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Behavioral/Cognitive

Perceptual Modulation of Motor—But Not
Visual—Responses in the Frontal Eye Field during an
Urgent-Decision Task

M. Gabriela Costello, Dantong Zhu, Emilio Salinas, and Terrence R. Stanford
Department of Neurobiology and Anatomy, Wake Forest School of Medicine, Winston-Salem, North Carolina 27157-1010

Neuronal activity in the frontal eye field (FEF) ranges from purely motor (related to saccade production) to purely visual (related to
stimulus presence). According to numerous studies, visual responses correlate strongly with early perceptual analysis of the visual scene,
including the deployment of spatial attention, whereas motor responses do not. Thus, functionally, the consensus is that visually respon-
sive FEF neurons select a target among visible objects, whereas motor-related neurons plan specific eye movements based on such earlier
target selection. However, these conclusions are based on behavioral tasks that themselves promote a serial arrangement of perceptual
analysis followed by motor planning. So, is the presumed functional hierarchy in FEF an intrinsic property of its circuitry or does it reflect
just one possible mode of operation? We investigate this in monkeys performing a rapid-choice task in which, crucially, motor planning
always starts ahead of task-critical perceptual analysis, and the two relevant spatial locations are equally informative and equally likely to
be target or distracter. We find that the choice is instantiated in FEF as a competition between oculomotor plans, in agreement with model
predictions. Notably, although perception strongly influences the motor neurons, it has little if any measurable impact on the visual cells;
more generally, the more dominant the visual response, the weaker the perceptual modulation. The results indicate that, contrary to
expectations, during rapid saccadic choices perceptual information may directly modulate ongoing saccadic plans, and this process is not

contingent on prior selection of the saccadic goal by visually driven FEF responses.

Introduction
The frontal eye field (FEF) is involved both in generating volun-
tary saccadic eye movements (Bruce and Goldberg, 1985; Bruce et
al., 1985; Hanes and Schall, 1996; Schall, 2002) and in two related
perceptual processes, (1) the orienting of visuospatial attention
(Thompson et al., 2005; Schafer and Moore, 2007, 2011; Mono-
sov et al., 2008, 2010; Monosov and Thompson, 2009; Zhou and
Thompson, 2009; Zhou and Desimone, 2011; Gregoriou et al.,
2012), and (2) the selection of targets among objects in the visual
scene (Thompson et al., 1996; Schall, 2001, 2002). For our pur-
poses, the distinction between attentional deployment and target
selection (Juan et al., 2004)—if any—is not important; we are
concerned with the broader distinction between the perceptual
and motor functions of the FEF.

That they are heavily intertwined is clear. For instance, the
neural substrates of visuospatial attention and saccade planning
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often seem identical: attention is oriented to a given point when
an eye movement is planned to that point (Rizzolatti et al., 1987;
Moore and Fallah, 2001; Miiller et al., 2005; Armstrong et al.,
2006; Awh etal., 2006). Also, the preparation of a motor plan may
be indistinguishable from a gradual accumulation of sensory ev-
idence for making a discrimination (Gold and Shadlen, 2000).

Other experiments, however, suggest that perceptual and mo-
tor functions in FEF are dissociable, and implemented by at least
partially non-overlapping neural populations. Both visually re-
sponsive and motor-related FEF neurons fire differently depend-
ing on whether a target or a distracter is in the response field (RF).
For motor neurons, such differential activation culminates in
activity that reaches a fixed threshold for generating a saccade to
a specific location (Hanes and Schall, 1996; Thompson et al.,
1997; Heitz and Schall, 2012; Steinmetz and Moore, 2012). For
visually responsive cells, the differentiation is consistent with a
strictly perceptual signal: (1) its timing is independent of saccadic
reaction time (RT) (Thompson et al., 1996; DiCarlo and Maun-
sell, 2005), (2) it is affected by target/distracter similarity (Bichot
and Schall, 1999; Sato et al., 2001), (3) it is synchronous with
attentional modulation in area V4 (Gregoriou et al., 2012), and
(4) it occurs even when task rules require a spatially incompatible
saccadic report (Murthy et al., 2001, 2009; Sato and Schall, 2003)
or no saccade at all (Thompson et al., 2005; Gregoriou et al.,
2012).

This means that perceptual analysis (as implemented by acti-
vation of visually responsive neurons) is not necessarily accom-
panied by saccade planning (as implemented by activation of



Costello et al. ® Perceptual Modulation of Motor Activity in FEF

motor-related neurons) (Juan et al., 2004). Furthermore, it sug-
gests that perceptual analysis is accomplished first, before motor
planning is initiated (Schall et al., 2011; Purcell etal., 2012)—but
is such a sequential arrangement necessary, and is it intrinsic to
the FEF circuitry? Intuitively, it would seem that motor planning
must follow a target selection process; however, the large majority
of experimental tasks used in this context impose, by their design,
a strong bias in favor of deploying attention to the target and
completing perceptual analysis before committing to a motor
choice. Therefore, the question remains unanswered. In neuronal
terms, must visually responsive FEF neurons differentiate target
from distracter before the motor neurons can select a specific
saccadic response?

We investigate this with the compelled-saccade (CS) task, a
choice task in which, in contrast to most decision-making para-
digms, motor planning always starts ahead of relevant perceptual
processing (Stanford et al., 2010; Shankar et al., 2011), thus pre-
cluding a serial visuomotor strategy (Salinas et al., 2010). We find
that the ongoing activity of motor-related FEF neurons is modu-
lated according to the outcome and timing of the perceptual
judgment, in close agreement with model predictions. In con-
trast, visually responsive neurons show meager evidence of per-
ceptual modulation, which implies that their target/distracter
differentiation is not essential for the motor neurons in FEF to
execute rapid, perceptually informed saccadic choices.

Materials and Methods

Subjects and setup. Two adult male rhesus monkeys (Macaca mulatta)
served as experimental subjects. All experimental procedures were con-
ducted in accordance with the NIH Guide for the Care and Use of Lab-
oratory Animals, USDA regulations, and the polices set forth by the
Institutional Animal Care and Use Committee (IACUC) of Wake Forest
School of Medicine. Under general anesthesia, an MRI-compatible post
was secured to the skull. The post served to stabilize the head during
subsequent behavioral training and recording sessions. Analog signals of
eye position were monitored via scleral search coil (Riverbend Electron-
ics) for Monkey S and infrared tracking (EyeLink 1000, SR Research) for
Monkey G. Stimulus presentation, reward delivery, and data acquisition
were controlled using a purpose designed software/hardware package
(Ryklin Software). Yellow, red, and green stimuli were illuminated on a
48 X 42 element array of tri-color light-emitting diodes (LEDs). At a
viewing distance of 145 cm, the distance between adjacent LEDs subten-
ded 1° of visual angle. Saccade onset was identified as the time at which
eye velocity exceeded 50°/s.

Stereotactic coordinates and MRI images were used to guide surgical
placement of a recording cylinder over the left arcuate sulcus of each
monkey. Neural activity was recorded using single tungsten microelec-
trodes (FHC, 2—4 M{2) driven by hydraulic microdrive (FHC). Neural
signals were amplified and filtered and individual neurons were isolated
based on amplitude criteria and/or waveform characteristics (FHC;
Plexon). Putative FEF neurons were recorded within the boundaries of
areas from which saccade-like movements could be evoked by low cur-
rent microstimulation (70 ms stimulus trains at 350 Hz, with ampli-
tude = 50 wA) (Bruce and Goldberg, 1985; Bruce et al., 1985; Stanford et
al., 2010).

Behavioral tasks. In the CS task (Fig. 1a), each trial begins with the
presentation of a central stimulus, and its color, either red or green,
identifies the eventual saccade target. While the monkey fixates the cen-
tral spot, two yellow stimuli, each a potential target, appear at diametri-
cally opposed locations. The Go signal (offset of the fixation spot)
instructs the subject to initiate a saccade to a peripheral stimulus, al-
though at the time of the Go, both are still yellow. The identities of the
target and distracter are revealed (Cue) during the RT interval after a
delay termed “Gap” (50—250 ms). At the Cue, one yellow spot turns red
and the other green. Subjects receive a liquid reward for executing a
saccade to the stimulus that matches the color of the fixation point (the
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Figure 1. Three tasks used. a, The CS task. The subject is required to make a saccade when

the fixation point disappears (Go signal). If the chosen target matches the color of the fixation
point (red, in this example), the choice is correct and a reward is obtained. The Go instruction is
given first, before the relevant sensory information is revealed (Cue). The Gap (50 —250 ms) is
the time interval between the Go and the Cue. The rPT is the amount of time during which the
colorinformation can potentially inform the saccadic choice. b, The easy-choice task. Events are
as in the (S task, except that the Cue is revealed before the Go signal. ¢, The delayed-saccade
task. A single target appears (Target on) and the subject is required to make a saccade to it after
a delay, when the fixation point disappears (Go). In all tasks, RT is measured from the Go signal
to saccade onset.

target) within 600 ms. The RT is measured from the onset of the Go signal
until the onset of the saccade (as in the other tasks). The control param-
eter is the Gap, which specifies the length of time that the sensory infor-
mation is withheld. The raw processing time, or rPT, is the maximum cue
viewing time; it is the interval between Cue onset and saccade onset:
rPT = RT — Gap, where all values are trial-specific.

In the easy-choice task (Fig. 1b), the events, perceptual discrimination
(red vs green) and saccadic choice rule (target matches fixation spot
color) are identical to those for the CS task, except that the Cue is revealed
before the Go signal, allowing the subject ample time to discriminate
target and distracter before initiating a motor response. The key experi-
mental parameter is the delay between the Cue and the Go (50-250 ms),
which specifies the amount of time available to process the Cue informa-
tion. The total cue viewing time in this case is rPT = RT + delay.

In the delayed-saccade task (Fig. 1¢), each trial begins with fixation of
a central red spot, and a single red target appears at a peripheral location
during fixation. After a variable delay (500—-1000 ms) following target
onset, the fixation spot is extinguished (Go signal) and the subject re-
ceives a liquid reward if a saccade to the peripheral target is made.

During recording sessions, the delayed-saccade task was first used to
locate the RF of the recorded neuron. For the purpose of online RF
mapping, peripheral targets could appear at any one of 16 directions and
4 eccentricities (6°, 10° 15°, 20°). Once this spatial characterization was
completed, the three trial types were randomly interleaved. For the two
choice tasks, one stimulus always appeared within the RF and the other at
the diametrically opposed location. Target/distracter locations and col-
ors were randomly assigned across trials.

All data analyses were performed in Matlab (The MathWorks). Behav-
ioral curves were constructed as described in previous reports (Salinas et
al., 2010; Stanford et al., 2010; Shankar et al., 2011).
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Neuron classification. Neurons were classified as visual (V), visuomo-
tor (VM), or motor (M) by evaluating activity during the CS task within
time windows keyed to stimulus onset (Fig. 1a, Targets on) and saccade
onset. A neuron was considered to be visually responsive if its firing rate
in a poststimulus window (20-150 ms with zero at stimulus onset) sig-
nificantly exceeded its firing rate in a prestimulus window (—300—-0 ms
with zero at stimulus onset). Significance (p < 0.01) was assessed via
permutation test (Siegel and Castellan, 1988) (20,000 permutations). A
neuron was considered to have motor-related activity if the firing rate in
a presaccadic window significantly exceeded that in a preplanning win-
dow (—50-50 ms with zero at the Go). Because presaccadic increases in
activity ranged from gradual to steep, each neuron was evaluated with
two presaccadic windows (either —110 to —10 ms, or —60 to —10 ms
with zero at saccade onset), and was considered to have motor-related
activity if the test was significant in either of them. Accordingly, neurons
were classified as V, M, or VM based on whether activity exceeded base-
line significantly in the visual, motor, or both visual and motor epochs.

Based on responses evoked during performance of the CS task, 96 of
119 recorded neurons (74 for monkey S and 45 for monkey G) were
activated during either the visual, presaccadic, or both visual and presac-
cadic epochs. Of these, 87 neurons were classified as M (n = 33), VM
(n = 36),0r V (n = 18) based on stated statistical criteria and 9 failed to
meet one or more inclusion criteria (see below). Of the 87 classified
neurons, 83 were also tested with the single-target delayed-saccade task
for verification of response properties.

Normalization of neural activity. Continuous firing rate traces were
computed by convolving evoked spike trains with a Gaussian function
(o = 10 ms) and averaging across trials. From such traces, peak firing
rates during a sensory epoch (0—250 ms with zero at stimulus onset) and
a motor epoch (—300-300 ms with zero at saccade onset) were deter-
mined, and responses were normalized to the larger of the two values. For
each neuron, this same factor was applied to the responses obtained in
the three behavioral tasks. All population averages are based on normal-
ized firing rate.

Evaluation of presaccadic spatial selectivity. For neurons determined to
have significant presaccadic activation (see above, Neuron classifica-
tion), the firing rate for movements into the RF was compared with that
for movements to the diametrically opposed location. The same two
presaccadic windows described above were tested, and both correct and
incorrect CS trials for all rPTs were included for this comparison. A
permutation test (Siegel and Castellan, 1988) (20,000 permutations, p <
0.01) was used to establish significance. These trial inclusion criteria were
designed specifically to identify neurons with spatially selective presac-
cadic activity, and thus putatively related to response selection. Beyond
the main criteria, neurons were excluded if maximum firing rate was =10
spikes/s, or, in rare cases, when the RF location appeared to be inconsis-
tent across the different task types.

Time of the neural discrimination. The time at which neurons differen-
tiated saccades into versus saccades away from the RF (or target vs dis-
tracter) was calculated as follows. Trials were sorted into two conditions,
correct saccades into the RF versus correct saccades away from the RF.
For each neuron, spike counts for each condition were computed over a
time window of 50 ms sliding in steps of 1 ms, and the separation between
in and out responses at each time point was quantified according to a
receiver operating characteristic (ROC) index (Wyder et al., 2004). This
index goes from —1 to 1, with 0 indicating no separation between con-
ditions. A mean separation index as a function of time was then obtained
by averaging across the population of neurons under consideration. To
determine whether this mean value was significantly different from 0, a
sign-rank test (Siegel and Castellan, 1988) was applied to the set of indi-
vidual ROC indices from all the neurons. The time of neural discrimina-
tion, T,,,, was defined as the time point at which the sign-rank test
indicated p < 0.01; at that point, the observed inward and outward
responses were considered statistically different. The SE of T, was cal-

Se]
culated using a jackknife procedure (Efron, 1982), in whichPTSep was
recomputed multiple times, each time omitting data from one neuron.
Results were obtained for specific rPT intervals (short, long), with data
synchronized on different events (Targets on, Go, Cue, and saccade on-

set). This method was applied to CS and easy-choice trials.
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Quantifying acceleration/deceleration of neural activity. According to
the model, perceptual information acts by accelerating, positively or neg-
atively (deceleration), the oculomotor activity as it rises to threshold,
thus producing inflections in the firing rate profiles (see Fig. 3d—h). To
quantify such inflections, we measured the convexity of the recorded
firing rate traces. The convexity between two points on a curve is equal to
the average difference between the straight line that joins the two points
and the actual curve values. Trajectories that decelerate are above the line,
have negative convexity and curve downward, whereas trajectories that
accelerate are below the line, have positive convexity and curve upward.

The definition of convexity applied here was the same as in a previous
report (Stanford et al., 2010), but the data were processed slightly differ-
ently. Here, instead of measuring convexity on the standard firing rate
traces as functions of time, such traces were first temporally normalized
according to the RT in each trial. That is, the time axis in each trial was
stretched or shrunk so that all trials had the same RT (set to 300 ms).
After this step, the averaging across trials and neurons proceeded as
usual. With this transformation, the rise to threshold always starts with
the Go signal at 0 and ends with saccade onset at 300 ms (see Fig. 9, right).
This eliminates variance due simply to differences in overall build-up
rate across trials, and results in slightly more pronounced and more
significant convexity curves.

Curves of convexity as a function of rPT (see Fig. 9, left, middle) were
constructed by (1) selecting an rPT interval, (2) generating a population-
averaged, temporally rescaled firing rate trace for trials within the speci-
fied rPT interval, (3) computing its convexity between two chosen time
points, and (4) repeating the procedure for all other rPT intervals. For
activity into the RF, the chosen time points were 120 and 0 ms (rescaled)
before saccade onset, whereas for activity away from the RF the time
points were 200 and 0 ms (rescaled) before saccade. These points were
chosen to maximize the range of resulting convexity values. Convexity
was calculated in the same way for simulated and recorded data.

The statistical significance of the convexity curves obtained experi-
mentally was evaluated in three ways. First, error bars (see Fig. 9, gray
shades) were generated through bootstrapping (Efron, 1982; Davison
and Hinkley, 2006); that is, by resampling with replacement across cells
multiple times. Second, a paired permutation test (Siegel and Castellan,
1988) was designed to compare the convexities at two rPT bins (80 ms bin
width) near the edges of the range (rPT = 25 and 225 ms, shown in Fig.
7b, left) using the contributions of individual neurons. And third, to
quantify an increasing or decreasing trend in a convexity curve, the cor-
relation between convexity and rPT was computed, and its null distribu-
tion was generated (Efron, 1982; Davison and Hinkley, 2006) by
randomizing the rPT labels of all trials and all cells 20,000 times, each
time recomputing the curve and the correlation. The fraction of times
that the randomized correlation was larger than or equal to the orig-
inal correlation obtained from the unshuffled data was taken as the p
value. Results are quoted for method 2, but method 3 produced sim-
ilar numbers.

Quantifying the choice bias. To quantify the choice bias, spikes were
counted in a preplanning time window (—250-20 ms with zero at the
Go), with responses into and away from the RF analyzed separately. First,
for each cell, the spike count in the window was converted to a z score
based on all rPTs. Second, the mean z score was computed for specific
rPT bins. And finally, the results were combined across cells and plotted
as a function of rPT (see Fig. 10, left, middle).

The statistical significance of the resulting bias curves was evaluated as
done with the convexity curves (methods 1 and 2). That is, error bars (see
Fig. 10, gray shades) were generated through bootstrapping, and a per-
mutation test was designed to compare, in each curve, the values ob-
tained near the edges of the rPT range (rPT = 25 vs 225 ms).

Model simulations. The race-to-threshold model was implemented
and fitted to the current datasets exactly as detailed earlier (Shankar et al.,
2011), except for one minor modification: in each trial, after threshold
was exceeded, the two motor plans decreased exponentially toward base-
line with a fixed time constant of 90 ms (Ratcliff et al., 2007). This post-
saccadic tail had no impact whatsoever on the simulated outcomes or
RTs; it simply produced more realistic average traces aligned on the
Go or Cue.
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Predicted neural activity was generated by averaging over multiple
simulated trials after fitting the model to the behavioral data of monkey S.
Neural predictions did not involve any additional parameter adjust-
ments. The race model has 11 parameters that may vary to fit a given
psychophysical dataset. For completeness—and to show how heavily
constrained each one of these parameters is—we briefly outline their
roles here, but all details are as explained in the study by Shankar et al.
(2011). At the beginning of each trial, the two competing motor plans
start building up after an afferent delay following the Go signal; two
parameters determine the mean (Typ) and SD (o7,) of this delay across
trials. The initial build-up rates of the two motor plans also vary ran-
domly across trials, and are drawn from a bivariate Gaussian distribution
with a given mean (rg), SD (o), and correlation coefficient (pg). Once
the Gap period elapses, the color information identifying target and dis-
tracter arrives after an afferent delay following the presentation of the
Cue; this delay is drawn from the same distribution as the delay associ-
ated with the Go signal. Once the Cue information becomes available to
the model circuit, two things happen. First, both motor plans are briefly
interrupted, i.e., they momentarily stop increasing; two parameters spec-
ify when such interruption starts (I;) and ends (I,). Second, once the
interruption is over, the motor plan congruent with the target location
accelerates and the one congruent with the distracter location deceler-
ates; two parameters determine how strong the acceleration (r) and the
deceleration (r,) are, and another one (7) determines how long they last.
Finally, to account for incorrect choices that are not due to limited Cue
viewing times, in each trial there is a small probability (p,) that the Cue
will simply be missed or ignored; this lapse rate is the eleventh parameter.

Simulating ideal V neurons. If we knew for a fact that, in a task lacking
any time pressure, a population of V neurons differentiated target from
distracter to a given degree, what would their responses be in the context
of the CS task? To answer this, we simulated the activity of a population
of ideal V neurons. We assumed that the firing rate of an ideal V cell
would be relatively high once the two choice targets had been presented,
that the neuron would start differentiating 110 ms after Cue onset, and
that the differentiation would be nearly complete within 10-30 ms (ex-
ponential rise/decay with 16 ms time constant), following the findings of
Thompson etal. (1996). We also assumed that the firing rate would decay
to baseline after the saccade (90 ms time constant) and that the maxi-
mum and minimum firing rates attained before saccade onset, which
represent target- and distracter-related responses, would correspond to
changes of +50% with respect to the pre-Cue firing rate (see Fig. 11a,
arrows); this amount of differentiation is well within the range of mod-
ulations reported using highly discriminable stimuli (Thompson et al.,
1996, 1997; Sato et al., 2001; Sato and Schall, 2003; Murthy et al., 2009),
but is not critical (see Results). Results were similar when the onset of the
differentiation changed by *20 ms, and when the time constants varied
by +50%.

In any given trial of the CS task, the mean firing rate of this ideal V
neuron as a function of time was produced by assuming that it always
followed the same temporal course relative to Cue onset, and that if the
Cue was revealed after saccade onset the response would simply decay to
baseline without having differentiated. Poisson spike trains were then
generated by converting the resulting firing rate trace into a firing prob-
ability, and via a random-number generator, producing a 0 (no spike) or
a 1 (yes spike) in each 1 ms time step. Finally, to generate a simulated
population response that was directly comparable to that of our 18 re-
corded V neurons, the simulation was repeated 18 times, each time using
the RTs and rPTs from a corresponding recording session and using the
pre-Cue firing rate of the recorded neuron to scale the ideal V response
(i.e., the traces in Fig. 11a). The resulting 18 sets of simulated spike trains
were then combined and analyzed exactly as done with the actual data.

Results

Neuronal classification in FEF

Monkeys performed three tasks during recording of the 119 FEF
neurons included in this report (see Materials and Methods). The
CS or compelled-saccade task (Salinas et al., 2010; Stanford et al.,
2010; Shankar et al., 2011) required saccadic choices to be made
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Figure 2.  Basic response types in FEF. Neural activity was recorded while monkeys per-
formed a single-target delayed-saccade task. Traces show mean firing rate as a function of time
for correct responses into (magenta) or away from (blue) the RF, with spike trains aligned either
on target onset (left) or saccade onset (right). Shaded areas indicate =1 SE across neurons.
Neurons were classified as M, VM, or V. a, Average activity of 31 M neurons. b, Average activity
of 35 VM neurons. ¢, Average activity of 17 V neurons.

on the basis of rapid perceptual judgments (Fig. 1a); the easy-
choice task required identical perceptual discriminations but
choices were made in the absence of any time pressure (Fig. 1b);
and the traditional delayed-saccade task required movements to a
lone peripheral target (Fig. 1¢).

Neurons recorded in the CS task were classified as motor,
visuomotor, and visual, or M, VM and V, according to estab-
lished criteria (Bruce and Goldberg, 1985) (see Materials and
Methods), and the delayed-saccade task allowed us to verify the
consistency of this classification. Responses were aligned either
on stimulus onset (Fig. 2, left) or saccade onset (Fig. 2, right), and
were averaged separately for stimuli/saccades within the RF (ma-
genta traces) or outside the RF (blue traces). FEF neurons were
characterized by strong, transient firing bursts temporally linked
to the saccade alone (Fig. 2a), the visual stimulus alone (Fig. 2¢),
or both (Fig. 2b), which is the basis of the traditional classification
scheme.

As explained in the Introduction, visual and motor activations
in FEF likely contribute to the distinct functions of target selec-
tion and saccadic planning, respectively, even when present on
the same neurons. In an earlier study using the CS task (Stanford
et al., 2010), we found that, under time pressure, a developing
perceptual judgment modulates the ongoing activities of M, or
“purely motor” FEF neurons, but because during this task a
color-based discrimination is a prerequisite to differentiating tar-
get from distracter, a principal objective of the current study was
to examine the impact of perceptual information on the activities
of visually responsive (V and VM) FEF neurons. We first establish
a mechanistic intuition for how oculomotor planning relates
to psychophysical performance in the CS task and then analyze
and compare the participation of the different neuronal cate-
gories in it.
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Figure 3.

Psychophysical and model performance on the CS task. a, Percentage of correct responses as a function of Gap, or psychometric curve. b, Mean RT (=1 SD) as a function of Gap, or

chronometric curve. ¢, Percentage of correct responses as a function of rPT (equal to RT — Gap), or tachometric curve. In a— ¢, experimental data (blue lines and data points) correspond to behavior
during the recording sessions of 119 FEF neurons from monkey S (74 cells, 18,293 trials) and monkey G (45 cells, 7953 trials). Model results (black lines and data points) are from computer simulations
of the accelerated race-to-threshold model. d— h, Five simulated trials. The two competing variables x; (red) and x, (green) represent oculomotor activity that triggers an eye movement either to
the right or to the left, respectively. In these examples the target is on the right, so races in which x, wins produce correct choices. The two variables start racing 75 ms (afferent delay) after the Go
signal and a saccade is triggered 15 ms (efferent delay) after threshold is crossed. Initial build-up rates are drawn randomly in each trial. Gray shades indicate the time during which the Cue
information is available to modulate the motor activity. d, e, Two trials (quesses) with Gap = 250 ms and negative rPTs. f~ h, Three trials (informed choices) with Gap = 100 ms and positive rPTs.

Psychophysical performance during urgent decision making
The sequence of events in the CS task (see Materials and Meth-
ods) is schematized in Figure 1a. In all trials, saccade planning is
initiated by the Go signal and is modified by perceptual informa-
tion (Cue) that is delivered later; the probability of success varies
according to when that information arrives. Thus, by design, the
perceptual-evaluation and motor-planning stages of the choice
process are temporally decoupled.

The main experimental parameter is the Gap interval, which
controls the difficulty of the task. Because Gap values are ran-
domly interleaved across trials, the timing of the Cue is unpre-
dictable and the subject’s performance consists of a mixture of
guesses and informed choices. Indeed, the psychometric curves
for both monkeys (Fig. 3a) show that performance varied from
~95% correct at a Gap of 50 ms to <60% correct at a Gap of 250
ms. In contrast, the mean RT remained relatively constant over
the same Gap range (Fig. 3b), indicating that the monkeys did not
try to wait for the Cue as the Gap increased (Salinas et al., 2010).
This shows that large changes in accuracy are dissociable from
any systematic change in RT.

Although the Gap is important, ultimately however, the prob-
ability of success in each trial depends fundamentally on the rPT,
which is the maximum time available to view the Cue before
committing to a motor choice (Fig. 1a; see Materials and Meth-
ods). In each trial, the maximum viewing time is simply the dif-

ference between the recorded RT and the applied gap, so rPT =
RT — Gap. The function relating the probability of success to rPT
is the tachometric curve (Fig. 3¢); it characterizes the perceptual
performance of a subject and is the crucial behavioral metric in
the CS task (Stanford et al., 2010). This curve reveals that, based
on a 75% correct benchmark, perceptual information has a sig-
nificant impact ~150 ms after Cue onset (rPT ~ 150 ms). Thus,
trials with rPT = 100 ms or so (near chance performance) corre-
spond to uninformed choices, or guesses, whereas trials with
rPT = 200 ms or so (near 100% correct) correspond to fully
informed choices. The tachometric curve saturates very near
100% correct, so the color information is fully exploited by the
subjects when they have enough time to view the Cue. Also, the
perceptual judgment unfolds extremely rapidly: half of the per-
formance range (from 62.5% to 87.5% correct) is covered within
29 = 2 ms and 33 £ 2 ms for monkeys S and G, respectively.
These temporal features are important for evaluating the time
course of neural discrimination later on.

A mechanistic framework for describing urgent decisions

Performance on the CS task is well characterized by the “acceler-
ated race-to-threshold” model (Salinas et al., 2010; Stanford et
al., 2010; Shankar et al., 2011), and this heuristic model fits the
current behavioral datasets too (Fig. 3a—c, black traces; see Mate-
rials and Methods). In it, a saccadic choice is conceived as the
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Comparison between model and FEF motor-related responses. The accelerated race-to-threshold model was simulated with parameters that fitted the behavioral data of Money S, as

in Figure 3. a, Tachometric curve obtained from simulated responses. Simulated trials were sorted according to rPT into the three groups indicated: short (left gray shade; guesses), intermediate
(middle white region), and long (right gray shade; fully informed choices). b— d, Average model responses for short- (b), intermediate- (c), and long- (d) rPT trials aligned either on the Go signal (left
column), the Cue (middle column), or saccade onset (right column). All data are from correct responses. Separate averages were calculated for choices in the preferred (red traces) and antipreferred
(green traces) direction of the model neurons. e— h, As in a—d, but for 45 FEF neurons (26 M, 19 VM) that differentiated significantly between movements into and away from the RF before the
saccade. Shaded areas indicate =1 SE across neurons. In all plots, the y-axis corresponds to normalized firing rate.

outcome of a competition between two simultaneously develop-
ing oculomotor plans, each racing to a threshold for triggering a
movement to one of the two potential target locations. The model
hinges on two crucial assumptions. (1) That the Cue information
accelerates the ongoing plan that is congruent with its perceptual
content (target) and decelerates the plan that is not (distracter).
And (2), that in each trial, shortly after the Go signal, the com-
peting motor plans begin rising toward threshold with initial
build-up rates drawn randomly from a distribution. So, in this
framework the outcome of any given trial depends not only on
when the Cue is provided (Gap), but also on how advanced each
of the developing oculomotor plans is at that time. In essence, this
interaction can take just five distinct forms (Fig. 3d—h).

In this illustration (Fig. 3d-h), correct choices correspond to
races in which the red activity trace wins. In trials in which a
saccade is triggered before the arrival of the Cue information (Fig.
3d,e), the build-up rates randomly favor one of the potential
targets, reflecting the subject’s initial guess. These are unin-
formed choices, and their probability of occurrence increases
both with longer Gap durations and—notably—with higher ini-
tial build-up rates. In contrast, informed choices are those in
which the Cue information arrives early enough to influence the
ongoing motor plans (Fig. 3f~h); however, the outcome and dy-
namics again depend on the initial build-up rates. If the leading
motor plan is congruent with the target, it curves upward slightly
and quickly triggers a correct saccade (Fig. 3f). Alternatively, if
the leading plan is congruent with the distracter, a correct choice
takes considerably longer to trigger because the lagging process
starts slowly and far from threshold when it begins to accelerate
(Fig. 3g). Success on such trials also requires that the leading plan
be decelerated, but if the erroneous motor plan is sufficiently
advanced, the Cue information cannot prevent it from reaching
threshold and an incorrect choice is produced (Fig. 3h).

Thus, the mechanistic signature of the model is this: unin-
formed choices (short or negative rPTs) are associated with in-
tense motor activity that commits strongly to a potential target
shortly after the Go signal, whereas informed choices (long rPTs)
are associated with activity that is more moderate and less biased
initially, and is disambiguated in favor of the correct response by
the later arriving sensory information. This essential distinction
leads to key predictions.

Predicted versus recorded motor-related activity

Having fitted the model to the behavioral data (see Materials and
Methods), expected neural responses (Fig. 4b—d) were generated
by dividing the simulated CS trials into separate rPT ranges
(short, intermediate, and long) based on the tachometric curve
(Fig. 4a) and averaging across trials within each range. The result-
ing mean activity traces for correct choices in the preferred (red)
or antipreferred (green) directions produced two specific
predictions.

First, motor activity for uninformed choices (short rPTs)
should show a strong preference for movements into the RF
shortly after the Go signal (Fig. 4b, left column). This preference
should be evident before the Cue is even presented (Fig. 4b; mid-
dle column) and corresponds to strong differentiation well in
advance of saccade onset (Fig. 4b, right column). Second, motor
activity for informed choices (long rPTs) must build up more
slowly and without a strong initial bias (Fig. 4d). This require-
ment specifically predicts a somewhat counterintuitive effect:
during the prolonged period of motor ambivalence, the distracter
motor plan may even lead temporarily (green traces above red),
but ultimately the conflict must be resolved in favor of the correct
choice. One such simulated trial was depicted earlier (Fig. 3¢), but
the same pattern is evident when averaging over many trials (Fig.
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Correct versus incorrect responses as predicted by the model and as observed in FEF motor-related activity. Model results are from the same simulation runs used in Figure 4. a,

Tachometric curve obtained from simulated trials. Two rPT ranges were used to parse the data: short (white region; guesses) and long (gray shade; informed choices). b, ¢, Average model responses
for correct (red) and incorrect (cyan) responses in the preferred direction of the model neurons. d—f, As in a— ¢, but for 45 FEF neurons (26 M, 19 VM) that differentiated significantly between
movements into and away from the RF before the saccade (same cells as in Fig. 4). Shaded areas indicate == 1 SE across neurons. In all plots, the y-axis corresponds to normalized firing rate.

4d). Finally, the patterns of activity for intermediate rPTs should
fall between the two extreme cases (Fig. 4c).

The essential elements of the model predictions are evident
(Fig. 4f~h) in the mean responses of M and VM neurons that had
spatially selective presaccadic activity (see Materials and Meth-
ods). In particular, informed choices (Fig. 4h) display prolonged
conflict between the target (red traces) and distracter (green
traces) motor plans, with that for the distracter being slightly
more advanced initially. The motor conflict is resolved late and
abruptly in favor of the correct choice via acceleration of the
target activity and deceleration of the distracter activity, a process
that is analyzed quantitatively further below. Guesses, in contrast,
show no such ambiguity (Fig. 4f).

The recorded neural data are also in agreement with predicted
differences between correct and incorrect choices in the direction
of the cell’s RF (Fig. 5). The mean responses in short-rPT trials
(Fig. 5b,e) are identical because all guesses are equally unin-
formed, regardless of their outcome; however, the Cue does have
an impact on relatively long-rPT trials, in which case errors can
be explained as follows. First, shortly after the Go signal, activity
happens to build up more rapidly than average (Fig. 5f, left col-
umn) in the direction of the distracter. This motor plan is decel-
erated once the perceptual signal arrives (Fig. 5¢,f, right column),
but the bias is too strong to be overcome in time to prevent motor
activity from reaching threshold, and an incorrect movement is
produced despite the deceleration. One such simulated trial was
discussed above (Fig. 3h), but a similar pattern is again observed
in the average across trials (Fig. 5¢).

Temporal interaction between perceptual judgment and
response selection

If informed choices on the CS task depend, as we contend, on the
temporal convolution of a perceptual and a motor process, their
separate contributions should still be evident when the time con-
straint is gradually relaxed and they are allowed to unfold in a
more serial fashion. To investigate this, neurons were simultane-
ously studied with the CS and the easy-choice tasks (Fig. 1a,b; see
Materials and Methods), which differ only in the relative timing
of the Cue and the Go; a 0 ms Gap is equivalent to a 0 ms delay,
and the longer the delay, the more time to view the red and green

stimuli. Thus, whereas in the CS task the maximum Cue viewing
time is rPT = RT — Gap, in the easy-choice task it is equal to RT +
delay. We compared motor-related activity in subsets of trials
grouped according to progressively longer Cue viewing times.

This analysis revealed a time-varying interaction between per-
ceptual and motor-planning processes. As Cue viewing time in-
creases (Fig. 6a—d), the activity profile expands progressively,
reaching its largest temporal spread at the longest delays (Fig. 6d).
Here, it is possible to visually resolve two distinct peaks in the
target-related activity (red traces) aligned on either the Cue (Fig.
6d, left) or the Go (Fig. 64, middle). These two activations, which
presumably correspond to perceptual and motor-related re-
sponses, become less distinct when the Cue and saccade onset are
closer in time (Fig. 6a—c). Aligned on saccade onset (Fig. 6, right),
the progressively earlier impact of the Cue is evident both in the
increasingly earlier resolution of the target/distracter conflict and
in the decreasing slope of the target-related motor activity.

To appreciate the impact of perceptual information in deter-
mining the shapes of these activity profiles, it is important to note
that, for saccades to single targets, the slope or build-up rate of
FEF presaccadic responses is inversely related to RT (Hanes and
Schall, 1996; Heitz and Schall, 2012); that is, shorter RTs are
associated with steeper motor plans. This basic relationship,
which is built into the accelerated race-to-threshold model, could
potentially explain the variations in build-up rate that we observe
as functions of Cue viewing time (because, in general, RT and rPT
are positively correlated). This explanation is wrong, however,
because in the easy-choice task RTs actually decrease for longer
delays (Fig. 7a). Thus, based on differences in RT alone, one
would expect the exact opposite of the progression seen in Figure
6 (Fig. 7b). This demonstrates a profound effect of the Cue infor-
mation on the observed motor plans: to produce the observed
association of shallower slope and shorter RT (Fig. 6), the impact
of perceptual information must be powerful enough to overcome
the natural and opposite association between steepness and RT.

Although performance in the CS and easy-choice tasks is very
different—easy choices are fully informed and virtually 100%
correct at all delays—both tasks require the same color judg-
ment. Therefore, the time course of neural discrimination should
be the same, and it should coincide with the behavioral time
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Figure 6.  Temporal interaction between perceptual processing and motor planning. Nor-

malized firing rates from neurons (19 M, 15 VM) that had significant presaccadic differentiation
in the CS task and were also tested in the easy-choice task. Spike trains were aligned either on
the Cue (left column), the Go signal (middle column), or saccade onset (right column). a, Neural
responses in CS trials with long rPTs (=200 ms). Gray bars indicate the expected time of neural
discrimination, taken as 150 == 25 ms after Cue onset. Black arrows indicate the time of neural
discrimination as measured with an ROCindex (see Materials and Methods). b, Neural responses
in easy-choice trials with short delays (0 — 80 ms) between the Cue and the Go. ¢, Asin b, but for
intermediate delays (81160 ms). d, As in b, but for long delays (161250 ms). e, Measured
(black bars) and expected (gray regions) times of neural discrimination from a—d for each
column. Blue lines are SEs estimated through a jackknife procedure (see Materials and
Methods).

course provided by the tachometric curve (Fig. 3¢). So, taking the
center point of the curve (75% correct) to be at rPT = 150 ms, the
neural discrimination should always occur ~150 ms after Cue
onset (Fig. 6a—d, gray areas show average time of Cue presenta-
tion plus 150 = 25 ms). This is, indeed, what we found: regardless
of how the data are aligned, the measured discrimination time
(Fig. 6a—d, arrows; see Materials and Methods) is always close to
that predicted (Fig. 6e).

Impact of perceptual modulation as a function of cell type

To this point, analysis has been restricted to neurons (M and VM)
with spatially selective presaccadic activity because of their likely
role in response specification—and their dynamics are largely
consistent with the predictions of the model. However, as ex-
plained in the Introduction, evidence indicates that visually re-
sponsive FEF neurons (VM and V) play an important role in
perceptual-based target selection, which is associated with the
deployment of spatial attention and thought to precede motor
planning.
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Figure7.  Expected motor activity in the absence of perceptual modulation. a, Mean RT as a
function of delay in the easy-choice task. Data are combined from all recording sessions for each
monkey (4870 and 3684 trials for monkeys S and G, respectively), grouped into the same three
delay bins used in Figure 6b—d. Error bars show =1 SEM. b, Mean model responses in the
preferred (red traces) and antipreferred (green traces) directions in the absence of perceptual
modulation. The model was simulated with the same parameters as in Figure 4, except that the
Cue was never presented. Trials were then sorted according to RT into three equally populated
groups.

If this serial scheme is obligate, one would expect visually
responsive cells to demonstrate robust and perhaps slightly ear-
lier target/distracter discrimination during informed choices. To
examine this prediction, we compared activity from four groups
of neurons recorded in the CS and easy-choice tasks (Fig. 8): the
V (n=12)and M (n = 19) categories, plus a distinction between
VM neurons that did (n = 15) or did not (n = 17) have signifi-
cant, spatially selective presaccadic activation (see Materials and
Methods). In contrast to the intuitive expectation, evidence of the
perceptual judgment declined systematically with decreasing
motor and increasing sensory response dominance (Fig. 8a—d).
Moreover, this effect was not specifically due to the unique de-
mands of the CS task (Fig. 8, right), as the magnitude of Cue-
linked differentiation demonstrated the same diminishing trend
on the easy-choice task (Fig. 8, middle).

As pointed out earlier, target-related activity for long delays
on the easy-choice task shows an early peak linked to Cue onset
and a later peak around the times of saccade onset (Fig. 64, left).
It is important to emphasize that this early activation is not a
sensory signal per se, which would have a much shorter latency,
but a perceptual, decision-based modulation of ongoing activity.
This Cue-linked modulation/differentiation is largest for purely
motor cells (Fig. 8a, middle), neurons that had no stimulus-
driven activation on single-target delay trials (Fig. 2a), nor tran-
sient responses to the presentation of the two potential (yellow)
targets in either the easy-choice or CS tasks (Fig. 8a, left). Both the
magnitude of the peak and the degree to which activity differen-
tiates target from distracter decline with diminishing motor
dominance (Fig. 8b—d), with purely visual cells (Fig. 84) modu-
lated extremely weakly or not at all. In short, the more dominant
the visually related response of a neuron, the weaker its percep-
tual modulation. This counterintuitive result is analyzed in quan-
titative terms in the sections that follow.

Temporal correlate of perceptual modulation as a function of
cell type

A fundamental assumption of our race-to-threshold model is
that perceptual information accelerates the correct (target) mo-



16402 - ). Neurosci., October 9, 2013 - 33(41):16394 16408

!-

Easy choice and Easy choice Compelled saccade

compelled saccade 161 - 250 ms delay long rPTs
M
I — H&)K/\\ N}
A T T T T T N A T T T T N r T T A
b VM
—~— ——a———— ——————
¢ VM
]\‘,.._._- Mm
—~—— ——g
d w}'\/’% W«% V
— o % %
Targets on 100 ms Cue Saccade
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rate for 19 M neurons that differentiated significantly between inward (red traces) and outward
saccades (greentraces) in the CStask (left and right) and were also tested in the easy-choice task
(left and middle). Easy-choice trials include those with longest delays (161180 ms) only, and
are aligned on Cue onset. (S-task trials include those with long rPTs (> 200 ms) only, and are
aligned on saccade onset. Gray bars indicate the expected time of perceptual discrimination,
taken as 150 == 25 ms after Cue onset. b, As in a, but for 15 VM neurons that differentiated
significantly in the CS task. ¢, As in a, but for 17 VM neurons that did not differentiate signifi-
cantly in the CS task. d, As in a, but for 12 V neurons. Overall, the neurons with the strongest
perceptual modulation are those with the weakest visual responses.

tor plan and decelerates the incorrect (distracter) plan. Crucially,
the total time during which accelerations and decelerations are
applied is directly proportional to the rPT, and therefore their
impact on the ongoing neural activity should vary in close tem-
poral correspondence to the tachometric curve. This impact can
be quantified by the convexity of the firing rate trajectories lead-
ing to the saccade, because convexity is closely related to mean
acceleration/deceleration (Stanford et al., 2010) (see Materials
and Methods).

According to the model (Fig. 9a), in the CS task, convexity
should become increasingly positive for the target (red) motor
plan and increasingly negative for the distracter (green) plan as a
function of rPT. These model predictions matched the actual
estimates of mean convexity to varying degrees, depending on the
cell type. Although somewhat noisy, for M neurons (Fig. 9b), the
predicted relationship is quite evident in both the target- (red)
and distracter-related (green) activities; their respective positive
and negative trends were both highly significant (Fig. 9, caption).
For VM neurons (the spatially selective group, Fig. 9¢), the match
is clear and significant for the distracter-related activity (green)
only. And for V neurons (Fig. 9d), evidence that convexity varies
with rPT is quite weak; there is a marginally significant trend in
the target-related activity, but it is decreasing, indicating that, if
anything, V responses turn downward slightly more sharply in
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Figure 9.  Perceptual modulation, quantified by convexity, varies across neuronal types. a,

Convexity as a function of rPT as predicted by the accelerated race-to-threshold model. Simu-
lated trials were aligned on saccade onset, temporally rescaled (i.e., RT-equalized), and
grouped according to rPT (bin width = 80 ms). Separate firing rate traces, averaged across
trials, were generated for responses into the RF (right column, top) and away from the RF (right
column, bottom). The convexity of those traces was then calculated and plotted as a function of
rPT for inward (red curve, left column) and outward responses (green curve, middle column).
Colorbarsindicate rPT bins for example traces on the rightmost column. Positive, negative, and
zero convexities correspond to trajectories that curve upward, downward, or are straight, re-
spectively. b, Asin a, but for 26 spatially selective M neurons. Gray shades indicate SEs obtained
by bootstrapping. Significance values shown ( p, from permutation test) are for the difference in
convexity across the two rPT bins indicated (rPT = 25and 225 ms). ¢, Asin b, but for 19 spatially
selective VM neurons. d, As in b, but for 18 V neurons.

long-rPT than in short-rPT trials. Other analyses confirmed that
the activity of V neurons is highly insensitive to rPT (see below).

Activity bias as a neural correlate of uninformed choices

At short rPTs, choices are uninformed saccadic plans that de-
velop fully before the arrival of sensory information. They are
based solely on a motor planning bias arbitrarily favoring one of
the alternatives. Such a bias might develop even before the Go
signal, upon presentation of the potential targets. Indeed, quali-
tatively, this is precisely what Figure 4f suggests: the baseline fir-
ing rate preceding correct guesses toward the target location (red
traces) is elevated relative to that for the distracter location (green
traces), and the difference develops long in advance of saccade
onset. A similar, early difference in baseline is also visible
when comparing correct versus incorrect trials into the RF
(Fig. 5f). So, when the perceptual information was absent and
the early activity of M and VM neurons was higher than aver-
age, the subject was more likely to make a choice into those
neurons’ RFs (Shadlen and Newsome, 2001; Williams et al.,
2003; de Lange et al., 2013).
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Figure 10.  The neural correlate of choice bias varies across neuronal types. a, Normalized

activity before the Go as a function of rPT for 26 spatially selective M neurons. Responses for each
neuron were aligned on the Go. Spike counts in the analysis window (250 ms before to 20 ms
after the Go) were calculated for all trials, turned into z scores, grouped according to rPT (bin
width = 80 ms), and averaged across neurons. Data were analyzed separately for trials into
(red, left column) and away (green, middle column) from the RF. Gray shades indicate 1 SE
across neurons. Significance values shown (p, from permutation test) are for the difference in
activity across the two rPT binsindicated (rPT = 25and 225 ms). Color bars indicate rPT bins for
the firing rate traces shown on the rightmost column, for which the mean firing rate of each
neuron in the analysis window was normalized to 1. b, As in a, but for 19 spatially selective VM
neurons. ¢, As in a, but for 18 V neurons.

Notably, the tachometric curve implies that any such imbal-
ance should decline systematically as a function of rPT, as the
proportion of uninformed to informed choices changes to favor
the latter. Thus, there are two important questions about this
apparent choice bias: does it depend on rPT, as expected, and,
what are the relative contributions of different cell types to it? To
investigate this, the normalized response during a pre-Go signal
epoch was calculated as a function of rPT (Fig. 10, caption) for
each of the three response-type categories, with trials leading to
movements into (red) or away from (green) the RF analyzed
separately. The declining bias trend is evident and significant for
both the M (Fig. 10a) and VM (the spatially selective subset, Fig.
10b) populations, whereas for the V group there is no significant
trend (Fig. 10¢). In contrast to M and VM neurons, V neurons do
not seem to contribute to the arbitrary, internal imbalance that
must determine rapid uninformed choices.

Expected differentiation in V neurons

The accelerated race-to-threshold model predicts in quantitative
detail the motor-related responses that should be observed dur-
ing performance of the CS task (Figs. 4b—d, 5b,c, 9a), but it makes
no prediction for the visually driven activity. However, based on
numerous previous results (Thompson et al., 1997,2005; Murthy
etal., 2001, 2009; Sato et al., 2001; Sato and Schall, 2003; Lee and
Keller, 2008; Monosov et al., 2008, 2010; Monosov and Thomp-
son, 2009; Zhou and Desimone, 2011), the expectation is to ob-
serve a differential response signaling target versus distracter in
the RF and lasting until saccade onset, at least when the Cue
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time for an ideal model V neuron. The response starts differentiating target from distracter 110
ms after Cue onset, with activity increasing (filled arrow) or decreasing by 50% relative to the
initial level (open arrow). b, Aggregate responses of 18 ideal V neurons simulated in the CS task
and aligned on the Go signal (left), Cue (middle), or saccade onset (right) in short-rPT trials. Red
and green traces are for target and distracter in the RF, respectively. ¢, As in b, but for long-rPT
trials. Short-rPT and long-rPT ranges are as in Figure 4e. On average across simulations, the
firing rate levels attained at saccade onset (arrows) correspond directly to the predifferentiation
and postdifferentiation levels shown in a (arrows). d, Mean responses as functions of rPT from
the same simulationsin b and c. Firing rates were computedina 130 ms time window preceding
saccade onset (yellow shades in @ and b) for all trials within each rPT bin (bin width = 80 ms).
The shown p valueis for the target-related response compared across the two rPT binsindicated
(rPT = 25 and 225 ms, permutation test).

information is available early enough. To determine quantita-
tively what the activity of differentiating V neurons should look
like in the context of the CS task, we did the following (see Ma-
terials and Methods for details).

First, based on earlier reports, we generated an ideal V-neuron
response (Fig. 11a) and assumed that, in the CS task, the time
course of its differentiation would always be the same relative to
Cue onset. Then, for each of the 18 neurons that were classified as
purely visual, the ideal V firing rate was scaled according to the
mean rate measured before Cue presentation, and spike trains
were generated with the same RT and rPT values that were actu-
ally measured. This resulted in 18 sets of simulated spike trains
that closely matched the statistics of the collected experimental
data. Finally, the simulated responses were analyzed exactly as if
they had been recorded (Fig. 11b—d).

The results show unambiguously that if purely visual neurons
discriminate target from distracter, then they should differentiate
before the saccade in long-rPT trials (Fig. 11¢) but not in short-
rPT trials (Fig. 11b). In the former there is sufficient time between
the Cue and the saccade for the separation to occur, whereas in
the latter there is not. Notably, the firing rate levels attained at
saccade onset in short and long conditions (Fig. 11b,¢, arrows) are
a direct reflection of the pre-Cue and post-Cue firing rates as-
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sumed for the ideal V traces (Fig. 1 1a, arrows). As a consequence,
the mean firing rate measured before the saccade varies system-
atically as a function of rPT and in proportion to the strength of
the cells’ target/distracter differentiation (Fig. 11d). Thus, the
analysis of V-neuron responses should be much simpler than that
of their M and VM counterparts, because in theory, their differ-
entiation and rPT dependence should be purely perceptually
driven and not in any way convolved with a developing motor
plan.

Lack of differentiation in V neurons
To compare the experimental data to the theoretical expectation
just described, the responses of the 18 V neurons recorded in the
CS task were aligned on the three main task events (Go, Cue,
saccade onset) and averages were generated separately for correct
trials with either the target or distracter in the cells’ RF (Fig.
12a,b). The resulting firing rate traces show scant evidence of
target/distracter selectivity during long-rPT trials (Fig. 12b); they
are statistically identical in time windows for which, on average,
the Cue was presented 150 ms earlier (Fig. 12b, gray and yellow
shades). By that point in time, the Cue already has an impact on
the subject’s choices (Fig. 3¢) and the motor conflict gets resolved
(Fig. 6)—yet no significant V differentiation is observed.
Additionally, the firing rate of V neurons before the saccade
also varies minimally as a function of rPT (Fig. 12¢); there is a
positive trend for trials with the target in the RF (Fig. 12¢, red
trace), which is consistent with the expected effect, but it is ex-
tremely slight and not significant. For the V neurons, the only
salient differences that correlate with rPT (e.g., Fig. 124, middle
column, 100 after Cue onset) are due simply to postsaccadic
activity, and reflect a steep, characteristic decrease in the target-
related response (red trace) and a small increase in the distracter-
related response (green trace) that occur after the eye movement
(see data after saccade onset on Fig. 12a,b,d,e, right column).
The V neurons also fail to differentiate between target and
distracter in the easy-choice task (Fig. 12d,¢; see also Fig. 84). This
is quite surprising, particularly for long delays, because the inter-
val of time between Cue and saccade onset would seem to provide
ample opportunity for a differential signal to develop. However,
even here the separation is extremely weak or absent (Fig. 12e),
suggesting that the lack of target/distracter differentiation in
these particular two-alternative choice tasks is not simply a mat-
ter of Cue timing (see Discussion).

Presaccadic differentiation across neuron types
The above analyses yield an interesting contrast between
movement-related and visually driven responses in FEF. As men-
tioned in the Introduction, the selective firing of M and V neu-
rons before a saccade has different interpretations, the former
signaling whether the impending eye movement is into or away
from the cells’ RF, and the latter, in most previous studies, signal-
ing whether a target or a distracter is in the RF. In the CS task,
however, the crucial quantity is processing time, and each neuron
type presents a distinctive dependence. For M neurons, the accel-
erated race-to-threshold model predicts that the difference be-
tween inward and outward responses should decrease slightly as a
function of rPT, because long-rPT trials are associated with
stronger conflict between motor plans (Fig. 4/~h, right column).
In contrast, for an ideal V neuron the difference should grow
monotonically with rPT (Fig. 11d).

In the previous section we described how, in fact, V neurons
show little, if any, significant differentiation, regardless of rPT
(Fig. 12). Potentially, however, such result could be partially ex-
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Figure12.  Scantevidence of perceptual modulation in V neurons. a, Activity of 18 V neurons
recorded in the S task and aligned on the Go signal (left), Cue (middle), or saccade onset (right)
inshort-rPT trials. Red and green traces are for target and distracter in the RF, respectively. b, As
in a, but for long-rPT trials. Short-rPT and long-rPT ranges are as in Figure 4e. Differences
between target- and distracter-related responses within chosen time windows (gray and yel-
low shades) were evaluated through permutation tests (p values shown). ¢, Mean V responses
as functions of rPT. Firing rates were computed in a 100 ms time window preceding saccade
onset (yellow shades in a and b) for all trials within each rPT bin (bin width = 80 ms). The
window was centered on the mean Cue onset time of the long-rPT trials used in b, plus 150 ms.
The shown p valueis for the target-related response compared across the two rPT binsindicated
(rPT = 25and 225 ms, permutation test). d, Responses of 12V neurons during short-delay trials
of the easy-choice task. e, As in d, but for long-delay trials. Gray shades indicate time windows
for which target- and distracter-related responses were compared ( p values shown; permuta-
tion test).

plained as an artifact of our classification scheme: some of the
neurons that were labeled as VM could conceivably be purely
visual neurons that did differentiate strongly before a saccade and
thus might have been misclassified. This is unlikely for three
reasons, though. First, the motor-related activation of each neu-
ron was established independently of its degree of differentiation;
it was based on the level of presaccadic activity relative to that in
a preplanning window (see Materials and Methods). Second, af-
ter grouping the neurons as M, VM, or V, their responses in the
delayed-saccade task (Fig. 2) displayed all the features expected of
those cell types (Bruce and Goldberg, 1985). Third, the classifica-
tion was also consistent with the average magnitude of the
stimulus-evoked transient in the CS and easy-choice tasks (Fig. 8,
left column).

Nevertheless, to verify that the lack of V differentiation was
not an artifact of our classification criteria, we further scrutinized
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Figure 13.

Strength of presaccadic differentiation across cell types. a, Presaccadic differential activity versus visually evoked activity for all (n = 119) recorded neurons. Abscissas indicate the

mean firing rate in a time window following the display of the two yellow targets (50 —250 ms with zero at stimulus onset), r,;,, minus the baseline firing rate, rg,., calculated in a prestimulus
window (—300 to 0 ms with zero at stimulus onset). The ordinate is the difference between correct responses into the RF, r,, (target in RF), and correct responses away from the RF, r,; (distracter
in RF), in a time window just before the saccade (— 100 to 0 ms with zero at saccade onset). All processing times are included. Symbols correspond to neurons classified as M, VM, or V, as marked;
small dots indicate other neurons. White circles and triangles are for VM neurons with and without significant differential activity, respectively. b, Differential presaccadic activity in long-rPT versus
short-rPT trials for each recorded neuron. Short and long groups were defined as in Figure 4a. ¢, Differential activity in short-rPT and long-rPT trials averaged across neurons of the same type. The VM
category includes both differential and nondifferential cells. The differentiation of M neurons was weaker in long-rPT compared with short-rPT trials (*p = 0.008, permutation test). All responses

are in spikes/s.

the strengths of the visual and presaccadic modulations of all the
recorded neurons (Fig. 13). First we considered, for each neuron,
its presaccadic differential activity and its visual response (Fig.
13a, caption), and found that in the resulting plot the neuronal
categories are clustered just as expected from the results pre-
sented earlier: M neurons differentiate to various degrees but
have no significant visual activity (Fig. 134, blue circles), V neu-
rons do have visual activity but do not differentiate (Fig. 134, red
circles), and VM neurons are typically intermediate; most of
them differentiate (Fig. 134, white circles), although some do not
(Fig. 13a, white triangles).

Next, we compared the differential response of each neuron in
guesses versus fully informed choices (Fig. 13b,¢) using the same
rPT intervals defined earlier (Fig. 4a). Here, M neurons differen-
tiated slightly but significantly less in long-rPT than in short-rPT
trials (Fig. 13c), as predicted by the model. In contrast, for V
neurons the mean presaccadic selectivity was close to zero in both
conditions (Fig. 13¢); only one cell was clearly more selective in
long-rPT trials (Fig. 13b, red circle with ordinate >60 spikes/s),
and that unit had relatively few trials (8 and 9 in the short and
long conditions, respectively). More importantly, on average the
VM neurons were equally selective during guesses and informed
choices (Fig. 13¢), and none of them stood out as a potentially
misclassified, differentiating V neuron.

Discussion

We investigated the relationship between FEF activity, perceptual
processing, and motor choice, and report two contrasting find-
ings. First, the activity of M neurons in FEF correlated with the
subject’s choices and was highly sensitive to the evolving percep-
tual judgment: it was spatially selective, it seemed related to a
putative internal biasing mechanism needed to generate random,
uninformed choices, and depended strongly on the arrival time
of perceptual information (rPT). Furthermore, these effects were
explained in quantitative detail by a heuristic phenomenological
model based on a simple premise, that rapid choices are instan-
tiated in neuronal activity as a competition between ongoing
saccadic plans. This description was valid when motor planning
started ahead of perceptual processing (short rPTs/guesses in CS
task), when they overlapped (long rPTs/informed choices in CS

task), and when perceptual processing led motor planning (easy-
choice task).

At the other extreme, the activity of V neurons was almost
completely independent of the perceptual judgment: its selectiv-
ity (i.e., target/distracter differentiation) was minimal, it seemed
unrelated to the putative biasing mechanism associated with ran-
dom, uninformed choices, and it showed an extremely weak de-
pendence on the arrival time of perceptual information (rPT). In
addition, the responses of VM neurons suggested a continuum
between these extremes; the more motor-related the neuron—
i.e., the less sensory-driven—the more it is influenced by percep-
tual information.

Contrast with previous studies
In the context of prior work in visual selection and visuospatial
attention, the relative disengagement of the visual responses from
the choice process is striking, because in a vast number of studies
a robust target/distracter differentiation in V and VM neurons
occurs before a motor plan is launched (Thompson et al., 1996,
1997, 2005; Murthy et al., 2001, 2009; Sato et al., 2001; Sato and
Schall, 2003; Lee and Keller, 2008; Monosov et al., 2008, 2010;
Monosov and Thompson, 2009; Zhou and Desimone, 2011;
Steinmetz and Moore, 2012). The functional interpretation of
those findings is that visually responsive neurons first select ob-
jects from among competing alternatives and then inform neu-
rons with motor-related activity so that an appropriate saccade
vector may be planned (Schall, 2001; Thompson et al., 2005;
Schall et al., 2011; Purcell et al., 2012). However, two design
features of our tasks may explain the apparent contradiction.
First, in the CS and easy-choice tasks, spatial attention and
saccade planning need not be spatially congruent because, given
just two alternatives, the two stimuli are equally informative; i.e.,
determining the color of either is sufficient to infer the target
location. Attentional demands are likely to be very different in
other search tasks: when the discrimination is easy but there are
multiple distracters, as in oddball or “pop-out” variants, the tar-
get itself draws attention rapidly via exogenous or stimulus-
driven mechanisms, and when the discrimination is more
difficult it requires endogenous spatial attention to be deployed
(Treisman and Gelade, 1980; Horowitz et al., 2004; Busse et al.,
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2008). Consistent with this, the timing with which V neurons
differentiate target from distracter and the intensity of their re-
sponses depend on the type of search task and on the number of
distracters present (Thompson et al., 1996; Bichot and Schall,
1999; Sato et al., 2001; Lee and Keller, 2008; Cohen et al., 2009).

Second, the CS task places a very strong temporal constraint
on the deployment of spatial attention. Consider a trial in which
the focus of attention must shift from the distracter to the target.
Experimental evidence indicates that such an endogenous, or
cognitively driven shift requires 200-300 ms (Horowitz et al.,
2004; Busse et al., 2008; Herrington and Assad, 2010; Carrasco,
2011). Thus, if attentional shifts are the antecedents of
perceptual-based modulations of motor activity, they would
need to be executed very rapidly to account for our finding that
perceptual information impacts the motor plan within 150 ms of
Cue presentation.

Visual search tasks, even those designed to transiently disrupt
alignment between perceptual and motor processes (Murthy et
al., 2001, 2009; Sato and Schall, 2003), promote serial order and
eventual spatial alignment between attention and saccade plan-
ning. Assuming that the activity of FEF V neurons is a correlate of
spatial attention, both conditions would favor strong selection-
related responses. In contrast, in the CS task serial order is se-
verely disrupted and spatial alignment is unnecessary, and in the
easy-choice task neither seriality nor alignment are necessary or
particularly advantageous. Thus, in these tasks, target selection
could be strongly attenuated because, unlike the motor signals
that must ultimately be congruent with the motor choice, atten-
tion could be (1) randomly assigned to equally informative target
and distracter locations, or (2) simultaneously split across the
two locations. If randomly assigned, an ideal, differential V re-
sponse (Fig. 11a) fully linked to the locus of attention would not
distinguish target from distracter when averaged over trials. Ran-
dom assignment, however, would be expected to increase the
variance of the firing response, because it would mix trials with
attention directed to diametrically opposed locations. Notably
though, no significant change in the variance of the recorded V
neurons was found across time during a trial, nor between in-
formed and uninformed choices, as would have been expected in
this case. Alternatively, the possibility that spatial attention si-
multaneously enhances processing at multiple sites (Carrasco,
2011), although still a matter of some debate (Cave et al., 2010;
Jans et al., 2010), is strongly supported by recent findings in area
MT (Niebergall etal., 2011) and is generally consistent with other
studies showing that V responses decrease systematically with the
number of potential targets displayed (Lee and Keller, 2008; Cohen
et al., 2009). In either case, our data reveal that conflict between
opposing motor plans appears to be resolved independently of
visual-related activity that would normally select the target of the
impending saccade.

Motor planning as an ongoing process

Correct performance of the CS task requires ongoing motor
plans to be modified on the fly based on incoming perceptual
information. This situation is not as exceptional as the concept
of goal-directed action might imply. Such ability is essential to
the rapid decisions that are the hallmark of athletic perfor-
mance; e.g., returning a tennis serve, hitting a curveball, or
stopping a penalty. Furthermore, the stability of fixation times
and intersaccadic intervals across a variety of visual scanning
conditions (Berg et al., 2009; Castelhano et al., 2009) suggests
that, normally, eye movements are programmed continu-
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ously, without waiting for perceptual events to reach a conclu-
sion (McPeek et al., 2000).

Our findings reveal some of the neural mechanisms that allow
the oculomotor system to operate in this mode, and notably,
there are strong parallels between our results and those obtained
by Cisek and colleagues, who propose that resolving conflict
among multiple actions planned simultaneously is a fundamental
characteristic of decision-making processes (Cisek and Kalaska,
2010). In their studies based on manual choice tasks (Cisek and
Kalaska, 2005; Cisek, 2006; Cisek et al., 2009; Pastor-Bernier and
Cisek, 2011), they find that perceptual information and other
task contingencies, such as reward value or motivation, bias a
motor selection process that is activated whenever multiple ac-
tions are possible. Consistent with our view, there is no intrinsic
serial arrangement in their framework; motor preparation does
not wait for cognitive or perceptual events to unfold, but instead
is an ongoing process that is informed by those events whenever
they occur. When available, such cognitive information partially
determines the outcome, but the internal conflict gets resolved
with (informed choices) or without it (guesses). A similar con-
clusion was reached by Klaes et al. (2011) as well.

Modeling results further support a unifying framework in
which motor activity is modulated on the fly by perceptual deci-
sions. Cisek (2006) developed a model that replicated reach-
related activity in two tasks that differed in the order in which the
choice targets and the sensory Cue were presented, just like our
CS and easy-choice tasks. Although its implementation is very
different from that of our accelerated race to threshold—Cisek’s
model is a recurrent network with multiple layers—that model
also produces random and informed choices, and resolves the
competition between possible actions at different times depend-
ing on when the relevant Cue information becomes available.
The similarities across datasets are remarkable, given that motor
plans in the reaching tasks develop over several seconds whereas
in our oculomotor tasks they do so in <500 ms.

A flexible link between perception and motor planning

A major implication of our findings for understanding the role of
FEF neural activity is that the link between target selection or
spatial attention and motor planning must be highly flexible. As
such, the responses of V neurons, which presumably determine
the locus of spatial attention, will not always differentiate between
targets and distracters before perceptually informed choices. The
differentiation may be manifest just in the ongoing activity of the M
neurons as a modulation that is congruent with the perceptual deci-
sion and depends strongly on processing time. In such cases, for
neurons with mixed properties (i.e., VM), the undifferentiated vi-
sual signal can only degrade the processing time-dependent modu-
lation of the motor plan, thus explaining why the least visual neurons
display the most robust modulations.
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