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Raghavan RT, Joshua M. Dissecting patterns of preparatory
activity in the frontal eye fields during pursuit target selection. J
Neurophysiol 118: 2216–2231, 2017. First published July 19, 2017;
doi:10.1152/jn.00317.2017.—We investigated the composition of
preparatory activity of frontal eye field (FEF) neurons in monkeys
performing a pursuit target selection task. In response to the orthog-
onal motion of a large and a small reward target, monkeys initiated
pursuit biased toward the direction of large reward target motion. FEF
neurons exhibited robust preparatory activity preceding movement
initiation in this task. Preparatory activity consisted of two compo-
nents, ramping activity that was constant across target selection
conditions, and a flat offset in firing rates that signaled the target
selection condition. Ramping activity accounted for 50% of the
variance in the preparatory activity and was linked most strongly, on
a trial-by-trial basis, to pursuit eye movement latency rather than to its
direction or gain. The offset in firing rates that discriminated target
selection conditions accounted for 25% of the variance in the prepa-
ratory activity and was commensurate with a winner-take-all repre-
sentation, signaling the direction of large reward target motion rather
than a representation that matched the parameters of the upcoming
movement. These offer new insights into the role that the frontal eye
fields play in target selection and pursuit control. They show that
preparatory activity in the FEF signals more strongly when to move
rather than where or how to move and suggest that structures outside
the FEF augment its contributions to the target selection process.

NEW & NOTEWORTHY We used the smooth eye movement
pursuit system to link between patterns of preparatory activity in the
frontal eye fields and movement during a target selection task. The
dominant pattern was a ramping signal that did not discriminate
between selection conditions and was linked, on trial-by-trial basis, to
movement latency. A weaker pattern was composed of a constant
signal that discriminated between selection conditions but was only
weakly linked to the movement parameters.

FEF; latency; preparatory activity; smooth pursuit; target selection

PREPARATORY ACTIVITY, neural activity that precedes movement
initiation, is believed to be an implementation of the behavioral
processes of motor planning and preparation (Evarts et al.
1984; Riehle and Requin 1993). Prior to the execution move-
ments, preparatory activity in frontal cortical areas is known to
be predictive of subsequently executed movements (Church-
land et al. 2010; Cisek and Kalaska 2002; Hanes and Schall

1996). Just as multiple variables can be prespecified for a given
motor plan (Rosenbaum 1980), preparatory activity can be
decomposed into separable components of activity that are
predictive of different aspects of future behavior (Kaufman et
al. 2016; Schall 2002). The approach of dissecting preparatory
activity into its constituent components and linking them to
future motor parameters remains a primary goal of the study of
preparatory processes in any model motor system.

Our goal is to extend this type of analysis to the study of
preparatory processes that influence smooth pursuit eye move-
ments. These are smooth rotations of the eye that allow moving
targets to remain on the fovea (Lisberger 2010). Prior studies
have repeatedly shown that motor preparation influences the
pursuit system at a behavioral level (Barnes 2008). There have
also been a few studies that have also demonstrated preparatory
activity in frontal cortical structures responsible for smooth eye
movement control (Fukushima et al. 2011; Mahaffy and
Krauzlis 2011b; Shichinohe et al. 2009). To date, however,
these studies have not probed preparatory activity to the extent
that prior work in other systems such as the saccade or arm
movement systems has. For example, it is currently unknown
whether preparatory activity in FEF can be decomposed into
multiple components. Moreover, the degree to which prepara-
tory activity in FEF is predictive of the metrics of smooth
pursuit has not been rigorously quantified.

We sought to address these gaps using a recently developed
target selection paradigm (Joshua and Lisberger 2012) that
provides a natural context to study the different components of
preparatory activity. Target selection occurs in the pursuit
system when a human or monkey is faced with multiple targets
to pursue and has to choose one target over others, to track it
(Case and Ferrera 2007; Garbutt and Lisberger 2006). In our
paradigm, an animal preselects one of two targets to track as
they prepare for the forthcoming movement. In many ways, our
paradigm is akin to the visual search paradigms that have been
used to partition preparatory activity related to motor prepara-
tion and selection in the saccade system (Sato et al. 2001;
Thompson et al. 1996). As monkeys performed this task, we
recorded activity in the frontal eye fields (FEF), a region of the
frontal cortex that has a well-established role in pursuit plan-
ning and control (Ilg and Thier 2008; Tanaka and Lisberger
2002a). FEF forms a critical node in the pursuit circuit (Got-
tlieb et al. 1994), with prior studies indicating buildup activity
of pursuit neurons in FEF preceding pursuit initiation that
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seems related to the process of motor preparation both outside
(Fukushima et al. 2011; Tanaka and Fukushima 1998) and
during the context of target selection (Mahaffy and Krauzlis
2011b).

Using this paradigm, we were able to elicit robust prepara-
tory activity in FEF neurons preceding movement onset. Fur-
thermore, we could dissect this preparatory activity into sepa-
rable components that signaled the selection of pursuit direc-
tion and pursuit latency. Specifically, we found that
preparatory activity preceding pursuit initiation, in our target
selection task, was dominated by buildup or ramping neural
activity that terminated at the time of target motion onset. This
ramping signal was linked, on a trial-by-trial basis to the
latency of the subsequently executed pursuit eye movement.
To a smaller degree, activity was also indicative of which
target the animal selected to pursue. This was manifested as an
offset in the ramping response relative to baseline and seemed
more related to the selection of target direction than the actual
kinematics of the future movement, as demonstrated by a set of
behavioral controls. The size of this pursuit direction signal
was small by comparison with the ramping signal. Therefore,
we suspect that the target selection process is likely augmented
by the contribution of structures outside FEF.

MATERIALS AND METHODS

We collected neural and behavior data from two male rhesus
macaque monkeys (Macaca mulatta). All procedures were approved
in advance by the Institutional Animal Care and Use Committee at
Duke University, where the experiments were performed. Procedures
were in strict compliance with the National Institutes of Health
“Guide for the Care and Use of Laboratory Animals”. We implanted
head holders to allow us to restrain each monkey’s head, and a coil of
wire on one eye to measure eye position using the magnetic search
coil technique (Judge et al. 1980). After the monkeys had recovered
from surgery, we trained the monkeys to track spots of light that
moved across a video monitor placed in front of them. In a later
surgery, we placed a recording cylinder stereotaxically over the
frontal eye fields. The center of cylinder was placed above the skull at
24 mm anterior and 20 mm lateral to the stereotaxic zero.

Up to five quartz-insulated tungsten electrodes were lowered into
the caudal parts of the FEF to record spikes using a Mini-Matrix
System (Thomas Recording). Signals were high-pass filtered with a
cutoff frequency of 150 Hz and digitized at a sampling rate of 40 kHz
(Plexon MAP). For the detailed data analysis, we sorted spikes offline
(Plexon). For sorting, we used a principal component analysis and
corrected manually for errors. We paid special care to the isolation of
spikes from single neurons, and we included neurons for further
analysis only when they formed distinct clusters in principal compo-
nent analysis space. Sorted spikes were converted to time stamps with
a time resolution of 1 ms and were inspected again visually to look for
instability and obvious sorting errors.

Experimental design. While lowering the electrodes, we looked for
neurons that responded during pursuit eye movements. To test neu-
rons for pursuit responses, we used a target (white circle, 0.5°
diameter) that moved in one of eight directions. The targets stepped in
one direction and moved in 20°/s in the other direction (step ramp).
Typically, neurons in the parts of the FEF that are closer to the brain
surface did not respond to our search stimuli, and we had to lower our
electrodes deeper into the arcuate sulcus, where we found neurons that
responded to pursuit.

After we characterized pursuit tuning, we subjected the monkeys to
the main experiment protocol in which we introduced target selection
and single target trials, while manipulating the reward size. Each trial

started with a bright white target that appeared in the center of the
screen. After 500 ms of presentation, in which the monkey was
required to acquire fixation, colored targets appeared 3° eccentric to
the fixation target. The monkeys were required to continue to fixate
the white target in the center of the screen; gaze shifts resulted in
aborting the trial.

In target selection trials, two colored cues appeared eccentric to the
fixation target along orthogonal directions. The color of the target
signaled the size of the reward that the monkey would receive if it
tracked the target. For monkey Y, we used yellow to signal a large
reward (0.1–0.2 ml) and green to signal a small reward (0.05 ml); in
monkey X, we reversed these associations. After a random delay of
800–1,200 ms, the two colored targets stepped to a location 4–5°
eccentric to the center of the screen and started to move toward the
center of the screen at 30°/s, prompting the initiation of smooth
pursuit. During the initiation of movement, we suspended the require-
ment to keep the eye close to the target, so as not to restrict behavior.
Typically, monkeys initiated a pursuit eye movement that was biased
to the large reward target, followed by a saccade that brought the eye
toward one of the targets. Online, we would detect this saccade by
applying a threshold on eye speed of 80°/s and blank the target that
was furthest from the eye after the saccade. At the end of the trial, the
target stopped, and if the eye were within a 2 � 2 degree window
around the target, the monkey received a juice reward.

Single target trials were interleaved with selection trials. The single
target trials had the same temporal structure and the same association
between reward size and color. In these trials, we aimed to mimic the
behavior observed during target selection trials. In single target trials,
the target motion and target presentation before movement were
rotated 0, 10, 20, 30, 45, 60, 70, 80, and 90° relative to the axis of the
selection targets. For analysis, we selected the trials that were closest
(L1 norm) to the average behavior observed during target selection
trials; we defined these trials as “mimic behavior” trials. We con-
structed another set of trials in which the color cue appeared in the
same location of the cue that signaled for large reward in the selection
trials (i.e., 0 and 90° trials), but the behavior was different than the
selection, as it was less biased. We refer to these trials as “mimic cue”
trials. In several behavior sessions, the direction bias of the monkey
during selection was very small, and therefore, there was very small
difference between mimic behavior and mimic cue trials. This does
not invalidate any of our results but led to small-power in the analysis
in these sessions. Removing these sessions from our analysis did not
change our conclusions. The target speed in the single target trials was
optimized to mimic the eye movement speed during selection and was
set to 20°/s and 15°/s for monkeys Y and X. Interleaved were addi-
tional single target trials (~15%), in which the target moved in the
cardinal directions at 30°/s. However, during the preparatory period of
these trials, an animal did not have an indication as to the future speed
of the target. We confirmed that using these 30°/s trials for the
analysis did not alter any of our conclusions.

We aimed to keep trial number similar between mimic behavior
and mimic cue trials to retain a similar amount of noise in our
estimates of the neural activity in these conditions. Our procedure for
selecting mimic behavior trials could lead to pooling trials with
different target motion conditions. We confirmed that this did not have
a large impact on our results by restricting analysis to mimic behavior
trials from a single target motion condition that resulted in an average
behavior that was closest to the behavior observed during our target
selection trials. Although this yielded a slightly larger difference in
behavior between the target selection and mimic behavior trials, it did
not alter any of our conclusions.

To increase the power of trial-by-trial statistical tests, we presented
target selection trials 4–5 times more than other trials, and as a result,
these trials consisted of about 35–40% of the trials in a session. We
only included neurons in our analysis that were recorded for more
than five trials in all conditions and with at least 20 trials in each
selection condition. For calculating trial-by-trial correlation analysis,
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we only used neurons that were recorded for more than 50 trials per
target selection condition. We used this stricter criterion because of
the large trial-by-trial variability of cortical neurons. Overall, we
analyzed the activity of 198 neurons across animals (n � 119 from
monkey Y, n � 79 from monkey X). Some neurons were recorded in
multiple blocks that had different task configurations with respect to
movement directions. This added 34 additional recording sessions (19
and 15 from monkeys Y and X, respectively) to our database. For
clarity of presentation in the text, we refer to the 232 analyzed
sessions as “neurons.” Keeping to only one session per each neuron
did not alter any of our conclusions. Per each session, one target
direction was chosen to align with the preferred direction of at least
one neuron recorded using our five-channel system. Tuning could
differ between neurons on different recording channels; therefore, not
all neurons included in the analysis below were recorded with a target
moving in their preferred direction.

Data analysis. All analysis presented below was performed using
MATLAB (MathWorks). We studied the time-varying properties of
spike density functions calculated from spike times with a Gaussian
window of 10 ms. For the trial-by-trial analysis, we decomposed the
behavior from each trial into latency, direction, and gain using a
previously published algorithm (Lee and Lisberger 2013). This algo-
rithm constructs a template from trial-averaged pursuit velocity and
calculates how much each single trial needs to be shifted in time
and/or scaled in amplitude to match this template. These shift and
scale parameters provide an estimate for trial-by-trial variations in
latency, direction, and gain as we explain in detail below. We used the
average horizontal and vertical eye velocity from 25 to 175 ms after
the onset of target motion as our initial template. Using slightly longer
or shorter intervals (�50 ms) did not alter any of our conclusions.

Before applying our fitting procedure, we determined the rotation
matrix required to ensure that our template’s direction at the end of
analysis interval averaged 45°. We then multiplied single trial velocity
traces by this rotation matrix. This step simplifies the calculation of
each trial’s direction and scaling factor, without altering the relevant
structure of the data (Lee and Lisberger 2013). For each trial, we fit
scaling factors for the horizontal and vertical velocity components and
a latency shift factor that reduced the mean square error for matching
the template to the traces from single trials. After calculating scaling
factors and latency shift factors for all trials, we corrected each set of
velocity traces using the latency factor, calculated a new template, and
repeated the fitting process. In practice, across iterations, the correla-
tion between the estimated parameters was close to 1, and our
conclusions did not depend on the number of iterations. We decided
to use single correction iteration because after the first iteration, the
overall fit quality increased rapidly, and further iterations added very
little to the quality of the fit. Given the scaling factors gv and gh, the

single trial direction was defined as tan�1
gv

gh
, and the scaling factor

was defined as �gv
2 � gh

2. The shift parameter was used as an
estimate of the variation in latency on a trial-by-trial basis. We
performed the trial-by-trial analysis separately for the selection con-
ditions in which the large reward was horizontal or vertical and
included both conditions in the summary of the analysis.

We used bootstrap methods to estimate the distribution of differ-
ences in neural activity between target selection and single target
trials. This was done to test the null hypothesis that responses in
selection trials and single trials were drawn from the same distribu-
tion. We first split up target selection trials by extracting a subset of
trials that matched the number of single target trials (typically 1/5 to
1/4 of the trials). We calculated the differences between the firing
rates in these target selection trials and the remaining target selection
trials. This yields a distribution of firing rate differences for the entire
neural population. We repeated this process 100 times and calculated
the average of the resultant distributions. This procedure led to a slight
difference between the number of trials in the resampled data and the

actual data. We confirmed that matching the number of trials did not
alter any of our conclusions.

To estimate the directional tuning of a neuron between the orthog-
onal directions of motion in target selection trials, we fit the average
responses recorded during single target trials to a quadratic polyno-
mial curve. We used a quadratic polynomial because it accommodates
fits with extrema in the middle of the range. Moreover, the limited
range of the fit (only 90°) ensures that higher-order terms are not
necessary.

We used these directional tuning fits to perform simulations that
could predict the size and significance of neuron-behavior correlations
between firing rate and movement direction. We assumed that firing
rate at each trial could be expressed as ratei � tuning (�i) � �, where
tuning is the direction tuning estimated as specified above from the
radial direction of movement �, i indicates the trial number, and � is
a variable that contains all rate modulations that are independent of
the direction modulations. We estimated the variance of � by sub-
tracting the variance of tuning (�i) from the firing rate variability. We
then simulated a Gaussian variable with estimated variability of �
such that rate (simulated)i � tuning (�i) � � (simulated). Finally, we
calculated the correlation (Spearman’s rho) between the simulated
rate and movement direction. This correlation (and its significance)
estimates the neuron-behavior correlation with direction under the
assumption that the firing rate in target selection trials contains all of
the variability related to the movement direction as defined by the
tuning curve. We also repeated the analysis by fitting a linear function
between the movement direction and the average response in target
selection conditions and found that it did not alter any of our
conclusions.

RESULTS

Monkeys bias their pursuit from the initiation of movement.
We recorded the activity of 232 neurons from the FEF, while
the monkeys were engaged in a target selection task (Joshua
and Lisberger 2012). In the beginning of each trial, monkeys
were required to fixate the center of the screen, while two
colored dots appeared peripherally. After a variable delay, both
dots moved toward the center of the screen at a constant speed,
at which point the monkeys could select either target to track
and receive a reward. The crucial behavior manipulation in-
volved the mapping between reward size and the color of the
targets. For example, in the scheme in Fig. 1A, when the
monkey selected the target that moved horizontally, it received
a large amount of juice and when it tracked the target that
moved along the vertical axis, it received a small amount of
juice. The location of the low-reward and high-reward targets
was randomly interleaved between trials. In all of the experi-
ments, the targets were orthogonal to one another. For simplic-
ity, we refer to these directions as vertical and horizontal
directions throughout this report, although in some sessions,
the targets moved along the oblique directions of the screen.

In response to target motion in target selection trials, mon-
keys initiated a smooth pursuit eye movement that was biased
toward the target that was associated with a large reward (Fig.
1, B and C). Colored targets were presented for at least 800 ms
before motion onset, giving the monkey time to prepare for the
upcoming motion. Prior studies have shown that this early bias
toward the high-reward target is a result of monkeys using
information before target motion onset to bias their pursuit
(Case and Ferrera 2007; Joshua and Lisberger 2012). Later in
the trial, monkeys made corrective saccades, which in 99% of
target selection trials brought their gaze toward the large-
reward target. When both targets were associated with a large
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reward, monkeys initiated pursuit in a direction equivalent to
the vector average of the two target motion directions. We
were interested in studying how the preparatory activity before
target motion was linked to the reward-biased behavior ob-
served. Therefore, we focused our analysis on neural responses
in the preparatory period.

Characteristics of FEF population preparatory activity pre-
ceding target motion. Using our task, we were able to drive
robust preparatory activity across many FEF neurons. The
neurons presented in Fig. 1, B and E show two examples of
activity patterns seen in preparatory activity during selection
trials in which the larger reward target appeared either along
the horizontal or vertical axis. The neuron presented in Fig. 1B
encoded these different selection conditions during the prepa-
ratory period, as indicated by the difference between the black
and gray lines before target motion onset. After an initial
response to the appearance of the color cue, the difference in
this neuron’s firing rate between the selection conditions re-
mained close to constant. The neuron presented in Fig. 1E
showed a qualitatively and quantitatively different pattern of
activity preceding target motion. The neuron had a strong ramp
in activity in the preparatory period, but the ramp was similar
in both selection conditions, as indicated by the similarity of
the black and gray traces in Fig. 1E up to motion onset.

The pattern of activity displayed by our two example neu-
rons was mirrored at the population level. When we tested
whether the number of spikes in the 800-ms window preceding
target motion was dependent on whether the large reward
target moved horizontally or vertically, we found that 30% of
all recorded neurons responded differently (P � 0.01, Mann-
Whitney U test) between these conditions. We refer to the
selection condition that elicited the largest preparatory re-
sponse as the preferred condition for the neuron in question,
and the other condition as the nonpreferred condition of the
neuron. Large-reward target motion and small-reward target
motion always moved along orthogonal directions, but depend-
ing on the neuron in question, the direction of large-reward
target motion could be along any one of eight radially spaced

directions. This is because we attempted to tailor our stimuli to
the movement fields of the neurons we recorded.

To study the dynamics of the population preparatory re-
sponses across selection conditions, we calculated the average
responses of the neurons that passed the significance test for a
difference between the preferred and nonpreferred condition.
Around 100 ms after cue onset, the average population activity
diverged depending on whether the neuron was recorded in the
preferred and nonpreferred condition (Fig. 2A difference be-
tween the blue and red curves). In both cases, there was a
cue-locked change in activity followed by a sustained rate in
firing (Fig. 2B). The time taken to achieve this representation
was much shorter than the length of delay epoch preceding
target motion that was randomly selected to be between 800
and 1,200 ms.

We next quantified the dynamics of population preparatory
responses, per each selection condition, by dividing the 800-ms
window preceding target motion into two bins and computing
the firing rate change over time. In 55% of the neurons, we
found a significant difference between the firing rates in the
beginning vs. the end of the preparatory period (P � 0.01,
Wilcoxon rank sum test). Of these, most neurons (64%) in-
creased their rate across the epoch, and a minority (36%)
decreased their rate. Examining increasing and decreasing cell
populations separately, Fig. 2, C and E shows how these
responses approximated smooth ramps of activity that began
shortly after cue offset. These ramps in activity persisted up to
the time of pursuit onset, after which neurons responded to
target motion onset and the initiation of pursuit. Like the
overall population average shown in Fig. 2, A and B, the
average responses of upward and downward ramping subpopu-
lations showed an offset in ramp activity for pursuit in the
preferred and nonpreferred conditions (note difference between
blue and red lines in Fig. 2, C–F). This offset in activity at the
subpopulation level was the source of the offset in sustained
activity that differentiated preferred and nonpreferred condi-
tions at the population level for all neurons. One notable
difference between the population of upward- and downward-
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ramping neurons was that before ramp initiation activity in the
downward-ramping subpopulation underwent a transient in-
crease (Fig. 2E). Finally, we examined activity in a behavioral
condition, in which both targets signaled a large reward, and in
which selection biases were absent (Fig. 1C, dashed line). At
both the population and ramping subpopulation level, firing
rates wound up in between the preferred and nonpreferred
conditions, (Fig. 2, A–F, black lines).

Figure 2 makes clear that at a population average level,
aligning to either cue or target motion onset leads to very
similar conclusions about preparatory activity. Next, we tested
whether this population response was the result of a cluster of
neurons that responded to either cue onset or with sustained
activity across the preparatory period. We found that a neu-
ron’s firing rate 100–200 ms after cue appearance was corre-
lated with its rate in the 100-ms preceding target motion
(Pearson correlation � 0.43). We did not see strong evidence
of clustering when these firing rates were plotted against one

another (not shown), suggesting a continuum in the response to
cue onset vs. sustained activity. Finally, across the population,
responses after cue onset were smaller than responses at the
end of the preparatory epoch (3.5 spike/s vs. 5.2 spike/s
absolute deviation from baseline, P � 0.01, Wilcoxon rank
sum test), a second confirmation that neurons robustly modu-
late their firing rate across the preparatory epoch.

From these analyses, we conclude that following cue onset,
subpopulations of neurons exhibit activity that ramps upward
or downward up to the time of pursuit onset. When pursuit is
in the preferred condition of each neuron, there is an additional
positive offset in activity that is maintained throughout the
preparatory epoch. This offset in activity, which discriminates
target directions, seems to emerge early in the preparatory
epoch and well before pursuit onset. We suspect that the
difference between conditions appeared early in neural activity
because the brightly colored targets used in our task could be
easily detected and distinguished from one another, reducing
the time needed to select a given target. Had the stimuli been
more ambiguous, it may have taken a longer time for neural
activity (and the animal) to select one target over the other.
While this has been shown in the saccadic eye movement
system in the context of visual search (Thompson et al. 1996)
or perceptual decisions (Kim and Shadlen 1999), future work is
needed to test this hypothesis in the context of this pursuit
selection task.

In the subsequent analysis, we decompose the patterns of
activity that we found in the preparatory activity in this FEF
population into separable components and link them to behav-
ior in our task using trial-by-trial analysis. We then combine
this analysis with control experiments that allow for deeper
interpretation of the preparatory signals that we observe.

Parcellating components of preparatory activity in FEF.
The above analysis of average firing rates across the prepara-
tory epoch suggests that there are two separate components of
activity preceding pursuit onset, one component is a positive
offset of activity that differs on the basis of the direction of the
large reward target, the other is a ramp of activity that is
agnostic to future pursuit direction. To test whether activity
could be partitioned in this way, we deconstructed neural
activity using two basis functions (Fig. 2). The first basis
function was a ramp in activity over the preparatory epoch that
was the same in both target selection conditions (Fig. 3A, blue
line). The second basis function was a flat pattern of activity
that encoded preferred pursuit direction via a positive constant
offset (Fig. 3A, red line). For simplicity, we refer to this second
basis function as a selection function, but we stress that the
underlying process of selection may be completed shortly after
cue onset (as discussed above). The orthogonality of these
basis functions allowed us to factorize the response of every
neuron that we recorded into a combination of these two
patterns of activity. For each neuron, we concatenated the
responses to both target-selection conditions, which resulted in
a vector whose length was twice the preparatory epoch (1,600
ms). We then projected the activity of each neuron in our
recorded population onto both basis functions. This procedure
quantifies how much variability in preparatory activity these
basis functions account for.

The result of this analysis shows that over 75% of the
variability in the recorded population can be accounted for via
these two basis functions. Furthermore, the ramping basis
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Fig. 2. Neural responses during the planning of target selection. Average firing
rate across the population during the delay period. A, C, E: traces show activity
aligned to the onset of color cue. B, D, and F: traces show activity aligned to
target motion onset. Blue and red traces show the neural activity in the
preferred and nonpreferred selection conditions. Black traces show activity in
the condition where both targets signaled a large reward. Gray shading shows
the means � SE. Negative values of the horizontal axis correspond to time
before movement onset. In A and B, we only used the neurons with a
significantly different response (P � 0.01, Mann-Whitney U-test) in the
selection conditions (n � 72). In C–F, we only used neurons that increased
(n � 82) or decreased (n � 48) their rate in the last 800 ms before target
motion onset (P � 0.01, Wilcoxon signed rank test).
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function that was agnostic to pursuit direction accounted for
twice the amount of population variance as the selection
function (Fig. 3B). When we aligned activity to cue onset and
repeated our analysis, there was a slight increase in the vari-
ability accounted by the ramping function and a slight decrease
in the variability accounted by the selection function (Fig. 3B,
right), indicating this finding was robust to alignment changes
across the preparatory epoch.

We also quantified the degree to which each basis function
accounted for activity at a single neuron level by projecting
preparatory activity onto each function on a neuron-by-neuron
basis. Figure 3C shows the average activity of three neurons
during the preparatory epoch, and Fig. 3D shows these neurons
in a plot that compares how much of the variability in prepa-
ratory activity was captured by the ramping function vs. the
selection-related function. The neuron plotted in blue in Fig. 3,
C and D is an example of a neuron that was dominated by a
ramping component of activity. The neuron plotted in red in
Fig. 3, C and D is an example of a neuron that was dominated
by a selection component of activity, but did not ramp. The
neuron plotted in green in Fig. 3, C and D is an example of a
neuron with a mixed representation in which about half its
response was captured by the selection function and half its
response was captured by the ramping function. Single neurons
maintained the population level bias toward responses that
were related to a ramping function vs. the selection function.
As seen in Fig. 3D, the majority of the neurons were biased
toward the ramping axis. For 63% of the neurons, the ramping
basis function accounted for more of the variability in prepa-
ratory activity than the selection function.

The decomposition method that we used above suggests that
preparatory activity in FEF during our target selection task is
actually a superposition of independent components of activity.
Overall, this preparatory activity is low-dimensional and dom-

inated by ramping activity, with an additional offset compo-
nent. This confirms the intuition gleaned from examining
average activity. However, thus far, we do not know what
aspects of behavior these two components of activity reflect.
For example, many neurons in our population seem to exhibit
ramping activity that does not signal the target selection con-
dition. A reasonable hypothesis is that this activity reflects the
preparation of future motor production, akin to what has been
suggested for movement neurons in FEF in the context of
visual search (Bichot et al. 2001; Purcell et al. 2010). We test
this prediction explicitly below.

Quantifying behavioral variation in the pursuit system dur-
ing target selection. If preparatory activity in the frontal eye
fields plays a role in motor production, it should vary as a
function of future movement parameters. Our approach to
examine the link between preparatory activity and behavior is
to calculate the trial-by-trial correlations between preparatory
activity and concomitant variations in pursuit initiation met-
rics. We first sought to independently quantify the motor
parameters that exhibited significant variation on a trial-to-trial
basis during pursuit initiation. For each trial, we used a previ-
ously published algorithm to extract the latency, direction, and
gain of pursuit during movement initiation (Lee and Lisberger
2013; and see METHODS). For single trials, these three compo-
nents could explain 97% of the variance in the behavior, akin
to the findings of prior studies (Osborne et al. 2005). To
illustrate the results of the analysis, we plot eye speed during
selection trials in one example session separated according to
differences in latency, direction, and gain. Trials in shades of
blue were collected in the preferred condition of the neuron
recorded during this session, and trials in shades of red were
collected in the nonpreferred condition. We maintain this
convention throughout Fig. 4. In Fig. 4A, we plot eye speed on
the fifth of trials with the earliest response time (dark-shaded
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ramping (blue), selection basis functions (red), and the
residual variance that cannot be explained by ramping
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target motion onset (left) or to color cue onset (right).
When aligned to cue, we excluded the time of the
transient visual response (0–350 ms) and analyzed
activity in the following 800 ms C: z-scores of the
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target motion onset. Different colors correspond to the
different neurons, and the dashed vertical line differ-
entiates selection conditions. D: fraction of the variance
explained by the projection of the neuron activity on
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functions. Each dot shows the data from a single
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Fig. 4. Example of trial-by-trial correlation of activity with behavior. A: eye speed as a function of time from target motion onset. Each thin line shows data from
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lines) and latest response time (light shaded lines). The clear
temporal offset between these dark- and light-shaded lines
demonstrates the difference in movement latency between
early and late trials, respectively. Figure 4B shows the differ-
ence between trials with the greatest bias toward the larger
reward target (dark shaded lines) and the trials that were
furthest away from this target (light-shaded lines). Finally, Fig.
4C shows the trials with the largest and smallest pursuit gain
(again, using dark- vs. light-shaded lines). We note that in
contrast to data in Fig. 4, A and B, we have aligned trials in Fig.
4C to movement onset to prevent masking of gain differences
by latency differences.

We found a weak correlation between eye movement latency
and direction (Spearman rho � 0.06). Here, we used a conven-
tion whereby biases toward the large reward were considered
as a decrease in direction, so that positive correlations between
latency and direction would indicate that when the monkey
moved later, the movement direction would be biased away
from the large reward target. The lack of such direction-latency
correlations reveals a key difference between the pursuit and
saccadic eye movement systems during selection tasks. In the
saccade system, there is a significant correlation between
direction and latency in similar paradigms (Chou et al. 1999;
Ottes et al. 1985).

We found that movement latency and gain were positively
correlated (Spearman rho � 0.36), indicating that when the mon-
keys started to move later, they also moved faster. The level of
these correlations is consistent with prior studies of the pursuit
system (Osborne et al. 2005) and might result from the longer
time available to integrate visual motion in trials with longer
latency. Gain and direction were negatively correlated (Spearman
rho � �0.15), indicating a slight tendency to move faster when
pursuit was more biased toward the large reward target. This
correlation contrasts with the nonsignificant correlations between
direction and gain in single target step ramp task (Osborne et al.
2005), indicating that these correlations likely result from the
nature of the task that we have used. Ultimately, the low values of
correlations between most of the behavioral variables in our task
allowed us to correlate firing rates on a trial-by-trial basis each set
of behavioral variables independently. This is the method we
adopt in the next section.

Trial-by-trial analysis demonstrates the strongest correla-
tions exist between preparatory activity and pursuit latency.
We next correlated preparatory activity with behavioral metrics
of pursuit during our target selection task. As an example, Fig.
4D shows one example upward ramping neuron with the
average firing rate separated according to trials with early and
late response latencies in the preferred condition of this neuron
(dark and light blue lines, corresponding to the trials in 4A).
The ramp upward in early response trials was much steeper
than the ramp upward in late response trials. The difference in
ramp slope between early and late trials was reduced in the
nonpreferred condition (dark and light red lines, corresponding
to trials in Fig. 4A). In both the preferred and nonpreferred
choice conditions, this neuron’s ramping activity was weakly
affected by directional bias toward the large reward target (Fig.
4E) and by movement gain (Fig. 4F).

To quantify the relationship between neural activity and
behavior across all trials for a given neuron, we calculated the
correlation between the instantaneous firing rate on a single
trial and trial-by-trial variations in the three examined move-

ment parameters (latency, direction, and gain). The instanta-
neous firing rate in a single trial was calculated by counting
spikes in window of 100 ms and converting the count to spike/s
units. For this example neuron and in the preferred condition,
we found a strong negative correlation between the instanta-
neous firing rates in the 100-ms window preceding target
motion onset and latency (Fig. 4G, Spearman’s rho � �0.58,
P � 0.01), no correlation between the direction and firing rate
(Fig. 4H, rho � 0.04, P � 0.56), and a weak correlation
between gain and firing rate (Fig. 4I, rho � �0.18, P � 0.05).
In the nonpreferred condition, we found a weak negative
correlation between instantaneous rate in the 100-ms window
preceding target motion onset and latency (Fig. 4J,
rho � �0.17, P � 0.05), a weak negative correlation between
direction and firing rate (Fig. 4K, rho � �0.17, P � 0.05), and
no significant correlation between gain and firing rate (Fig. 4L,
rho � �0.11, P � 0.11).

We next extended this neuron-behavior correlation analysis
to our population of recorded neurons. Specifically, we corre-
lated variations in instantaneous firing rate, assessed using a
sliding 100-ms window, with variations in latency, gain, and
direction during pursuit initiation (with variables assessed
separately for each selection condition). In Fig. 5A, we illus-
trate, across time, the fraction of significant correlations found
between the preparatory activity and individual motor param-
eters. The largest fraction of significant correlations (P � 0.05,
Spearman’s rho) was found with latency (Fig. 5A, blue line).
This fraction reached a maximum just before target motion
onset. The fraction of significant correlations between prepa-
ratory activity and gain was smaller (Fig. 5A, black lines) and
correlations between activity and direction were the smallest
(Fig. 5A, red lines).

The small fraction of significant firing rate-direction corre-
lations might seem surprising given the directional selectivity
that neurons clearly exhibited during target selection trials. We
hypothesized that the small number of significant correlations,
we observed were a result of the small magnitude of this
direction signal. Even in the cells that significantly signaled the
selection condition, there was, on average, only a four spikes/s
difference between conditions (illustrated in Fig. 2A). This
signal might easily be masked by noise in the firing rate and
lead to small trial-by-trial correlations. On the basis of the size
of the average difference in firing rate between preferred and
nonpreferred selection conditions and the observed variability
of firing rates, we ran simulations (see METHODS for details),
which showed that even if all the variability in movement
direction were shared between neurons in the FEF, only 8% of
neurons would show significant firing rate-direction correla-
tions. This is consistent with our hypothesis that the low-
amplitude direction signal in FEF is too small to support
significant trial-by-trial correlations. Further analyses, which
are beyond the scope of this paper, could take into account the
correlation between neurons (Schoppik et al. 2008) to get
better estimates as to how informative preparatory activity in
FEF is about movement direction on a trial-by-trial basis.
Additionally, it is possible that neuron-behavior correlations
between firing rate and direction may be task dependent and
could increase when an animal pursues a single target or has to
choose between two equally rewarded targets. We did not
collect enough trials in these target conditions to perform our
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neuron-behavior correlation analysis with the requisite statis-
tical power, but future work will examine this possibility.

Ramp amplitude is linked to movement latency and not
movement direction or gain. We hypothesized that the compo-
nent of preparatory activity that was likely to be driving these
trial-by-trial correlations with latency was selection-indepen-
dent ramping activity. This hypothesis was motivated by prior
studies that have shown the magnitude or slope of ramping
activity in FEF to be linked with saccade response latency
(Hanes and Schall 1996). To test this explicitly, for each
neuron, we calculated the correlation between a neuron’s
ramping amplitude in a given selection condition and its firing
rate-latency correlation in the 100-ms window preceding the
onset of target motion (when we observe the most sizable firing
rate latency correlations). We quantified ramping amplitude by
dividing the 800-ms window preceding target motion into two
equally sized bins and computing the firing rate change over
time. We found an overall negative correlation (Fig. 5C,
Spearman’s rho � �0.40) between ramp amplitude and the
neuron-behavior correlation with latency. Neurons that ramped
up tended to have negative correlations with response latency
(e.g., Fig. 4G), with higher firing rates leading to earlier eye
movements. The neurons that ramped down tended to have
positive correlation with response latency, with lower firing
rates in these neurons leading to earlier eye movements. The
magnitude of ramping activity was not significantly correlated
with firing rate-direction correlations (P � 0.1). This is ex-
pected given the chance correlations found between firing rates
and pursuit direction throughout the preparatory epoch (Fig.
5A, red lines).

In contrast to movement direction, we did find evidence that
ramp amplitude was correlated with firing rate-gain correla-

tions, however. An example of this can be observed in Fig. 4,
F and I, where the magnitude of a neuron’s ramping response
was negatively correlated with pursuit gain. This example was
representative of the structure of our recorded population, as
there was a negative correlation between ramping amplitude
and neuron-behavior correlations with gain (Fig. 6A, Spear-
man’s rho � �0.19, P � 0.01). Moreover, this relationship
was similar to the one observed with latency, with upward
ramping neurons having negative correlations between firing
rate and gain, and downward ramping neurons having positive
correlations between firing rate and gain. A caveat to this
finding is that a correlation exists between latency and gain
behaviorally, as documented above. This raises the question of
whether the correlation of firing rate with gain is a result of a
correlation between latency and gain.

To test this, we calculated the partial correlation between
firing rate in the 100 ms preceding target motion onset and
pursuit gain, while controlling for pursuit latency. We found
doing so abolished the correlation between ramp amplitude and
firing rate-gain correlations (Fig. 6B, Spearman’s rho � �0.02,
P � 0.72). Even neurons that had large ramp amplitudes
were no longer correlated with gain when we controlled for
the latency (compare red and black dots in the fourth
quadrant of Fig. 6, A and B). By contrast, when we calcu-
lated the partial correlation between firing rate and latency
while controlling for gain, we found ramp amplitude was
still strongly correlated with these firing-rate latency partial
correlations (Spearman’s rho � 0.37, P � 0.001). These
findings suggest that the ramp activity that we found was
most strongly linked to pursuit latency on a trial-by-trial
basis, rather than direction or gain.
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Fig. 5. Summary of neuron behavior correlations and
their relationship to ramps. Fraction of neurons with
significant neuron-behavior correlations with pursuit (A)
and saccade (B) parameters. The dashed line shows the
chance level (0.05) used for the analysis. Correlation and
their significance were calculated for trials in which the
monkey had to choose between two targets. Correla-
tions were calculated separately for the different se-
lection conditions. Neuron behavior correlation with
latency of pursuit (C) and catch-up saccades (D) as a
function of the size of the ramp in activity. Each dot
shows the data for a single neuron in a single selection
condition. Positive and negative values on the horizon-
tal axis correspond to ramping up and down. Signifi-
cant and insignificant correlations are plotted in red
and black, respectively. Data are presented only for
conditions that passed the inclusion criteria for neuron-
behavior correlation analysis (more than 50 trials per
selection condition, n � 277 conditions).
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Controls concerning the sources of neuron-behavior
correlations. The core finding presented above is that FEF
neurons are correlated on a trial-by-trial basis with pursuit
latency over other pursuit metrics. However, it is possible that
some variability in firing rates before target onset might be
accounted for by the random temporal jitter between cue and
target motion onset (Fig. 1A, 800–1,200 ms). This can occur if,
after the color cue appears, each neuron ramps deterministi-
cally to movement initiation. This would cause the peak of
ramping activity to be larger on longer trials, which could, in
turn, be correlated with faster behavioral responses. We tested
this possibility by calculating the partial correlation between
movement latency and preparatory epoch firing rate, while
controlling for the time from cue onset to target motion onset.
If task event structure completely determines the firing rate-
latency correlation, we would expect neurons not to be signif-
icantly correlated with latency when we control for task timing.
Alternatively, if firing rate-latency correlations were driven by
variability in an internal process unrelated to task structure, we
would expect the same number of neurons to correlate with
behavior. Intermediate values would indicate that both factors are
important. We found that calculating partial correlation coeffi-
cients decreased the percentage of significant correlations with
response latency (16% vs. 22%, at 0–100 ms before target motion
onset). Nevertheless, this fraction remained larger than the frac-
tion of significant correlations with either gain or direction, and
suggests that both cue timing and internally generated variability
contribute to firing rate-latency correlations.

We also considered whether the ramping structure and
variations in preparatory activity might also be related to
nonpursuit sources. The largest nonpursuit component of be-
havior in the task is catch-up saccades that bring the eye close
to the large reward target shortly after pursuit initiation. We
wanted to test whether preparatory activity might reflect pre-
specification of the parameters of these corrective saccades. To
do so, we measured the correlation between firing rates pre-
ceding target motion and catch-up saccade parameters (Fig. 5,
B and D). In the 800 ms preceding target motion, a small
percentage of neurons exhibited significant (Spearman rho,
P � 0.05) correlations with saccade latency (8%), amplitude
(8%), or direction (5%). Ultimately, fewer neurons had signif-
icant correlations with saccade parameters than with the la-
tency of pursuit (�2-test, P � 0.01). In addition, ramp ampli-
tude during the preparatory epoch did not correlate signifi-
cantly with the latency of these saccades (Fig. 5D, Spearman’s
rho � 0.08, P � 0.15).

In summary, the preparatory firing rates of the FEF
neurons in our recording sample were most strongly linked
to variations in pursuit latency over other pursuit metrics or
saccade motor parameters. These correlations were driven
by variations in cue timing and variations in an internal
process unrelated to task structure and were linked to
ramping patterns of activity preceding motion onset.

The selection component of preparatory activity encodes a
winner-take-all competition between large and small reward
targets. The second component of activity that we found in the
basis function analysis discussed above was an offset in pre-
paratory firing rates that differed on the basis of the direction
of large-reward target motion. Left open is the question of what
is represented in this selection component. We considered two
hypothetical representations. The first is that the firing rate of
each neuron is the result of a competition between two separate
target cue signals with the larger-amplitude target signal ulti-
mately “winning” control over the behavior. In this case, we
would expect that preparatory activity during selection trials
would be close to the pattern of activity associated with pursuit
toward a single large-reward target, as the large-reward target
wins control over behavior in target selection trials. We refer to
this pattern of differences between selection and single large-
reward target trials as a winner-take-all representation (Tanaka
and Lisberger 2002b). An alternative hypothesis is that the
offset of activity represents the parameters of the forthcoming
movement, what we term a movement trajectory hypothesis. In
this case, we would expect the preparatory activity to be
dictated by the unique trajectory of the movement that results
from the simultaneous motion of the large- and small-reward
targets (Fig. 1C).

To test this, we compared the activity of neurons in target-
selection trials (henceforth, referred to as selection trials) to
trials where the monkeys were presented with a single target of
high reward value. The critical manipulation of these single
target trials was that their location before target motion cued
either 1) for a movement that was intermediate between the
directions of the targets in our selection task (Fig. 7A) or 2) for
a movement in the same direction as the targets in our selection
task (Fig. 7B).

We constructed two sets of single target trials. The first was
a set of trials that we refer to as mimic behavior trials. To
construct this group of trials, we had monkeys pursue a set of
high-reward targets that moved in directions that were between
the motions used in the selection trials (Fig. 7C). We then
selected the subset of trials that were closest to the behavior
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Fig. 6. Neuron-behavior correlation with pursuit gain de-
pends on pursuit latency. Values on the vertical axis show
the neuron-behavior correlation with pursuit gain (A) and
partial neuron-behavior correlation with gain when con-
trolled for pursuit latency (B). Positive and negative values
on the horizontal axis correspond to ramping up and down.
Neuron-behavior correlations were calculated from the firing
rate in the last 100 ms before target motion onset. Significant
and insignificant correlations are plotted in red and black,
respectively. Each dot shows the data for a single neuron in
a single selection condition. Red line shows the results of the
linear regression between the ramp amplitude and the neu-
ron-behavior correlation with gain.
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that we observed during our selection task. We illustrate the
outcome of this trial selection procedure in Fig. 7D. The blue
lines in this figure illustrate pursuit in selection trials, while the
red lines indicate pursuit averaged over the subset of mimic
behavior trials that were determined to be the closest pursuit in
selection trials.

In the second set of trials, which we term mimic cue trials,
a color cue appeared in the same location of the cue that
signaled for large reward in the selection trials. Given the lack
of a low-reward target in these trials, the behavior was different
from that observed in selection trials, in that there was no bias
away from the direction of large-reward target motion. Indeed,
in these mimic cue trials, bias away from the cardinal direction
along which the target moved was small in comparison to the
much larger bias observed in selection trials (2 vs. 20°, P �
0.01, Wilcoxon rank sum test).

Comparing the preparatory activity of neurons during selec-
tion trials and our control trials suggests that the offset in
activity that we observed above was most consistent with a
winner-take-all representation. Figure 7E plots the preparatory
neural responses during selection trials and control trials. The
average population response in mimic behavior trials was
different from the response observed during target selection
trials (Fig. 7E, note the separation between the red and blue

lines). Remember that behavior in selection trials and mimic
behavior trials are nearly matched (Fig. 7D). This suggests that
the difference between preparatory activity in the preferred and
nonpreferred condition is not accounted for by the behavior
that follows target motion, but is driven by different factors. By
contrast, the average preparatory neural response during mimic
cue trials (black lines) was very similar to the average neural
response during target selection trials (blue lines). The closer
proximity of mimic cue trials to selection trials seems consis-
tent with the idea that preparatory activity is responding to the
cue specifying future target motion regardless of task context,
in line with the winner-take-all hypothesis.

To see whether these differences extended to the single
neuron level and test for statistical significance, we calculated
the difference between preparatory firing rates in selection
trials and preparatory firing rates in either mimic behavior or
mimic cue trials. For each neuron, we measured the average
firing rate in the 800-ms window preceding target motion in the
different conditions. The top histogram in Fig. 7F quantifies
the firing rate difference between selection trials (in the pre-
ferred condition of each neuron) and corresponding mimic
behavior trials. The firing rate in selection trials in the preferred
selection condition was significantly larger than the firing rate
in the mimic behavior trials (Fig. 7F, red histogram, P � 0.05
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Fig. 7. Dissociating a winner-take-all from a movement trajectory representation. A and B: sequence of snapshots illustrates the structure of the behavioral task
with a single target. C and D: traces plot the horizontal vs. vertical eye velocity in selection (blue) and single target trials (red) from one session (C) and from
the average across all the recording sessions (D). In C, gray dots show the eye velocity from single trials at 200 ms after target motion. In D, only the single
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the data at 100, 150, and 200 ms after target motion onset. E: average firing rate from 800 ms before target motion onset to 200 ms after target motion onset
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Wilcoxon rank sum test). When we looked at the firing rate
difference between selection trials in the nonpreferred condi-
tion of each neuron and corresponding mimic behavior trials,
we found the opposite trend; the firing rate was larger in the
mimic behavior trials (Fig. 7G, red histogram, P � 0.05). By
contrast, the firing rate difference between selection and mimic
cue trials did not reach significance in either preferred or
nonpreferred conditions (Fig. 7, F and G, blue histograms P �
0.1). Moreover, the difference in activity between the mimic
behavior and selection trials was significantly larger than the
difference in activity between mimic cue and selection trials
(P � 0.05, Mann-Whitney U-test, on the absolute differences).
From this, we conclude that the activity patterns that we
observed at the population level are consistent with what we
find at the single neuron level, and once again commensurate
with a winner-take-all hypothesis. There are some potential
caveats, however, which we discuss below.

Although in most sessions, pursuit in selection trials was
substantially biased away from the cardinal directions, in some
sessions, this difference was smaller. For example, the blue
traces in Fig. 7C indicate that in this session, pursuit in vertical
selection trials was less biased away from the nearest cardinal
direction than pursuit in horizontal selection trials. There could
be situations, therefore, where mimic cue trials are similar to
mimic behavior trials. This would make it difficult to tease
apart whether a given neural representation is consistent with
the movement trajectory and winner take all hypothesis, as
they make very similar predictions. To see whether this was the
case, we restricted our analysis to sessions where the bias
during selection trials was significantly large (more than 20°)
and where there would be a large difference in behavior during
mimic cue, and mimic behavior trials. Doing so did not alter
any of our conclusions.

A second potential caveat is that some bias could have arisen
in the above analysis from the criteria used to define each
neuron’s preferred and nonpreferred condition. To address this,
we took advantage of the fact that target selection trials were
presented four or five times more than other trials (minimum of
24 trials, median 70). The large number of these trials allowed
us to directly control for the bias, while maintaining enough
statistical power to detect significance. For each neuron and
each selection condition, we split the trials into two sets. We
used half of the data to test whether the neuron responded
differently depending on the direction of the large-reward
target and the other half to calculate the firing-rate differences
between target selection trials and both types of mimic trials.
Applying this method did not alter any of our conclusions,
suggesting our criteria for determining the preferred conditions
of each neuron was not a source of bias.

In addition, the large number of selection trials also allowed
us to apply resampling methods to estimate the distribution of
the rate differences between conditions under the null hypoth-
esis that there is no difference between conditions (Fig. 7, G
and F, black lines, and see METHODS for more details). We
found only small differences between this resampled distribu-
tion and the empirical distribution of the firing rate differences
between selection trials and mimic cue trials. This similarity
indicates that any differences between selection trials and
mimic cue trials likely arise from noise in our firing rate
estimates.

Firing rate modulations during the preparatory period are
weakly predictive of modulations during movement. Thus far,
our examination of selection related signals has been restricted
to their presence in preparatory activity. We next quantified the
degree to which the structure of this preparatory activity was
shared by perimovement activity that followed both target
motion onset and pursuit initiation (during what we term the
movement epoch). We first examined to what degree the offset
in preparatory activity that discriminated preferred and non-
preferred selection conditions carried over into the movement
epoch. For most neurons, the difference in activity between
selection conditions was usually much larger during the first
200 ms of pursuit than during the preparatory epoch. This is
evidenced by the tendency of individual neurons to fall along
the horizontal axis of Fig. 8A. Eleven percent of the neurons
exhibited significant differences between selection condi-
tions during only the preparatory epoch (green dots), 19%
exhibited significant differences during only the movement
epoch (red dots), and 42% exhibited differences in both
epochs (Fig. 8A and subpopulations of neurons in Fig. 8B).
Moreover, even when neurons discriminated target selection
conditions during both the preparatory and movement ep-
ochs, the sign of this signal might be the same, or might be
different (62% vs. 38%, see Fig. 8B left vs. right panels with
blue curves, respectively). This suggests that the preferred
condition during the preparatory epoch was often not pre-
dictive of the preferred condition during movement (exem-
plified by the neuron depicted in Fig. 1B).

Much the same could be said about the degree to which
preparatory ramping activity predicted activity in the move-
ment epoch. Across our recording population, both the sign
(upward or downward) and magnitude of ramping activity
could differ significantly from the magnitude of pursuit-driven
activity (Fig. 8C). In the panels of Fig. 8D, we have plotted
peristimulus time histograms of subpopulations of neurons
from Fig. 8C divided according to the epoch in which they
exhibited significant modulations in activity. It is clear that the
slope of a given neuron’s preparatory ramping activity did not
predict activity during the movement epoch. We note that this
apparent dissociation between the preferred condition of pre-
paratory and perimovement activity quantified in Fig. 8 is
similar to what has been previously reported in the premotor
and motor cortices during arm reaching tasks (Churchland et
al. 2010). These prior studies have suggested that these differ-
ences may be reconciled by considering preparatory activity as
an initial state within a dynamical system that evolves accord-
ing to fixed rules. These rules can, in turn, be revealed via
larger-scale interrogation and analysis of population dynamics.
Future work will need to examine whether these findings from
the motor cortices generalizes to pursuit neurons within the
frontal eye field.

DISCUSSION

We analyzed preparatory activity in the frontal eye fields
during pursuit target selection. Our goals were to see the
degree to which preparatory activity could be elicited by
pursuit target selection and to understand the composition of
these preparatory signals commensurate with the approach of
prior studies of preparatory activity in the arm movement and
saccadic eye movement system. To this end, we report robust
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preparatory activity frontal eye fields preceding pursuit target
selection. Within our population, preparatory activity could be
decomposed into a ramping signal, linked to response latency
via trial-by-trial analysis, and post cue firing rate offset that
encoded the direction of a large reward target motion in a
winner-take-all fashion. Apart from providing a quantitative
account of FEF’s role in pursuit preparation, we think our
results are important for additional reasons. First, they provide
novel insights into the sources of variation in the pursuit
system. Second, they suggest a mechanism by which a
weighted vector average might be implemented in the pursuit
system, downstream of FEF and motion representations in area
MT. Finally, they provide important insights into the function
of the frontal eye fields in pursuit target selection, comple-
menting what is known about the structure from studies of
saccade target selection. We discuss these matters more in
depth below.

Central source of variability in pursuit. A considerable
amount of the variability in pursuit initiation can be accounted
for by errors in the sensory estimation of the target motion

(Hohl et al. 2013; Osborne et al. 2005). Studies across the
pursuit circuit have confirmed that variability in pursuit initi-
ation arises upstream to the final motor pathways (Joshua and
Lisberger 2014; Medina and Lisberger 2007). The view that
has emerged from these studies is that sensory errors propagate
through a feedforward network to drive motor variability.

Our results indicate a need to rethink the way the pursuit
system is structured. In selection trials, monkeys used the
information about future target motion timing and direction to
plan movements. In these trials, we found that trial-by-trial
variations in firing rate during the preparatory epoch preceding
target motion were correlated with trial-by-trial variations with
latency. Hence, the behavioral variability that we observe
cannot be only a result of feedforward processing of target
motion, but likely is driven by central sources as well. These
central sources of variation do not impact all motor variables
equally. For example, we did not find strong correlations
between preparatory activity and variations in either pursuit
direction or gain. We hypothesize that the observed behavioral
variation in gain and direction might be driven by errors in
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Fig. 8. Linking preparatory activity to movement-related activity. A: Each dot shows the difference between the responses of a neuron in its preferred and
nonpreferred condition during the preparatory epoch spanning the 800 ms before motion onset (vertical axis) and during a movement epoch spanning 100–300
ms after motion onset (horizontal axis). Vertical values are only positive since the preferred condition was defined as the direction with larger response in the
preparatory epoch. Red, green, and blue dots correspond to neurons that signaled selection only after motion onset (n � 99/232), only in the preparatory period
(n � 26) and both in the perpetrator period and after motion onset (n � 45). B: peristimulus time histograms of subpopulations of neurons divided according
to the epochs in which they significantly differentiated selection conditions. Neurons that responded in both epochs were further divided into neurons that had
the same direction of modulation (leftmost panel of 8B; n � 28) and opposite modulation (second from the left panel of 8B; n � 17) in the preparatory and
movement epochs. C: each dot shows the modulation in movement epoch activity (relative to end of the preparatory epoch activity) vs. the amplitude of ramping
activity during the preparatory epoch (horizontal vs. vertical axes, respectively). Each dot shows a single selection condition of a single neuron; therefore, each
neuron in our population contributes two points to this figure. Positive and negative values on the horizontal axis correspond to increases and decreases in rate
after motion onset. Positive and negative values on the vertical axis correspond to neurons that ramp up and down, respectively. Red, green, and blue dots
correspond to neurons that modulated their activity only after motion onset (105 increasing and 79 decreasing out of 464 conditions), only before motion onset
(16 increasing and 15 decreasing) and during both the preparatory and movement epochs (n � 141). D: peristimulus time histograms of subpopulations of neurons
divided according to the epochs in which they exhibited significant modulation in activity and the sign of the responses. We further split neurons that responded
in both epochs into subpopulation responses that spanned all combinations of the sign of responses (increasing or decreasing, the four curves in the two leftmost
panels in Fig. 8D). In this manner, 60 neurons increased their activity in both epochs, and 31 neurons decreased their activity in both epochs. Twenty-eight
neurons had an increase in activity during the preparatory epoch and a decrease in activity during the movement epoch. Finally, 22 neurons showed a decrease
in activity during the preparatory epoch and an increase in activity during the movement epoch.
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sensory estimation, motor noise during movement execution,
or even variation in the preparatory activity of other areas of
the pursuit circuit.

We note our findings are not exclusive to the pursuit eye
movement system. For example, in the saccade system, the
buildup and peak of premovement activity correlate with re-
sponse timing (Hanes and Schall 1996; Segraves and Park
1993). In the arm movement system, variations in preparatory
neural activity are predictive of variations in upcoming reach
kinematics (Churchland et al. 2006), indicating that some
variability in arm movements also arises before sensory feed-
back. Our findings mirror these prior findings in the arm
movement system. We think the reason we are able to observe
central sources of variability is that we have placed the pursuit
system into a situation where we can observe the influence of
both processes simultaneously. Prior studies on the variability
of pursuit eye movements focused only on tasks that mini-
mized the need to plan upcoming movements. Without some-
thing to plan for, however, it is unlikely that one will observe
such central sources of variability in any motor system. We
think these results speak to a generalizable principle underlying
motor planning across effectors, whereby whenever planning
mechanisms are engaged, the structure of preparatory activity
is changed in a manner that leads it to covary with future
movement parameters.

Implementing a weighted vector average. Prior studies have
shown that when pursuit is driven by multiple visual motion
signals, in the absence of other instructive signal, the resulting
pursuit eye movement follows the vector average of the con-
stituent motion signals (Lisberger and Ferrera 1997). In our
task, however, it is clear that additional processes intervene and
bias the initial pursuit trajectory toward the larger rewarded
target (Fig. 1 and see Joshua and Lisberger (2012) for further
details). We interpret the presence of winner-take-all represen-
tations that we observe (Fig. 7) as an instantiation of a motor
plan to follow the large reward target while ignoring the small
reward target.

We suggest that behavioral bias results from an interaction
between visual drive and winner-take-all signals resulting in a
weighted vector average. The fact that visual drive from area
MT is only slightly modulated during action selection (Ferrera
2015) leads us to hypothesize that the neural implementation of
weighted-vector averaging results from the combination of
weakly selection-modulated visual signals from area MT with
stronger selection-modulated signals from FEF. We note that
certain regions of the pontine nuclei or cerebellum that are
jointly targeted by these regions seem appropriately positioned
to fulfill this role (Voogd et al. 2012).

Finally, we have interpreted the winner-take-all activity as
consistent with a target selection signal, but we note that the
short period of time (less than 250 ms) needed to reach this
plateau in activity is also consistent with the idea that it is the
initial rise in activity that encodes the target selection process.
This interpretation is consistent with prior studies of visual
search, which show that saccade target selection occurs rela-
tively quickly after cue onset (Thompson et al. 1996). It is
possible, therefore, that different processes might drive the
sustained portion of the response that persists throughout the
preparatory epoch, including attention to the colored cues or
valuation of the large reward target. Future work is needed to
disentangle these possibilities and determine which processes

comprise the winner-take-all signal and how they underlie the
selection process.

The neural mechanism of target selection by the frontal eye
fields. Studies have repeatedly shown that the FEF activity is
linked to the target selection process (Schall 2002). Moreover,
inactivation of FEF has been shown to disrupt target selection
(Keller et al. 2008; Schiller and Tehovnik 2003). However,
these studies have been mostly restricted to the study of target
selection in the context of saccade control. In the pursuit
system, the neural mechanisms underlying target selection
have rarely been studied. In one study of FEF during a pursuit
selection task, the initial response of neurons was a stereotyp-
ical ramp in activity, with most neurons discriminating selec-
tion conditions only around movement onset (Mahaffy and
Krauzlis 2011b). Moreover, both inactivation and stimulation
of the FEF chiefly affected the parameters of pursuit movement
but not selection between targets in this task (Mahaffy and
Krauzlis 2011a). In these studies, the direction of the selected
target was revealed only at the time of the target motion onset,
limiting the ability of the monkey to plan the direction of the
movement. By contrast, different studies have shown that when
monkeys are cued for target selection, subpopulations of neu-
rons clearly encode future movement direction (Fukushima et
al. 2011; Shichinohe et al. 2009). However, in these experi-
ments, there was no attempt to link the preparatory signal to the
initiation of pursuit, or to compare the signal to forced choice
conditions.

Our results suggest that while preparatory activity in FEF
encodes target selection conditions, it more consistently en-
codes the selection-independent parameter of movement la-
tency through ramping activity. This fact, combined with the
small size of selection-related signals we did observe, suggests
that the frontal eye fields serve a secondary role in the target
selection process, augmented by structures whose primary role
is to drive the target selection process. A plausible candidate
for such computations is the basal ganglia. The basal ganglia
are embedded in the frontal pursuit pathways (Cui et al. 2003;
Krauzlis 2004), and neurons in the basal ganglia respond
during pursuit (Basso et al. 2005; Yoshida and Tanaka 2009).
Moreover, a rich history of work demonstrates how basal
ganglia circuits can interact with cortical structures to drive
action (Mink 1996; Redgrave et al. 1999). If the basal ganglia
drive the selection process during pursuit planning, we would
expect to find that premovement selection signals in the basal
ganglia, in contrast to FEF, would be both larger in amplitude
and more strongly correlated with future movement direction
in our task.

Finally, we note the similarity that our findings bear to
recent work in the arm-movement system that suggest that the
majority of response variability in the motor cortices is unre-
lated to target direction or speed (Kaufman et al. 2016). In this
work, the authors suggest that motor cortical activity instead
comprises a large condition-invariant component that we be-
lieve is similar to the ramping component of neural activity
discussed above. This hints toward a second generalizable
principle of motor planning across effectors, in addition to the
central source of pursuit variability discussed above.
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