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Abstract

The lateral intraparietal area (LIP) and frontal eye field (FEF) have been shown to play significant roles in oculomotor control, yet
most studies have found that the two areas behave similarly. To identify the unique roles each area plays in guiding eye move-
ments, we recorded 200 LIP neurons and 231 FEF neurons from four animals performing a free viewing visual foraging task. We
analyzed how neuronal responses were modulated by stimulus identity and the animals’ choice of where to make a saccade.
We additionally analyzed the comodulation of the sensory signals and the choice signal to identify how the sensory signals
drove the choice. We found a clearly defined division of labor: LIP provided a stable map integrating task rules and stimulus
identity, whereas FEF responses were dynamic, representing more complex information and, just before the saccade, were inte-
grated with task rules and stimulus identity to decide where to move the eye.

NEW & NOTEWORTHY The lateral intrapareital area (LIP) and frontal eye field (FEF) are known to contribute to guiding eye move-
ments, but little is known about the unique roles that each area plays. Using a free viewing visual search task, we found that LIP pro-
vides a stable map of the visual world, integrating task rules and stimulus identity. FEF activity is consistently modulated by more
complex information but, just before the saccade, integrates all the information to make the final decision about where to move.

eye movement; frontal eye field; lateral intraparietal; visual search

INTRODUCTION

We make thousands of small sensory-motor decisions ev-
ery day, particularly in the oculomotor system, which guides
2 to 3 eye movements/s. A long line of electrophysiology
studies have established that the frontal eye field (FEF) of
prefrontal cortex and the lateral intraparietal area (LIP) of
posterior parietal cortex play a role in guiding covert atten-
tion (1–4) and eye movements (5–8). Physiologically, neu-
rons in both areas behave quite similarly. They respond to
inherently salient stimuli (9, 10), have responses that are
modified by top-down, endogenous factors (11–14) and dis-
play persistent activity in the memory-guided saccade task
(6, 15). However, some differences remain. Low current
microstimulation of FEF generates saccades (16), whereas in
LIP much higher currents are needed (17) and the results are
not always consistent (18, 19). And a subset of FEF neurons

respond to learned saccades made in the dark (6), whereas
LIP neurons do not.

Insights from the physiological and psychological litera-
ture have provided a computational framework for the guid-
ance of attention and eye movements: the saliency map
model (20), which we refer to as a priority map to highlight
the fact that it is not primarily driven by visual salience (21).
This model integrates bottom-up sensory and top-down
cognitive information and neuronal correlates of these
responses have been shown in both LIP and FEF (22, 23). Yet
it is not clear what unique roles LIP and FEF play in this
framework. Several studies have suggested that salience or
bottom up sensory processing originates in LIP, whereas the
top-down control of attention (11, 24) and eye movements
(25) are driven by FEF. These conclusions, however, were
based on when differences emerged in population responses
within these areas and while they showed some differences
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in the overall timing and magnitude of the top-down and
bottom up signals, they did not identify differences inmech-
anistic processing within each of the areas.

One of the reasons that differences between LIP and FEF
have not been clearly identified might be the general use of
oversimplified behavioral tasks. For example, a single saccade
decision task or center-out visual search tasks lack the strate-
gic planning and influence of clutter that affect behavior in
natural visual search. The absence of such factors could sim-
plify and decrease the diversity of neuronal responses
recorded in these tasks. In this study, we take advantage of a
free viewing visual search task that mimics the natural dy-
namics and interactions of natural viewing to computation-
ally identify the specific roles of LIP and FEF.

Previous studies have explored the oculomotor responses
of FEF neurons during free viewing of natural stimuli (26–
28). We have combined these findings with previous work
from our laboratory (22, 29–31) to hypothesize distinct roles
of LIP and FEF in naturalistic viewing behavior (32).
Specifically, we hypothesized that LIP neurons represent a
robust time invariant priority map, integrating sensory and
cognitive signals, whereas the FEF representation is more
dynamic and controls the flow of saccadic behavior.

To test this hypothesis, we examined how sensory infor-
mation and the resultant decision about where to look
modulated and, combined, comodulated activity in popula-
tions of LIP and FEF neurons during maintained fixation
within ongoing search. We found that LIP and FEF work as a
collaborative network, each playing a role in guiding the tim-
ing and location of upcoming saccades: within a fixation, LIP
activity was consistently modulated by both the identity of
the stimulus in the RF and whether a saccade would be
made to that stimulus, whereas activity in FEF was only
comodulated by these factors immediately before the sac-
cade, although other factors that affected the saccade choice
were represented throughout the fixation.

METHODS
All experiments were approved by the Chancellor’s Animal

Research Committee at UCLA as complying with the guide-
lines established in the Public Health Service Guide for the
Care and Use of Laboratory Animals. Neuronal and behavioral
data were collected from four male rhesus macaques (8–
12kg). The animals were implanted with head posts, scleral
coils, and recording cylinders during sterile surgery under
general anesthesia (22); animals were initially anesthetized
with ketamine and xylazine andmaintained with isofluorane.
Surgery was conducted using aseptic techniques and analge-
sics and antibiotics were provided during postoperative recov-
ery. The data sets of this paper were analyzed in previous
studies (22, 29–31, 33–35), although all the analyses presented
in the current paper are novel and have not been published
before.

Behavioral Tasks

The behavioral paradigms were controlled using REX sys-
tem (36) and stimuli were presented with the associated VEX
system from the Laboratory of Sensorimotor Research at the
National Eye Institute. All animals were trained on a

standard memory-guided saccade task and the visual forag-
ing task (22).

The memory guided saccade task was used for mapping
the receptive field (RF) of each recorded neuron and for
physiological confirmation that neurons were recorded from
LIP and FEF. In the memory guided saccade task, animals
started a trial by fixating on a white fixation point on the cen-
ter of the screen. After 300ms to 500ms of fixating, a periph-
eral target flashed for 200ms. Animals were to memorize the
location of the target and, after a 600-ms delay, make an eye
movement to it within 450ms after disappearance of the fix-
ation point.

Animals started the foraging task by fixating on a fixation
point appearing on the center, left or right of the screen. After
450 to 700ms of stable fixation, an array of 10 objects consist-
ing 5 potential targets (T) and 5 distractors (þ ) appeared on
the screen (Fig. 1A). In each recording session, visual stimuli
were arranged in a way that when animals were gazing at one
of the stimuli (small circle in Fig. 1A) one other stimulus could
fall into the receptive field of the recorded neuron (big oval in
Fig. 1A). Note that for some LIP neurons, the number of Ts
and distractors varied from trial to trial (29), but only data
from trials with 5 Ts and 5 distractors are included in the cur-
rent analyses. On each trial, one of the Ts was loaded with a
drop of juice as a reward. To get the reward, the animals had
to fixate the target for 500ms within 8s of array onset. For the
analyses described here, we define a target as an unfixated T
(i.e., a T that has not been fixated earlier in the trial). For
detailed analyses of the behavioral task from two of the ani-
mals seeMirpour et al. (22).

Electrophysiological Recording

We recorded extracellular single-unit activity from 200 LIP
neurons (26 from monkey C, 81 from monkey D, and 93 from
monkey E) and 231 FEF neurons (78 from monkey E and 153
from monkey M) using microelectrodes inserted through a
guide tube into the cortex. Neurons were not recorded simul-
taneously in the two areas. Activity was recorded using the
Plexon Multichannel Acquisition Processor (MAP) and spikes
were sorted using the SortClient software (Plexon Inc., Dallas,
TX) or was recorded using the MEX pattern spike sorter and
recorded in real time [54 LIP neurons from Mirpour et al.
(22)]. Anatomical locations of the recordings were defined by
MRI and confirmed by the pattern of responses to the mem-
ory guided saccade task. Recorded neurons were considered
to be in LIP if they showed the typical pattern of LIP activity
consisting of a visual burst, delayed sustained activity and/or
a peri-saccadic burst, during thememory-guided saccade task
(5). We confirmed the FEF locations by evoking saccades
using low current microstimulation (70ms train of biphasic
pulses, negative first, 0.2ms width/pulse phase, delivered at a
frequency of 330Hz) while animals performed a blink task
(37). Neurons were recorded if they showed increased activity
during the visual, memory, or movement stage of the mem-
ory-guided saccade. Consequently, fixation neurons (38, 39)
were excluded from this study.

The size and position of the receptive field of each neuron
was mapped using an automated memory guided saccade
task, covering 9 (in a confined 3� 3 grid) and then 25 (in a con-
fined 5� 5 grid) locations (40). Figure 2 shows the means ± SE
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normalized population responses of 218 FEF neurons in the
memory-guided saccade task. These data pool all locations
found to be within each neurons’ receptive field and, thus, are
not as clean as when a single target location is used. However,
they show that the population of neurons we recorded from
included visual, delay, and movement-related responses.
Neurons were excluded from the study if their receptive fields
were so large that they would encompass two or more stimuli
in the array when fixating another stimulus. All the neural
data analyzed here were collected from the foraging task,
which was run after mapping the receptive field using mem-
ory-guided saccades.

Data Analysis

Data analyses were performed using custom code written
in MATLAB (MathWorks Inc.). Each trial from the visual for-
aging task was separated to fixations. The first fixation of the
trial always started at the fixation point and for 51 LIP and
158 FEF neurons, the point changed to one of the objects
when the array appeared. For the remaining neurons, the fix-
ation point was outside of the array and was not replaced by

a stimulus. Most of the analyses were done on fixations that
occurred after the first saccade, which we refer to as
“ongoing search.” For these data, the neural responses were
aligned by the start of fixation (i.e., the end of the previous
saccade) or the start of the next saccade (i.e., the end of the
fixation). The onset of saccades were detected by using an
eye-velocity detection algorithm. Fixation durations were
typically bimodal, with modes around 180–200ms and 600–
700ms and a trough around 300–350ms depending on the
animal [see Fig. 2 in Mirpour et al. (22) and Fig. 2 in Mirpour
et al. (30)]. Except where noted, analyses were done on fixa-
tions lasing aminimum of 300ms. Similar, albeit much nois-
ier, results were seen for fixations lasting between 150ms
and 300ms.

For visualization, the neural responses were presented as
spike density functions (41) using a sigma of 10ms, and were
normalized by dividing the activity by a normalizing factor.
The normalizing factor for each neuron was calculated as
the average response over a 150ms period starting 150ms af-
ter fixation onset across all fixations that occurred after the
first saccade, that lasted at least 300ms and that had a target
at the fovea and a distractor in the RF.

Within the foraging task, many factors change as the ani-
mals make eye movements from one object to another. In
each fixation there could be an object in the RF and there
was usually an object at the fovea. Although it is well known
that many neurons in LIP and FEF are driven by the identity
of the stimulus in the RF, we have recently shown that the
response of FEF neurons is affected by fixation duration (31).
Because animals typically fixate distractors for shorter dura-
tions than targets, we included the identity of the stimulus
at the fovea as a factor to see whether this identity was a fac-
tor when using only long fixation durations (i.e., greater than
300ms). The animal’s behavior can also be characterized by
whether the next saccade was made to the RF or away from
it. Based on these conditions, we defined threemain parame-
ters: 1) Choice: whether the animal made a saccade to or
away from RF; 2) RF objects: whether there was a target or
distractor in RF; 3) Foveal objects: whether there was a target
or a distractor at fovea. These three parameters can be
extracted about the current fixation or next fixation (Fig. 1B).

A B

Current
fixation

Next
fixation

Current RF

Next RF

next sac

to RF

sac awayfrom RF

Figure 1. Behavioral paradigm. A: in each trial, 5 potential targets (T shaped) and 5 distractors (þ shaped) were presented after the animal had fixated
the fixation point for at least 450ms. One of the potential targets was loaded with a reward, which the animal received if it fixated that target for 500ms.
The stimuli were arranged in a way that when the animals looked at one object (small circle), a single other object was usually inside the receptive field
(RF) of recorded neuron (oval). B: a schematic diagram of a series of eye movements from left to right during the visual foraging task. For each fixation,
there was an object at the fovea and an object inside receptive field.
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Figure 2.Mean ± SE normalized population responses of 218 FEF neurons
in the memory-guided saccade task, aligned by target onset (left) and sac-
cade onset (right). The target was presented for 200ms and the delay pe-
riod between target offset and the go signal was 600ms. The solid black
line on the x-axis represents the time the target was presented. The
dashed line indicates baseline, as measured in the 100ms before target
onset. FEF, frontal eye field.
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Therefore, six main parameters were calculated for every
single fixation excluding the first fixation of each trial. For
most conditions, we had a median of at least 200 fixations
across neurons. The median number of fixations, median
absolute deviation and quartiles of the number of fixations
per condition are given in Table 1 �20% of fixations resulted
in a saccade into the RF.

For most of the analyses we were interested in looking at
the information carried about the parameters instead of cal-
culating themean neural response to each stimulus. Tomea-
sure this, we calculated the response modulation index
(RMI). The RMI is a nonparametric measure based on neural
response variability introduced by (42, 43). It quantifies the
amount of information obtained about behavioral parame-
ters in the neural data and closely resembles information-
theoretic measures. We chose to use RMI over other informa-
tion-theoretic measures because the number of repetitions
per stimulus in our conditions were not equal and, in some
cases, were too small for such analyses, which could poten-
tially create biases. For each of the six parameters, we calcu-
lated the ratio of stimulus-to-stimulus variance across trials
to average trial-to-trial variance using formula similar to the
f test:

fratio
Varbetween

Varwithin
;

where Varbetween is the stimulus-to-stimulus variance and
Varwithin is the average trial-to-trial variance. This ratio is the
equivalent to a signal-to-noise ratio. To normalize the value
across all parameters, the stimulus identities for each fixa-
tion were shuffled and the ratio calculated again. The RMI is
the original ratio divided by the average of 104 shuffles:

RMI ¼ data fratio
randomized fratio

;

This normalization of the fratio by the randomized fratio
corrects for deviations of the data set from normality and
any inherent variance of neural data due to other task-
irrelevant factors. For each neuron, the RMI for each pa-
rameter was calculated from 400ms before start of fixa-
tion to 400 after it using 50ms windows with 5ms steps.
We also ran this analysis using bins with equal numbers of
spikes, as the use of equal bin width could bias modulation

during bins of low average responses. The results for both
analyses were qualitatively very similar, so here we show
only the analysis in which the time bins were kept con-
stant. To simplify the results and exclude possible interac-
tions or collinearity among factors, we only calculated the
main effects (i.e., explained variance of one main factor).
Interactions (i.e., the explained variance of nonlinear com-
binations of the factors) were ignored.

To calculate the chance level RMI for each neuron, we cal-
culated the average RMI with shuffled stimulus tags, keeping
the number of trials in each category unchanged for 103 iter-
ations. To calculate whether the RMI for a given time bin
was significant across the population, the RMI values were
compared with averaged shuffled RMI across neurons using
paired one-tailed (because RMI values should only be greater
than the shuffled data) Wilcoxon signed rank tests with an a
of 0.005 indicating significance.

A key question we are interested in is how information
about stimulus identity drives the behavior across the neu-
ral population. To answer this, we calculated a metric to
represent the integration of the animal’s saccadic choice
and stimulus identity. Specifically, we calculated the
comodulation of the choice RMI (saccade to or away from
RF) and either the RF object RMI (target or distractor in
RF) or the fovea object RMI (target or distractor in fovea)
using the formula:

Comodulation ¼ 1
n

Xn

1
X � Xð Þ Y � Yð Þ;

where n is the number of neurons, X and Y are the single cell
RMIs for the two variables (for example choice and RF
object) and X and Y are the average RMIs for the two varia-
bles. The calculation and value of the comodulation is very
similar to a correlation coefficient: the reliability depends on
the magnitude of the value and on the number of observa-
tions. Thus, to test if the comodulation values of bins are sig-
nificantly different from zero, we used a linear regression t
test which is a commonly used for testing Pearson correlation
coefficients. First the comodulation values of all bins were
normalized to maximum values during the time course of fix-
ations. Then the t statistic was calculated using formula:

t ¼ c
ffiffiffiffiffiffiffiffiffiffiffi
n� 2

p
ffiffiffiffiffiffiffiffiffiffiffiffi
1� c2

p ;

where c is the comodulation value, n is the number of neu-
rons contributing to each epoch, and t is the t statistic. The
right tailed P value of each bin was calculated for t statistics
using t distribution with an a of 0.005 indicating significance.

For the purpose of illustrating the individual neuron RMI
traces in Fig. 6, outlier RMI traces were removed. Outliers
were traces more than 4 scaled median absolute deviation
(MAD) from themedian. The scaledMAD is defined as:

MAD ¼ c�median jx�median xð Þj� �
;

where x is the RMI values of the population, c= 1.4826, a con-
stant linked to the assumption of normality of the data, dis-
regarding the abnormality induced by outliers (44). The
number of traces removed are listed in the figure legend.
Critically, these outliers were included in the main popula-
tion analyses.

Table 1. The median, median absolute deviation, and
quartiles of the number of fixations per neuron for each
condition for fixations lasting at least 300ms and occur-
ring after the first saccade

Condition Median MAD First Quartile Third Quartile

LIP
Distractor at fovea 379.6 512.1 5 1,971
Target at fovea 481.3 433.6 18 1,879
Distractor in RF 212.9 225.0 9 1,090
Target in RF 196.0 213.4 5 1,195

FEF
Distractor at fovea 33.4 51.3 4 3,32
Target at fovea 955.6 441.5 92 2,509
Distractor in RF 352.3 195.4 16 1,194
Target in RF 297.2 165.2 23 1,025

Note that saccades to the RF occurred in approximately 20% of
fixations. FEF, frontal eye field; LIP, lateral intraparietal area;
MAD, median absolute deviation; RF, receptive field.
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RESULTS
To compare the dynamics of neuronal activity in LIP and

FEF in naturalistic behavior, we trained four monkeys to for-
age for a reward loaded target by freely moving their eyes
among 10 objects (Fig. 1A). The animals had to fixate the tar-
get for 500ms to get the reward. No eye movements or fixa-
tions were punished: the trial ended either when the animal
obtained the reward or after 8 s of search. We recorded the
activity from single neurons using extracellular electrodes
while the animals performed the task. The stimulus array
was set up so that when the animal fixated one stimulus
(small circle, Fig. 1A), no more than one other stimulus was
in the RF (large oval, Fig. 1A). We analyzed the data from fix-
ations lasting at least 300ms as a function of the identity of
the stimulus in the RF, the identity of the stimulus at the
fovea and by the direction of the upcoming saccade (to or
away from the RF), which we refer to as representing the ani-
mal’s choice.

Neuronal Responses in LIP and FEF

At the start of each trial, the animals fixated a fixation
point, after which the array of stimuli appeared on the
screen. In a subset of sessions, in which 110 LIP and 179 FEF
neurons were recorded, a stimulus appeared in the neuron’s
RF when the array appeared. The appearance of a stimulus
in the RF increased the average response of neurons in both
FEF and LIP (Fig. 3, A and B). These figures show responses
from fixations lasting at least 350ms and in which a saccade
was made away from the RF. The response peaked around
the same time in both areas after stimulus presentation.
When looking in a 300-ms window starting 50ms after array
onset, the average population response in both areas

responded significantly more to targets than distractors (Fig.
4, A and B). Although a subset of neurons in each area indi-
vidually responded significantly more to a target appearing
in the RF than to a distractor (P< 0.05, t test), the strength of
this effect was greater in LIP, as seen by the greater devia-
tions below the unity line in Fig. 4A compared with Fig. 4B,
as was the proportion of neurons with individual differences:
30/110 (27.3%) in LIP and 18/179 (10.0%) in FEF (v2 = 14.58,
P = 1.34� 10�4, v2 test). Although both areas showed a signif-
icant difference in response, the onset of the difference in
response happened �40ms earlier in the FEF population
(140ms after array onset in FEF and 184ms after array onset
in LIP neurons). This was calculated as the first of 50 signifi-
cant bins in a row at P < 0.05 with a running Wilcoxon
signed-ranked test on the smoothed traces in Fig. 3, A and B.

Despite these general similarities in responses in LIP and
FEF, we also found a number of noticeable differences. The
first is obvious when comparing Fig. 3, C and D: during
ongoing search, LIP neuronal activity clearly differentiated
between targets and distractors in the RF (Fig. 3C), whereas
FEF did not (Fig. 3D). Using a 300-ms window starting 50ms
after fixation onset, the LIP population responded more to
targets than distractors in ongoing search (Fig. 4C), with 16/
124 (12.9%) single neurons showing this significantly (P <
0.05, t test). This classic priority map-like pattern of activity
was not seen in the average population of FEF neurons (Fig.
3D and Fig. 4D), despite the difference being present in the
same population when the array first appeared (Fig. 3B).
Furthermore, we found little evidence that single FEF neu-
rons showed this at levels beyond those expected by chance:
only 18/231 (7.79%) neurons responded significantly more to
a target than to a distractor, which is not significantly more
than the expected 5% (v2 = 3.792, P = 0.0515, v2 goodness-of-
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Figure 3. Mean ± SE normalized popula-
tion responses of LIP and FEF neurons to
targets (green traces) and distractors (red
traces) in fixations lasting at least 350ms
and in which the saccade was made away
from the receptive field or to targets in fix-
ations lasting at least 350ms in which the
saccade was made into the receptive field
(blue traces). The population response of
110 LIP neurons (A) and 179 FEF neurons
(B) to array onset, aligned by array onset.
The population response of 200 LIP neu-
rons (C) and 231 FEF neurons (D) during
ongoing visual search, aligned by the start
of fixation (left) and the start of the next
saccade (right). The dashed lines indicate
baseline, as measured in a 100-ms win-
dow before array onset for all trials. Note
that because A and B have only a subset
of the neurons, the baseline in C and D
does not perfectly match the prearray ac-
tivity shown in A and B. FEF, frontal eye
field; LIP, lateral intraparietal area; RF,
receptive field.
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fit test) and even fewer responded more to a distractor than
to a target (13/231, 5.63%).

A second difference in the population responses is less
obvious in this figure, but likely explains the first difference:
the responses of FEF neurons are almost silenced during
maintained fixation (31), whereas LIP neurons are not. A hint
of this can be seen when comparing the response profiles in
Fig. 3B, in which the FEF responses following the visual
burst rapidly decline, to the response profiles in Fig. 3A, in
which the LIP responses retain a moderate level of activity.
During ongoing search (Fig. 3, C and D), responses in both
areas appear to drop during maintained fixation, but mean
LIP responses tend to remain above baseline levels (dashed
line in Fig. 4C), whereas in most cases, FEF response

dropped to or below baseline level (dashed line in Fig. 4D).
To illustrate how these response profiles are different, we
ran two analyses. We first tested whether LIP, like FEF,
shows reduced activity during maintained fixation by com-
paring the responses in a 100-ms window, starting 50ms af-
ter fixation on trials with long (�350ms) and short (>150 and
<350) fixation durations. We found that the populations of
neurons in both LIP (Fig. 4E) and FEF (Fig. 4F) responded
more during shorter fixations than during longer fixations.
However, a substantially higher proportion of FEF neurons
(118/229) than LIP neurons (44/128) showed this difference
significantly (v2 = 9.75, P = 0.0018). We then tested to see
how strong this reduction of response was in each area, by
comparing the activity in a 100-ms window starting 50ms af-
ter fixation onset during long (�350ms) fixation durations,
to the baseline response taken from a 200-ms window start-
ing 200ms before array onset. We found that a clear majority
(137/200; Fig. 4G) of LIP neurons responded significantly
more during maintained fixation than during baseline,A
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Figure 4. The responses of single neurons in the foraging task during fixa-
tions in which the next saccade would be made away from the receptive
field (RF). A: the responses of 110 LIP neurons, following array onset. Thirty
neurons (27.3%, red circles) had a significantly higher response to the tar-
gets and six neurons (5.5%, blue circles) had a significantly higher
response to the distractors (two-tailed t test P < 0.05). The mean
response was significantly stronger to a target than to a distractor (two-
tailed Wilcoxon signed rank tests, n = 110, P = 0.00042, z =3.52). B: the
responses of 179 FEF neurons following array onset. Eighteen neurons
(10.1%, red circles) had a significantly higher response to the targets and
four neurons (2.2%, blue circles) had a significantly higher response to the
distractors. The mean response was significantly stronger to a target than
to a distractor (two-tailed Wilcoxon signed rank tests, n = 179, z =2.33, P =
0.01969). C: the responses of 124 LIP neurons during ongoing search.
Sixteen neurons (12.9%, red circles) had a significantly higher response to
the targets and five neurons (4.3%, blue circles) had a significantly higher
response to the distractors. The mean response was significantly stronger
to a target than to a distractor (two-tailed Wilcoxon signed rank tests, n =
124, z =2.8, P = 0.005086). D: the responses of 231 FEF neurons during
ongoing search. Eighteen neurons (7.8%, red circles) had a significantly
higher response to the targets and 13 neurons (5.6%, blue circles) had a
significantly higher response to the distractor. There was no significant dif-
ference in the mean response to targets and distractors (two-tailed
Wilcoxon signed rank tests, n = 231, z = 0.13, P = 0.8936). E: the responses
of 128 LIP neurons in long and short fixation durations. Forty-four neurons
(34.4%, red circles) had a significantly higher response during short fixa-
tions and only 1 (0.7%, blue circle) had a significantly higher response dur-
ing long fixations (P < 0.05; two-tailed t tests). The mean response was
significantly stronger during short fixations (two-tailed Wilcoxon signed
rank tests, n = 128, z = 6.72, P = 1.8 � 10�11). F: same as E, but for 229 FEF
neurons. Hundred and eighteen neurons (51.5%, red circles) had a signifi-
cantly higher response during short fixations and nine neurons (3.8%, blue
circles) had a significantly higher response during long fixations. The
mean response was significantly stronger during short fixations (two-tailed
Wilcoxon signed rank tests, n =229, z = 10.55, P =5.19 � 10�26). G: the
responses of 200 LIP neurons in long fixation durations in ongoing search
are compared to baseline activity. Total 137 (68.5%, red circles) responded
significantly higher in ongoing search than in the baseline condition and
nineteen neurons (9.5%, blue circles) responded significantly less (two-
tailed t test, P < 0.05) during ongoing search. The mean response of the
population was significantly higher during search than in the baseline con-
dition (two-tailed Wilcoxon signed rank tests, n =200, z =9.58, P =9.4 �
10�22). H: same as for G, but for 231 FEF neurons. Total 106 neurons
(45.9%, red circles) responded significantly higher in ongoing search than
in the baseline condition and 37 neurons (16.0%, blue circles) responded
significantly less during ongoing search. The mean response of the popu-
lation was significantly higher during search than in the baseline condition
(two-tailed Wilcoxon signed rank tests, n =231, z =6.96, P = 3.5 � 10�12).
FEF, frontal eye field; LIP, lateral intraparietal area.
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whereas in FEF, less than half (106/231) of the neurons
responded significantly more than baseline (Fig. 4H) and 37/
231 neurons (16.0%) had responses that were significantly
less than baseline. As a result, the mean FEF response during
maintained fixation was only 28% higher than baseline,
whereas the mean LIP response was double that (58%). By
comparison, the mean response in a 200-ms window before
saccade onset for saccades made into the RF (blue traces in
Fig. 3, C and D) was 90% higher than baseline in LIP and
94% higher than baseline in FEF, showing that the reduced
response during maintained fixation represents a substan-
tially stronger reduction in activity in FEF.

A third noticeable difference between the responses in LIP
and FEF during ongoing search is the timing of the apparent
burst of activity in each area. In LIP, we see a postsaccade
enhancement in activity which begins just as the saccade
ends and fixation begins (Fig. 3C). We have examined this in
a subset of the neurons presented here previously and con-
cluded this represents a postsaccade period of excitability,
but one that aligns best with the start of the saccade (35).
These dynamics are very different to those seen in FEF,
which look more like the traditional build-up activity seen
before saccade onset (Fig. 3D). However, it is important to re-
iterate that the target (green trace) and distractor (red trace)
data presented in Fig. 3D only include fixations for saccades
made away from the RF, so this ramping up of response is
not the same as the movement response, which is shown in
the blue trace. Instead, we suggest the apparent ramping up
of the response when saccades were made away from the RF
represents the release of the suppression seen during main-
tained fixation (31).

Modulation of Response and Response Modulation
Index

Analyzing the average responses of the neurons to the
objects inside the receptive field gives us a general sense of

the response properties of the two areas. However, averaging
out trial-to-trial fluctuations can potentially misrepresent
the amount of information conveyed about factors by each
neuron. Population modulation effects can also be averaged
out in the simple statistical summarizations as the result of
population diversity. Therefore, to measure the information
carried about the behavioral parameters, we calculated an
RMI, which is less prone to these weaknesses since it works
based on the variance of the response, not the magnitude of
it. RMI provides an explicit measure of the signal-to-noise ra-
tio using f statistics (see METHODS). RMIs for each single neu-
ron were calculated based on three parameters: RF object
(whether there was an unfixated target or distractor in the
RF), fovea object (whether there was a target or distractor on
the fovea), and behavioral choice (whether the upcoming
saccade was made to or away from the RF). Each was calcu-
lated as a function of the current and next fixations (see
Fig. 1B).

During Ongoing Search, the RMI Pattern in LIP Is Stable,
but Dynamic in FEF

In LIP, the RMI patterns for the RF object and saccade
choice factors were relatively stable across fixations during
ongoing search (Fig. 5A). These factors modulated the
responses of LIP neurons soon after the start of the fixation
and kept modulating it to the end of the fixation. This modu-
lation was significant in most fixation time bins when com-
pared to the shuffled RMI (circle markers in Fig. 5A). The
modulation of response as a function of the stimulus at the
fovea was at chance levels throughout the fixation (red trace
in Fig. 5A). LIP neuronal responses were modulated within
50ms of the start the fixation and the modulations were rela-
tively stable until the next saccade was made, with a slight
increase in the choice condition, starting �50ms before sac-
cade onset. These patterns were typical at the single neuron
level (Fig. 6,A and B).
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The pattern of RMI was noticeably different in FEF (Fig.
5B). Unlike LIP, FEF neurons were only weakly modulated
during most of the fixation period and this modulation was
only consistently significant in the choice condition. The
modulation due to the identity of the stimulus in the RF was
significant in the first 200ms, but was not consistently sig-
nificant again until �180ms before the upcoming saccade.
Most notably, the strongest modulations in FEF occurred
�50ms before the start of the next saccade as a function of
the animals’ choice, which followed a buildup of �200ms.

Unlike LIP, these patterns of modulation did not appear to
be consistent across all FEF neurons (Fig. 6, C andD).

To compare the consistency of the pattern of the modula-
tion among the neurons, we calculated the first principal
component of the RMI signals and the amount of variance it
explained. In LIP, the first principal component for the
choice and RF object factors built up �50ms after fixation
onset and remained stable until the onset of the next saccade
(Fig. 7A). In addition, the first principal component
explained at least 90% of the RMI population variance for
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both factors in both epochs. This indicates that the choice
and RF object factors consistently modulated the LIP neu-
rons’ responses and the cell-to-cell variance was low. The
first principal component of the RMI for the fovea object fac-
tor was volatile and only explained 30% of the variance early
in fixation and 56% of the variance late in fixation. This is
likely due to the very weak RMI seen for this factor.

The FEF neurons showed less consistency in response
modulation, except in the period just before the onset of the
saccade. During fixation, the first principal component of
the choice and RF object factors explained only 58% and 65%
of the population variance, respectively. In the 200ms lead-
ing up to saccade onset, both the first principal component
and the percentage of the variance it explained increased for
both factors (right, Fig. 7B). Like LIP, the first principal com-
ponent of the RMI for the fovea object factor was weaker
than for the other two factors, explaining only 38% of the
variance early in fixation and 52% of the variance late in fixa-
tion. Note that because fixations lasted a minimum of
300ms and were mostly longer than 600ms, the apparent
peak in the RF object data in Fig. 7B, left, which represents
only 65% of the variance, is unrelated to the peak in the Fig.
7B, right, which represents over 80% of the variance.

So far, we have analyzed the effect of the parameters of
the current fixation using the response of the current fixa-
tion. However, the effect of factors might not be restricted to
the current fixation, as seen by the number of significant
RMI bins in Fig. 5B before the start of fixation. Given that the

neuronal responses of FEF neurons tend to show a buildup
that is better aligned to the start of the saccade than to the
start of fixation, we looked at the response modulation
before the saccade based on factors in next the fixation,
aligned by saccade onset (Fig. 8). There was no predictive
modulation before saccade onset in LIP (Fig. 8A), but there
was a clear buildup in FEF (Fig. 8B). FEF neurons were
modulated by the choice of the next saccade (not the sac-
cade made at this time) starting �150ms before saccade
onset and by both the identity of the RF objects, starting
�150ms before saccade onset, and the identity of the
object at the fovea starting less than 100ms before saccade
onset. Note that the scale is different to that in Fig. 5, indi-
cating that the overall strength of these modulations is rel-
atively weak compared to the modulations driven by the
choice for the current saccade (right panel, Fig. 5B).

To summarize the RMI results, LIP neurons showed a rep-
resentation of the identity of the stimulus in the RF and the
saccade goal from the start of fixation to its end. This repre-
sentation was consistent across the population and rela-
tively stable across time. On the other hand, FEF neurons
were not modulated as strongly as LIP neurons during fixa-
tion, but the modulation started to rise and became con-
sistent in the population �200ms before the start of the
upcoming saccade.

Comodulation as a Measure of Priority

RMI values give us a good indication of the stimulus and
choice information in LIP and FEF, however it is not clear
how much the stimulus representations contribute to the
choice. To test this, we performed a comodulation analysis
between the choice RMI and each of the two stimulus RMIs
(the identity of the stimulus in the RF or the identity of the
stimulus at the fovea). The comodulation value was calcu-
lated bymultiplying the RF object or the fovea object RMI by
the choice RMI and then averaging them across the popula-
tion. The final value can be interpreted as a population co-
variance of the combined main effects. To find chance level,
the comodulation was calculated for shuffled RMIs (see
METHODS for details). Because a priority map can be defined
as the integration of sensory and task relevant signals used
to guide behavior, we suggest that the comodulation of the
stimulus and choice signals can be considered as a metric of
priority.

The normalized population comodulation values for the
RF object and choice (orange trace) and for the foveal object
and choice (red trace) are shown in Fig. 9. In LIP, the choice
RMI comodulated with the RF object RMI for the duration of
fixation (Fig. 9A). Shortly after fixation onset, it rose to a sig-
nificant level (circles) and stayed high during the rest of the
fixation, with a slight enhancement beginning�50ms before
the start of the saccade. This means that the modulation of
LIP activity represents not only the identity of the stimulus
in the RF, but how it will guide the upcoming choice of sac-
cade goal. There was no significant comodulation between
the foveal object RMI and choice at any time.

In FEF, the comodulation between the RF object RMI and
choice didn’t show consistent or robust levels during main-
tained fixation, but it ramped up strongly around 200ms
before the start of the saccade (Fig. 9B). This suggests that
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the choice signal that was consistent in FEF (Fig. 5B) was not
driven by the identity of the stimulus in the RF until shortly
before saccade onset. Like LIP, we found no significant or
substantial comodulation between the foveal object RMI
and choice at any time. This comodulation analysis indi-
cates that the LIP priority representation is a stable and
bound to the current fixation, while the FEF priority repre-
sentation is dynamic, with a strong increase right before
an eye movement.

Temporal Comodulation

In the previous section, we hypothesized that the LIP pri-
ority representation, as measured by comodulation, is stable
over time because the comodulation metric remained at a
somewhat similar level during stable fixation. To test this hy-
pothesis, we created temporal comodulation maps for LIP
and FEF, in which the comodulation of the RF object RMIs
and the choice RMIs were compared across all possible com-
binations of times relative to fixation onset (Fig. 10). On

these maps, the color of the points shows the normalized
comodulation and significant points or groups of points are
outlined by the red boundaries.

The LIP temporal comodulation map showed a block of
high values starting �50ms after fixation onset along both
dimensions (Fig. 10A). This means that, in this block, the
RMI for one factor correlated with the RMI for the other fac-
tor, independent of the time each factor was tested. This
shows that the representation of priority in LIP truly is stable
over time.

The FEF temporal comodulation map (Fig. 10B) differed
from the LIP comodulation map in three important ways.
First, although LIP showed strongest comodulation during
maintained fixation (i.e., after fixation onset along both
dimensions), the strongest comodulation in FEF occurred
close to the time of fixation onset. Note that this is aligned
by the start of fixation (as in the left panel of Fig. 9B) and not
by saccade onset (as in the right panel of Fig. 9B), so this is
not the large saccade-related comodulation. Instead, it
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highlights how little consistent comodulation is present dur-
ing maintained fixation in FEF. Second, most comodulation
in FEF was found close to the diagonal, with the exception of
some moderate comodulation found later in fixation. This
means that FEF modulations do not show the sort of tempo-
ral stability seen in LIP. Finally, as implied in Figs. 5 and 8,
FEF RMIs showed comodulation between the RF object and
the upcoming saccade before fixation even began, whereas
in LIP this only occurred after fixation onset.

DISCUSSION
Our data revealed representations of stimuli and choice in

both FEF and LIP, but identified clear differences in the dy-
namics of the representations during maintained fixation in
ongoing search. LIP and FEF neurons showed somewhat
similar patterns of responses following array onset and
responses in both areas were not modulated by the identity
of the stimulus at the fovea at any time. During ongoing
search, LIP neurons continued to discriminate targets and
distractors consistently, whereas during long fixations FEF
neurons were only modulated around the time of a saccade,
with a large diversity of patterns in the population. And
although the LIP representation was consistent within and
constrained to each fixation, the FEF representation started
before saccade onset. Based on these results, we suggest
there is a more clearly defined division of labor within the
cortical oculomotor circuit than previously thought: LIP pro-
vides a stable map of priority based on current information,
while the FEF map is dynamic, represents additional infor-
mation and only integrates it with current information to
decide where to move the eye just before the eye movement
is made.

We propose that, during free viewing search, LIP activity
creates a simple map of visual space in which activity repre-
sents the behavioral importance of objects or locations in
space and that this map is used to guide behavior. From pre-
vious work, we know that LIP activity is driven by low level
salience (9) and a host of top-down factors, which can
include reward expectation (14, 45–47), the similarity of a
stimulus to a defined target (7, 22, 25, 48–51) or category (52,
53), inhibition of return (22), behavioral state (54), and gains
in information not directly linked to a reward (55, 56). The
present work adds to this by indicating that activity modula-
tion in LIP is tied to the current fixation, is maintained
throughout the fixation, is robust across the population and
explains the resultant behavioral choice. To be clear, we are
not suggesting that LIP makes the choice or that it converts
the sensory and task-related data into a movement signal,
instead we propose that it is a simple map that provides in-
formation about the attentional priority of the visual scene
and, given the results of the comodulation analyses, it is
likely that this activity is then used to guide behavior.

Even though predictive remapping has been seen in LIP
(57), including in a subset of the neurons analyzed here using
this task (33, 35), we found no indication of a predictive RMI
signal in LIP. This suggests that the predictive signal may
not be critical in the behavior of this task, and is consistent
with our previous hypothesis that remapping in LIP may
play a role in maintaining spatial stability across saccades
(35, 58). Because the LIP activity is stable and temporally

independent, as shown in Fig. 10, we conclude that the criti-
cal information represented in LIP is the behavioral rele-
vance, represented in the magnitude of the response, and
the spatial location, represented by which neurons are
active.

The role of FEF in free viewing search behavior is more
complex, both in terms of the consistency of responses
within the area (as in Fig. 7B) and in terms of what and when
information is processed. We cannot know all the factors
that drive each animals’ behavior: clearly they include infor-
mation about the stimuli and the task, which we have
defined as priority and which is consistently represented in
LIP, but other factors may play a role, such as a bias to not
revisit stimuli that have been examined earlier in the trial
(59), a bias to search in a particular direction (60), a bias to
move away from the edges (27), or even a strategic plan to
make a series of saccades in a row (28). It has been suggested
that many of these factors can be thought of as priors in a
Bayesian framework (27). In this framework, visual informa-
tion from the current fixation, that is, the activity in LIP, rep-
resents the likelihood, and this is combined with the priors
in FEF to decide where to look next.

In this study, we found evidence that FEF plays a role in
processing these other factors. When looking at the RMIs, we
found a robust modulation of FEF activity based on saccade
choice, which began even before saccade onset, and fluctuat-
ing modulation based on the identity of the object in the RF.
Yet the comodulation of these factors was only consistently
significant just before saccade onset. This suggests that the
early choice modulation likely represents nonstimulus
related factors that influence the choice. Indeed, this was
seen even before fixation onset, which may use the remap-
ping mechanism known to exist in FEF neurons (61) and is
consistent with the idea that it could represent a strategic
plan tomake several eye movements in a row (28) or a bias in
saccadic direction (27). In addition, we have previously
shown that a subset of the FEF neurons analyzed here prefer-
entially respond to a stimulus that has been fixated earlier in
the trial (30) and that this signal is predictively remapped
before each eye movement. Together, these data are consist-
ent with the idea that FEF activity represents factors beyond
just representing the identity of the stimulus in the RF or ba-
sic task rules. Whether these signals primarily reside in FEF,
despite the low firing rate, as may be inferred by the consist-
ent choice RMI throughout each fixation, or whether FEF is
part of a broader network that processes such priors (62) is
unclear from our data.

Although FEF carried some information about the identity
of the stimulus in the RF, this was not represented in the
comodulation duringmaintained fixation. This suggests that
the stimulus representation in FEF early in the fixation did
not affect the final choice, unlike in LIP, and that the emer-
gence of the robust comodulation in FEF at the time of the
saccade is driven by a signal from outside of FEF. Although
we did not record from neurons in both areas simultane-
ously, given the connections between LIP and FEF and the
fact that the signal was present in LIP, we suggest that LIP
could be the source of this information. Overall, our data
suggest that FEF activity is modulated bymore complex task
and non-task related factors that influence behavior, that
when it is time to make the saccade, FEF activity can access
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the LIP representation and that whatever controls the sup-
pression in FEF, likely controls the temporal rhythm of the
saccadic behavior. In the Bayesian framework, this suggests
that LIP provides the likelihood, FEF provides the priors and
then combines them to make the decision about where to
look.

A key reason that we were able to identify these separable
roles is that we used a behavioral task in which the animals
had no oculomotor restrictions and made multiple eye
movements on each trial. Many previous studies have exam-
ined the responses of LIP and FEF using single saccade, cen-
ter-out visual search (e.g., 10, 50). These studies likely did
not identify the differences we have shown here because, as
we found ourselves, the responses immediately after array
onset are very similar in the two areas.

Several previous studies have examined single and multi-
unit responses to task-relevant and task-irrelevant features
in free viewing conjunction search. Whether using a task
that required visually searching among many stimuli (51) or
a center-out search task that did not punish incorrect sac-
cades (25), both studies found that FEF activity was modu-
lated by stimuli that shared features with the target, that this
modulation occurred during ongoing search and that this
modulation emerged at the same time in LIP, albeit less
robustly than in FEF. Our task was not designed to look at
feature modulation beyond the basic distinction between
the potentially rewarding Ts and task-irrelevant distractors,
which remained consistent across tens of thousands of trials.
As such, the robust modulation we saw in LIPmay be a prod-
uct of training (63) and may overemphasize the feature cod-
ing in this area compared to when targets can change on a
trial-by-trial bases in conjunction search (25). Likewise, by
design, our task encourages the animals to pause search by
fixating potential targets. These pauses mimic the longer fix-
ation durations that can occur in natural reading and scene
perception (64) and that are the reason for the inhibition
seen in models of eye movement behavior in search (65, 66),
scene perception (67, 68), and reading (69, 70). When we
examined short duration fixations, we also found elevated
activity throughout the fixation (see Fig. 4, E and F), suggest-
ing that the lack of signal in longer durations is likely due to
the overall reduction in response (31). Indeed, with fixation
durations under 200ms, the integration we see emerging
late in long fixations is likely to occur immediately. So
although our data are unable to address the flow of informa-
tion in these cases, they clearly show that FEF signals during
maintained fixation are not sufficient to guide eye move-
ments and that these signals must come from elsewhere.
Given the natural disposition animals have in performing
this task (training of a naïve animal typically takes 4–6wk),
we believe these results reflect an inherent mechanism
rather than a product of training.

The interpretation we present here pertains to eye move-
ment decisions, but both FEF (3, 60, 71) and LIP (1, 72–75) are
known to play a role in guiding covert attention. Indeed, FEF
neurons maintain robust activity during maintained fixation
in visual search tasks, best illustrated in the accurate trials in
speed accuracy tradeoff studies (76, 77). The data we present
from the memory-guided saccade task (Fig. 2) showed that
the population of FEF neurons we recorded from has ele-
vated activity during the delay, yet the mean response of the

same population of neurons dropped to or below baseline af-
ter 150–200ms in the foraging task (Fig. 3D). This indicates
that the activity in FEF is different depending on whether
animals are performing naturalistic free viewing eye move-
ments or a covert attention task. We interpret this to mean
that these represent two different states within the network.

Our view is that in the natural viewing state, as mimicked
in our task, the main role of FEF is to affect the timing of sac-
cades and to integrate longer-term biases or priors. In covert
attention tasks, in which the eye is not allowed to move or in
which only one eye movement is allowed, but in which
wrong saccades are punished (such as in the memory-guided
saccade task), the temporal dynamics of an animal’s behav-
ior is dictated by the rules of the task: either go at a signal or
do not go unless you are sure. We speculate that in this state,
the primary role of FEF is to drive top-down attentional
effects in visual areas, to allow the brain to continuously
update visual information pertinent to the task. In the case
of the memory guided saccade, this would be the persis-
tent activity at the target/saccade goal location, which is
necessary for a robust representation of the same signal in
LIP (78). Given the importance of FEF activity in these
tasks, the sort of suppression seen in free viewing would
be counterproductive.

Although speculative, our hypothesis makes a concrete
prediction: while performing a free viewing behavior, covert
spatial attention benefits, such as shortened reaction times
(79) or enhanced sensitivity (80, 81), should not be active,
even during maintained fixation. Note that in the memory-
guided saccade, attentional benefits are seen at the target/
saccade goal location during the delay (1, 82), consistent with
our hypothesis.

In summary, our results support the hypothesis that in
free viewing oculomotor behavior, LIP provides a stable map
of priority based on current information, while FEF is
dynamic, representingmore complex information, including
biases and priors. When an eye movement is to be made,
FEF integrates all these signals to decide where to move the
eye next.
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