procedure was a follows. Before the injection we
collected behavioral data from the monkey performing the memory-
guided saccade task and the covert visual search task. On the days of
muscimol injection we did not include neutral cue trials in the visual
search task and used only one CTOA (235 ms); otherwise, the task
was the same as that in the neuronal recording sessions (45% valid
cue, 30% invalid cue, 25% no target). After recording the baseline
data, we manually injected muscimol dissolved in saline (5 �g/�l) in
boluses of 0.2 �l separated by �30 s. The total volume of solution
injected ranged between 3 and 6 �l over a period of about 15 min.
After about 20 min we had the monkey perform the memory-guided
saccade task to assess the effectiveness of the inactivation. Our
indicator of a successful injection was a marked deficit in the ability
of the monkey to generate memory-guided saccades into the visual
hemifield contralateral to the injection (Dias and Segraves 1999;
Sommer and Tehovnik 1997). Once we observed a saccade deficit we
recorded behavioral data of the monkey performing the memory-
guided saccade task and the covert visual search task. The behavioral
analysis of the muscimol inactivation data are described in RESULTS.

R E S U L T S

We recorded single-unit activity in the FEF of two monkeys
performing a cued covert visual search task (Fig. 1A). The
monkeys’ task was to maintain fixation on the central cross and
report the presence and identity of a peripheral leftward- or
rightward-oriented gray Landolt C target in the search array
with a leftward or rightward lever turn, respectively, or to
report target absence by releasing the lever. In about 75% of
trials a popout red ring among green rings in a cue array
identified the most probable target location. In the remaining
neutral cue trials, all the rings in the cue array were green.

The key experimental manipulations in this study were
whether there was a red cue ring and the spatial relationship
between the red cue ring and the Landolt C target. For each
monkey we determined whether reaction time and performance
accuracy varied with whether there was a spatial cue, with cue
validity, and with duration of the cue-target onset asynchrony
(CTOA) (Fig. 1B). The behavioral results were similar across
CTOAs. The only exception was that reaction times were
longer for the shortest CTOAs (0 ms for monkey C and 33 ms
for monkey B). For all CTOAs, reaction times were shorter and

performance accuracy was better on valid cue trials compared
with invalid cue trials. For reaction time, an ANOVA that
factored the type of trial (valid cue trial vs. invalid cue trial)
and CTOA group revealed a significant difference in reaction
times between valid and invalid cue trials (P � 0.005 for
monkey C, P � 0.001 for monkey B) and across CTOA groups
(P � 0.001 for both monkeys) due to the longer reaction times
for the shortest CTOAs. When the shortest CTOA trials were
removed, there was still a significant difference in reaction
time between valid cue and invalid cue trials but there was no
significant difference in reaction time across the remaining
CTOA groups for either monkey. There was a significant
difference in accuracy across valid cue and invalid cue trials
(monkey C: P � 0.04; monkey B: P � 0.00001), with no
difference across CTOA groups for either monkey. There were
no significant interactions between CTOA and trial type for
reaction time or performance accuracy.

The behavioral results from neutral cue trials tended to be
intermediate between valid and invalid cue trials for monkey C
and, similar to the results from invalid cue trials, for monkey B.
Performance accuracy on no-target trials is included in Fig. 1B.
Performance accuracy did not differ significantly across
CTOAs for either monkey. For all trial types the performance
accuracy was well above chance for a three-alternative choice
task (33%), which indicates that the monkeys were using the
stimuli in the search array to guide their behavioral reports. In
addition, the improvement of performance on valid cue trials
relative to invalid and neutral cue trials indicates that the
monkeys used the red ring as a spatial cue to guide attention.

Average reaction times from correct and error trials across
all recording sessions and CTOAs are compared in Fig. 1C.
There were two types of errors in trials in which a target was
present. The monkey could turn the lever in the wrong direc-
tion, indicating that the C target was present but incorrectly
identifying its direction, or the monkey could release the lever,
indicating that the target was not present. On no-target trials, an
error was a lever turn indicating the presence of a target. There
are two main results when comparing reaction times from
correct and error trials. First, reaction times from lever turn
error trials were slightly longer than those from correct lever
turn trials (t-test: P � 0.02); reaction times from lever release
error trials (miss errors) and correct lever release trials did not
differ significantly (P � 0.2). This suggests that errors were not
due to a speed–accuracy trade-off. Second, reaction times from
correct and error lever release trials, in which the monkeys
reported the absence of a target, were approximately double
that of lever turn trials in which the monkeys reported the
presence of a target. This doubling of reaction times in trials in
which the target was not found is indicative of an inefficient,
serial, self-terminating visual search (Chun and Wolfe 1996;
Treisman 1988).

Neuron activity

The focus of this study is the relationship between spatially
selective activity in FEF and visual perception, as indexed by
the monkeys’ behavioral report of target identity. In each
recording session we advanced the electrode until we found a
neuron that exhibited spatially selective activity during the
cued covert search task. All neurons recorded were visually
responsive and exhibited significant spatially selective activity
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for the location of the target before the lever turn in correct
valid cue trials and were included in the analysis. The lack of
nonselective neurons in our sample is explained by our record-
ing procedures and should not be taken as evidence that all
visually responsive FEF neurons exhibit spatially selective
activity during covert visual search. In a previous study we
found that about 70% of visually responsive neurons exhibited
spatially selective responses during covert visual search tasks,
whereas all saccade-related movement neurons were silent
(Thompson et al. 2005b). A total of 49 spatially selective FEF
neurons are included in this study (19 from monkey C and 30
from monkey B).

Figure 2 shows the activity during correct target-present
trials from a representative FEF neuron recorded in monkey C
performing the cued covert visual search task with three
CTOAs. This neuron exhibited an initial visual response at
about 80 ms following the cue array presentation that did not
discriminate the red cue ring from the green rings. After the
initial nonselective response, the neuron’s activity identified
the location of the red ring by exhibiting greater activity when
a red ring was in the response field (RF) than when a green ring
was in the RF. During valid cue trials (Fig. 2, left column), after
the appearance of the search array the neuron maintained
spatial selectivity for the target until the monkey’s behavioral
report. During invalid cue trials (Fig. 2, middle column), after
the presentation of the search array, the spatial selectivity
switched to identify the location of the target inside a green
ring in the RF before the monkey’s behavioral report. During
neutral cue trials (Fig. 2, right column) the spatially selective
response emerged after the appearance of the search array and
identified the location of the target.

The time course and magnitude of spatial selectivity in the
cued covert search task were quantified for each FEF neuron
using an ROC analysis (Thompson et al. 1996, 2005a). Exam-

ples of this analysis are shown in Fig. 2B for the activity
recorded in 235-ms CTOA trials (Fig. 2A, last row). The area
under the ROC curve quantifies the difference between two
distributions normalized to values between 0 and 1, with 0.5
indicating completely overlapping distributions. Values of 0
and 1 indicate completely nonoverlapping distributions. The
magnitude of spatial selectivity is indexed in the distance the
ROC area is from 0.5; an ROC value of n is equivalent in
magnitude to 1 � n. The analysis was structured so that ROC
values �0.5 indicate spatial selectivity toward the target loca-
tion and ROC values �0.5 indicate spatial selectivity away
from the target location. For convenience we will refer to the
ROC area as the selectivity index (SI).

Before the visual response to the cue array, the SI was close
to 0.5, indicating equivalent baseline activity (Fig. 2B). Fol-
lowing the visual response to the cue array the activity for the
red ring stimulus during valid and invalid cue trials grew to
higher levels than the activity for the green ring stimuli. This
emerging difference in activity is reflected in a change in the SI
that begins around 100 ms following the presentation of the cue
array. Due to the way the ROC analysis was structured, the
initial change in the SI is toward 1 on valid cue trials,
indicating that the spatial selectivity was directed toward the
future target location, and toward 0 on invalid cue trials,
indicating that the spatial selectivity was directed away from
the future target location. During neutral cue trials, the SI
remained around 0.5, indicating equivalent activity before the
presentation of the search array. After the presentation of the
search array, but before the behavioral report, the SI across all
trial conditions was �0.5, reflecting the selection of the target
location. The switch in spatial selectivity during invalid cue
trials from the cue location to the target location is indexed by
the changing SI in time from values �0.5 following the cue
array to values �0.5 following the target array. The pattern of
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FIG. 2. Activity of a single frontal eye field (FEF) neu-
ron during correct target-present trials. A: average activity
during valid cue trials (left column), invalid cue trials
(middle column), and neutral cue trials (right column) sep-
arated by CTOA in different rows. The CTOAs of the trials
in each row are indicated at the left. Activity is aligned on
the time of the search array presentation and ends at the
median reaction time of each trial condition. The time of cue
array presentation is marked by a black triangle below each
plot. The task illustrations at the top of the figure provide a
key to the color and line types of the neuronal activity
traces. The 2 response fields (RFs) in the task cartoons
(solid and dotted) illustrate the contents of the RF in the 2
trial conditions compared in each plot. The color of the
activity traces corresponds to the color of the cue array
stimulus in the RF (red: red ring; green: green ring). The
line type differentiates activity from trials in which the
target C (solid line) or distractor stimulus (dotted line)
appeared in the RF. B: analysis of the change in spatial
selectivity in time for activity from trials with 235-ms
CTOAs (bottom row in A). The selectivity index (SI) is the
area under the receiver operating characteristic (ROC) curve
computed at each millisecond from the activity occurring
before the lever turn on individual trials. SI values �0.5
indicate selectivity toward the target location and SI values
�0.5 indicate selectivity away from the target location.
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activity exhibited by the example neuron shown in Fig. 2 was
present in the activity of all 49 neurons (see Figs. 4–6)
included in this study. The time course of spatial selectivity
across trial conditions is consistent with the hypothesis that
FEF neurons track the monkey’s allocation of spatial attention
in the task. The activity first identifies the location of the popout
singleton cue and, following the appearance of the target array, the
spatially selective activation identifies the location of the target
object to be identified.

Spatial versus object selectivity

The results of a recent study showed that some FEF neurons
can exhibit shape-selective responses for different visual stim-
uli (Peng et al. 2008). Therefore it is possible that the target-
selective responses we observed could be related to the object
in the RF, not its location. We examined whether neurons
included in this study exhibited any evidence of a preference
for leftward- or rightward-oriented C targets. For each neuron
we compared the firing rates from valid cue trials with leftward
C target in the RF field to those with rightward C targets in the
RF. The average firing rate measured between 100 ms after
search array onset and median reaction time did not differ
significantly for 94% (46/49) of neurons (t-test, P � 0.05).
Although three neurons exhibited a slightly significant differ-
ence in firing rate (P � 0.05), the difference never exceeded
10%. The key result was that all 49 neurons exhibited a strong
spatially selective response for both leftward- and rightward-
oriented C targets. The same result was found in a previous
study using similar visual stimuli (Thompson et al. 2005b).
Therefore we conclude that the neurons recorded in this study
did not exhibit object-related selectivity for the C target, but
instead represented the location of the target to be identified.
Note that this result also rules out the possibility that the
neurons responded differently for the two motor behaviors
used to turn the lever leftward or rightward.

Relationship of cue-related spatial selectivity to behavioral
measures of spatial attention

In a previous report we showed that the activity of FEF
visually responsive neurons identifies the location of the visual
search target in monkeys performing easy popout visual search
tasks in the absence of eye movements (Thompson et al.
2005b). We hypothesized that the spatially selective activity
corresponded to the allocation of covert spatial attention;
however, this was a hypothesis based on psychophysical re-
ports showing that the oddball targets of popout search arrays
automatically capture attention (Egeth and Yantis 1997; Tu-
ratto and Galfano 2000). The relationship between the spatially
selective responses in FEF to spatial attention was not tested
directly.

Here, with the cued covert search task, we address whether
there is a relationship between the spatially selective activity in
FEF for a color popout singleton stimulus and behavioral
measures of attention in a difficult visual discrimination task
obtained simultaneously in the same monkeys. Overall, the
spatially selective activity for the spatial cue is consistent with
the behavioral results (Fig. 1B). Across recording sessions, the
highest proportion of correct trials and the fastest reaction
times were observed in valid cue trials in which the spatially

selective responses to the singleton target of the popout cue
array matched the location of the target to be identified (Fig. 3).
For each neuron we quantified the cue-related selectivity dur-
ing valid, invalid, and neutral cue trials as the average SI
calculated from each millisecond between 50 ms before to 50
ms after the appearance of the search array. This period of time
captures the activation related specifically to the cue array
during the 100 ms just prior to the beginning of activity related
to the search array. Only trials with CTOAs �100 ms were
included in this analysis because shorter CTOAs do not allow
for the opportunity for cue-related responses to develop before
the search arrays appears (see Fig. 2A, top row). Figure 3A
plots, for the two monkeys separately, average performance
accuracy across recording sessions as a function of average SI
for each trial condition from all neurons. Error trials were
included in the SI calculations because performance accuracy
is a measure that includes correct and incorrect behavioral
reports. Figure 3B plots reaction time from correct trials
averaged across recording sessions as a function of average SI
calculated from correct trials.
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FIG. 3. Relationship between cue-related spatial selectivity in FEF neuron
activity and behavioral measures of spatial attention for monkey C (open
symbols; n � 19) and for monkey B (solid symbols; n � 30). For each neuron
the cue-related SI was calculated for each trial condition as the average SI
calculated from each millisecond between 50 ms before to 50 ms after the
appearance of the search array. Only trials in which the CTOA was �100 ms
were included. A: each point plots the average percentage correct performance
across recording sessions as a function of average SI from each trial condition
(circles: valid cue trials; triangles: neutral cue trials; squares: invalid cue trials).
The error bars are SE across recording sessions for percentage correct perfor-
mance and SE across neurons for SI. Correct and error trials were included in
the analysis. The correlation across individual neurons and recording sessions
is significant for both monkeys (monkey C: r � 0.30, P � 0.02; monkey B: r �
0.50, P � 0.001). B: each point plots the average of median reaction times in
correct trials across recording sessions as a function of average SI in correct
trials across trial conditions. Conventions are the same as those in A. The
correlation across individual neurons and recording sessions is significant for
both monkeys (monkey C: r � �0.32, P � 0.02; monkey B: r � �0.51, P �
0.001).
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The magnitude of spatial selection for the location of the red
ring before the presentation of the search array did not differ
between valid and invalid cue trials. SI values of 0.3 and 0.7
are equivalent in magnitude but opposite in direction relative to
the location of the target (Fig. 3). Performance accuracy was
best and reaction time was fastest when the cue-related spatial
selectivity was directed toward the future target location during
valid cue trials. The worst performance accuracy and slowest
reaction times were from trials when the cue-related selectivity
was directed away from the future target location during
invalid cue trials. During neutral cue trials there was not a
spatially selective response for the cue array and the behavioral
measures were intermediate. There was a weak spatial bias in
correct neutral cue trials (Fig. 3B) that will be addressed in the
following text (see Fig. 6). A Pearson correlation analysis
using the ROC areas and behavioral measures obtained from
individual recording sessions revealed significant positive cor-
relations for accuracy (monkey C: r � 0.30, P � 0.02; monkey
B: r � 0.50, P � 0.001) and significant negative correlations
for reaction time (monkey C: r � �0.32, P � 0.02; monkey B:
r � �0.51, P � 0.001).

The results in Fig. 3 show that behavioral performance
differences across trial conditions are correlated with the mag-
nitude of spatial selection for the target location induced by the
cue array. This pattern of results is consistent with behavioral
studies of spatial attention showing improvements in percep-
tual performance at the attended location at a cost to perceptual
performance at nonattended locations (Pashler 1998; Posner
1980). This correlation, however, demonstrates an overall
probabilistic relationship between neuronal activity and per-
ceptual performance. It is entirely predictable based on the
behavioral and neurophysiological results. The same relation-
ships between ROC area and behavior across trial conditions
shown in Fig. 3 are obtained when the behavioral data col-
lected on one day are paired with the neurophysiological data
collected on another day. Consequently, this analysis does not
account for perceptual performance on individual trials. It is
likely that the monkeys’ perceptual performance was influ-
enced by trial-to-trial variability in attentional allocation. In the
following analyses we directly examine the relationship be-
tween FEF activity and the monkeys’ ability to detect and
identify the target of the search array as indexed by their
behavioral report.

Accuracy of target identification

Within each trial condition we compared activity across
physically identical trials with different behavioral outcomes,
to examine how FEF activity contributes to the monkeys’
behavioral report. This approach also allows us to examine
when the variability in the magnitude of spatial selection
matters most for object identification. Only trials with CTOAs
�100 ms were included in this analysis. Results from the
shorter CTOA trials are qualitatively the same as those for the
longer CTOA trials (see inset plots in Figs. 4D, 5D, and 6D).
Shorter CTOA trials were not included in the analysis because
the spatially selective activity follows a different time course.
The cue-related responses occur after the presentation of the
target array and thus do not allow for the examination of
cue-related responses preceding target array presentation. Be-
cause the monkeys’ behavior across the remaining longer

CTOAs were not different they are combined to obtain a
greater number of trials for analysis. Also, the neuronal activity
results from the two monkeys were not different, so they are
combined.

VALID CUE TRIALS. Figure 4 shows an analysis of the popula-
tion activity during valid cue trials. The target appeared inside
the red ring. In Fig. 4, A–C the population average activity
during trials in which the red cue ring and the target were pre-
sented in the RF is compared with the population average activity
during trials in which a green ring and distractor were presented in
the RF. Shown in Fig. 4 are plots of the average activity in correct
trials (Fig. 4A), error trials in which the monkeys made an
incorrect lever turn (Fig. 4B), and error trials in which the
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FIG. 4. Population analysis of activity during correct and error valid cue
trials. Color and line conventions are the same as those in Fig. 2. A–C: pooled
average activity in (A) correct trials, (B) lever turn error trials, and (C) lever
release error trials for the 17 neurons with enough trials for the analysis of all
3 trial conditions. The percentages of each trial type from all valid cue trials are
indicated in the corresponding plots. Activity is aligned on the time of the
search array appearance and ends at the average of median reaction times
across the included sessions. The range of median reaction times across
recording sessions from correct valid cue trials is indicated by the bracket
above the activity plots. The vertical line within the RT bracket represents the
median reaction time on correct trials. D: pooled average SI from correct (solid
line) and error trials (dotted line). All error trials were combined to obtain a
greater number of neurons with enough trials to analyze (n � 29). SE at each
millisecond is indicated by the width of the dark gray (correct trials) and light
gray (error trials) shading. The horizontal black bar above the time axis marks
periods of significantly greater spatial selectivity in correct trials than in error
trials (paired t-test, P � 0.05). The inset plot shows the pooled average SI from
correct and error trials with CTOAs of 0 and 33 ms. E: average normalized
activity between 150 ms after search array presentation and median reaction
time in correct trials from the 17 neurons shown in A–C (the time range is
shown by the gray bars). Activity was normalized for each neuron by dividing
the average activity values by the average activity obtained from all distractors
in the RF trials, including both correct and error trials. Error bars in E indicate
SE across neurons. Solid red bars show the average normalized activity during
trials in which the red cue ring and target were in the neurons’ RF. Dotted
green bars show the normalized activity during trials in which the green ring
and distractors were in the neurons’ RF. The average normalized activity on
correct trials, lever turn error trials, and lever release error trials are shown
separately. The magnitude of target-related activity varied significantly across
the 3 trial types (Friedman test for related samples, P � 0.014). Distractor-
related activity did not vary significantly across the 3 trial types (Friedman test,
P � 0.33).
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monkeys released the lever (Fig. 4C) from the 17 neurons that
had enough trials for the analysis.

Before the appearance of the search array there is greater
activity for the red cue ring than for the green rings in both
correct and error trials. After search array presentation, the
spatially selective response continues in both correct and error
trials. During the error trials in which the monkeys released the
lever, thereby reporting that no target was present, the spatially
selective response eventually disappears before the behavioral
report (Fig. 4C). We hypothesize that the decline in spatial
selectivity on lever release errors is due to the monkey mis-
takenly shifting attention away from the cue location to find the
target (compare with Fig. 7).

Reaction times were faster in correct trials than those in error
trials (Fig. 1C). Reaction times from correct trials thus provide
an endpoint time to look for a difference in FEF activity that is
predictive of the monkeys’ accuracy of reporting target iden-
tity. In other words, to influence target identification, modula-
tions of activity must occur before the monkeys typically
would make a correct report of target identity. For each neuron,
the time course of the SI was calculated from correct and error
trials up to the median reaction time from correct trials. To
include the maximum number of neurons in the analysis, the
two types of error trials were combined. Each neuron contrib-
utes two SI traces—one from correct trials and one from error
trials. Two main points are evident in Fig. 4D. First, the
spatially selective responses for the red cue in correct and error
trials occurring before the appearance of the search array do
not differ (paired t-test on the average SI from �100 to �50
ms: P � 0.9). Second, the spatially selective responses in
correct and error trials become different after the presentation
of the search array (paired t-test on the average SI from 150 ms
to median RT: P � 0.004). To obtain a more precise estimate
of when the magnitude of spatial selectivity differs across
correct and error trials, we compared the SI values at each
millisecond using a paired t-test. Statistically significant (P �
0.05) differences were found between 143 and 271 ms after the
search array appeared and are indicated by a black bar in
Fig. 4D.

The two types of error trials are qualitatively different. Lever
turn errors indicate that the monkey detected a target C but
incorrectly identified its direction and lever release errors
indicate that the monkey did not detect the presence of a target
C in the search array. We examined whether there are differ-
ences of activity for the two types of errors. Figure 4E com-
pares the average magnitude of neuronal activity in correct and
error valid cue trials before the time the monkeys made a
correct behavioral report. For each neuron we calculated the
average activity for each trial type from 150 ms after the
presentation of the search array to the median reaction time from
correct trials for both the target in the RF and the distractors in
the RF trials. The average activity values were normalized for
each neuron by dividing them by the average value from all
distractors in the RF trials including both correct and error
trials. The neurons exhibited significantly greater activity for
the target C in the RF than for distractors in the RF during
correct and error trials (paired t-test, P � 0.001). However, the
magnitude of target-related activity varied significantly across
the three trial types (Friedman test for related samples, P �
0.014) and was ranked according to the correctness of the
behavioral report. The highest activity was during correct

trials, intermediate activity was during the partially correct
trials in which the monkeys correctly reported that the target C
was present but incorrectly reported its direction, and the
lowest activity was during error trials in which the monkey
reported that the target was absent. Distractor-related activity
did not vary significantly across the three trial types (Friedman
test, P � 0.33).

INVALID CUE TRIALS. Figure 5 shows the analysis of the pop-
ulation activity during invalid cue trials. The target appeared in
one of the three green rings opposite the red ring. Activity
before the appearance of the search array was selective for the
location of the red cue ring in correct and in error trials (Fig. 5,
A–C). The magnitude of the cue-related spatial selectivity,
quantified by the SI (Fig. 5D), is the same as that in valid cue
trials because before the appearance of the search array the
monkeys have the same expectation of target location. Also,
the cue-related spatially selective activity in correct trials was
not different from that in error trials (paired t-test on the
average SI from �150 to �50 ms, P � 0.6). After search array
presentation, the spatially selective responses in correct and
error trials become markedly different (paired t-test on the
average SI from 150 ms to median RT: P � 0.001). In correct
trials, there is a clear switch of spatial selectivity from the location
of the red ring to the location of the C target. This switch in spatial
selectivity during correct trials is clearly observed in Fig. 5D. The
SI shifts from values �0.5 before and immediately after search
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FIG. 5. Population analysis of activity during correct and error invalid cue
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error trials (dotted line, light gray shading). The horizontal black bar above the
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pooled average SI from correct and error trials with CTOAs of 0 and 33 ms.
E: average normalized activity between 150 ms after search array presentation
and median reaction time in correct trials from the 22 neurons shown in A–C.
Error bars indicate SE across neurons. The magnitude of target-related activity
(solid green bars) varied significantly across the 3 trial types (Friedman test for
related samples, P � 0.001). Distractor-related activity (dotted red bars) did
not vary significantly across the 3 trial types (Friedman test, P � 0.14).
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array onset to values �0.5 after about 150 ms following search
array onset. In error trials, the shift of spatial selectivity away from
the red cue was sluggish and by the time that the monkeys made
a lever turn in correct trials, the activity in error trials only weakly
identified the location of the target. The SI from correct trials
became significantly greater than the SI from error trials at 136 ms
following search array presentation and continued past the median
reaction time of correct trials.

Figure 5E compares the average magnitude of normalized
neuronal activity during correct trials, lever turn error trials,
and lever release error trials in the time period between 150 ms
following the presentation of the search array to the median RT
of correct trials. During this time the neurons exhibited greater
activity for the target in the RF than for distractors in the RF in
correct trials (paired t-test, P � 0.003), but not in error trials.
As in valid cue trials, the magnitude of target-related activity
varied significantly across the three trial types (Friedman test
for related samples, P � 0.001) and was ranked according to
the correctness of the behavioral report. Distractor-related
activity did not vary significantly across the three trial types
(Friedman test, P � 0.14).

NEUTRAL CUE TRIALS. Figure 6 shows the analysis of the
population activity during neutral cue trials in which there was
no spatial cue—all the rings in the cue array were green. There
was not a red cue ring in the cue array and before the

appearance of the search array the activity was not spatially
selective (Fig. 6, A–C). Spatial selectivity emerged after the
presentation of the search array and identified the location of
the target. Like the results from valid and invalid cue trials, the
SI from correct trials was greater than the SI from error trials
during the time in which the search array was present (Fig. 6D;
paired t-test on the average SI from 150 ms to median RT: P �
0.001). However, unlike the results from valid and invalid cue
trials, the SI before and around the appearance of the search
array was slightly yet significantly greater during correct trials
than during error trials (paired t-test on the average SI from
�150 to �50 ms, P � 0.02). This result suggests that in the
absence of an exogenous spatial cue the monkeys anticipated
the location of the target and this anticipation is reflected in
FEF activity. When the monkey correctly anticipates the loca-
tion of the target, as indexed by a slightly higher SI, he is more
likely to correctly identify the target once the array appears. It
should be noted, however, that this weak anticipatory bias was
associated with performance accuracy but not with reaction
time differences across trials (see Fig. 8).

Figure 6E compares the average magnitude of normalized
neuronal activity during correct trials, lever turn error trials,
and lever release error trials in the time period between 150 ms
following the presentation of the search array to the median RT
of correct trials. During this time in correct neutral cue trials
the neurons exhibited greater activity for the target in the RF
than for distractors in the RF (Fig. 6A; paired t-test, P �
0.001). During error trials in which the monkey made an
incorrect lever turn the difference was marginally significant
(Fig. 6B; P � 0.05) and during error trials in which the monkey
released the lever the activity did not differ significantly (Fig.
6C; P � 0.4). As in valid and invalid cue trials, the magnitude
of target-related activity varied across the three trial types
(Friedman test for related samples, P � 0.001) and was ranked
according to the correctness of the behavioral report. Distrac-
tor-related activity did not vary significantly across the three
trial types (Friedman test, P � 0.7).

TARGET-ABSENT TRIALS. In roughly 25% of trials, no target
appeared and all the search array stimuli were distractors. The
monkeys were rewarded for reporting target absence by releas-
ing the lever. We identify these trials as correct rejections
(Green and Swets 1966). The average reaction time of correct
rejection trials was approximately double that of correct target-
present trials (see Fig. 1C). There is a spatially selective
response for the location of the red cue stimulus during correct
rejection trials (Fig. 7A). The red cue ring is present for the
entire trial, but following the presentation of the search array
the spatially selective response for the red cue ring weakens
and eventually disappears before the monkeys release the lever
to report target absence. We hypothesize that the reduction of
the spatially selective response corresponds to the monkeys
shifting attention away from the red cue stimulus to find the
target. A similar pattern of neural activity was observed on
invalid cue misses—i.e., trials in which the target was present
but was not identified or detected (Fig. 7B). Although the target
was present, the monkeys’ behavioral report was the same as
that on correct rejections—they released the lever reporting
target absence. Reaction times of misses were not statistically
different from reaction times of correct rejections (Wilcoxon
rank-sum test; P � 0.9) (see Fig. 1C). The similar reaction
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correct trials, (B) lever turn error trials, and (C) lever release error trials for the
32 neurons with enough trials for the analysis of all 3 trial conditions.
D: pooled average SI � SE from correct (solid line, dark gray shading) and
error trials (dotted line, light gray shading). The horizontal black bar above the
time axis marks periods of significantly greater spatial selectivity in correct
trials than in error trials (paired t-test, P � 0.05). The inset plot shows the
pooled average SI from correct and error trials with CTOAs of 0 and 33 ms.
E: average normalized activity between 150 ms after search array presentation
and median reaction time in correct trials from the 32 neurons shown in A–C.
Error bars in indicate SE across neurons. The magnitude of target-related
activity (solid green bars) varied significantly across the 3 trial types (Friedman
test for related samples, P � 0.001). Distractor-related activity (dotted green
bars) did not vary significantly across the 3 trial types (Friedman test, P � 0.7).
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times lend confidence to the assumption that when a monkey
incorrectly released the lever on a target-present trial he was
performing the task and accurately reporting his percept that
the target was absent.

We examined whether there was evidence of target presence
in the neural activity on invalid cue misses even when the
monkeys reported target absence. As on correct rejections,
following the appearance of the search array, the spatial selec-
tivity for the cue location disappears and the SI returns to
values near 0.5. However, during miss trials the SI moves
toward 0.5 at a faster rate and ends at slightly higher values
than those during correct rejection trials. The average SI
calculated from the neural activity on correct rejection trials
and miss trials measured between 150 ms following the search
array and the median reaction time of correct rejections differ
significantly (P � 0.01). Therefore it appears that the presence
of a target stimulus influences the shift in the spatially selective

response away from the red cue stimulus even when the target
is not detected by the monkey. However, after the appearance
of the search array a spatially selective response for the target
location never develops. These results provide neurophysio-
logical evidence that a visual spatial selection process is
influenced by features of objects but must reach a threshold
level before an object can be detected and identified.

Speed of target identification

Manual reaction times have classically been used to measure
the benefits and costs of allocating spatial attention (Pashler
1998; Posner 1980). The idea behind this practice is that
directed attention speeds perceptual processing at the cued
location, thus leading to faster reaction times. Therefore we
reasoned that if FEF activity corresponds to the allocation of
attention, then some aspect of the spatially selective response
could be related to the time it takes for the monkey to report the
identity of the target stimulus. To test this hypothesis we
separated correct trials from each recording session into fast
reaction time groups (fastest 35% of the trials) and slow
reaction time groups (slowest 35%) for each trial condition and
calculated the SI as before to quantify the time course and
magnitude of spatial selectivity.

Figure 8, A–C plots the average SI from the fast and slow
reaction time groups for correct valid cue trials (Fig. 8A),
correct invalid cue trials (Fig. 8B), and neutral cue trials (Fig.
8C). The critical question is whether there are differences in
the SI before the monkey reports the identity of the target in
fast reaction time trials that could account for the difference
in reaction times across the two groups of trials.

The consistent result for all three trial conditions is that the
selectivity for the target location, as indexed by the SI, is
greater in fast reaction time trials than in slow reaction time
trials. In Fig. 8, A–C, the paired t-test at each millisecond found
a few brief significant differences (P � 0.05) in the cue-related
activity prior to the appearance of the search array. These brief
intervals can be identified by the regions of nonoverlapping SE
values from fast and slow RT trials (e.g., in Fig. 8A between
�200 and 0 ms). These intervals are not marked with a bar
along the x-axis in Fig. 8 because they are �30 ms in duration
and indicate differences in both directions. Therefore these
brief intervals cannot account for the differences in reaction
times across trials. Also, a paired t-test on the average SI
between �100 to �50 ms relative to the presentation of the
search array did not reveal significant differences between fast
RT and slow RT trials for any of the trial conditions (valid cue
trials: P � 0.5; invalid cue trials: P � 0.6; neutral cue trials:
P � 0.3). Across all three trial conditions there was a greater
spatially selective response in fast reaction time trials measured
between 150 ms and the median RT on fast RT trials (valid cue
trials: P � 0.005; invalid cue trials: P � 0.001; neutral cue
trials: P � 0.01). The important result is that the difference in
the magnitude of spatial selectivity between fast and slow
reaction time trials occurs during the time in which the visual
system is processing the target of the search array. This result
suggests that the magnitude of the spatial selection in FEF
influences the speed of the visual processing leading to target
identification.

Some of the difference in reaction time across trials could be
due to differences in the speed of the visual selection process
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FIG. 7. A comparison of population average activity during (A) correct
rejection trials and (B) invalid cue miss trials. In both types of trials the
monkey reported target absence by releasing the lever and reaction times (RTs)
did not differ across trial conditions (Wilcoxon rank-sum test; P � 0.9).
A: pooled average activity during correct rejection trials. The activity during
trials in which the red ring and a distractor were presented in the RF (red dotted
line) is compared with the activity in which a green ring and a distractor were
presented in the RF (green dotted line). Activity is aligned on the time of
search array presentation. The brackets above the plot show the range of
median RTs during individual recording sessions. The vertical line within the
RT bracket indicates the median RT on correct rejection trials across recording
sessions. The percentage of correct rejection trials from the total number of
no-target trials is indicated. B: pooled average activity during invalid cue miss
trials. Conventions are the same as those in Fig. 5C. C: a comparison of the
pooled average SI in correct rejection trials (solid line, dark gray shading) and
invalid cue miss trials (dotted line, light gray shading). SI values �0.5 indicate
selection of the cue stimulus and SI values �0.5 from invalid cue trials indicate
selection of the target stimulus.
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rather than the magnitude of selection. We probed this rela-
tionship by examining the time of the switch of spatial selec-
tivity during invalid cue trials from the location of the red cue
ring to the location of the target. For each neuron, we identified
the time that the ROC area crossed 0.5 after the presentation of
the target search array on invalid cue trials. We termed this
time the selectivity switch time, indicated in Fig. 8B. The
scatterplot in Fig. 8D compares the selectivity switch times in
fast reaction time trials and slow reaction time trials from all
neurons with enough correct invalid cue trials for the analysis
(n � 24). For monkey C, the average � SE selectivity switch
time was 127 � 7 ms in fast trials and 170 � 18 ms in slow
trials. For monkey B, the average selectivity switch time was
186 � 11 ms in fast trials and 227 � 13 ms in slow trials. For
both monkeys the selectivity switch time in fast and slow trials
differed significantly (paired t-test; P � 0.001).

If the variability in reaction time is simply related to when
the target is selected, then the increase in target switch time
should be the same as the increase in reaction time. To test this,
for each neuron we calculated the percentage change in reac-
tion time accounted for by the change in selectivity switch time
(Fig. 8E). On average, the percentage of the increase of
reaction time accounted for by the increase of selectivity
switch time was 21 � 4%. Therefore about 20% of the
variability in reaction time to accurately report the identity of

the target during invalid cue trials can be attributed to the time
of visual selection as measured in FEF. Other contributing
factors may include the difference in the magnitude of spatial
selection as well as variability in motor processes that occur
after target identification.

Chemical inactivation of FEF

The previous neurophysiological results demonstrate that the
magnitude of spatially selective activity in FEF is correlated
with behavioral measures of covert spatial attention. To exam-
ine whether there is a causal relationship between FEF activity
and visual target identification in the covert search task we
injected the GABAA agonist muscimol into the right FEF of
monkey B at the same locations from which we recorded the
spatially selective neurons included in this report (see METHODS

for details).
Muscimol injections were made in 10 experimental sessions

separated by �7 days. All the muscimol inactivation sessions
were after the neural recordings were completed. Results from
a representative session are shown in Fig. 9, A–C. Figure 9A
shows eye-movement traces from the memory-guided saccade
task before the injection (left) and after about 20 min following
the injection of muscimol (right) into the right FEF. The red
eye-movement traces are from trials in which the saccade
target was flashed in the visual hemifield contralateral to the
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side of injection. During muscimol inactivation the monkey’s
inability to initiate saccades into the contralateral hemifield is
quite apparent and has been described previously (Dias and
Segraves 1999; Sommer and Tehovnik 1997). When the target
was in the contralesional hemifield, saccades were usually
initiated, but they were not directed to the target locations and
had long saccade latencies. Saccades to ipsilesional targets
were also affected, often with shorter saccade latencies and
target overshooting. We used the time to initiate memory-
guided saccades to each target location as a measure of the
effectiveness of inactivation at each target location. Figure 9B
shows the average saccade latency (SL) at each target location
in the memory-guided saccade task before and during a single
muscimol inactivation. The saccade latency deficit (SLdifference �
SLduring � SLbefore) was greatest at the leftward location and
varied across the other contralesional and downward locations.
Although across all 10 inactivation sessions there was a sac-
cade latency deficit to targets in the contralateral hemifield,
there was variability in the spatial extent, the magnitude, and
the location of the greatest saccade latency deficit. This vari-
ability is likely due to the different locations of the injection

and the variability in the amount and spread of the muscimol in
the brain from one experimental session to the next.

Accuracy of target identification in the covert search task
before and during the example muscimol inactivation session is
shown in Fig. 9C. Even before the muscimol injection, per-
ceptual performance accuracy is not equal across all target
locations. To quantify the effect of inactivation on the mon-
key’s performance accuracy we calculated the change in per-
centage correct (PC) at each target location following musci-
mol injection (PCdifference � PCduring � PCbefore). In addition to
the quantification of the change in percentage correct perfor-
mance (Fig. 9C), we also quantified the change in mean
reaction time (RT) on valid cue and invalid cue trials (not
shown) for each experimental session.

We performed a correlation analysis to relate the effective-
ness of the FEF inactivation at each target location, as indexed
by the change in mean saccade latency in the memory-guided
saccade task, to the change in perceptual performance. This
analysis was carried out for the change in percentage correct
performance (Fig. 9D) and the change in correct lever turn
mean reaction time (Fig. 9E) following the muscimol injection.
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change in performance accuracy following muscimol inactivation is shown for both trial conditions. D: relationship between the change in saccade latency in
the memory-guided saccade task and the change in performance accuracy in the covert search task across the 10 experimental sessions. Each small open circle
plots the change in performance accuracy as a function of the change in saccade latency for a single target location in a single experimental session for valid
cue trials (red) and invalid cue trials (green). Each large solid circle plots the average change in performance accuracy as a function of the average change in
saccade latency across 8 successive values along the abscissa (change in saccade latency). The 3 asterisks along the abscissa mark the groups in which the change
in performance accuracy on invalid cue trials is significantly greater than that on valid cue trials (left to right: P � 0.02, P � 0.001, P � 0.001). The linear
regression lines for all data points are shown for valid cue (red) and invalid cue (green) trials. E: relationship between the change in saccade latency in the
memory-guided saccade task and the reaction time on correct trials in the covert search task across the10 experimental sessions. Each small open circle plots
the change in reaction time as a function of the change in saccade latency for a single target location in a single experimental session for valid cue trials (red)
and invalid cue trials (green). Each large solid circle plots the average change in reaction time as a function of the average change in saccade latency across 8
successive values along the abscissa. The linear regression lines for all data points are shown for valid cue (red) and invalid cue (green) trials.
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Each small data point represents a pair of values from one of
the eight target locations in one of the ten experimental
sessions. There are a total of 80 small data points in each plot;
each point relates the effectiveness of the muscimol inactiva-
tion at a specific spatial location to the change in perceptual
performance at that location for a single experimental session.
Each large solid data point is the average across 8 consecutive
nonoverlapping small data points along the x-axis.

There are strong negative correlations between the change in
saccade latency in the memory-guided saccade task and the
change in target identification accuracy in the covert visual
search task (Fig. 9D) for both valid cue trials (r � �0.43; P �
0.001) and invalid cue trials (r � �0.55; P � 0.001). Target
locations associated with the greatest slowing of saccade la-
tency were those that produced the greatest deficit in target
identification. Interestingly, the results show that FEF inacti-
vation differentially affects performance accuracy on valid
versus invalid cue trials. Paired t-tests on each group of eight
data points showed that there was a significantly greater per-
ceptual deficit on invalid cue trials than on valid cue trials for
the three groups with the greatest saccade latency deficits (P �
0.02, P � 0.001, P � 0.001, respectively). This difference
between valid and invalid trials is likely related to a decreased
ability during FEF inactivation to endogenously shift attention
from the red spatial cue to the noncued location containing the
target to be identified.

There were significant positive correlations between the
change in saccade latency in the memory-guided saccade task
and the change in target identification RT on correct covert
search trials for both valid cue trials (r � 0.37; P � 0.001) and
invalid cue trials (r � 0.30; P � 0.007) (Fig. 9E). Like the
results for performance accuracy, the target locations with
the greatest saccade deficit tended to be the locations with the
greatest deficit in the speed of target identification in the covert
search task. However, unlike performance accuracy, the effect
of FEF inactivation on the speed of target identification did not
differ significantly for valid cue and invalid cue trials across
the range of saccade deficits.

The results were consistent across the 10 experimental
sessions. We performed correlation analyses on the results
from each individual session including the values from both
valid cue and invalid cue trials for greater statistical power.
The same trends observed in the population analyses (Fig. 9, D
and E) were observed in the data from each session. For all 10
inactivation sessions the saccade latency deficit was negatively
correlated with performance accuracy (means � SE; r �
�0.56 � 0.04) and in 7 sessions the correlations were signif-
icant (P � 0.05). There were positive correlations with correct
lever turn reaction time for all 10 sessions (mean � 0.36 �
0.06) and 4 were significant. We also performed a partial
correlation analysis, controlling for any correlations caused by
differences across sessions, and obtained the same results for
performance accuracy (valid trials: r � �0.43, P � 0.001;
invalid trials: r � �0.54, P � 0.001) and for correct lever turn
reaction time (valid trials: r � �0.41, P � 0.001; invalid trials:
r � �0.30, P � 0.007). Therefore the strong correlations
between the effectiveness of the inactivation and perceptual
performance were not due to differences across experimental
sessions.

D I S C U S S I O N

The goal of this study was to directly link neuronal activity
in FEF to the efficacy of visual processing leading to subjective
perception of a target object as indexed by a behavioral report.
This was done using single-unit recordings and chemical in-
activation to determine whether the spatially selective re-
sponses of FEF neurons are related to behavioral measures of
spatial attention in a cued object identification task in the
absence of eye movements. We used a color popout stimulus as
an exogenous spatial cue to inform the monkey of the most
probable location of a target to be identified. If the target was
not at the cue location (invalid cue trials) or if there was no
spatial cue (neutral cue trials), the monkeys had to covertly
search for the target by endogenously (i.e., willfully) shifting
attention to noncued locations. The doubling of reaction time
in no-target trials to report target absence indicates that the
search for the target was inefficient and effortful (Chun and
Wolfe 1996; Treisman 1988).

To directly link FEF activity to covert visual attention, we
correlated the activity of FEF neurons with the perceptual
performance of the monkeys on a trial-by-trial basis. We asked
whether and when in the course of a covert visual search task
do differences in neural activity correspond to differences in
visual perception as indexed by a behavioral report. The results
of this study provide strong evidence that spatially selective
activity in FEF plays a causal role in the enhancement of visual
processing associated with spatial attention. The magnitude of
the spatially selective response in FEF predicts the accuracy
and speed of target identification specifically during the time
during which the target stimulus is being processed by the
visual system. In all trial conditions, the correlation between
neural activity and the behavioral measures of perceptual
performance occurred predominantly between 100 ms follow-
ing the presentation of the target to be identified and the
initiation of the behavioral report. This is the period of time
during which the processing related to target detection and
identification is taking place in the visual system. Furthermore,
we showed that chemical inactivation of FEF produces spa-
tially selective deficits in the speed and accuracy of object
identification that are greater on invalid cue trials, suggesting
that FEF plays a relatively greater role in endogenous than that
in exogenous attention processes.

Role of FEF in object detection and recognition

The task used in this study requires the monkey to detect and
identify a visual object. We found no evidence that FEF
neurons could identify whether the C target was leftward or
rightward (see also Thompson et al. 2005b). Therefore the
correct behavioral report of target identity in this task cannot be
determined from the activity recorded in FEF. This is an
important distinction between the results of the current study
and those from a previous report in which we showed that FEF
neurons reliably identify the location of a popout stimulus
during covert visual search even when the monkeys incorrectly
report the target’s location (Trageser et al. 2008). The re-
sponses of the FEF neurons in the current study identify cue
and target locations, but the monkeys are rewarded for report-
ing target identity.

In the primate visual system, there is strong evidence the
representation and analysis of visual objects takes place pri-
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marily in the temporal lobes along the ventral visual processing
stream (Logothetis and Sheinberg 1996; Tanaka 1997). Psy-
chophysical studies have shown that spatial attention is necessary
for object recognition in natural scenes (Evans and Treisman
2005; Rensink 2002; Zenon et al. 2008). Neurophysiological
studies show that spatial attention modulates object-selective
responses of neurons in inferior temporal cortex during visual
search (Chelazzi et al. 1998). Sheinberg and Logothetis (2001)
showed that during active scanning of complex visual scenes
with saccadic eye movements, object selective neurons in
inferior temporal (IT) cortex become active specifically before
the saccades used to fixate the target object of the search. These
object-selective responses in IT cortex that occur specifically
before saccades that bring the object to the fovea are likely
related to the shift of spatial attention that precedes saccades
(Deubel and Schneider 1996; Hoffman and Subramaniam
1995; Kowler et al. 1995).

Hamker (2005) proposed a model in which spatially selec-
tive signals from FEF play an important role in object recog-
nition. In a previous study (Thompson et al. 2005b) and in this
study we show that visually responsive FEF neurons exhibit
spatially selective responses in the absence of eye movements
and thus are a potential source of covert spatial attention that
enhances visual processing. In a series of experiments, Moore
and colleagues (Moore and Fallah 2001, 2004; Schafer and
Moore 2007) have shown that weak electrical microstimulation
of FEF, using currents below the threshold to evoke saccades,
increases the monkeys’ perceptual sensitivity at the location in
visual space represented by the neurons at the stimulated site
and modulates visual responses in extrastriate visual cortex in
a manner similar to the effects of directed visual attention
(Armstrong and Moore 2007; Armstrong et al. 2006; Moore
and Armstrong 2003). Moore and Armstrong (2003) showed
that FEF stimulation modulates activity in area V4 only when
the neuron in the visual cortex is being driven by a stimulus in
its receptive field and a recent fMRI study in monkeys showed
that FEF stimulation modulates visually driven activity
throughout the visual cortex (Ekstrom et al. 2008). These
results are consistent with our observation that variability in
FEF activity influences visual processing specifically during
the period of time in which neurons in the visual cortex are
processing the object to be identified. Together these results
provide strong converging evidence that FEF exerts a top-
down modulatory influence on ongoing visual processing by
providing a spatial signal that selects and enhances the repre-
sentation of behaviorally relevant objects. This conclusion is
consistent with the hypothesis that it is a source of covert
spatial attention needed for object perception (Hamker 2005).

A neuronal source of spatial attention should exhibit activity
that is related to different degrees of attention as measured by
the ability to process visual stimuli. Human psychophysical
experiments have manipulated perceptual task difficulty to
demonstrate that visual processing efficiency is directly related
to the amount of attentional effort (Lavie and Tsal 1994;
Urbach and Spitzer 1995). Single-unit recording studies have
shown that representations of visual stimuli in the visual cortex
of monkeys are stronger with increased task demands (Boud-
reau et al. 2006; Spitzer and Richmond 1991; Spitzer et al.
1988). Boudreau et al. (2006) specifically showed that neuronal
modulations related to task difficulty in area V4 are correlated
with the magnitude of spatial attention, as measured with

changes in the ability of the monkeys to detect small changes
in a visual stimulus. Additionally, the results of recent psycho-
physical experiments in humans performing covert visual
search tasks suggest that spatial attentional selection is a
necessary prerequisite for object identification (Evans and
Treisman 2005; Zenon et al. 2008). Therefore the level of
neural activity in an area that directs spatial attention should
predict whether an object is identified. Our results show that
FEF activity exhibits these properties. The magnitude of target-
related activity in FEF is correlated with the efficiency of
processing the target stimulus. For all three trial conditions—
valid, invalid, and neutral cue trials—target-related activity in
FEF was correlated with the accuracy of the behavioral report.
The highest level of activity was associated with correct object
identification. Activity below this level can support partial
processing leading to target detection, but not identification.
Moreover, when the spatially selective activity in FEF does not
reach a minimum threshold level, the monkey does not detect
the target. In a previous report we found similar evidence for a
spatial selectivity threshold for target detection in a difficult
visual search task that used saccades as the behavioral report
(Thompson et al. 2005a).

Effect of FEF inactivation

To establish a causal link between FEF activity and visual
attention in the cued covert search task we inactivated FEF
with muscimol injected at the same sites from which neurons
included in this study were recorded. The effectiveness of the
inactivation at each location of the search array was quantified
for each experimental session by measuring the change in the
ability of the monkey to initiate memory-guided saccades (Dias
and Segraves 1999; Sommer and Tehovnik 1997). We corre-
lated the effectiveness of the inactivation at each stimulus
location to the change in the speed and accuracy of target
identification in the cued covert search task (Fig. 9).

Our results corroborate and add to those from a recent study
by Wardak and colleagues (2006) that measured the effect of
muscimol inactivation of FEF in monkeys performing various
covert visual search tasks without spatial cues. They showed
that FEF inactivation increased the reaction time of target
detection by about 25 ms during visual search when the target
object was in the contralesional visual hemifield, but had little
effect on the accuracy of target detection; the monkeys per-
formed at an accuracy rate �95% in the contralesional hemi-
field after muscimol injection. We found a similar spatially
selective reaction time deficit in our task as that reported in the
previous study. However, our results also show that FEF
inactivation can also affect the monkey’s ability to identify the
target that was, in fact, much stronger and more consistent than
the reaction time deficit. The stronger deficit in target identi-
fication accuracy in our study than in the previous study is
likely explained by task differences that led to higher error
rates. In our study, but not in the previous study, the monkey
was rewarded for reporting the absence of the target, which
raises the psychophysical threshold for target detection,
thereby leading to more miss errors on target-present trials.
Also, in our study the monkey was required to detect and report
the identity of the target that produced misidentification errors.
Only target detection was required in the previous study. The
difference in error rates between our study and that of Wardak
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et al. (2006) is consistent with the results from the neural
recordings that show that decreased levels of FEF activity are
associated with target detection without identification.

A new and important result provided by our study is the
difference in the spatially selective deficits in perceptual per-
formance between valid cue and invalid cue trials. FEF inac-
tivation produced a strong deficit in the monkey’s ability to
identify the target on valid cue trials—trials in which the
spatial cue directed attention to the target location. The deficit
was much stronger on invalid cue trials—trials in which the
spatial cue directed attention away from the target.

From the results of the FEF inactivation experiment we, like
Wardak et al. (2006), conclude that FEF plays an important
causal role in covert attentional processes. Our results also
demonstrate a functional role of FEF, specifically in cogni-
tively driven shifts of spatial attention (Buschman and Miller
2007; Zhou and Thompson 2009). Correct performance on
invalid cue trials depends on the monkey voluntarily shifting
attention away from the popout, exogenous spatial cue and
toward objects in the opposite visual hemifield. The greater
perceptual performance deficit on invalid cue trials than that on
valid cue trials suggests that FEF plays a relatively more
important role in the endogenous shift of attention to locations
that do not contain an exogenous spatial cue. The smaller
deficit on valid cue trials suggests that the popout spatial cue
was somewhat effective in guiding attention even when FEF is
inactivated. This function is likely taking place in other brain
areas such as in the posterior parietal cortex and the superior
colliculus, which have been shown to exhibit spatially selective
activity for salient stimuli (Constantinidis and Steinmetz 2005;
McPeek and Keller 2002; Thomas and Paré 2007) and to
participate in spatial attention processes (Balan et al. 2008;
Cavanaugh and Wurtz 2004; Muller et al. 2005; Wardak et al.
2004).

Relationship of FEF to other brain areas in the control
of attention

Evidence from humans and monkeys indicates that the FEF,
the lateral intraparietal area (LIP), and the superior colliculus
(SC) participate in a spatial attention network (Bressler et al.
2008; Cavanaugh and Wurtz 2004; Corbetta et al. 2002; Muller
et al. 2005; Serences and Yantis 2006, 2007; Wardak et al.
2004, 2006). In all three of these areas, neuronal activity shows
little selectivity for stimulus features. Instead, activity in these
areas exhibits characteristics of a “visual salience map” (Itti
and Koch 2001) or “attentional priority map” (Serences and
Yantis 2006), a topographic representation of the behavioral
relevance of objects in the visual scene derived from the
combination of stimulus features (bottom-up) and cognitive
(top-down) influences (Goldberg et al. 2006; Shen and Paré
2007; Thompson and Bichot 2005; Thompson et al. 2005a).
Theoretically, activity peaks on the salience map guide spatial
attention and eye movements (Itti and Koch 2001; Treisman
1988). Understanding the respective contributions of FEF, LIP,
and SC to spatial attention is of particular interest and can be
investigated using a variety of experimental approaches (e.g.,
Kelley et al. 2008; Ruff et al. 2008). Here we will focus our
discussion on studies of neuronal activity recorded in awake
monkeys.

Spatially selective activity associated with saccade target
selection during visual search has been observed in SC
(McPeek and Keller 2002), LIP (Thomas and Paré 2007), and
FEF (Thompson et al. 1996, 2005a). In the absence of eye
movements, spatially selective activity for singleton targets of
popout visual arrays, shown psychophysically to automatically
capture attention (Egeth and Yantis 1997; Turatto and Galfano
2000), have been observed in FEF (Thompson et al. 1997,
2005b) and area 7a of the posterior parietal cortex (Constan-
tinidis and Steinmetz 2005). A recent study recorded simulta-
neously in the FEF and LIP of monkeys performing visual
search tasks and compared the time of saccade target selection
across the two areas (Buschman and Miller 2007). The results
indicate that FEF may be more involved cognitively driven
selection and LIP in stimulus-driven selection, a conclusion
that is supported by the muscimol inactivation results in the
present study.

A few studies have related neuronal activity in FEF, LIP,
and SC to improved perceptual performance associated with
covert spatial attention. Ignashchenkova et al. (2004) reported
enhanced visual responses in SC neurons when a spatial cue
directed the monkey’s attention to the future location of a
single Landolt C target to be identified. Attention was mea-
sured as an improvement of acuity for the size of the C gap
resulting from the spatial cue. The change in the magnitude of
the visual response to the C stimulus in cued versus noncued
trials was correlated with the change in visual acuity and thus
with covert spatial attention. Using abrupt visual onsets as
spatial cues and distractors, Bisley and Goldberg (2003)
showed that the highest activity in the topographic map in LIP
was correlated with the dynamic shifts in the locus of spatial
attention during the trial, as measured by the monkeys’ contrast
sensitivity at the cue and distractor locations. Zhou and
Thompson (2009) recently described cognitively directed an-
ticipatory activity in FEF preceding visual stimuli to be dis-
criminated that was not related to saccade choice or saccade
latency. The anticipatory activity in FEF was linked indirectly
to endogenous attention by showing an enhancement in per-
ceptual performance at the expected stimulus locations in
separate behavior-only sessions. In all of these studies, corre-
lations of neuronal activity to behavioral measures of covert
spatial attention were made across different trial conditions that
were designed to manipulate the locus of spatial attention. This
technique was used in the present study to relate the magnitude
of spatial selectivity in FEF for the popout cue to the overall
probability and speed of correct behavior (Fig. 3). However,
correlations across trial conditions do not directly link the
relationship between neural activity and the monkey’s behav-
ioral report on individual trials.

Recently, Gottlieb and colleagues have studied LIP activity
in monkeys performing a task similar to the covert search task
used in the present study (Balan and Gottlieb 2006; Balan et al.
2008; Oristaglio et al. 2006). In these studies, monkeys grasped
a bar with the left hand and a bar with the right hand and
manually reported the orientation of a target among distractors
by releasing the appropriate bar. They showed that the activity
of LIP neurons identify the target location before the behav-
ioral report in a manner that is very similar to the spatially
selective activity we observe in FEF. In addition, they observed
slightly greater target-related activity in LIP on correct fast
reaction time trials (Oristaglio et al. 2006) that is comparable to
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the greater magnitude of spatially selective activity we ob-
served in FEF on correct fast reaction time trials (Fig. 8). Also,
Balan et al. (2008) reported an absence of target-selective
activity in LIP on error trials in which the monkeys released the
wrong bar.

The principal new finding in the present study is that
trial-to-trial variability in the magnitude of spatial selectivity in
FEF is correlated with the speed and accuracy of target iden-
tification, specifically during the time that the target is being
processed by the visual system. In addition, the different
magnitudes of spatial selectivity in FEF across trials with
different behavioral reports (Figs. 4E, 5E, and 6E) suggest that
a higher threshold of spatial selectivity in FEF is necessary for
target identification versus target detection. To our knowledge,
similar relationships between the magnitude and timing of
spatial selectivity to the efficacy of ongoing visual processing
have not yet been demonstrated for LIP or SC. Nevertheless,
FEF, LIP, and SC form an interconnected network of areas
related to covert attention and overt gaze shifts. Therefore it is
not surprising that they exhibit many similar properties. Future
experiments may show that LIP and SC exhibit the same
relationship to ongoing visual processing shown in the present
study. Clearly, further studies are needed to understand the
similarities and differences of the contribution of FEF, LIP,
and SC to the control of spatial attention.
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