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 Animal survival hinges on good decision-making abilities, but most decisions 

are subtle and difficult to quantify. One tractable class of decisions is the choice about 

where to look. Primates use smooth-pursuit eye movements to track objects moving in 

the world, and, in busy natural scenes, we must select a single object to track amongst 

distracters. This dissertation addresses the following question: How do primates 

choose a direction for pursuit? 

 The frontal pursuit area (FPA) is a cortical structure that responds selectively 

to smooth pursuit and has been identified as a candidate for choosing pursuit 

directions. Is this area the control center for pursuit choices? Answering this question 

would add to our understanding of decision-making, motor control, and the 

visuomotor system.  

 First, we found that FPA neurons discriminated pursuit direction, but not in 

time to influence pursuit selection. Instead, the activity seemed to be involved in 



 

 xi

setting the gain of the pursuit system, ensuring that the motor output matched the 

visual input. 

 Second, we found that causally manipulating activity in the FPA, with both 

electrical stimulation and chemical inactivation, failed to change the monkey’s 

selection behavior. Disrupting activity in the area affected the precise acceleration and 

velocity of the pursuit movement without changing which target the monkey tracked.  

 Taken together, our findings suggest that the FPA is a key player in preparing 

and supporting the motor system’s execution of the smooth pursuit response, but is not 

the ultimate authority in choosing a pursuit direction. In this system, there is a clear 

functional segregation between making a decision and executing that decision, and the 

FPA is involved in the latter role. This work deepens our understanding of selection 

and control in the visuomotor system, but it also gives a more general insight into 

neural organization. Despite its location in frontal cortex, the FPA does not play a role 

in executive control or selection. There is evidence that, for eye movements, these 

functions may be carried out in the brainstem. We should keep this lesson in mind as 

we continue to explore the neural underpinnings of primate decision-making. 
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Introduction 

On October 3, 1951 Bobby Thomson hit a home run that clinched the National 

League pennant for his team, the Brooklyn Dodgers. The fateful pitch, a high fastball, 

traveled the 60 feet 6 inches to home plate in less than half a second. The play was 

immortalized by the exuberant exclamations of Russ Hodges heard around the world 

by U.S. servicemen fighting in the Korean War and is recognized as one of the 

greatest moments in sports history. Less heralded were the physical achievements that 

coalesced into Bobby Thomson striking the baseball perfectly enough to drive it over 

300 feet. 

 How did Bobby Thomson know when and how to swing the bat? Experience 

surely was a factor, and he may have been expecting a particular type of pitch. But 

good pitchers are unpredictable, and hitters watch the ball intently for signs of 

movement or rotation that disclose the ball’s true trajectory. Unfortunately for hitters, 

the ball is moving quite rapidly, and any visual inspection requires eye movements to 

keep the ball centered on the fovea, the highest acuity portion of the retina.  

Humans, like all primates, can make two types of voluntary eye movements: saccades 

and smooth pursuit. Saccades are high velocity, ballistic eye movements that rapidly 

shift the center of gaze to visual objects of interest. A good baseball player will avoid 

tracking a pitch with saccades, which are accompanied by momentary suppression of 

visual input. Smooth pursuit is characterized by slower, maintained velocity that 

stabilizes gaze on a moving object; this type of eye movement is much more 

conducive to the careful observation of moving objects.  
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But a fastball is not an easy thing to track, and the pursuit system must 

overcome two potentially serious obstacles: the presence of distracter motion and the 

speed of the ball. The first issue is somewhat abstract: the pursuit system must select 

the velocity of the baseball and ignore visual distracters. The world is filled with 

motion that a batter must suppress: the pitcher’s follow through, waving fans, the 

spinning seams of the ball. The batter might want to take note of these phenomena, but 

the movement of his eyes must track only the baseball. The second challenge is largely 

mechanical: the ocular muscles must accelerate the rotation of the eyeball quickly so 

that the eye’s velocity matches the selected target’s velocity. To keep the target on the 

fovea, the eye must maintain that elevated speed or, in the case of an approaching 

pitch, continue to accelerate. The relationship between the eye velocity and the target 

velocity is called pursuit gain. These two features, target selectivity and gain control, 

are fundamental to the function of the smooth pursuit system. 

For many years, experimenters ignored the issue of target selection in the 

pursuit system. The reason for the omission was simple: in the majority of 

experiments, subjects pursued a single dot, so selection from distracters was 

unnecessary. These early experiments yielded correspondingly simple models of the 

pursuit system, in which eye velocity was driven deterministically by motion on the 

retina (e.g. Krauzlis and Lisberger 1994a, 1989; Lisberger et al. 1987). The neural 

instantiation of these models was thought to be the pathway from the middle temporal 

visual area (MT), to the pons, a brainstem relay structure, to the ventral paraflocculus 

of the cerebellum, which has direct access to motor circuits (Lisberger et al. 1987). 
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But models of the pursuit system that are driven exclusively by retinal motion fail to 

account for selective pursuit behavior. Ferrera and Lisberger (1995, 1997a) first 

examined pursuit selection by showing monkeys two oppositely moving stimuli and 

requiring the monkeys to smoothly pursue the stimulus that matched an earlier 

luminance cue. The monkeys were quite able to select the appropriate target. Later 

experiments demonstrated that pursuit initially tracks the average of visual motion and 

that selectivity evolves over time (Ferrera and Lisberger 1997a; Garbutt and Lisberger 

2006). But the neural mechanism for pursuit selectivity remained unclear.  

Several lines of experimentation have clarified how targets are selected, 

generally. The superior colliculus, a brainstem structure that contains a spatial map of 

the visual field, has been implicated in the selection of targets for saccadic eye 

movements (Horwitz and Newsome 1999, McPeek and Keller 2002, Krauzlis and Dill 

2002; Carello and Krauzlis 2004; Dorris et al. 2007).  Manipulating activity in the 

superior colliculus can bias a monkey’s saccadic choice behavior. But what about 

pursuit? Interestingly, the activity in the superior colliculus also seems to be involved 

in selecting pursuit targets, and manipulating activity in the superior colliculus biases 

pursuit behavior (Krauzlis and Dill 2002; Carello and Krauzlis 2004). 

But these findings do not resolve the issue of pursuit selection. The smooth 

pursuit system requires a motion input, and the direction of pursuit is determined by 

the direction of motion and not the target location (Rashbass 1961). The spatial signal 

from the colliculus could not provide this motion input, which has caused investigators 

to search for structures with motion responses that could be contributing to pursuit 
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selection. The first candidate was MT/MST, but the selection-based modulations of 

these motion-responsive cells were insufficient to account for pursuit selection 

(Ferrera and Lisberger 1997b).  

Another candidate site to underlie pursuit directional selection is the frontal 

pursuit area (FPA), a structure in the frontal cortex adjacent to the frontal eye fields on 

the anterior bank of the arcuate sulcus. Neurons in this area are strongly directionally 

selective for pursuit (MacAvoy et al. 1991; Tanaka and Lisberger 2002b). FPA is 

well-situated to mediate between motion input and motor output. It has dense 

reciprocal connections with cortical motion and pursuit sites (Tian and Lynch 1996), 

and sends downstream projections to eye movement structures in the pontine nuclei 

(Distler et al. 2002).  

Manipulations of the FPA have clarified its role in pursuit generation. 

Unilateral lesions severely impair pursuit velocity and acceleration (Lynch 1987; 

MacAvoy et al. 1991; Keating 1991, 1993; Keating et al. 1996). The FPA is unique 

among cortical sites in that it can be stimulated while the monkey is fixating to evoke 

pursuit (Gottlieb et al. 1993; Tanaka and Lisberger 2002a). Stimulation during pursuit 

onset increases the pursuit acceleration, and this effect is most pronounced for pursuit 

ipsiversive to the stimulation (Tanaka and Lisberger 2002a). Taken together, these 

results suggest that the FPA plays an important role in controlling the metrics of 

pursuit. 

The FPA also plays an essential role in controlling the gain of pursuit. Recall 

that pursuit gain is the ratio of eye velocity to target velocity. Quickly achieving and 
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consistently maintaining a pursuit gain near 1.0 is essential for professional baseball 

players, or mere mortals trying to observe a moving object. The seminal piece of 

evidence implicating FPA in gain control is that stimulation during pursuit or fixation 

increases the eye velocity response to a small target perturbation (Tanaka and 

Lisberger 2001).   

To bring the relationship full circle, Gardener and Lisberger (2001) have 

demonstrated a link between gain and target selection. They observed that saccades 

facilitate the transition from averaged to selective pursuit, and the direction of the 

subsequent pursuit depended on the endpoint of the saccade. Relying on this link, 

several experimenters have hypothesized that the frontal pursuit area, with its 

established role in gain control, could be contributing to the selection of a pursuit 

target (Tanaka and Lisberger 2001; Srihasam et al. 2009).  

In the work contributing to this dissertation, we have used a combination of 

recording, inactivation, and stimulation experiments to directly test the role of the 

frontal pursuit area in target selection, gain control, and pursuit execution in a pursuit 

choice task. We identify three specific aims: 

 

1. Determine if single frontal pursuit area neurons could be contributing to 

pursuit selection.  

2. Test the contribution of the frontal pursuit area to pursuit selection with 

chemical inactivation and electrical stimulation.  

3. Explore the role of the frontal pursuit area in initiating and executing pursuit.  
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Chapter 1: 

Neural Activity in the Frontal Pursuit Area Does Not 

Underlie Pursuit Target Selection  

 

Abstract 

The frontal pursuit area (FPA) contains neurons that are directionally selective 

for pursuit eye movements. We found that FPA neurons discriminate target from 

distracter too late to account for pursuit directional selection. Rather, the timing of 

neuronal discrimination is linked to pursuit onset, suggesting a role in motor 

execution. We also found buildup of activity of FPA neurons prior to pursuit onset that 

correlated with eye acceleration. These results show that the FPA is unlikely to be 

involved in selection of initial pursuit direction, but could be involved in motor 

preparation by increasing pursuit gain prior to pursuit onset.  

 

1.1 Introduction 

Primates use smooth eye movements to track moving objects in the world, and 

these eye movements are driven by target motion (Rashbass 1961). Most models of 

the pursuit system (e.g. Lisberger et al. 1987; Robinson et al. 1986) account for pursuit 

of single targets, but primates are quite capable of selecting a moving target in the 

presence of distracter motion (Ferrera and Lisberger 1995, 1997a). The neural 

mechanisms involved in the selection of a pursuit direction are not yet known.  
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Spatial target selection in the primate brain is fairly well understood. A series 

of recording, microstimulation, and inactivation experiments have demonstrated that 

activity in the superior colliculus is important for the selection of targets for saccades 

(Horwitz and Newsome 1999; McPeek and Keller 2002; Krauzlis and Dill 2002; 

Carello and Krauzlis 2004; Dorris et al. 2007) and smooth pursuit (Krauzlis and Dill 

2002; Carello and Krauzlis 2004). The frontal eye fields (FEF) have also been 

implicated in saccadic target selection. Firing rate variability in FEF movement 

neurons is correlated with the latency of saccades (Hanes and Schall 1996). 

Additionally, FEF neurons can discriminate a salient visual target from a distracter 

absent a saccade, suggesting that they, like the superior colliculus, may play a more 

generalized role in target selection (Schall et al. 1995).  

Spatial target selection yields information about a location of interest. But the 

function of smooth pursuit is to match eye motion to target motion (Rashbass 1961; 

Krauzlis and Lisberger 1994a; Lisberger et al. 1987; Robinson et al. 1986). Neither the 

SC nor the FEF contain any representation of motion direction, and thus seem 

insufficient to account for pursuit selectivity. Several groups have tested the 

hypothesis that areas MT or MST could underlie pursuit selection. Ferrera and 

Lisberger (1997b) found that most MT and MST neurons were not modulated by 

directional choice in a target-selection task, and concluded that the activity they 

observed probably could not account for pursuit selectivity. Recanzone and Wurtz 

(1999, 2000) found correlates between pursuit selectivity and MT/MST responses, but 

these modulations were largely confined to the situation where both targets were in a 
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single receptive field. Selection between two distant objects is common, but the 

activity in MT/MST could only weakly contribute to this phenomenon. These results, 

taken together, cast doubt on the hypothesis that areas MT or MST could account the 

directional selectivity of pursuit.  

An alternate structure that could contribute to the selection of a pursuit 

direction is the frontal pursuit area (FPA). The FPA is located on the anterior bank and 

fundus of the arcuate sulcus, directly adjacent and posterior to the frontal eye fields. 

There are several reasons why the FPA is a likely candidate to underlie pursuit 

directional selection. First, neurons in this area exhibit strong directional selectivity 

during pursuit regardless of stimulus location (MacAvoy et al. 1991; Tanaka and 

Lisberger 2002b). This selectivity is often complete; cells only fire for pursuit in their 

preferred direction. Second, disrupting activity in the FPA causes directionally 

selective impairments of pursuit. Lesions, transient inactivations, and transcranial 

magnetic stimulation of the area have been shown to decrease pursuit velocity and 

acceleration (Lynch 1987; Shi et al. 1998; Drew and Van Donkelaar 2007) and 

diminish predictive and anticipatory pursuit (Keating 1991, 1993; MacAvoy et al. 

1991; Gagnon et al. 2006). Deficits tend to be more pronounced for pursuit ipsiversive 

to the lesion or inactivation. Stimulation of the FPA can elicit smooth pursuit eye 

movements from fixation. These evoked eye movements have short latencies, 

typically within 20-40 ms (Gottlieb et al. 1993; Tanaka and Lisberger 2002a), and 

typically move the eyes towards the stimulated side.  
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Another reason to suspect that the FPA may be involved in directional 

selection for pursuit is its role in gain control. Subjects exhibit enhanced sensitivity to 

velocity changes during pursuit, and these changes in sensorimotor gain can be 

directionally specific (Schwartz and Lisberger 1994; Keating and Pierre 1996). The 

gain of the pursuit system can also be increased by the expectation of upcoming 

pursuit (Keating and Pierre 1996; Kodaka and Kawano 2003; Tabata et al. 2005, 2006, 

2008). There is reason to believe that the FPA might underlie these modulations of 

pursuit gain. Tanaka and Lisberger (2001, 2002a) stimulated the FPA during small 

target velocity perturbations and found that the eye velocity responses to the 

perturbations were enhanced during FPA stimulation, similar to the enhancement 

observed during ongoing pursuit. In humans, transcranial magnetic stimulation of the 

frontal eye fields disrupts pursuit gain control (Nuding et al. 2009). More generally, 

the processes of target selection and gain control appear to be linked (Lisberger 1998; 

Gardner and Lisberger 2001, 2002) and in their concluding remarks, Tanaka and 

Lisberger (2001) suggested that the frontal pursuit area could be “involved in 

voluntary functions, such as decision-making, or selection of targets”. This untested 

hypothesis has persisted; in a recent effort to model the process of visuomotor 

selection, the FPA was granted the role of “decision-making for smooth pursuit eye 

movements” (Srihasam et al. 2009). 

This study explores the role of the FPA in pursuit selection and gain control. 

We first explicitly test the hypothesis that the FPA could be involved in target 

selection for pursuit. We recorded from single cells in the FPA while monkeys 
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performed a two-alternative pursuit-choice task and determined when the neuronal 

activity discriminates target from distracter and thus could contribute to the selection 

process. Second, we explore a new facet of the claim that frontal pursuit area activity 

is important for setting the gain of pursuit. In particular, we analyze the substantial 

modulations that occur before the motor response has begun and ask how this 

elevation of activity might facilitate pursuit. Finally, we examine how these two 

properties, discrimination time and buildup activity, vary as a function of pre-

established FPA neuronal subtypes. 

 

1.2 Methods 

Subjects and Data acquisition 

We collected data from two (J and T) adult rhesus monkeys (Macaca mulatta). 

Each monkey had a titanium chamber placed over the left frontal eye fields and frontal 

pursuit area; the chamber location was placed stereotaxically at coordinates 

determined by locating the arcuate sulcus in a high-resolution structural MRI. All 

experimental protocols for the monkeys were approved by the Institutional Animal 

Care and Use Committee and complied with U.S. Public Health Service policy on the 

humane care and use of laboratory animals.  

The experiments were controlled by a computer using the Tempo software 

package (Reflective Computing), and a second computer running the Psychophysics 

Toolbox (Brainard 1997; Pelli 1997) of Matlab (MathWorks) acted as a server device 

for presenting the visual stimuli. Stimuli were presented with a video monitor (75 Hz; 
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~20 pixels/°) at a viewing distance of 41 cm. Eye movements were recorded using 

scleral search coils (Judge et al. 1980) and the electromagnetic induction technique 

(Fuchs and Robinson 1966) using standard phase detector circuits (Riverbend 

Instruments). All data and events related to the onset of stimuli were stored on disk 

during the experiment (1 kHz sampling rate) for additional analysis. 

 

Behavioral tasks 

Our monkeys were presented with a display consisting of a small white spot 

(82 cd/m2) over a uniform gray background (7 cd/m2). Once they fixated this spot, an 

experimental trial initiated. 

The target-selection task.  The primary behavioral measure in all of our 

experiments was a target-selection task (Figure 1A). The task began with the monkey 

directing its gaze at a central fixation point. After a delay, the fixation point was 

briefly replaced by a color cue. The cue was a green or red isoluminant circular dot 

(19 cd/m2). The subject had to remember the cue color, as it was soon replaced by the 

fixation point. After a variable delay, the fixation point was extinguished and the 

choice stimulus was displayed. At this point, the trial structure branched into three 

different conditions that were pseudo-randomly interleaved. 

The first possible condition was smooth pursuit target-selection, and typically 

comprised 50% of the total target-selection trials. In this condition, after the second 

fixation point disappeared, two choice stimuli appeared offset from fixation and 

moved in parallel but opposite directions towards the center of the screen. The axis of 
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motion was tailored to match the preferred and anti-preferred directions of the cell. 

The speed of both stimuli was 16 °/s. Their location was slightly perpendicularly 

offset from the fixation point so that they did not occlude each other as they passed the 

center of the display. The sizes of the steps were independently adjusted to minimize 

saccades, but they did not differ by more than 0.25°. The monkey’s task was to 

smoothly pursue the stimulus that matched the color of the cue. If the monkey failed to 

choose a stimulus or if its initial eye movement was a saccade, the trial was aborted 

and the monkey was given a timeout. The monkeys were given a grace period of 250 

ms to enter the correct window. We trained the monkeys to minimize saccades during 

the first several hundred milliseconds of pursuit, so our recording data during pursuit 

initiation was saccade-free. 

The second possible condition was saccade target-selection, and typically 

comprised 25% of the total target-selection trials. In this condition, after the second 

fixation point disappeared, two choice stimuli appeared offset from fixation and 

remained stationary. The sizes of the offsets were identical to the steps in the pursuit 

target-selection condition. The monkey was required to make a saccade to one of the 

two choice spots within 500 ms. If the monkey failed to choose a stimulus within this 

time period, or if the monkey failed to fixate the chosen stimulus for 500 ms, the trial 

was aborted. 

The third possible condition was single-stimulus pursuit, and typically 

comprised 25% of the total trials in the target-selection block. This condition was only 

included for 65 of our 88 cells. After the second fixation point disappeared, only a 
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single spot appeared and moved in a step-ramp fashion in one of the two potential 

directions. The color of the spot matched the color of the earlier cue. The stimulus 

speed was 16 °/s, and the size of the step was adjusted to minimize catch-up saccades.  

 

The pursuit-only task.  In this task (Figure 1.1B), the monkey engaged 

exclusively in standard step-ramp pursuit (Rashbass 1961). After a random fixation 

interval of 500-1000 ms, the central fixation point disappeared and a circular spot 

appeared offset from fixation. The speed and step-size in this task were identical to the 

parameters used in the single-stimulus pursuit condition in the target-selection task. 

The direction of the stimulus was chosen pseudo-randomly on each trial. The monkeys 

were required to stay within a 2° window of the target. The spot was white and had a 

luminance of 82 cd/m2. 

 

Recording 

We used tungsten microelectrodes with impedances of 900 k  to 3.0 M  to 

record extracellular action potentials of individual  neurons in the frontal pursuit area. 

We probed the anterior bank and the fundus of the arcuate sulcus for neurons with 

pursuit-related responses. To confirm that we were in the FPA, we evoked pursuit at 

every recording site by microstimulating with currents less than 50µA (MacAvoy et 

al. 1991). Since FPA cells are directionally tuned, but the tuning tends to be randomly 

and uniformly distributed throughout the area (MacAvoy et al. 1991; Gottlieb et al. 

1994; Tanaka and Lisberger 2002b), we used circular pursuit as a search stimulus to 
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identify neurons with pursuit-related activity. In this task, after a brief fixation, the 

monkey pursued a small white dot which moved along a circular trajectory (radius: 4°) 

around the screen. Only well-isolated single-units that were held for the duration of 

the experiment were included in our population. After isolating a neuron, we first ran 

the monkey on a block of pursuit-only trials in the preferred and non-preferred 

directions, followed by the target-selection task.  

 

Data Analysis 

Eye Movement Analysis.  We detected saccades using velocity and acceleration 

criteria (Krauzlis and Miles 1996). During tracking, these thresholds were applied 

relative to the average eye velocity and acceleration to avoid erroneously flagging 

periods of smooth tracking with nonzero velocity as saccades (de Brouwer et al. 2002). 

All  detected saccades were manually verified. Pursuit trials with saccades within 200 

ms of pursuit onset were excluded from all analyses. Saccades during ongoing pursuit 

were excised from velocity traces.  

We measured latency on each pursuit trial by fitting a “hinge” to the velocity 

data (Adler et al. 2002). The hinge is a combination of two conjoined lines, one 

horizontal and the other angled to fit the initial portion of the pursuit response. We 

allowed the angle and placement of the hinge to vary to minimize the mean-squared 

error of the model’s fit to the data. We then visually confirmed that the model had 

appropriately identified pursuit onset. 
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Single-neuron recordings.  Acceptance pulses of spikes from isolated neurons 

were convolved with replicas of a post-synaptic potential (Hanes and Schall 1996) and 

averaged to construct spike density functions. We chose to use post-synaptic potentials 

instead of a Gaussian convolution because we were concerned with the precise timing 

and latency of our signals and Gaussian kernels extend the effect of each spike back in 

time.  

 

ROC Analysis.  The time at which neural activity discriminated between target 

and distracter was determined with an analysis from signal detection theory (Green 

and Swets 1966) comparing neuron-antineuron pairs (Britten et al. 1992). We 

calculated the area under the ROC curve comparing the firing rates for trials where the 

target moved in the preferred versus the non-preferred direction. To determine when 

this ROC area became significant, we constructed confidence intervals at each 

millisecond with a bootstrapped permutation test (Britten et al. 1996; Horwitz and 

Newsome 2001). We deemed the ROC signal significant when it crossed this 

confidence interval and remained above it for 100 ms.  

To investigate the interplay between neural discrimination timing and pursuit 

latency, we followed the procedure of Thompson et al. (1996) and divided our data 

into quick, middle, and slow pursuit latency epochs. We then performed an ROC 

analysis on the firing rate signals in the preferred and non-preferred direction for each 

of the three groups. In these analyses, our effective trial count was reduced by a factor 

of three. To obtain an accurate measurement of discrimination timing from noisier 
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signals, we fit a cumulative Gaussian curve to the ROC area. When this cumulative 

Gaussian crossed a fixed ROC area of 0.75, we deemed it significant. This technique, 

which also follows Thompson et al. (1996), produced more consistent, albeit more 

conservative, estimates of neural discrimination latencies. We could then compare the 

discrimination latencies in each group to the pursuit latency of that group. We 

performed this analysis with our data aligned both to the stimulus onset and pursuit 

onset.  

In addition to measuring the latency of the discrimination of target and 

distracter, we also measured the discrimination time of the activity related to pursuit 

versus saccades. For this analysis, we collapsed our data across saccade directions, 

since none of our cells showed any selectivity for saccades based on direction. We 

used the same techniques as described above for calculating confidence intervals and 

discrimination latencies. We confined our analysis to pursuit in the preferred direction.  

FPA neuron subtypes. Recent work has demonstrated that there exist 

physiologically separable types of FPA cells (Ono and Mustari 2009). These 

categories can roughly be classified as acceleration- and velocity-driven neurons. For 

each of our cells, we fit the firing rate with a combination of eye acceleration, eye 

velocity, and eye position signals to determine what component of the eye movement 

most strongly correlated with the pattern of FPA spiking. We used mean firing rate 

data from pursuit in the preferred direction during target-selection pursuit trials to 

identify coefficients in the following model: 

FR(t) = A + B*Pos(t + t1) + C*Vel(t+t1) + D*Acc(t+t1) 
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In the equation described above, FR(t) is the estimated value of the spike 

density function at time t. A, B, C, and D are coefficients of the model. The value of t1 

can also vary and represents the latency of the neural response with respect to pursuit 

onset. We minimized the squared difference between the model and the experimental 

data by varying the four coefficients and the latency of the response. The goodness of 

fit was determined by calculating a coefficient of determination (CD) or the square of 

the cross-correlation coefficient between the firing-rate and the estimated model. We 

then calculated partial r2 values for acceleration, velocity, and position components. 

Thus, for each neuron we acquired acceleration, velocity, and position CDs that 

characterize their firing pattern relative to the subjects’ eye movements.  

We note that this model is a simplified version of the model primarily used by 

Mustari and colleagues – it omits the retinal error signals. Although we acknowledge 

that some FPA cells do show responses to retinal input, we find that, for our data, the 

simplified model does a good job of categorizing firing rates as having or lacking an 

acceleration transient. We have tested our data with the extended model, which 

includes three additional error components, and the results were qualitatively similar. 

The overall fits were marginally improved, but we found that the contributions of the 

different components were more unpredictable, and did a slightly inferior job of 

segregating the rest of our data.  

Statistical tests. Unless otherwise indicated, all statistical comparisons were 

made with a two-sided t-test. P-values less than 0.05 were considered significant.  
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1.3 Results 

We recorded from 88 cells from two monkeys (J and T). We first describe the 

timing of neural discrimination of FPA neurons in the pursuit target-selection task. 

Second, we describe buildup of FPA neuron activity prior to pursuit onset and the 

behavioral correlates of this buildup activity. Finally, we describe how neural 

discrimination times and pre-pursuit buildups cluster with respect to neuronal subtype.  

 

FPA direction discrimination does not substantially precede pursuit onset 

Direction selectivity during pursuit is one of the most salient feature of FPA 

neurons. We found that, during a target-selection task, the timing of FPA direction 

discrimination is roughly coincident with the onset of pursuit, as illustrated by an 

example neuron (Figure 1.2). We first marked the latency for each trial. This was done 

with a two-part hinge model, and visually confirmed for each trial. Next, we aligned 

the spike-density function to pursuit onset. The spike density functions for pursuit 

trials in the preferred and non-preferred directions are plotted in Figure 1.2A. The cell 

began to increase its firing rate well before the onset of pursuit, but this elevation of 

activity was initially nonselective with respect to direction. This directionally 

nonselective increase in firing rate was a common property of many of our cells, as 

discussed below, and was followed by directionally selective activity related to the 

choice of pursuit motion. 
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To determine when the neuron discriminated the preferred from non-preferred 

direction, we used a receiver operating characteristic (ROC) analysis like that used in 

several previous studies (e.g. Britten et al. 1992; Britten et al. 1996; Horwitz and 

Newsome 2001) and briefly described in Methods. The neuron’s directional 

discriminability was described by the ROC area at each millisecond (Figure 1.2B). 

The neuronal discrimination time was defined as the time point when the ROC area 

exceeded the 95% confidence interval and remained above it for 100 ms, which 

occurred 2 ms before pursuit onset in the example cell.  

The majority of our cells discriminated target from distracter coincident with 

or after the onset of pursuit. The median discrimination time across our sample of 88 

neurons was 12 ms after the onset of pursuit (Figure 1.2C). A minority of neurons 

(33/88) had discrimination times prior to pursuit onset, and only 4 of the cells had 

discrimination times preceding pursuit onset by at least 20 ms. Another prominent 

feature of the distribution of discrimination times is the long tail containing neurons 

(14/88) that discriminated target from distracter more than 75 ms after pursuit onset. 

These neurons typically did not respond at all to pursuit until well after the onset of 

movement and were evidently not involved in determining the direction for pursuit. 

We found a similar pattern of results in the discrimination latencies during the 

pursuit-only condition, as illustrated by an example neuron (Figure 1.3A) and the 

distribution of discrimination times from our sample of neurons (Figure 1.3B). 

Discrimination times in the pursuit-only condition were again tightly centered on 

pursuit onset (Figure 1.3B). The median discrimination latency was 9 ms after pursuit 
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onset. Only one cell discriminated more than 20 ms prior to pursuit onset, and the 

majority of neurons (61/88) had discrimination times clustered within 20 ms of pursuit 

onset. Direction comparison of the discrimination times in the target-selection and the 

pursuit-only conditions (Figure 1.3C) showed no significant difference (p = 0.82). In 

both conditions, there was a distinct cluster of neurons that discriminated target from 

distracter direction within 20 ms of pursuit onset. Within this cluster, discrimination 

was as likely to happen after pursuit onset as before pursuit onset, casting doubt on the 

hypothesis that the neural discrimination of direction in these cells could be causally 

involved in choosing a pursuit direction.  

 

Neural discrimination of direction was linked to the motor output 

The distribution of discrimination times (Figure 1.3C) indicates that FPA cells 

tended to discriminate target from distracter near the time of pursuit onset. This 

suggests that the discrimination of FPA neurons is related to the pursuit motor output 

and not the visual motion input. To test this, we determined whether neural 

discrimination times were fixed or variable relative to pursuit onset. If discrimination 

times were invariant with respect to pursuit latencies, it would be evidence that the 

FPA lies downstream of the presumed selection-related variability in eye movement 

reaction times (e.g., Thompson et al. 1996). 

Because it was impractical to assess when neurons discriminated the preferred 

from non-preferred direction on single trials, we adopted the approach of grouping our 

trials based on pursuit latency, following the technique used previously to study 
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saccade target selection in the frontal eye fields (Thompson et al. 1996). We exploited 

the variability of pursuit latencies in the target selection task and divided trials into 

three groups: short, middle, and long latency trials. We then compared the average 

firing rates between pursuit in the preferred and non-preferred directions for each of 

the three groups. We calculated the ROC area from these paired data sets to determine 

how directional discrimination time varied with pursuit latency. 

It is worth noting that we used a slightly different, more conservative estimate 

for discrimination latency in this analysis to compensate for the lower trial counts 

resulting from subdividing the data into three latency groups, as in Thompson et al. 

(1996). We fit a cumulative Gaussian to the ROC area and measure when it crossed a 

fixed threshold (ROC area = 0.75). This yielded later absolute latencies than in the 

previous analysis, where we constructed confidence intervals for the ROC area. This 

analysis is more useful for comparing relative latencies between groups and less useful 

for assessing absolute discrimination latencies.  

The results of this analysis applied to one FPA neuron show that 

discrimination time was fixed to pursuit onset (Figure 1.4A). When aligned to the 

onset of the visual motion, the firing rates from the quick pursuit latency trials (solid 

lines) diverged after 130 ms and the firing rates from the slow pursuit latency trials 

(dashed lines) diverged after 149 ms. Trials with mid-range pursuit latencies are 

excluded from this plot for clarity, but the neural discrimination time for those trials 

fell between the two extremes at 136 ms. On the other hand, when the firing rates were 

aligned to pursuit onset (Figure 1.4D), the neural discrimination times are within three 
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milliseconds of each other. Thus, for this cell, the timing of neural discrimination was 

linked to the timing of the pursuit output, and not the timing of the visual input.  

Many of the cells in our population showed a similar dependency of neural 

discrimination time on pursuit onset. We compared the discrimination latency with 

average pursuit latency for the three groups for each neuron. For the visual-onset 

aligned analysis (Figure 1.4B), there was a positive linear relationship between pursuit 

latency and discrimination time. We fit regression lines to each of these sets of three 

data points. The median slope of the regression fit was 0.69 (Figure 1.4C). On the 

other hand, when we compared pursuit latencies with discrimination times aligned to 

pursuit-onset (Figure 1.4E), discrimination time did not vary much as a function of 

pursuit latency. These regression lines had a median slope of -0.17 (Figure 1.4F). Both 

of these trends are consistent with the interpretation that FPA cells discriminated 

target from distracter at times that were tightly coupled to the pursuit motor output. 

Not all of our cells’ discrimination times correlated with pursuit latency. We 

noted, though, that many of the outliers tended to have very late discrimination times. 

We have highlighted cells with average neural discrimination times less than the 

median in black (Figures 4C and 4F). The data from these cells form a tighter cluster 

than that from cells with longer latencies. There was a significant difference between 

the median slopes from the early-discriminating and the late-discriminating neurons, 

when the data were aligned to either visual onset (early: .9, late: 0.54 p < .01) or 

pursuit onset (early: -.07, late: -0.49, p < .01). Thus, it was primarily the neurons with 
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discrimination times near pursuit onset that showed this dependency on pursuit 

latency. 

 

Buildup activity in the frontal pursuit area 

The previous section analyzed the timing and behavioral correlate of the 

discrimination of pursuit in the preferred direction from pursuit in the non-preferred 

direction in the frontal pursuit area. In addition, we noted that many of our cells 

showed significant modulations of activity prior to the directional discrimination (e.g., 

Figure 1.2A). We next address the properties of this buildup activity. 

 

Buildup in the FPA is linked to the motion onset 

We first tested whether the buildup activity was linked to the visual input or 

the motor output. We again took advantage of the natural variability in reaction times 

in the target-selection pursuit condition to probe the behavioral correlates of buildup 

activity. We first devised a way to identify the timing of the onset of buildup activity. 

We chose to use the discrimination of the firing rate during pursuit trials in the 

preferred direction from the firing rate during saccade trials as a proxy for the onset of 

buildup. Our cells showed no substantial response to saccades except a slight 

suppression of activity. The cells did not show any selectivity for saccade direction, so 

we collapsed our analysis across saccade trials. We excluded activity in the non-

preferred direction for pursuit trials because their discrimination from saccade trials 
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was transient and produced an ROC area that could not be well fit with a cumulative 

Gaussian.  

The results of this analysis applied to one FPA neuron suggested that 

discrimination time was related to the onset of the visual stimulus (Figure 1.5A). This 

figure illustrates the similar time course of buildup activity for trials with quick pursuit 

latencies (solid black) and slow pursuit latencies (dashed black). The quick, middle, 

and slow trials began to increase their activity after 110, 116, and 111 milliseconds 

respectively. On the other hand, when the firing rates were aligned to pursuit onset 

(Figure 1.5D), buildup times were inversely correlated with pursuit latencies. Thus, for 

this cell, the timing of neural buildup was linked to the timing of the visual input and 

not the pursuit output.  

The population analysis revealed a similar pattern of results. Aligned on the 

stimulus onset, the timing of the buildup tended to be invariant with respect to pursuit 

latency with a median slope of 0.15 (Figure 1.5B-C). Aligned on eye movement, the 

timing of the buildup was earlier when pursuit latency was later (median slope: -0.67) 

(Figure 1.5E-F). This pattern of results is consistent with the proposition that the 

initial buildup of activity was primarily dependent on the visual input, contrary to the 

discrimination of pursuit direction, which was dependent on the pursuit output. There 

was no significant difference in this analysis between cells with early versus late 

discrimination times. 

 

Buildup in the FPA was not strictly visual 
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The previous analysis suggested that the buildup of activity of FPA neurons 

might be driven by visual motion. However, we next describe results that that show 

that the buildup activity was not a response to motion per se, but to the increased 

probability that the subject would be engaged in pursuit. 

Tanaka and Fukushima (1998) first reported buildup of activity in the frontal 

pursuit area in anticipation of motion onset, and we found similar modulations of 

activity. Prior to stimulus onset, FPA neurons exhibited much larger buildups of 

activity during the pursuit-only block compared to the target-selection block (Figure 

1.6A). However, in the target-selection pursuit condition, activity begins to build up 

75 ms prior to the onset of pursuit and nearly matches the activity in the pursuit-only 

block by the time of pursuit onset (Figure 1.6B). It is worth noting that this buildup of 

activity was initially directionally nonselective, but did not occur for saccade trials. 

FPA cells also elevated their activity prior to pursuit in the target-selection single-dot 

pursuit condition (Figure 1.6C), but only when the spot moved in the preferred 

direction. The buildup began later in this final plot because the single-dot pursuit 

latencies were shorter.  

We have quantified the level of buildup for each cell in our population (Figure 

1.7). We defined the “buildup” of activity as the difference between activity in a 20-

ms interval prior to motion onset or pursuit onset to a baseline period 1000-500 ms 

before the visual onset. The buildup of activity prior to motion onset was greater in the 

pursuit-only task than the target selection task (Figure 1.7A). In this plot, the data were 

collapsed across the conditions in each task. On average, FPA cells emitted 10 spike/s 
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more activity in the pursuit-only task. This difference was significant (p < 10-5). 

Interestingly, the cells that showed significantly greater target-selection buildup, with 

only two exceptions, were cells that actually show inhibition of activity prior to the 

onset of motion in the pursuit-only case.  

Activity in the target-selection task and the pursuit-only task reached similar 

levels near pursuit onset (Figure 1.7B). Overall, there was no significant pre-motion 

difference between the buildup in the pursuit-only preferred condition and the target-

selection preferred condition (p = 0.95). Although this suggests the presence of a 

fixed-activity threshold for pursuit, several observations indicate that this was not the 

case.  First, many individual neurons showed preferences for either the target-selection 

condition or the pursuit-only condition. If there were a set threshold that each cell 

reached prior to pursuit onset, one would expect the firing rate prior to pursuit onset to 

be the same regardless of condition. Second, the pre-pursuit activity in the target-

selection single-dot preferred condition was significantly less than the activity in the 

pursuit-only preferred condition (average difference 9.2 spikes/s, p < .001) (Figure 

1.7C). If there was a set level of activity that triggered pursuit, the activity prior to 

pursuit onset should have been the same regardless of the task context.  

 

The behavioral correlates of buildup activity in the frontal pursuit area 

We next tested whether the degree of buildup activity was related to the 

metrics of pursuit eye movements. The pursuit-only condition produced higher firing 

rates than the target-selection single-dot condition in FPA cells (Figure 1.8A), despite 
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the similarity in stimuli configuration between these two conditions. We found that 

this difference in activity correlated with a difference in pursuit metrics. The subjects’ 

initial eye velocities were elevated in the pursuit-only task relative to the target-

selection single-dot condition (Figure 1.8B). This figure collapses across pursuit 

direction, although the results were the same if we confined our analysis to the 

preferred direction. We measured eye acceleration for the first 40 ms of the pursuit 

response, and found that the pursuit-only condition produced consistently (64/65) 

higher initial accelerations (Figure 1.8C). The median difference between the 

accelerations in the two conditions was 95°/s2, which was highly significant. These 

effects were still significant when we extended our analysis window to the first 100 

ms of acceleration. In that case, 51 out of the 65 days showed significant differences in 

acceleration; the population also showed a significant difference of, on average, 

23°/s2.   

Next, we explored how variations in firing rate correlated with pursuit metrics 

within a single condition (Figure 1.9). We found that trials with higher accelerations 

were associated with higher firing rates. We used the pursuit-only task for this 

analysis. All illustrated data is from pursuit in the preferred direction. For every cell, 

we separated the trials based on whether they displayed initial acceleration greater or 

less than the median (Figure 1.9A). We found that trials with high acceleration 

displayed elevated firing rates many hundreds of milliseconds before pursuit onset 

(Figure 1.9B). The difference in firing rates was sustained until approximately 50 ms 

after pursuit onset.  
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We quantified the difference in preferred-direction firing rates in an interval 

from 150 to 100 ms before pursuit onset (Figure 1.9C). This interval was early enough 

not to be directly affected by pursuit. During this interval, the firing rate in high-

acceleration trials averaged 3.2 spikes/s more than low-acceleration trials (p < 10-4). 

There was a small, non-significant trend towards lower firing rates for high 

acceleration trials in the cell’s non-preferred direction (difference: -0.74 spikes/s, p = 

0.26, not pictured).  

 

Acceleration units had early discrimination times and pre-motion buildup 

Our final analysis tested whether our measurements of discrimination times 

and buildup activity correlated with the subcategories of FPA cells (Ono and Mustari 

2009). Mustari and colleagues found that some FPA cells have a transient response 

that mimics eye acceleration, while other FPA cells have a more sustained response 

that correlates well with eye velocity.  

We largely followed Ono and Mustari (2009) in identifying the relative 

contributions of velocity and acceleration to FPA responses (Figures 1.10A-B). We 

deviated slightly from the technique of the Mustari lab by not using the retinal error 

components. Including these components gave qualitatively similar results, but the 

identification of acceleration units was less consistent. The example unit (Figure 

1.10A-B) had a large transient of activity that was well-fit by the acceleration 

component and a maintained level of activity that was fit largely by the velocity 
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component. The acceleration coefficient of determination (CD) for this example was 

0.8 and the velocity CD was 0.74. The overall CD was 0.88.  

Our modeling procedure produced good overall fits (Figure 1.10C) with values 

in line with those found by Mustari and colleagues. The vast majority of our cells had 

large CDs for eye velocity; our median velocity CD was 0.85 (Figure 1.10D). This 

was expected, since most FPA neurons had elevated activity during sustained pursuit. 

Cells with low CDs for eye velocity tended to be very late responding cells that were 

fit best by the eye position parameter. The most robust segregator of our data was the 

presence or absence of an eye acceleration component. Our median acceleration CD 

was 0.25 (Figure 1.10D), and we found that differences in the eye acceleration CDs 

were correlated with differences in other aspects of our data. 

We found that FPA neurons with a large eye acceleration component tended to 

discriminate target from distracter near pursuit onset and elevated their activity prior 

to motion onset (Figure 1.11). First, we compared the acceleration CD for each cell 

with the neural discrimination latency in the target-selection paradigm, and we found a 

significant inverse correlation (r = -0.437, p < 10-4) (Figure 1.11A). We also compared 

the acceleration CD for each cell with the pre-motion buildup of activity in the 

pursuit-only condition and found a significant positive correlation (r = 0.284, p < .01) 

(Figure 1.11B).  

 

1.4 Discussion 
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We recorded from single neurons in the frontal pursuit areas (FPA) of two 

monkeys as they engaged in a smooth pursuit discrimination task and, as a control, 

smooth pursuit of a single stimulus. FPA neurons increase their firing rate prior to 

pursuit onset and show directionally selective activity as the pursuit response begins. 

The manner and timing of these spiking modulations in different trial conditions 

implicates the FPA in priming the subject for pursuit and executing the behavior with 

a high gain, but our results indicate that FPA neurons are unlikely to be responsible for 

determining the direction of pursuit.  

 

Frontal pursuit area unlikely to underlie target selection for pursuit 

The most salient feature of the cells in the FPA is that they are highly 

directionally selective for pursuit. When the cells become selective, as a general rule, 

the firing rate on trials in the preferred direction begins to increase and the firing rate 

on trials in the non-preferred direction begins to decrease.  The timing of this 

directionally selective activity is tightly linked to the latency of the pursuit response; 

for many cells, especially cells that discriminated near pursuit onset, discrimination 

times were strongly linearly related to the onset of the eye movement.  

Could the directional discrimination by FPA neurons determine the direction 

of pursuit? The FPA’s proximity to the FEF and its established role in gain control 

suggested this area could be responsible for pursuit direction selection. However, our 

data provides evidence against this hypothesis. The vast majority of FPA cells do not 

discriminate target from distracter early enough to be responsible for the selection of 
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the initial velocity output of pursuit. 55 of the 88 cells we recorded did not distinguish 

between target and distracter until after the onset of pursuit. These neurons cannot 

contribute to the initial selection of a pursuit direction, because their firing rates were 

largely identical until after pursuit had already started.  

Previous reports have found that stimulation of the FPA typically evokes 

smooth pursuit 20-40 ms after stimulation onset (Gottlieb et al. 1993; Tanaka and 

Lisberger 2002a). Our own stimulation results confirm this timing. Thus, it seems that 

signal conduction requires at least 20 ms to get from the frontal cortex and exert an 

effect on eye velocity. Only 4 of our 88 cells had neural discrimination times of more 

than 20 ms before the initiation of the eye movement in the target-selection task. 

These few cells may be accidental outliers, because in the pursuit-only block of trials 

they discriminated the preferred direction almost coincident with pursuit onset. 

Moreover, it would be surprising if such a small minority of cells were responsible for 

the subjects’ selection of pursuit direction.  

Could some of these cells nonetheless contribute to the selection of a pursuit 

direction? Our recording experiment does not wholly rule out the possibility. Indeed, 

microstimulation is a relatively crude tool that evokes eye movements via poorly 

understood mechanisms. It is possible that in natural behavioral conditions, when the 

system is primed and ready to deploy pursuit, a signal from the FPA could influence 

pursuit direction in less than 20 ms. Indeed, the response to microstimulation is 

slightly faster when the animal is actively pursuing, although the latency in that case is 

still at least 18 ms, with a median response time of 21 ms (Tanaka and Lisberger 
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2002a). There is also uncertainty and some degree of subjectivity inherent in our 

techniques for measuring neural discrimination times and pursuit latencies. To 

definitively settle the question, it will be necessary to conduct causal manipulations of 

FPA activity and assess whether pursuit selection is affected. Nonetheless, our present 

recording data cast serious doubt on the hypothesis that the FPA is responsible for 

pursuit selection.  

If pursuit directional selection is not mediated by the FPA, then how is it 

accomplished? One possibility is that all selection could be inherently spatial. 

Although it is classically known for its role in saccade execution and selection, there is 

good evidence that the superior colliculus is involved in the selection of pursuit targets 

(Krauzlis and Dill 2002; Carello and Krauzlis 2004). A second possibility is that the 

selection of a pursuit direction simply occurs elsewhere.  For example, one possible 

candidate is the supplementary eye field (SEF). While the SEF seems less involved in 

setting the precise metrics of pursuit than the FPA (Tehovnik et al. 2000), its activity 

strongly reflects predictions about upcoming pursuit directions (Heinen 1995; Heinen 

and Liu 1997), and stimulating the SEF enhances the anticipatory pursuit response 

(Missal and Heinen 2001, 2004). More recently, the SEF has been shown to be 

necessary for the memory of visual motion and the decision-making process for 

pursuit in a delayed-response selection task (Shichinohe et al. 2009). Other candidate 

cortical areas include VIP, LIP, 7a, and FST, all of which contain directionally 

selective activity during pursuit (Bremmer et al. 1997; Erickson and Dow 1989; 

Schlack et al. 2003), but have not yet been tested in target-selection paradigms. 
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Buildup activity suggests a role for pursuit preparation 

Some neurons in the FPA build up their activity prior to motion onset (Tanaka 

and Fukushima 1998; Ilg and Thier 2008), and this activity seems to be related to the 

expectation of pursuit. Our data provide additional evidence for this hypothesis. We 

found substantial differences in the timing of buildup depending on experimental 

condition. In the pursuit-only block of trials, when the monkeys presumably knew 

they would be engaging in pursuit, many FPA neurons exhibited substantial increases 

in activity prior to motion onset. In the target-selection block of trials, when the 

monkeys likely were less certain about the motor output, these same neurons exhibited 

much weaker buildup. On the subset of target-selection trials when the monkeys were 

eventually asked to pursue, FPA neurons rapidly and nonselectively increased their 

firing rate prior to the initiation of pursuit. This pre-pursuit buildup of activity was 

tightly linked to motion onset. This new phenomenon is strong additional evidence 

that buildup in FPA is caused by the expectation of pursuit.  

What is the functional significance of this buildup of activity? One hypothesis 

is that FPA activity builds up to a threshold level that defines the trigger for pursuit, 

but this idea is contradicted by our results. FPA activity at pursuit onset in the target-

selection single-dot condition is significantly lower than activity in the pursuit-only 

condition. Also, the level of buildup activity just prior to pursuit onset for each neuron 

differs depending on the experimental condition. Thus, it seems that the triggering of 

pursuit is not strictly linked to the level of activity in the FPA. This is consistent with 
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our neural discrimination data, which casts doubt on the FPA as the site of the 

directional selection for pursuit.  

The most concrete explanation of FPA activity in the literature is that it sets the 

gain of pursuit (Tanaka and Lisberger 2001, 2002a). Our results confirm and extend 

this hypothesis. Two parallel lines of evidence in our data suggest that not only does 

the FPA modulate the gain during pursuit, it also prepares the gain of pursuit in the 

preferred direction prior to movement onset. First, we compared pursuit metrics from 

a condition with low buildup activity (target-selection single-dot) and a condition with 

high buildup activity (pursuit-only) and found that the latter condition was associated 

with a larger initial eye acceleration. Second, we found that within the pursuit-only 

task, trials with lower eye acceleration had less activity prior to and during pursuit 

onset. This latter effect was limited to pursuit in the preferred direction. These findings 

extend our understanding of the role of the FPA by suggesting that FPA neurons exert 

their influence before pursuit onset and even before the presence of visual motion.  

FPA neurons appear to pre-set the gain of the pursuit system in anticipation of the 

appearance of visual motion that the subject intends to track. 

One unresolved point is whether the buildup of activity on FPA neurons is 

itself directionally selective. Tanaka and Fukushima (1998) concluded that the buildup 

of activity in the FPA was related to the expectation of pursuit generally, not pursuit in 

the preferred direction. In contrast, our results include two pieces of evidence that the 

buildup may be specifically related to the expectation of pursuit in the preferred 

direction. First, in the target-selection single-dot condition, there is only a pre-pursuit 
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buildup of activity for trials in the preferred direction. If the activity were truly 

nonspecific, we would expect an initial nonselective elevation of activity. The second 

piece of evidence is that elevated activity only seems to facilitate pursuit in the 

preferred direction. Elevated activity in an FPA neuron has no effect on pursuit in the 

cell’s non-preferred direction. This is in line with the observation that stimulation of 

the frontal pursuit area during pursuit initiation primarily enhances eye velocity of 

pursuit ipsiversive to the stimulation site (Tanaka and Lisberger 2002a). Buildup 

activity also seems to be stronger prior to anticipatory pursuit in the preferred direction 

than the non-preferred direction (Ilg and Thier 2008). These findings are not 

conclusive, but they are sufficient to keep open the question of whether the buildup 

activity in FPA neurons facilitates pursuit generally or only in their preferred 

directions.  

One final related point is that our results could account for the behavioral 

observation that subjects exhibit an increase in pursuit gain during fixation when they 

expect that they will be pursuing soon (Keating and Pierre 1996; Kodaka and Kawano 

2003; Tabata et al. 2005, 2006, 2008). In these experiments, the expectation of 

upcoming pursuit increases the gain of the pursuit system, similar to the increase in 

gain that is observed during pursuit itself (Schwartz and Lisberger 1994). We observe 

elevated pre-motion activity when pursuit is certain, and we find that this elevated 

activity is associated with higher initial pursuit accelerations. We consider it likely that 

this same activity is also responsible for the increased pursuit gain, as reported by 
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responses to target perturbations, observed by other labs when subjects anticipate 

upcoming pursuit.  

 

Acceleration cells tend to exert their effect near pursuit onset 

Not all cells in the FPA appear to be involved in pursuit preparation; it is 

primarily acceleration-driven units that serve this function. One useful way of 

subdividing FPA cells is based on the presence or absence of an initial phasic burst of 

activity near the onset of pursuit (Ono and Mustari 2009). Mustari and colleagues have 

characterized these cells as acceleration-driven units to distinguish them from 

velocity-driven units. The former category of cells projects preferentially to the NRTP 

in the pons, which also contains acceleration-dominated neurons. The latter group 

projects primarily to the DLPN, whose activity mirrors that of eye velocity (Ono et al. 

2005).  

We measured the contribution of eye acceleration to the firing rate of our FPA 

neurons and find that cells with stronger acceleration components tend to discriminate 

target from distracter relatively early, near pursuit onset. These are the same neurons 

whose discrimination times are tightly linked to the pursuit latency. Additionally, 

these acceleration units tend to have greater pre-motion buildups of activity. Thus, it 

seems that acceleration-driven units preferentially serve the functions of preparing the 

subject to pursue and facilitating the execution of pursuit at its onset.   

 

Summary 
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The frontal pursuit area is a structure in the frontal cortex that contains neurons 

that are strongly directionally selective for pursuit. The area seems to be primarily 

involved in the motor output of pursuit, but the majority of its neurons do not 

discriminate the upcoming pursuit direction early enough to be causally involved in 

actually selecting the pursuit target. The neurons are also probably not responsible for 

triggering pursuit, as the onset of pursuit is independent of the absolute level of 

activity in the FPA. Rather, the area’s output facilitates a higher-gain pursuit response 

to target motion. The frontal pursuit area seems to serve as a pillar of support for the 

execution of a rapid pursuit response. If the subject anticipates pursuit in the near 

future, FPA activity, especially those neurons with connections to the NRTP, increase 

their activity prior to the onset of pursuit, and this activity is related to the initial gain 

of the pursuit response. However, the frontal pursuit area is probably not responsible 

for the choice of pursuit direction or the decision of when to initiate the motor output.  
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Figure 1.1: Sequence and timing of trial events.  A: Target-selection task. Trials began 
with subjects directing gaze to a central fixation point. The fixation point transiently 
turned into a color cue. After a randomized delay, the fixation point was extinguished 
and the stimuli appeared. If the stimuli were moving (top panel), the monkey had to 
smoothly pursue the target that matched the color cue. If they were stationary (middle 
panel), the monkey had to make a saccade to the correct target. In the presence of a 
single dot (bottom panel), the monkey was rewarded for pursuing the target. B: 
Pursuit-only task. Trials began with subjects directing gaze to a central fixation point. 
After a randomized delay, a single target appeared and moved in a step-ramp fashion 
toward the fixation point. The monkey was rewarded for smoothly pursuing the target. 
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Figure 1.2: FPA neurons discriminated target from distracter near pursuit onset in the 
target-selection pursuit task. A: Firing rates aligned on pursuit onset for trials in the 
preferred (solid) and non-preferred (dashed) directions in an example neuron. B: ROC 
analysis of this example neuron. Confidence intervals are derived from a shuffled 
bootstrap procedure. The discrimination latency for this neuron was 2 ms prior to 
pursuit onset. C: Histogram of discrimination latencies relative to pursuit onset for 
neuron population (n = 88). 
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Figure 1.3: FPA neurons discriminated target from distracter near pursuit onset in the 
pursuit-only task. A: Firing rates aligned on pursuit onset for trials in the preferred 
(solid) and non-preferred (dashed) directions in an example neuron. The 
discrimination latency for this neuron was 1 ms prior to pursuit onset.  B: Histogram 
of discrimination latencies relative to pursuit onset for pursuit-only task (n = 88). C: 
Comparison of discrimination latencies between the target-selection pursuit task and 
the pursuit-only task. 
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Figure 1.4: Discrimination times varied with pursuit onset. A: Firing rates aligned on 
stimulus onset for an example neuron. Blue and red traces represent preferred and 
non-preferred trials, respectively. Solid and dotted traces represent trials with lower-
third (quick) and upper-third (slow) pursuit latencies, respectively. Arrows indicate 
discrimination times for quick (130 ms) and slow (149 ms) pursuit latency trials. B: 
Population data of discrimination times aligned on stimulus onset. Each gray line 
contains three points from the three pursuit latency groups. Pursuit latency is the mean 
pursuit latency from all trials in that group. Black dashed line represents equality. C: 
Slopes of regression lines from stimulus-aligned data in B. Black bars are cells with an 
overall discrimination time less than median. Gray bars are plotted above, not behind, 
black bars. Red line is the median slope. D: Firing rates aligned on pursuit onset. 
Plotting conventions are the same as A. Discrimination times for quick (2 ms) and 
slow (-1 ms) pursuit latency trials are marked with arrows. E: Population data aligned 
on pursuit onset. Black dashed line has a slope of zero. Other conventions are the same 
as B. F: Slopes of regression lines from pursuit-aligned data. Same plotting 
conventions as C.  
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Figure 1.5: Buildup times varied with stimulus onset. A: Firing rates aligned on 
stimulus onset for an example neuron. Target-selection pursuit trials directed in the 
preferred direction (black) and target-selection saccade trials (gray). Target-selection 
pursuit trials were divided into three pursuit latency groups; quick (solid black) and 
slow (dotted black) trials are plotted here. Buildup onsets were identified as the 
discrimination time between pursuit and saccade trials, and are indicated with arrows 
for quick (110 ms) and slow (111 ms) pursuit latency trials. B: Population data of 
buildup onset times aligned on stimulus onset. Each gray line contains three points 
from the three pursuit latency groups. Black dashed line has a slope of zero. C: Slopes 
of regression lines from stimulus-aligned data. Black line is the median slope. D: 
Firing rates aligned on eye movement. Plotting conventions are the same as A. 
Buildup onsets for quick (-16ms) and slow (-43 ms) pursuit latency groups are 
indicated with arrows. E: Population data aligned on pursuit onset. Black dashed line 
has a slope of -1. Other conventions are the same as B. F: Slopes of regression lines 
from pursuit-aligned data. Same plotting conventions as C.  
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Figure 1.6: FPA buildup activity was dependent on task context. Plotting conventions: 
red is target-selection pursuit, blue is target-selection single-dot, and black is pursuit-
only. Dashes lines are trials in the non-preferred direction, solid lines are trials in the 
preferred direction. Saccades (gray dotted) are included for reference, and are 
collapsed across direction. Gray vertical bars are 20 ms measurement intervals. A: 
Firing rates aligned on stimulus onset for population data. Target-selection task 
conditions are all overlapping. B: Eye-movement aligned firing rates for pursuit-only 
task (black) and target-selection pursuit condition (red). C: Eye-movement aligned 
firing rates for pursuit-only task (black) and target-selection single-dot pursuit 
condition (blue). 
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Figure 1.7: Analysis of buildup activity. For all plots, filled dots are statistically 
significant. A: Pre-stimulus buildup of activity for target-selection versus pursuit-only 
conditions. Target-selection trials are collapsed across condition. All activity is 
collapsed across direction. Baseline is from 1000-500 ms prior to stimulus onset. 
Measurement interval is from 20-0 ms prior to stimulus onset.  B: Pre-pursuit buildup 
of activity for pursuit-only versus target-selection pursuit conditions. Only preferred 
direction is used. Baseline is from 1000-500 ms prior to stimulus onset. Measurement 
interval is from 20-0 ms prior to pursuit onset. C: Pre-pursuit buildup of activity for 
pursuit-only versus target-selection single-dot conditions. Only preferred direction is 
used. Baseline is from 1000-500 ms prior to stimulus onset. Measurement interval is 
from 20-0 ms prior to pursuit onset. 
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Figure 1.8: Pursuit-only task showed enhanced pursuit acceleration. A: FPA neurons 
were more active in the pursuit-only task. Pursuit-only trials (solid) and target-
selection single-dot trials (dashed) in the preferred direction are plotted here. B: Eye 
velocity from pursuit-only trials (solid) and target-selection single-dot trials (dashed) 
aligned on pursuit onset. Leftward or downward conditions had their eye velocities 
inverted to be positive. Gray vertical bar is measurement interval from 0-40 ms after 
pursuit onset. C: Scatter plot of initial (0-40 ms) accelerations in pursuit-only versus 
target-selection single-dot conditions. 
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Figure 1.9: Within-task variations of acceleration correlated with differences in firing 
rate buildup. A: Eye velocity trace for the pursuit-only task in the preferred direction 
aligned on pursuit onset. Solid and dashed lines represent trials with initial 
accelerations greater or less than the median, respectively. B: Firing rates 
corresponding to the high-acceleration (solid) and low-acceleration (dashed) groups of 
trials. Vertical gray bar is the measurement interval 150-100 ms prior to pursuit onset. 
C: Scatter plot of firing rates in the high-acceleration versus low-acceleration trials. 
Preferred direction only. Solid dots are significantly different than equality.  
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Figure 1.10: Methodoloy for modeling firing rates with pursuit metrics A: Model 
parameters for an example cell. Eye acceleration (purple), velocity (green), and 
position (black) are plotted. B: Model fit (red) and experimental data (blue) for the 
example cell are illustrated.. The equation for this model is FR(t) = 19.9 – 
4.2*Position(t-14) + 3.2*Velocity(t-14) + 0.35*Acceleration(t-14). The acceleration, 
velocity, and position CDs for this model are 0.8, 0.74, and 0.45 respectively. The 
overall CD is 0.88. C: Histogram of overall CDs for all our neurons. D: Scatter plot of 
the velocity and acceleration CDs for all our cells. Position CDs are not used in our 
analysis and not plotted here.  
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Figure 1.11: Acceleration units had short latencies and large buildups. A: Acceleration 
CDs plotted against discrimination latencies relative to pursuit onset in target-selection 
pursuit task. B: Acceleration CDs plotted against buildup of activity prior to stimulus 
onset in the pursuit-only task.  
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Chapter 1 is based in part on material that has been submitted for publication 

in Vision Research, 2010, Mahaffy, Shaun; Krauzlis, Richard. The dissertation author 

was the primary investigator and author of this paper and the co-author listed in this 

publication directed and supervised the research which forms the basis for this chapter.
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Chapter 2: 

Inactivation and Stimulation of the Frontal Pursuit Area 

Change Pursuit Metrics without Affecting Pursuit Target 

Selection 

 

Abstract 

The frontal pursuit area (FPA) lies posterior to the frontal eye fields in the 

frontal cortex and contains neurons that are directionally selective for pursuit eye 

movements. Lesions of the FPA cause deficits in pursuit acceleration and velocity, 

which are largest for movements directed toward the lesioned side. Conversely, 

stimulation of the FPA evokes pursuit from fixation and increases the gain of the 

pursuit response. Based on these properties, it has been hypothesized that the FPA 

could underlie the selection of pursuit direction. To test this possibility, we 

manipulated FPA activity and measured the effect on target-selection behavior. First, 

we unilaterally inactivated the FPA with the GABA-agonist muscimol. We then 

measured the subjects’ performance on a pursuit-choice task. Second, we applied 

microstimulation unilaterally to the FPA during pursuit initiation while monkeys 

performed the same pursuit-choice task. Both of these manipulations produced 

significant effects on pursuit metrics; the inactivation decreased pursuit velocity and 

acceleration, and microstimulation evoked pursuit directly. Despite these changes, 
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both manipulations failed to significantly alter choice behavior. These results show 

that FPA activity is not necessary for pursuit target selection. 
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2.1 Introduction 

The frontal pursuit area (FPA), a cortical structure adjacent and posterior to the 

frontal eye fields on the anterior bank of the arcuate sulcus, plays an important role in 

controlling the metrics of smooth pursuit. Neurons in this area exhibit directionally 

selective activity during pursuit (MacAvoy et al. 1991; Tanaka and Lisberger 2002b). 

FPA neurons show a range of activity patterns during pursuit in the preferred 

direction, ranging from phasic bursts of activity at pursuit onset to slowly developing, 

tonic activity that is sustained throughout the pursuit response (Ono and Mustari 

2009). FPA neurons with different activity patterns tend to project to different pre-

cerebellar nuclei in the pons (Ono and Mustari 2009), implying that the descending 

output form the FPA controls multiple components of the pursuit response. The FPA 

also has dense reciprocal connections to both cortical areas involved in processing 

visual motion, such as MST (Dürsteler and Wurtz 1988; Newsome et al. 1988), and 

areas involved in cognitive aspects of pursuit control, such as SEF (Heinen 1995; Tian 

and Lynch 1995 1996). Thus, the FPA is in a special position among cortical areas to 

mediate between the visual motion inputs for pursuit and the construction of the 

pursuit motor commands.  

Artificially decreasing activity in the FPA worsens several aspects of pursuit 

behavior. Unilateral lesions severely impair pursuit velocity and acceleration and 

cause permanent impairments in predictive and anticipatory pursuit (Lynch 1987; 

MacAvoy et al. 1991; Keating 1991, 1993; Keating et al. 1996); similar deficits in 

pursuit metrics occur with reversible inactivation (Shi et al. 1998). The deficits to 
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pursuit metrics and predictive pursuit are observed for pursuit in all directions but are 

most strongly expressed for pursuit ipsiversive to the lesion. Similar results have 

recently been reproduced in humans: transcranial magnetic stimulation of the area 

during ongoing pursuit reduces eye velocity (Gagnon et al. 2006). 

Electrical stimulation has further clarified the role of the frontal pursuit area. 

Unlike any other structure in the cortex, stimulation of the FPA during fixation evokes 

smooth pursuit, which is typically directed ipsiversive to the stimulated side (Gottlieb 

et al. 1993; Tanaka and Lisberger 2002a). In addition to eliciting pursuit-like changes 

in eye velocity, stimulation of the FPA also appears to change the gain of the pursuit 

system. During ongoing pursuit, stimulation increases the gain of pursuit regardless of 

pursuit direction (Tanaka and Lisberger 2001, 2002a). Stimulation during pursuit or 

fixation also increases the eye velocity response to perturbations of the tracked or 

fixated target stimulus (Tanaka and Lisberger 2001). These effects are analogous to 

the increase in the gain of the response to target perturbations during ongoing pursuit 

(Schwartz and Lisberger 1994), and demonstrate that activity in the FPA exerts a 

powerful influence over the gain of eye movement responses to visual motion inputs.  

Several experiments suggest that there is a tight link between target selection 

and gain control. Lisberger (1998) demonstrated that smooth pursuit velocity is 

enhanced in the wake of catch-up saccades that accompany pursuit. Gardner and 

Lisberger (2001, 2002) extended this observation by showing that saccades toward a 

pursuit target accompany an increase in the selectivity of the pursuit response, 

suggesting that saccades could help set the gain for pursuit. Relying on this link 
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between target selection and gain control, several experimenters have hypothesized 

that the FPA, because of its established role in gain control, could contribute to the 

selection of a pursuit target (Tanaka and Lisberger 2001; Srihasam et al. 2009).  

In this study, we have explicitly tested the role of the FPA in smooth pursuit 

target selection. In separate experiments, we used chemical inactivation and electrical 

stimulation to manipulate activity in the FPA while subjects performed a two-

alternative forced-choice pursuit selection task. Our manipulations produced 

significant, directionally asymmetric changes in pursuit metrics. However, both 

manipulations failed to bias the monkeys’ pursuit choice behavior. These results 

confirm the role of the FPA in preparing and executing the motor plan for smooth 

pursuit, but cast doubt on the possibility that it underlies the selection of pursuit 

direction.  

 

2.2 Methods 

Subjects and Data acquisition 

We collected data from two (J and T) adult rhesus monkeys (Macaca mulatta). 

Each monkey had a titanium chamber placed over the left frontal eye fields and frontal 

pursuit area; the chamber location was placed stereotaxically at coordinates 

determined by locating the arcuate sulcus in a high-resolution structural MRI. All 

experimental protocols for the monkeys were approved by the Institutional Animal 

Care and Use Committee and complied with U.S. Public Health Service policy on the 

humane care and use of laboratory animals.  
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The experiments were controlled by a computer using the Tempo software 

package (Reflective Computing), and a second computer running the Psychophysics 

Toolbox (Brainard 1997; Pelli 1997) in Matlab (MathWorks) acted as a server device 

for presenting the visual stimuli. Stimuli were presented with a video monitor (75 Hz; 

~20 pixels/°) at a viewing distance of 41 cm. Eye movements were recorded using 

scleral search coils (Judge et al. 1980) and the electromagnetic induction technique 

(Fuchs and Robinson 1966) using standard phase detector circuits (Riverbend 

Instruments). All data and events related to the onset of stimuli were stored on disk 

during the experiment (1 kHz sampling rate) for additional analysis. 

 

Behavioral tasks 

We presented subjects with a display consisting of a small white spot (82 

cd/m2) against a uniform gray background (7 cd/m2). Once they fixated this spot, an 

experimental trial initiated. 

The target-selection task. The primary behavioral manipulation in all of our 

experiments was a target-selection task (Figure 2.1A). The task began with the 

monkey directing its gaze at a central fixation point. After a 1-second delay, the 

fixation point was briefly replaced by a luminance cue. The cue was a white (82 

cd/m2) or gray (19 cd/m2) circular dot (radius: 0.17°) presented for 500 ms and then 

replaced by the fixation point. After a variable delay (500-1000 ms), the fixation point 

was extinguished and the choice stimuli were displayed. At this point, the trial 

branched into one of two possible conditions. 
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The first condition was smooth pursuit target selection, and comprised 75% of 

the total target-selection trials. In this condition, monkeys were shown a pair of stimuli 

(one gray and one white) and were rewarded for tracking the stimulus that matched the 

luminance of the cue. The initial stimulus locations were displaced horizontally by 

approximately 3° to eliminate the need for corrective saccades (Rashbass 1961). A 

small vertical offset (0.20°) was also added so that the two stimuli did not occlude 

each other as they passed through the center of the display. The dots moved in parallel 

but opposite directions toward the center of the screen. The axis of motion was always 

along the horizontal meridian. The speed of both stimuli was 16 °/s. The monkeys 

were required to keep their eyes directed within a 2° position window centered on 

either of the two choice stimuli for the duration of the trial, and were given a grace 

period of 300 ms from stimulus onset to enter a stimulus window. If the monkey left 

this window, or if he made a saccade during 0-300 ms after target motion onset, the 

trial was aborted and the monkey was given a timeout of 3 seconds. If the monkey 

successfully remained in the window, and the window matched the target stimulus, he 

was given a juice reward at the end of the trial.  

The second possible condition was saccade target selection, and comprised 

25% of the total target-selection trials. In this condition, monkeys were shown a pair 

of stationary stimuli (one gray and one white) and were rewarded for making a 

saccade to the stimulus that matched the luminance of the cue. Identical to the 

previous condition, the stimulus locations were horizontally offset by approximately 

3° and vertically offset by 0.20°. The monkeys were required to make a saccade to one 
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of the two choice stimuli within 500 ms. The trial was aborted if the monkey failed to 

move his eyes into a 2° window around one of the stimuli or if it failed to fixate the 

chosen stimulus for 500 ms. 

The pursuit-only task. In this task (Figure 2.1B), the monkey engaged 

exclusively in single-target step-ramp pursuit (Rashbass 1961). The axis of motion 

was always along the horizontal meridian. The horizontal step size was approximately 

2° and was adjusted to eliminate catch-up saccades. There was no vertical offset in 

this task, the stimulus speed was 16 °/s, and the direction of the stimulus (left or right) 

was chosen pseudo-randomly on each trial. The monkeys were required to stay within 

a 2° position window centered on the target for the duration of the trial after an initial 

300-ms grace period. The stimulus was white, with a luminance of 82 cd/m2 and a 

radius of 0.17° 

 

Inactivation 

We transiently inactivated the FPA with the GABA-agonist muscimol 

(Hikosaka and Wurtz 1985; Chen et al. 2001). We had two criteria that were met for 

every inactivation. First, the day before the inactivation, we were able to evoke 

smooth-pursuit eye movements at the target site with currents less than 50 µA 

(tungsten electrodes, impedances: 900 k to 3.0 M ). Second, on the day of the 

inactivation itself, we were able to evoke smooth pursuit eye movements at our 

intended depth with our custom-made injectrode (Chen et al. 2001; Hafed et al. 2008).  
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During each inactivation experiment, we first collected pre-injection baseline 

data on the target-selection task. We then lowered the injectrode into the FPA and 

confirmed our target site with microstimulation before injecting muscimol. We 

injected between 0.5 and 1.0 µl of muscimol (5 µg/µl), typically over ~40 minutes 

(Table 2.1). After injection, we waited an additional 15 minutes before collecting post-

injection behavioral data. We first tested the monkeys on the pursuit-only task to 

confirm and document the effects of FPA inactivation on pursuit metrics, and then 

tested them on the target-selection task. Finally, we tested them on the pursuit-only 

task again to confirm that the effects on pursuit metrics were still present.  

The day following each injection we tested the subjects on the same behavioral 

tasks to ensure that they had fully recovered. We also performed a control injection 

with saline, following the same protocol described above. 

 

Stimulation 

In separate experiments, we microstimulated the FPA during the target-

selection task. We used the same criteria as above – the ability to evoke pursuit from 

fixation with currents less than 50 µA – for identifying the FPA. Monkeys performed 

the target-selection task (Figure 2.1a), and on half of the trials we applied stimulation 

(biphasic pulses, 40 µA, 500 Hz) for 400 ms beginning at stimulus onset. Stimulation 

trials were pseudorandomly interleaved with no-stimulation trials. Stimulation evoked 

pursuit, and if the evoked pursuit was large enough to drive the eyes out of the fixation 
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window, we expanded the window just enough to accommodate the induced change in 

eye position.  

 

Data Analysis 

Eye movement analysis. We detected saccades using velocity and acceleration 

thresholds (Krauzlis and Miles 1996). During tracking, these thresholds were applied 

relative to the average eye velocity and acceleration to avoid erroneously flagging 

periods of smooth tracking with nonzero velocity as saccades (de Brouwer et al. 2002). 

All  detected saccades were manually verified. Pursuit trials with saccades within 200 

ms of pursuit onset were excluded from all analyses. Saccades during ongoing pursuit 

were excised from velocity traces.  

We measured latency with two methods. For data from the inactivation 

experiments, we marked pursuit latency on each trial individually by fitting a “hinge” 

to the velocity data (Adler et al. 2002). The hinge is a combination of two conjoined 

lines, one horizontal and the other angled to fit the initial portion of the pursuit 

response. We allowed the angle and placement of the hinge to vary to minimize the 

mean-squared error of the model’s fit to the data. The placement of the hinge was 

confined to a window from 50-350 ms from motion onset. We manually verified the 

results from every trial. 

The hinge-model technique is not suitable for marking pursuit latency on 

stimulation trials, because the stimulation-evoked eye velocity cannot be readily 

distinguished from voluntary smooth pursuit. To address this problem, we used a 
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second method based on signal detection theory that involved comparing eye velocity 

on trials where the correct target moved to the left versus to the right (Green and 

Swets 1966). We constructed receiver-operating characteristic (ROC) curves at each 

millisecond based on the distribution of eye velocities, and calculated 95% confidence 

intervals for the ROC area by performing a bootstrap permutation analysis (Britten et 

al. 1996; Horwitz and Newsome 2001). We then identified pursuit latency as the 

millisecond at which the ROC area crossed the 95% confidence intervals and then 

remained above it for 100 ms. Finally, we calculated confidence intervals on the 

measured latencies using a bootstrap analysis. 

Pursuit choice analysis. For the inactivation experiment, we calculated percent 

correct directly by measuring the average direction of eye velocity from 0-50 ms after 

pursuit onset. This was not practical with the stimulation experiment, because we were 

not able to reliably identify the onset of voluntary pursuit on individual trials. We 

therefore devised a two-part method for assessing pursuit choices that measured 

instantaneous percent correct over time. First, we measured the subjects’ baseline 

velocity in a 10-ms interval beginning 20 ms prior to average pursuit onset; pursuit 

onset was identified with an ROC-based analysis of control eye velocity. Second, at 

each millisecond, we tallied the percentage of trials with velocities greater than that 

baseline, relative to the target velocity. The percentage of trials moving with the 

correct target at any moment in time was defined as the instantaneous percent correct. 

For this analysis, saccades were excised from the data and those portions of each trial 

were not counted. We are also confident that the analysis is robust for a number of 
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different baseline choices. For example, we conducted our analysis with a fixed 

baseline interval from 130-140 ms after stimulus onset with similar results. 

Statistical tests. We used a two-factor ANOVA to test for significant effects of 

the inactivation and interactions between the inactivation and pursuit direction. We 

used a binomial test to evaluate the significance of changes of percent correct and 

instantaneous percent correct. We used a boostrap procedure to generate confidence 

intervals for ROC-measured pursuit latencies. All error bars are 95% confidence 

intervals. Where error bars would obscure the data, closed and open symbols are used 

to indicate significant and non-significant data points. 

 

2.3 Results 

Inactivation 

We conducted a total of 16 inactivations in 2 monkeys. 14 of the 16 

inactivations produced significant pursuit deficits and contributed to the data in this 

study. We first describe the effects of the inactivation on single-dot pursuit metrics, 

which served as a positive control to confirm that the injected muscimol suppressed 

FPA activity. Second, we present the results of inactivation on pursuit choice behavior 

on a target-selection task. We report that inactivation of the frontal pursuit area 

asymmetrically impaired ipsiversive pursuit velocity and acceleration, but failed to 

bias pursuit selection.  

 

Single-dot pursuit 
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To assess the magnitude and directionality of the inactivation-induced deficit, 

we tested the subjects with single-dot pursuit (Figure 2.1B). The inactivation affected 

several aspects of the subject’s pursuit performance for trials directed ipsiversive to 

the inactivation, as illustrated by results from a typical experiment (Figure 2.2A). The 

first effect was a decrease in pursuit acceleration. Previous work (Lisberger & 

Westbrook 1985; Krauzlis and Lisberger 1994b) demonstrated that initial pursuit 

acceleration (0-40 ms after pursuit onset) is less dependent on motion velocity than 

later intervals (41-100 ms). Following these conventions, we observed a significant 

decrease of 82°/s2 in early acceleration (Figure 2.2A, leftmost bar plot), and a 

significant decrease of 81°/s2 in late acceleration (Figure 2.2A, middle bar plot), 

compared to pre-injection pursuit. Also, we observed a significant decrease of 3.1°/s 

in maintained velocity, defined as average eye velocity in the interval 400-800 

milliseconds after pursuit onset (Figure 2.2A, rightmost bar plot). The decrease in 

ipsiversive velocity was the most consistent effect of FPA inactivation, and was our 

primary means of confirming that the muscimol injection was successful. 

The inactivation also impaired pursuit contraversive, or away, from the site of 

inactivation (Figure 2.2B). Again, there were effects on both acceleration and 

maintained velocity. The decrease in early acceleration of 92°/s2 was significantly 

different from pre-injection, but not significantly different from the reduction in early 

acceleration in the ipsiversive direction. In contrast, the decrease in late acceleration of 

38°/s2 was significantly smaller for contraversive pursuit than for ipsiversive pursuit. 

Also, the maintained velocity for contraversive pursuit following the inactivation 
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decreased by 1°/s, which was also significantly smaller than the change we observed 

for ipsiversive pursuit. Thus, consistent with previous studies (e.g., Lynch 1987; 

Keating 1991; Shi et al. 1998), our FPA inactivations produced significant directional 

defects for late acceleration and steady-state velocity for ipsiversive pursuit. 

The results from our 14 inactivation experiments showed consistent pursuit 

velocity and acceleration deficits following inactivation (Figure 2.3), and the results in 

the two monkeys were qualitatively similar. First, early accelerations (0-40 ms after 

pursuit onset) were severely impaired (Figure 2.3A). The average change was a 

reduction of 90°/s2 for pursuit ipsiversive to the inactivation and 80°/s2 for pursuit 

contraversive to the inactivation. 12 out of 14 inactivations showed a significant 

decrease in ipsiversive early acceleration, and 13 out of 14 inactivations showed a 

significant decrease in contraversive early acceleration. A two-way ANOVA revealed 

a significant effect of the inactivation on early accelerations (F(1,52) = 154.6, p < 

.001). There was, however, no significant interaction between the inactivation and 

pursuit direction (Figure 2.3D). The changes fell largely upon the line of unity; none 

of the changes in contraversive vs. ipsiversive early acceleration were significantly 

different from one another. The reduction of early acceleration seemed to be 

omnidirectional. 

Second, we found that the late phase of acceleration was asymmetrically 

changed by FPA inactivation (Figure 2.3B). For ipsiversive pursuit, 5 of the 14 

inactivations showed significant reductions in late acceleration. For contraversive 

pursuit,  only 1 inactivation resulted in a significant impairment of late contraversive 
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acceleration, and 4 out of 14 inactivations showed significant increases in late 

acceleration. Overall, there was no significant main effect of the inactivation on late 

acceleration. However, there was a significant interaction between direction and 

inactivation (F(1,52) = 9.82, p < .01). The inactivation tended to decrease ipsiversive 

acceleration and increase contraversive acceleration (Figure 2.3D). For 8 out of 14 

inactivations, the change in late acceleration was significantly lower for pursuit 

ipsiversive to the inactivation; the other 6 inactivations tended to show a trend in this 

same direction. On average, the inactivation decreased late ipsiversive acceleration by 

21°/s2 and increased late contraversive acceleration by 12°/s2. 

 Finally, we found that FPA inactivation impaired maintained velocity (Figure 

2.3C). Every inactivation led to a significant decrease in ipsiversive pursuit velocity, 

and most (11/14) also significantly reduced contraversive velocity. The average 

reductions in ipsiversive and contraversive pursuit velocity following inactivation 

were 2.1 °/s and 0.5 °/s, respectively. 12 out of 14 inactivations showed a significantly 

stronger reduction in ipsiversive than contraversive pursuit velocity (Figure 2.3E). As 

a population, the inactivation significantly decreased maintained pursuit velocity 

(F(1,52) = 51.81, p < .001), and a  2-way ANOVA revealed a significant interaction 

between inactivation and pursuit direction (F(1,52) = 16.29, p < .001).  

We also measured pursuit latency on each trial, and the changes after FPA 

inactivation were quite small and variable (not shown). 4 out of 14 inactivations 

showed an increase in ipsiversive pursuit latency, 2 out of 14 inactivations showed an 

increase in contraversive latency, and 1 inactivation showed a significant decrease in 
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latencies ipsiversive to the inactivation. On average, the inactivation increased 

latencies by 3.2 ms and 2.6 ms for ipsiversive and contraversive trials, respectively, 

although a 2-way ANOVA failed to reveal any significant effect of FPA inactivation 

on latency or any interaction between inactivation and direction.  

The effects we observed on pursuit velocity and acceleration from the single-

dot pursuit task provide evidence that our muscimol injections successfully inactivated 

neurons in the FPA. The saline injection showed none of these effects (Figure 2.3, 

open triangles), ruling out the possibility that the effects were due to mechanical 

damage.  

 

Target-selection 

We used a two-alternative forced-choice target-selection paradigm that had 

been used previously to probe selection behavior (Ferrera and Lisberger 1997a; 

Krauzlis and Dill 2002; Carello and Krauzlis 2004). Briefly, the monkeys were shown 

a white or gray cue and asked to smoothly pursue the stimulus that matched the 

luminance of the cue (Figure 2.1A). 

 

Pursuit choices following FPA inactivation 

Despite impairing pursuit metrics, FPA inactivation failed to alter target-

selection behavior, as illustrated by a sample experiment (Figure 2.4). Prior to the 

inactivation, for trials ipsiversive to the inactivated direction, the monkey performed at 

82% correct (Figure 2.4A). Correct trials (blue) were classified based on the monkey’s 
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initial pursuit direction (as described in Methods). On the majority of incorrect trials, 

the monkey eventually corrected his choice (red). If the FPA were responsible for 

choosing a pursuit direction, inactivating the area should have decreased choices in the 

ipsiversive direction. However, following the inactivation, despite a change in initial 

velocity, the monkey’s performance remained statistically unchanged at 80% correct 

(Figure 2.4B).  

Pursuit performance was similarly unaffected for trials contraversive to the 

inactivation (Figure 2.4C-D). If the FPA were responsible for pursuit selection, 

inactivation should improve performance contraversive to the inactivation. This did 

not happen; the inactivation did not produce a significant change in choice behavior 

for our example experiment.  

A similar pattern of results was found across our FPA inactivation experiments 

(Figure 2.5). For ipsiversive pursuit, none of the fourteen inactivations significantly 

altered percent correct (Figure 2.5A); the mean change in performance was a 1.4% 

increase in percent correct. For contraversive pursuit, 1 of the 14 inactivations 

significantly increased performance in the contraversive direction (Figure 2.5B); the 

mean change in performance for this direction was a 2.5% elevation in percent correct. 

A 2-way ANOVA on the population did not show any significant effect of inactivation 

or any significant interaction between direction and inactivation. We also measured 

the change in the subjects’ bias for every experiment (Figure 2.5C). By our 

convention, positive values indicate a contraversive bias so that we would expect a 

positive change in bias if FPA inactivation impaired ipsiversive pursuit choices. Only 
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1 out of 14 of our inactivations resulted in a significant change in bias. Sensitivity also 

was largely unchanged by the inactivation; only 1 out of 14 inactivations produced a 

significant increase in sensitivity (Figure 2.5D). In summary, the inactivations had 

very little effect on the subjects’ pursuit choice behavior.  

 

An alternate method for assessing choice behavior 

In the previous analysis, we classified pursuit choice based on its initial 

direction. This is a common technique in the field for judging pursuit behavior (e.g. 

Adler et al. 2002; Carello and Krauzlis 2004). However, it has some drawbacks. First, 

it relies on a somewhat subjective assessment of pursuit initiation. Second, the 

standard technique only identifies pursuit choice at a single moment in time and 

ignores any changes that might occur later in the trial. To address these problems and 

to provide a more objective assessment of pursuit choice, we developed a new analysis 

that gauges choice behavior over time. We first established a baseline of pursuit 

velocity and then measured, at each moment in time, the percentage of trials that 

exceeded the baseline velocity in the direction of the correct target. The baseline we 

used was the mean eye velocity across control trials of both directions from 20 to 10 

ms prior to pursuit onset. Average pursuit latency was identified by measuring the 

discriminability of pursuit velocity on trials of opposite directions with an ROC 

analysis. In practice, for the inactivation experiment, the range of baselines was 0 ± 

1°/s. We tested two other methods of establishing the baseline: fixing it at 0°/s and 
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setting it to the mean velocity in a fixed interval relative to stimulus onset. Both of 

these procedures produced similar results for the inactivation experiment.  

Applying this method to our sample experiment revealed that FPA inactivation 

delayed the increase in percent correct slightly for both directions (Figure 2.6). For 

trials ipsiversive to the inactivation, the inactivation decreased the median horizontal 

velocity (Figure 2.6A). The baseline velocities for this example were near 0°/s (gray 

dashed lines). We measured the percentage of trials, at each millisecond, that exceeded 

these baselines and found that the inactivation slightly reduced the instantaneous 

percent correct (Figure 2.6C). The data is plotted from the start of the baseline period; 

before that time, the data is unsuitable for analysis. Significant bins (black dots) were 

determined with a binomial test. If the decrease in instantaneous percent correct was 

due to a change in choice behavior, we should see an opposite trend for the other 

direction. But this was not the case. To the contrary, instantaneous percent correct was 

also impaired for trials in which the correct target moved contraversive to the 

inactivation (Figure 2.6D). Since performance was not improved for trials 

contraversive to the inactivation, the deficit was probably due to a global change in 

pursuit metrics and not a change in choice behavior. Also, although this graph shows a 

maintained choice deficit, this was not always present in the results from other 

inactivations. 

The population results showed a small, symmetric decrease in initial percent 

correct following FPA inactivation (Figure 2.7). All plots begin 140 ms after pursuit 

onset, at which time the baseline period had begun for 9 of the 14 experiments. The 
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data prior to this interval were unreliable due to the lower number of contributing data 

sets. We averaged the instantaneous percent correct together for the 14 experiments 

and found that it decreased slightly – or perhaps was slightly delayed – in both 

directions (Figure 2.7A-B). A change in choice behavior would have produced an 

asymmetric, larger deficit for trials ipsiversive to the inactivation. To the contrary, we 

found that percent correct for contraversive trials (Figure 2.7B) actually showed a 

slightly greater reduction than ipsiversive trials (Figure 2.7A).  

We quantified the results from this analysis by counting the number of 

inactivations that led to significant changes in percent correct at each millisecond. We 

sorted these significant differences based on whether the inactivation caused 

significant increases or decreases to percent correct. For ipsiversive trials, we found 

that no more than 21% (3/14) of inactivations significantly decreased instantaneous 

percent correct (Figure 2.7C, upper panel). The changes caused by the inactivation 

were minimal and transitory (Figure 2.7C, lower panel). Similarly, for trials 

contraversive to the inactivation, no more than 40% (6/14) of inactivations decreased 

percent correct (Figure 2.7D, upper panel). The inactivations failed to produce 

sustained increases in percent correct (Figure 2.7D, lower panel); both directions of 

pursuit showed a modest decrease in instantaneous percent correct near pursuit onset.  

This pattern of results suggested that the changes in instantaneous percent 

correct were due to changes in pursuit metrics or latency, rather than to deficits in 

pursuit choice behavior. We documented the changes in pursuit acceleration that 

accompanied inactivation (Figure 2.3), which could have delayed the increase in 



73 

 

instantaneous percent correct. We also measured pursuit latencies on each trial and 

found small changes (Figure 2.8). 5 out of 14 inactivations led to a significant increase 

in ipsiversive pursuit latency and 8 out of 14 inactivations led to a significant increase 

in contraversive pursuit latency. The mean increases in pursuit latency following 

inactivation were 3.5 ms and 5 ms for ipsiversive and contraversive pursuit, 

respectively. These modest changes in latency could have contributed to the global 

reduction in choices with the pursuit target that we observed in our time series 

analysis. The slightly larger change in contraversive latency is also consistent with the 

larger change in contraversive instantaneous percent correct.  

 

Stimulation 

We also tested the effects of FPA stimulation on pursuit choice at 37 sites. 

Subjects again performed the target-selection experiment (Figure 2.1A), and on half 

the trials we applied 40 µA stimulation for 400 ms beginning at stimulus onset. These 

stimulation parameters were strong enough to evoke smooth pursuit eye movements 

during fixation, consistent with previous studies (Gottlieb et al. 1993; Tanaka and 

Lisberger 2002a). Stimulation trials were randomly interleaved with control trials, and 

we analyzed the pursuit responses to determine if FPA stimulation affected the choice 

of pursuit targets.  

 

Stimulation of the frontal pursuit area does not affect pursuit choice 
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The pursuit evoked by FPA stimulation made identifying voluntary pursuit 

initiation impractical. We considered performing a subtraction of the evoked pursuit 

during stimulation, but we found that stimulation during pursuit onset typically evoked 

pursuit with different amplitudes and temporal profiles than did stimulation during 

passive fixation. Thus, we decided against marking pursuit initiation on individual 

trials. Instead, we used the same method described earlier (Figure 2.6) to calculate 

instantaneous percent correct. 

Stimulation failed to significantly alter pursuit choice behavior in our example 

experiment (Figure 2.9). Stimulation at this site evoked a leftward eye movement and 

enhanced initial pursuit velocity when the monkey pursued towards the stimulated side 

(Figure 2.9A), in agreement with previous findings (Tanaka and Lisberger 2002a). 

The baseline velocity for the control trials, measured 20 to 10 ms before average 

pursuit onset, was near zero (gray dashed line). For the stimulation trials, however, the 

baseline was approximately -4°/s. This offset baseline velocity corrected for the 

stimulation-evoked pursuit. Despite eliciting pursuit to the left, the stimulation failed 

to substantially alter instantaneous percent correct (Figure 2.9C) – there were no time 

bins in which these two traces significantly differed. Indeed, once we corrected for the 

stimulation-induced velocity, the same frequency and time course of pursuit choice 

behavior was almost identical between the stimulation and control trials.  

 For trials contraversive to the stimulation, pursuit velocity was slightly 

suppressed throughout the stimulated interval (Figure 2.9B), but the monkey was still 

able to select the correct target. Near pursuit onset, the instantaneous percent correct 
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was slightly lower for the stimulated trials as compared to the control trials (Figure 

2.9D). This difference was significant in several bins near 200 ms after stimulus onset. 

However the shapes of the curves were largely identical. In this example, selection of 

the correct target seemed slightly delayed for stimulated trials. In summary, we did not 

observe a directionally asymmetric change in percent correct. 

The population data also showed little evidence that FPA stimulation biased 

choice behavior (Figure 2.10). We averaged together our estimates of instantaneous 

percent correct together for all stimulation sites and found that, for trials ipsiversive to 

the stimulation, choice behavior was slightly reduced with stimulation (Figure 2.10A). 

We quantified this change by tallying the number of significant experiments at each 

millisecond, and found that stimulation decreased ipsiversive percent correct at 

approximately 25% of sites (Figure 2.10C, top panel). Stimulation increased 

ipsiversive percent correct at only 11% (4/37) of sites (Figure 2.10C, bottom panel). 

Pursuit directed contraversive to the site of stimulation also showed a modest 

decrease in instantaneous percent correct (Figure 2.10B). Stimulation decreased 

instantaneous percent correct at approximately 20% of sites in the time interval from 

175 to 225 ms after pursuit onset (Figure 2.10D, top panel). Very few sites showed an 

increase in contraversive percent correct (Figure 2.10D, bottom panel). Thus, both 

directions of pursuit showed a small decrease in percent correct with stimulation.  

One possible objection to this analysis is that, because FPA stimulation does 

not always evoke ipsiversive pursuit, the effect on pursuit choice should likewise not 

always be ipsiversive. Indeed, 7 out of 37 of our stimulation baselines were positive, 
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indicating a velocity deflection directed contraversive to the site of the stimulation. 

Repeating the analysis after excluding these sites did not change the outcome: there 

remained a small symmetric decrease in initial instantaneous percent correct.  

The decrease in instantaneous percent correct could be caused by delays in 

pursuit onsets with stimulation. We calculated pursuit latency by measuring the 

discriminability between the velocities for left and right trials with an ROC analysis 

(Green and Swets 1966), and constructed 95% confidence intervals for the ROC area 

by performing a bootstrapped permutation analysis on the eye velocity data. We 

marked pursuit latency at the millisecond where the ROC area crossed the confidence 

intervals and then remained above it for 100 ms. For our example stimulation 

experiment, we found that the ROC-assessed pursuit latency for control trials was 173 

ms (Figure 2.11C) and for stimulation trials was 185 ms (Figure 2.11D); this 

difference was significant by bootstrap analysis.  

Using this same analysis technique for each of our experiments confirmed that 

stimulation tended to delay pursuit onset (Figure 2.11E). Stimulation yielded 

significant increases of pursuit latency at 16 of the 37 sites tested and significant 

decreases at an additional 3 sites. On average, stimulation increased pursuit latency by 

9 ms. A one-factor ANOVA revealed a significant effect of stimulation on pursuit 

latency (F(1,72) = 13.72, p < .001). For comparison, we conducted this same analysis 

on our inactivation data, for which we had found that 5 inactivations yielded 

bidirectional increases in pursuit latency, using conventional methods for measuring 

pursuit latency. 3 of those 5 inactivations also showed significant changes in pursuit 
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latency with this ROC latency technique, providing some verification that this 

technique was reliable, if conservative, at identifying changes in pursuit latency.  

 

2.4 Discussion 

We have performed chemical inactivations and electrical stimulations of the 

frontal pursuit area (FPA). These manipulations modulated pursuit metrics including 

acceleration, velocity, and latency, but failed to alter pursuit choice behavior. These 

observations lead us to conclude that the FPA does not participate in the selection of 

targets, but rather is involved in the motor execution of smooth pursuit. 

 

Inactivation failed to impair selection 

Lesions and inactivation of the frontal pursuit area decrease maintained pursuit 

gain, decrease pursuit acceleration, and impair predictive pursuit (Lynch 1987; 

MacAvoy et al. 1991; Keating 1991, 1993; Keating et al. 1996), especially pursuit 

ipsiversive to the side of the lesion. These effects show that the FPA is involved in the 

circuitry that produces smooth pursuit. However, it is not clear whether the role of the 

FPA is limited to the motor production of pursuit, or also includes the visual selection 

of the target direction. The demonstrated role of the FPA in gain control for pursuit 

(Tanaka and Lisberger 2001, 2002a) suggests that it could be important for pursuit 

target selection. 

The reversible inactivations described in this paper provide evidence that the 

FPA’s role does not extend to visual selection of the target. In each of our inactivation 
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experiments, we observed significant motor deficits that more strongly affected pursuit 

ipsiversive to the inactivated side, as expected for unilateral reduction of FPA activity 

(Lynch 1987; MacAvoy et al. 1991; Shi et al. 1998). However, we found no evidence 

of a deficit or bias in the capacity to choose a direction of motion in a pursuit-choice 

task. None of the inactivation experiments produced the pattern of results that would 

indicate biased performance: a significant decrease in ipsiversive choices and a 

significant increase in contraversive choices.  

To confirm our findings, we devised a new method of assessing pursuit choices 

that measures the instantaneous percent correct over time. There are several 

advantages to this method: it is less biased since it does not rely on experimenter-

marked pursuit latencies, it provides information about choice behavior throughout the 

trial, and it works even in the presence of artificially induced velocity signals, such as 

those caused by FPA stimulation. The disadvantage of this new method is that its 

output is sensitive to changes in acceleration and latency as well as choice behavior. 

We overcame these limitations by directly measuring acceleration and latency, and 

also by comparing instantaneous percent correct between directions to see if the 

changes were asymmetrical. 

Applying this method to our data confirmed our findings that inactivation does 

not change choice behavior. We observed a transient dip in instantaneous percent 

correct following inactivation for both directions of pursuit. Since the changes in 

performance were symmetrical, they were unlikely due to a change in choice behavior. 
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Rather, the instantaneous percent correct was probably altered because of changes in 

acceleration and latency.  

 

Stimulation failed to enhance selection 

Electrical stimulation of the FPA evokes smooth pursuit and enhances the gain 

of the smooth pursuit system. This latter property has been demonstrated in several 

ways: stimulating during ongoing pursuit increases gain omnidirectionally, stimulating 

during pursuit initiation facilitates acceleration ipsiversive to the stimulation, and 

stimulating during pursuit or fixation increases the gain of the response of the pursuit 

system to a transient target perturbation (Gottlieb et al. 1993; Tanaka and Lisberger 

2001, 2002a). Gardner and Lisberger (2001, 2002) demonstrated that saccades to a 

moving target were accompanied by an increase in the gain of pursuit for the motion at 

the saccade’s endpoint, which suggests that gain and target selection are 

interconnected. By implication, facilitating pursuit gain by stimulating the frontal 

pursuit area could influence target selection. 

This does not seem to be the case. We have applied electrical stimulation to the 

FPA at 37 sites in two monkeys. To assess the effect of stimulation on target selection, 

we measured the instantaneous percent correct with and without FPA stimulation. If 

stimulation drove pursuit choices in the stimulated direction, we would have expected 

to see an increase in the percentage of ipsiversive choices. Instead, we found that 

stimulation caused only a mild initial dip in percent correct for choices in both 

directions. The cause of this dip did not seem to be any change in the fraction of 
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choices, but rather an approximately 10-ms delay in pursuit initiation during 

stimulation. This result complements our inactivation data and suggests that activity in 

the frontal pursuit area is neither necessary nor sufficient for the selection of a pursuit 

target.  

 

Implications for target selection 

Our results suggest that directional selection for pursuit does not occur in the 

frontal pursuit area. This raises several issues. First, which other structures might 

mediate directional selection? Several experimenters have tested the possibility that 

the motion processing areas of MT/MST could serve this function. Ferrera and 

Lisberger (1997b) found that most MT and MST neurons were not modulated by 

directional choice in a target-selection task, and concluded that the activity they 

observed probably could not account for pursuit selectivity. Recanzone and Wurtz 

(1999, 2000) found correlates of pursuit selectivity in the activity of MT/MST 

neurons, but these modulations were largely confined to the situation where both 

targets were in a single receptive field and thus can not explain the full range of 

selection behavior of which primates are capable – in particular, the types of selection 

tasks typically used in behavioral studies of pursuit choice behavior (e.g., Ferrera and 

Lisberger 1997a; Krauzlis and Dill 2002). One possible area involved in directional 

selection is the supplementary eye fields (SEF), which plays a role in anticipatory 

pursuit (Missal and Heinen 2001, 2004). Recently, Shichinohe et al. (2009) 

demonstrated that inactivation of the supplementary eye fields hinders performance on 
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a memory-based pursuit-choice task, which is consistent with the hypothesis that the 

area assists in the selection of a pursuit direction. Other candidate cortical areas 

include VIP, LIP, 7a, and FST, all of which contain directionally selective activity 

during pursuit (Bremmer et al. 1997; Erickson and Dow 1989; Schlack et al. 2003), 

but have not yet been tested in target-selection paradigms. 

Could pursuit selection be purely spatial? Several pieces of evidence point to 

the superior colliculus (Horwitz and Newsome 1999, McPeek and Keller 2002, 2004; 

Krauzlis and Dill 2002; Carello and Krauzlis 2004) and the frontal eye fields (Schall et 

al. 1995; Hanes and Schall 1996) as sites of target selection for saccadic eye 

movements. The colliculus also contributes to visual selection for smooth pursuit tasks 

(Krauzlis and Dill 2002; Carello and Krauzlis 2004), suggesting a generalized role for 

selecting targets in space. Subjects could spatially select targets from distracters 

regardless of the eventual motor output. The main objection to this possibility is that 

the smooth pursuit system operates on velocity inputs (Rashbass 1961; Krauzlis and 

Lisberger 1994a; Lisberger et al. 1987; Robinson et al. 1986), and it remains unclear 

how the spatial selection of a target could be transformed into a velocity command. 

However, the presence of pursuit selection signals in the colliculus and the absence of 

such signals in the FPA provide some support for the possibility that selection is 

accomplished in a retinotopic reference frame, rather than between possible directions 

of motion. 

What is the relationship between gain and target selection? There is very 

strong evidence that the FPA is involved in setting the online gain of pursuit (Tanaka 
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and Lisberger 2001, 2002a). Nevertheless, the results from the experiments in this 

study refute the hypothesis that the FPA contributes to target selection. Consistent 

with this finding, we recorded from FPA neurons during a target-selection task and 

found that they failed to discriminate target from distracter early enough to affect 

pursuit directional selection (Mahaffy and Krauzlis, unpublished observations). While 

saccadic target selection may enhance pursuit gain (Gardner and Lisberger 2001, 

2002), our results suggest that this relationship is not reciprocal – target selection 

enhances pursuit gain, but enhancing pursuit gain does not affect target selection. 

Together, this implies that the brain processes that select pursuit targets precede the 

FPA in the stream of visuomotor processing.  

 

Implications for the frontal pursuit area 

The frontal pursuit area is not necessary for the selection of a pursuit target, but 

rather is involved in the motor preparation and execution of the smooth pursuit 

response. The FPA is part of a cortical network of sensorimotor structures including 

MST and SEF (Tian and Lynch 1996), and it has downstream projections to eye 

movement structures in the pons (Distler et al. 2002), which in turn, project to eye-

movement-related regions of the cerebellum. The FPA is therefore well-positioned to 

transform motion signals into eye movement commands. Indeed, the frontal pursuit 

area contains both cells that fire transiently at pursuit onset and cells that maintain 

their activity throughout the pursuit response (Ono and Mustari 2009). This makes the 
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frontal pursuit area suitable to influence every phrase of the smooth pursuit response, 

consistent with our inactivation results. 

Our inactivations caused significant changes in pursuit acceleration. These 

changes could be divided into effects on early and late acceleration. The early 

acceleration response, which lasts for the first 40 ms of pursuit, was impaired equally 

in both directions we tested. This effect is consistent with single-unit recording results: 

Tanaka and Fukushima first reported that FPA cells display pursuit-related buildup 

activity (1998), prior to the onset of target motion, and we have found that the level of 

this buildup activity correlates with the early acceleration response (Mahaffy and 

Krauzlis, unpublished observations). Together, these results suggest that the FPA 

could be involved in preparing the monkey to pursue generally, and decreasing 

activity in the area initially impairs pursuit in all directions. This is consistent with the 

observation that stimulation of the FPA during ongoing pursuit boosts the gain of 

pursuit regardless of its direction (Tanaka and Lisberger 2002a).  

The late portion of acceleration, from 41 to 100 ms after pursuit onset, as well 

as the maintained velocity output, were asymmetrically impaired, with ipsiversive 

pursuit more strongly affected. This is consistent with previous reports of lesions and 

inactivations in the frontal pursuit area, which consistently report asymmetric deficits. 

40 ms after pursuit onset, the vast majority of FPA cells have begun to respond 

selectively to pursuit in the preferred direction, which could be the neural basis for the 

directionally selective impairment. It is important to note, though, that even the 

contraversive direction of pursuit is significantly impaired. This is unsurprising, given 
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the abundance of cells in the FPA that have preferred directions contraversive to their 

side of the brain.  

Our results suggest that the frontal pursuit area is essentially a motor structure. 

It seems to be centrally involved in ensuring that pursuit tracks the intended target 

with high gain as soon as possible, but it is not actually involved in choosing that 

target. The FPA is downstream of, or at least separated from, the target selection 

process; even if the eyes are artificially induced to track the incorrect stimulus, the 

subject still displays the same fundamental pattern of choice behavior. It remains 

unclear where the selection of a pursuit direction is formed, and how those signals are 

provided to the FPA. 
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Figure 2.1: Sequence and timing of trial events.  A: Target-selection task. Trials began 
with subjects directing gaze at a central fixation point. The fixation point transiently 
turned into a luminance cue. After a randomized delay, the fixation point was 
extinguished and the stimuli appeared. If the stimuli were moving (top panel), the 
monkey had to smoothly pursue the target that matched the luminance cue. If they 
were stationary, the monkey had to make a saccade to the correct target. B: Pursuit-
only task. Trials began with subjects directing gaze to a central fixation point. After a 
randomized delay, a single target appeared and moved in a step-ramp fashion toward 
the fixation point. The monkey was rewarded for smoothly pursuing the target. 
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Table 2.1: Parameters for all inactivation experiments. Column one identifies each 
inactivation experiment by a number 1-16. Starred sessions (9 and 13) showed no 
effect of inactivation and were not included in the analysis. Column two lists which 
monkey was used in each experiment. Column three are the directions of pursuit 
evoked by stimulation on the day of the inactivation. Column four lists the volume of 
muscimol injected at each site.  
 

Inactivation # Monkey Evoked Directions Volume 
1 J Left 0.5 µL 
2 J Left 0.8 µL 
3 J Right / Down-right 1.0 µL 
4 J Left 1.0 µL 
5 J Right / Down-right 0.8 µL 
6 J Left / Up-right 0.5 µL 
7 J Left / Up-left 0.8 µL 
8 T Right / Up-right 1.0 µL 
9* T Left / Up-right 1.0 µL 
10 T Left / Up-left 1.0 µL 
11 T Up / Up-left 0.5 µL 
12 T Right / Down-right 1.0 µL 
13* T Right / Down-right 1.0 µL 
14 T Up / Up-right 1.0 µL 
15 T Left / Up 1.0 µL 
16 T Up / Up-right 1.0 µL 
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Figure 2.2: Inactivation impaired single-dot pursuit metrics: example data. A: 
Horizontal velocity traces and measurements for control (solid) and inactivation 
(dashed) leftward pursuit trials, ipsiversive to the inactivation. The three gray vertical 
bars span 0-40, 41-100, and 400-800 ms after pursuit onset and correspond to early 
acceleration, late acceleration, and maintained velocity measurement intervals, 
respectively. Error bars are 95% confidence intervals. B: Horizontal velocity traces 
and measurements for rightward pursuit trials, contraversive to the inactivation. 
Plotting conventions are identical to A.
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Figure 2.3: Inactivation impaired single-dot pursuit metrics: population data. A-C: 
Measurements of accelerations from 0-40 ms after pursuit onset (early), 41-100 ms 
after pursuit onset (late), and velocity measurements from 400-800 ms after pursuit 
onset (maintained). Black and gray dots represent ipsiversive and contraversive trials, 
respectively. Each point is a separate inactivation.  Open triangles indicate saline 
injections; rightward-pointing triangles and leftward-pointing triangles indicate 
ipsiversive and contraversive trials, respectively. Error bars are 95% confidence 
intervals. D-F: Changes in early and late acceleration and maintained velocity for 
every inactivation. Filled-black points show a significant difference between the 
ipsiversive and contraversive change. Open triangles indicate metrics changes for 
saline injections. 
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Figure 2.4: Inactivation failed to affect pursuit choice behavior: example data. A: 
Horizontal velocity for all control trials where the correct target was moving 
ipsiversive to the inactivated side. Red and blue traces are incorrect and correct trials, 
respectively. Saccades are excised from the plots. Vertical gray bar is from 0-50 ms 
after pursuit onset. The scatter plot below shows the mean velocities for correct (blue) 
and incorrect (red) trials from this window. Percent correct is noted. B: Horizontal 
velocity for ipsiversive trials following inactivation. C-D: Horizontal velocity for 
contraversive trials before and after the inactivation. Plotting conventions are the same 
as A-B. 
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Figure 2.5: Inactivation failed to affect pursuit choice behavior: population data. A: 
Percent correct before and after the inactivation for trials contraversive to the 
inactivation. Error bars are 95% confidence intervals. Open triangle is saline injection. 
B: Same plotting conventions as A for trials ipsiversive to the inactivation. C: Bias 
before and after inactivation. Positive values indicate a greater bias for contraversive 
pursuit; negative values a bias for ipsiversive pursuit. Black-filled dot shows a point in 
which inactivation significantly changed bias. Open triangle is saline injection. D: 
Sensitivity before and after inactivation. Same conventions as C. 
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Figure 2.6: Example data showing alternate method of estimating choice over time. A: 
Solid (control) and dashed (inactivation) traces are horizontal pursuit velocities for 
trials where the correct target moved ipsiversive to the inactivation. Gray dashed lines 
are baseline velocity measurements for control and inactivation trials. B: Same 
conventions as A for contraversive trials. C: Instantaneous percent correct for control 
(solid) and inactivation (dashed) trials. Dots below traces are bins where the two traces 
are significantly different. Data is plotted from start of baseline interval: 149 ms after 
pursuit onset, in this example. D: Same conventions as C for trials contraversive to the 
inactivation. 
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Figure 2.7: Population data showing alternate method of estimating choice over time. 
A: Grand averages over time of instantaneous percent correct for control (solid) and 
inactivation (dashed) data ipsiversive to the inactivation. Data is plotted from 140 ms 
after motion onset, at which time more than half of the inactivations are contributing 
data. B: Same conventions as A for contraversive trials. C: Percentage of sites with a 
significant change in percent correct following inactivation. Gray trace (top) indicates 
inactivation decreased percent correct, black trace (bottom) indicates that the 
inactivation increased percent correct. Note the y-axis only extend to 50%. D: Same 
plotting conventions as C for trials contraversive to the inactivation. 
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Figure 2.8: Inactivation caused mild changes in pursuit latency. Black and gray dots 
correspond to trials in the ipsiversive and contraversive direction, respectively. Right 
and leftward open triangles indicate contraversive and ipsiversive trials for saline 
injection. Error bars are 95% confidence intervals. These measurements were made by 
fitting a hinge model to the velocity on each trial. 
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Figure 2.9: Example data illustrating choices over time for the stimulation experiment. 
A: Control (solid) and stimulation (dashed) horizontal pursuit velocities for trials 
where the correct target moved ipsiversive to the stimulation. Gray dashed lines are 
baseline velocities for control and stimulation trials, where the stimulation baseline is -
4.3°/s. B: Same conventions as A for contraversive trials. C. Instantaneous percent 
correct for control (solid) and inactivation (dashed) trials. Data is plotted from start of 
baseline interval: 151 ms after pursuit onset, in this example. D: Same conventions as 
C for trials contraversive to the inactivation. Dots below the traces indicate 
milliseconds where the two traces are significantly different. 
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Figure 2.10: Summary of choice behavior for stimulation experiment. A: Grand 
averages over time of instantaneous percent correct for control (solid) and stimulation 
(dashed) trials ipsiversive to the stimulation. Data is plotted from 136 ms after motion 
onset, at which time more than half of the stimulations were contributing data. B: 
Same conventions as A for contraversive trials. C: Percentage of sites with a 
significant changes in percent correct with stimulation. Gray trace (top) indicates 
stimulation decreased percent correct, black trace (bottom) indicates that the 
stimulation increased percent correct. Note the y-axis only extend to 50%. D: Same 
plotting conventions as C for trials contraversive to the stimulation. 
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Figure 2.11: Stimulation increased pursuit latencies. A: Horizontal eye velocity for 
control trials, example data. Trials directed to the right and left are plotted separately. 
Vertical dashed line corresponds to the latency of 173 ms which is calculated below. 
B: Same conventions as A for eye velocity during stimulation. Stimulation lasted for 
400 ms from motion onset. C: ROC analysis identifying pursuit latency for control 
trials. Black line is the area under the ROC curve comparing trials to the right and left. 
Gray lines are 95% confidence intervals generated with a shuffled bootstrap analysis. 
Latency is marked when the ROC area crosses the confidence interval and remains 
above it for 100 ms. D: Same conventions as C for stimulation data. E: Stimulation 
and control latencies for all experiments. Filled black circles show significant changes 
with stimulation. Confidence intervals for this data (not shown) were generated with 
bootstrap analysis and used to determine significance. 
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Chapter 2 is based in part on material that has been submitted for publication 

as it may appear in the Journal of Neurophysiology, 2010, Mahaffy, Shaun; Krauzlis, 

Richard. The dissertation author was the primary investigator and author of this paper 

and the co-author listed in this publication directed and supervised the research which 

forms the basis for this chapter.
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Conclusion 

The issue addressed in this dissertation was how primates choose a target to 

smoothly pursue in the presence of moving distracters. We are confronted with this 

problem everyday as we watch pedestrians on a crowded street, avoid potholes on a 

traffic-congested road, or play baseball in a stadium of cheering fans. The neural 

underpinnings of pursuit target selection remain unclear. Recent experiments have 

implicated the superior colliculus, but its spatial topography is insufficient to drive 

smooth pursuit. Based on its directional selectivity, proximity to the frontal eye fields, 

and established role in gain control, we believed that the frontal pursuit area was a 

good candidate for playing a role in the selection of a pursuit direction.  

We used single-neuron recording, chemical inactivation, and electrical 

stimulation to probe the activity of the frontal pursuit area. We found that the activity 

in the area was strongly related to the motor output of pursuit, but was insufficient to 

underlie pursuit selectivity. Our causal experiments confirmed this observation: 

Neither stimulation nor inactivation substantially changed the subjects’ pursuit choice 

behavior.  

These experiments provide several insights on the problems of target selection 

and pursuit execution. First, and most critically, our results demonstrate that the 

frontal pursuit area is not necessary for selecting the direction of pursuit. This 

hypothesis has been floating, untested, throughout the literature for close to a decade 

and has integrated itself into several models of the pursuit system. The field faces a 

conceptual fork in the road: Is pursuit selection occurring in some other pursuit-related 
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structure, or is the selection of a pursuit target a purely spatial decision that is 

occurring in the frontal eye fields or superior colliculus? Some preliminary evidence 

suggests that another pursuit-related area, the supplementary eye fields, may be 

playing a role in pursuit memory (Shichinohe et al. 2009), which is tangentially related 

to selection. On the other hand, evidence continues to accumulate that the superior 

colliculus is necessary for pursuit target selection (Carello and Krauzlis 2004). 

Resolving this issue will be a major step forward for the eye-movement field.  

Our experiments also further our understanding of the frontal pursuit area. 

With the notion of pursuit selectivity ruled out, we can turn out attention to the FPA’s 

role in setting the metrics of pursuit, which is still a point of confusion in the literature. 

On the one hand, stimulation of the FPA during fixation evokes pursuit directly, 

suggesting a very immediate role in producing smooth eye movements. On the other 

hand, lesioning the area only slows the pursuit response without eliminating it entirely. 

How exactly is the frontal pursuit area contributing to pursuit? Our results suggest that 

the FPA largely plays a supporting role in the execution of pursuit. FPA activity does 

not trigger pursuit; rather, the level of activity in the FPA, which rises as pursuit 

becomes more likely, enhances acceleration and supports the maintenance of a high 

gain throughout the trial. Trials with initially high acceleration are accompanied by 

higher buildup and initial firing rates. And chemically knocking out the FPA makes 

pursuit more sluggish without dramatically affecting the subjects’ choices of whether 

and which way to pursue. These results lead us to conclude that the FPA is neither the 
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decision-making center nor the trigger for pursuit. Rather, the FPA improves the 

metrics of pursuit and assures that eyes track the target with high fidelity. 

Our results provide some broad insights about neural organization and control. 

Eye movements are a tractable system for studying decision-making because the 

choices are easy to measure. For pursuit, there is segregation between the perception 

of motion, the choice of where to look, and the execution of the eye movement. This 

notion of functional segregation is likely commonplace for complex behaviors, and 

one should be careful about attributing very broad roles to any one structure. The 

FPA’s location in frontal cortex seems to imply that it is involved in high-level 

processes like attention and selection, but we find this not to be the case. Rather, 

subcortical structures like the superior colliculus likely serve these functions. This is 

an important lesson for future studies of neural organization.  

This study leaves many questions unanswered. It remains unclear where 

pursuit directions are being selected. More generally, it is not certain that there exists a 

structure that specifically selects a pursuit direction; all selections could be in spatial 

coordinates. If this was the case, the spatial selection would have to be integrated with 

the perception of motion in some unknown location to produce a target motion for 

pursuit to track. Another future avenue of study is the applicability of these lessons to 

other aspects of motor control. For instance, is there a gain control center for limb 

movements that has directionally or spatially selective receptive fields?  

Ultimately, these lines of research should produce insights that benefit human 

health or advance useful technology. Smooth pursuit deficits have been noted in 
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patients with schizophrenia, autism, and post traumatic stress disorder (Cegalis and 

Sweeney 1979; Takarae et al. 2004; Cerbone et al. 2003). In none of these disorders is 

it clear how pursuit behavior is impaired. A more complete understanding of 

visuomotor circuitry will help identify the neural underpinnings of these deficits and 

hopefully shed light on the nature of the disorders themselves. 

We conclude by discussing how our experiments satisfied the aims we set forth 

in the introduction. 

 

1. Determine if single frontal pursuit area neurons could be contributing to 

pursuit selection.  

Our recording results provide evidence against the hypothesis that the frontal 

pursuit area is contributing to pursuit selection. Only a tiny fraction of neurons 

discriminated target from distracter early enough to influence the choice of a pursuit 

direction. Instead of preceding pursuit, many FPA neurons discriminated target from 

distracter simultaneously with pursuit onset. We found that this group of neurons that 

discriminated coincident with pursuit tended to vary their discrimination time with 

pursuit latency. These cells also tended to have a phasic burst of activity near pursuit 

onset, corresponding to a subpopulation of cells identified by Ono and Mustari (2009) 

that project to a nucleus in the pons (NRTP) that is involved in the initial phase of 

pursuit. These results suggest that the FPA is not involved in the selection of a pursuit 

target, but rather plays a motoric role in the execution of the pursuit response.  
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2. Test the contribution of the frontal pursuit area to pursuit selection with 

chemical inactivation and electrical stimulation.  

Inactivation and stimulation of the frontal pursuit area produced substantial 

changes in pursuit metrics, but failed to affect pursuit choice behavior. Inactivation 

produced a global deficit in the first 40 ms of pursuit acceleration, which suggests that 

the FPA could be initially facilitating pursuit omnidirectionally. Inactivations also 

produced asymmetrically strong decreases in the late portion of acceleration (41-100 

ms after pursuit onset) and maintained pursuit velocity. Despite these changes in 

metrics, the subjects’ pursuit choice behavior was unaffected. Percent corrects, biases, 

and sensitivities remained unchanged following inactivation.  

In a separate set of experiments, we applied microstimulation to the FPA 

during the initiation of pursuit during a pursuit selection task. The stimulation evoked 

pursuit, but failed to asymmetrically change the subjects’ choice behavior. The 

subjects took slightly longer to choose the correct stimulus during stimulation for both 

directions, which was most likely due to an omnidirectional increase in pursuit latency 

caused by stimulation. 

These manipulations provide additional evidence that the frontal pursuit area 

plays a critical role in regulating pursuit metrics, but its activity is neither sufficient 

nor necessary for choosing a pursuit direction.  
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3. Explore the role of the frontal pursuit area in initiating and executing pursuit 

of single and competing stimuli. 

Our recording results shed new light on the role of the frontal pursuit area in 

pursuit execution. We found that many FPA neurons began to elevate their activity 

prior to pursuit onset. In the target-selection task, this buildup was tightly linked to 

motion onset. In the pursuit-only task, the buildup began prior to motion onset. These 

results suggest that FPA buildup could be caused by the subjects’ internal 

representation of pursuit probability. We found that these differences in buildup were 

correlated with significant differences in pursuit metrics. Single-dot trials in the target-

selection block, which displayed later buildup, had much slower initial accelerations 

than pursuit-only trials. And within the pursuit-only block, trials with high 

accelerations had higher activity preceding and during pursuit onset. These results 

suggest that the frontal pursuit area begins to facilitate pursuit execution even before 

the eye movement has begun. Our inactivation experiments, which caused a dramatic 

slowing in pursuit initiation in all directions, are consistent with the hypothesis that 

FPA is playing a critical role in the preparation and execution of pursuit.



105 

References 

Adler SA, Bala J, and Krauzlis RJ. Primacy of spatial information in guiding target 
selection for pursuit and saccades. J Vis 2: 627-644, 2002. 
 
Brainard DH . The Psychophysics Toolbox. Spat Vis 10: 433-436, 1997. 
 
Bremmer F, Distler C, and Hoffmann KP. Eye position effects in monkey cortex. 
II. Pursuit- and fixation-related activity in posterior parietal areas LIP and 7A. J 
Neurophysiol 77: 962-977, 1997. 
 
Britten KH, Newsome WT, Shadlen MN, Celebrini S, and Movshon JA. A 
relationship between behavioral choice and the visual responses of neurons in 
macaque MT. Vis Neurosci 13: 87-100, 1996. 
 
Britten KH, Shadlen MN, Newsome WT, and Movshon JA. The analysis of visual 
motion: a comparison of neuronal and psychophysical performance. J Neurosci 12: 
4745-4765, 1992. 
 
Carello CD, and Krauzlis RJ. Manipulating intent: evidence for a causal role of the 
superior colliculus in target selection. Neuron 43: 575-583, 2004. 
 
Cegalis JA, and Sweeney JA. Eye movements in schizophrenia: a quantitative 
analysis. Biol Psychiatry 14: 13-26, 1979. 
 
Cerbone A, Sautter FJ, Manguno-Mire G, Evans WE, Tomlin H, Schwartz B, 
and Myers L. Differences in smooth pursuit eye movement between posttraumatic 
stress disorder with secondary psychotic symptoms and schizophrenia. Schizophr Res 
63: 59-62, 2003. 
 
Chen LL, Goffart L, and Sparks DL . A simple method for constructing 
microinjectrodes for reversible inactivation in behaving monkeys. J Neurosci Methods 
107: 81-85, 2001. 
 
de Brouwer S, Missal M, Barnes G, and Lefevre P. Quantitative analysis of catch-
up saccades during sustained pursuit. J Neurophysiol 87: 1772-1780, 2002. 
 
Distler C, Mustari MJ, and Hoffmann KP . Cortical projections to the nucleus of the 
optic tract and dorsal terminal nucleus and to the dorsolateral pontine nucleus in 
macaques: a dual retrograde tracing study. J Comp Neurol 444: 144-158, 2002. 
 
Dorris MC, Olivier E, and Munoz DP. Competitive integration of visual and 
preparatory signals in the superior colliculus during saccadic programming. J Neurosci 
27: 5053-5062, 2007. 



106 

 

 
Drew AS, and van Donkelaar P. The contribution of the human FEF and SEF to 
smooth pursuit initiation. Cereb Cortex 17: 2618-2624, 2007. 
 
Dursteler MR, and Wurtz RH . Pursuit and optokinetic deficits following chemical 
lesions of cortical areas MT and MST. J Neurophysiol 60: 940-965, 1988. 
 
Erickson RG, and Dow BM. Foveal tracking cells in the superior temporal sulcus of 
the macaque monkey. Exp Brain Res 78: 113-131, 1989. 
 
Ferrera VP, and Lisberger SG. Attention and target selection for smooth pursuit eye 
movements. J Neurosci 15: 7472-7484, 1995. 
 
Ferrera VP, and Lisberger SG. The effect of a moving distractor on the initiation of 
smooth-pursuit eye movements. Vis Neurosci 14: 323-338, 1997a. 
 
Ferrera VP, and Lisberger SG. Neuronal responses in visual areas MT and MST 
during smooth pursuit target selection. J Neurophysiol 78: 1433-1446, 1997b. 
 
Fuchs AF, and Robinson DA. A method for measuring horizontal and vertical eye 
movement chronically in the monkey. J Appl Physiol 21: 1068-1070, 1966. 
 
Gagnon D, Paus T, Grosbras MH, Pike GB, and O'Driscoll GA. Transcranial 
magnetic stimulation of frontal oculomotor regions during smooth pursuit. J Neurosci 
26: 458-466, 2006. 
 
Gardner JL, and Lisberger SG. Linked target selection for saccadic and smooth 
pursuit eye movements. J Neurosci 21: 2075-2084, 2001. 
 
Gardner JL, and Lisberger SG. Serial linkage of target selection for orienting and 
tracking eye movements. Nat Neurosci 5: 892-899, 2002. 
 
Gottlieb JP, Bruce CJ, and MacAvoy MG. Smooth eye movements elicited by 
microstimulation in the primate frontal eye field. J Neurophysiol 69: 786-799, 1993. 
 
Gottlieb JP, MacAvoy MG, and Bruce CJ. Neural responses related to smooth-
pursuit eye movements and their correspondence with electrically elicited smooth eye 
movements in the primate frontal eye field. J Neurophysiol 72: 1634-1653, 1994. 
 
Green DM, and Swets JA. Signal Detection Theory and Psychophysics. New York: 
Wiley, 1966. 
 
Hafed ZM, Goffart L, and Krauzlis RJ . Superior colliculus inactivation causes 
stable offsets in eye position during tracking. J Neurosci 28: 8124-8137, 2008. 



107 

 

 
Hanes DP, and Schall JD. Neural control of voluntary movement initiation. Science 
274: 427-430, 1996. 
 
Heinen SJ. Single neuron activity in the dorsomedial frontal cortex during smooth 
pursuit eye movements. Exp Brain Res 104: 357-361, 1995. 
 
Heinen SJ, and Liu M. Single-neuron activity in the dorsomedial frontal cortex 
during smooth-pursuit eye movements to predictable target motion. Vis Neurosci 14: 
853-865, 1997. 
 
Hikosaka O, and Wurtz RH. Modification of saccadic eye movements by GABA-
related substances. I. Effect of muscimol and bicuculline in monkey superior 
colliculus. J Neurophysiol 53: 266-291, 1985. 
 
Horwitz GD, and Newsome WT. Separate signals for target selection and movement 
specification in the superior colliculus. Science 284: 1158-1161, 1999. 
 
Horwitz GD, and Newsome WT. Target selection for saccadic eye movements: 
prelude activity in the superior colliculus during a direction-discrimination task. J 
Neurophysiol 86: 2543-2558, 2001. 
 
Ilg UJ, and Thier P. The neural basis of smooth pursuit eye movements in the rhesus 
monkey brain. Brain Cogn 68: 229-240, 2008. 
 
Judge SJ, Richmond BJ, and Chu FC. Implantation of magnetic search coils for 
measurement of eye position: an improved method. Vision Res 20: 535-538, 1980. 
 
Keating EG. Frontal eye field lesions impair predictive and visually-guided pursuit 
eye movements. Exp Brain Res 86: 311-323, 1991. 
 
Keating EG. Lesions of the frontal eye field impair pursuit eye movements, but 
preserve the predictions driving them. Behav Brain Res 53: 91-104, 1993. 
 
Keating EG, and Pierre A. Architecture of a gain controller in the pursuit system. 
Behav Brain Res 81: 173-181, 1996. 
 
Keating EG, Pierre A, and Chopra S. Ablation of the pursuit area in the frontal 
cortex of the primate degrades foveal but not optokinetic smooth eye movements. J 
Neurophysiol 76: 637-641, 1996. 
 
Kodaka Y, and Kawano K. Preparatory modulation of the gain of visuo-motor 
transmission for smooth pursuit in monkeys. Exp Brain Res 149: 391-394, 2003. 
 



108 

 

Krauzlis R, and Dill N. Neural correlates of target choice for pursuit and saccades in 
the primate superior colliculus. Neuron 35: 355-363, 2002. 
 
Krauzlis RJ, and Lisberger SG. A model of visually-guided smooth pursuit eye 
movements based on behavioral observations. J Comput Neurosci 1: 265-283, 1994a. 
 
Krauzlis RJ, and Lisberger SG. Temporal properties of visual motion signals for the 
initiation of smooth pursuit eye movements in monkeys. J Neurophysiol 72: 150-162, 
1994b. 
 
Krauzlis RJ, and Miles FA. Release of fixation for pursuit and saccades in humans: 
evidence for shared inputs acting on different neural substrates. J Neurophysiol 76: 
2822-2833, 1996. 
 
Lisberger SG. Postsaccadic enhancement of initiation of smooth pursuit eye 
movements in monkeys. J Neurophysiol 79: 1918-1930, 1998. 
 
Lisberger SG, Morris EJ, and Tychsen L. Visual motion processing and sensory-
motor integration for smooth pursuit eye movements. Annu Rev Neurosci 10: 97-129, 
1987. 
 
Lisberger SG, and Westbrook LE. Properties of visual inputs that initiate horizontal 
smooth pursuit eye movements in monkeys. J Neurosci 5: 1662-1673, 1985. 
 
Lynch JC. Frontal eye field lesions in monkeys disrupt visual pursuit. Exp Brain Res 
68: 437-441, 1987. 
 
MacAvoy MG, Gottlieb JP, and Bruce CJ. Smooth-pursuit eye movement 
representation in the primate frontal eye field. Cereb Cortex 1: 95-102, 1991. 
 
McPeek RM, and Keller EL. Deficits in saccade target selection after inactivation of 
superior colliculus. Nat Neurosci 7: 757-763, 2004. 
 
McPeek RM, and Keller EL. Saccade target selection in the superior colliculus 
during a visual search task. J Neurophysiol 88: 2019-2034, 2002. 
 
Missal M, and Heinen SJ. Facilitation of smooth pursuit initiation by electrical 
stimulation in the supplementary eye fields. J Neurophysiol 86: 2413-2425, 2001. 
 
Missal M, and Heinen SJ. Supplementary eye fields stimulation facilitates 
anticipatory pursuit. J Neurophysiol 92: 1257-1262, 2004. 
 
Newsome WT, Wurtz RH, and Komatsu H. Relation of cortical areas MT and MST 
to pursuit eye movements. II. Differentiation of retinal from extraretinal inputs. J 



109 

 

Neurophysiol 60: 604-620, 1988. 
 
Nuding U, Kalla R, Muggleton NG, Buttner U, Walsh V, and Glasauer S. TMS 
evidence for smooth pursuit gain control by the frontal eye fields. Cereb Cortex 19: 
1144-1150, 2009. 
 
Ono S, Das VE, Economides JR, and Mustari MJ. Modeling of smooth pursuit-
related neuronal responses in the DLPN and NRTP of the rhesus macaque. J 
Neurophysiol 93: 108-116, 2005. 
 
Ono S, and Mustari MJ. Smooth pursuit-related information processing in frontal 
eye field neurons that project to the NRTP. Cereb Cortex 19: 1186-1197, 2009. 
 
Pelli DG. The VideoToolbox software for visual psychophysics: transforming 
numbers into movies. Spat Vis 10: 437-442, 1997. 
 
Rashbass C. The relationship between saccadic and smooth tracking eye movements. 
J Physiol 159: 326-338, 1961. 
 
Recanzone GH, and Wurtz RH. Effects of attention on MT and MST neuronal 
activity during pursuit initiation. J Neurophysiol 83: 777-790, 2000. 
 
Recanzone GH, and Wurtz RH. Shift in smooth pursuit initiation and MT and MST 
neuronal activity under different stimulus conditions. J Neurophysiol 82: 1710-1727, 
1999. 
 
Robinson DA, Gordon JL, and Gordon SE. A model of the smooth pursuit eye 
movement system. Biol Cybern 55: 43-57, 1986. 
 
Schall JD, Hanes DP, Thompson KG, and King DJ. Saccade target selection in 
frontal eye field of macaque. I. Visual and premovement activation. J Neurosci 15: 
6905-6918, 1995. 
 
Schlack A, Hoffmann KP, and Bremmer F. Selectivity of macaque ventral 
intraparietal area (area VIP) for smooth pursuit eye movements. J Physiol 551: 551-
561, 2003. 
 
Schwartz JD, and Lisberger SG. Initial tracking conditions modulate the gain of 
visuo-motor transmission for smooth pursuit eye movements in monkeys. Vis 
Neurosci 11: 411-424, 1994. 
 
Shi D, Friedman HR, and Bruce CJ. Deficits in smooth-pursuit eye movements 
after muscimol inactivation within the primate's frontal eye field. J Neurophysiol 80: 
458-464, 1998. 



110 

 

 
Shichinohe N, Akao T, Kurkin S, Fukushima J, Kaneko CR, and Fukushima K. 
Memory and decision making in the frontal cortex during visual motion processing for 
smooth pursuit eye movements. Neuron 62: 717-732, 2009. 
 
Srihasam K, Bullock D, and Grossberg S. Target selection by the frontal cortex 
during coordinated saccadic and smooth pursuit eye movements. J Cogn Neurosci 21: 
1611-1627, 2009. 
 
Tabata H, Miura K, and Kawano K . Anticipatory gain modulation in preparation 
for smooth pursuit eye movements. J Cogn Neurosci 17: 1962-1968, 2005. 
 
Tabata H, Miura K, and Kawano K . Trial-by-trial updating of the gain in 
preparation for smooth pursuit eye movement based on past experience in humans. J 
Neurophysiol 99: 747-758, 2008. 
 
Tabata H, Miura K, Taki M, Matsuura K, and Kawano K . Preparatory gain 
modulation of visuomotor transmission for smooth pursuit eye movements in 
monkeys. J Neurophysiol 96: 3051-3063, 2006. 
 
Takarae Y, Minshew NJ, Luna B, Krisky CM, and Sweeney JA. Pursuit eye 
movement deficits in autism. Brain 127: 2584-2594, 2004. 
 
Tanaka M, and Fukushima K. Neuronal responses related to smooth pursuit eye 
movements in the periarcuate cortical area of monkeys. J Neurophysiol 80: 28-47, 
1998. 
 
Tanaka M, and Lisberger SG. Regulation of the gain of visually guided smooth-
pursuit eye movements by frontal cortex. Nature 409: 191-194, 2001. 
 
Tanaka M, and Lisberger SG. Enhancement of multiple components of pursuit eye 
movement by microstimulation in the arcuate frontal pursuit area in monkeys. J 
Neurophysiol 87: 802-818, 2002a. 
 
Tanaka M, and Lisberger SG. Role of arcuate frontal cortex of monkeys in smooth 
pursuit eye movements. I. Basic response properties to retinal image motion and 
position. J Neurophysiol 87: 2684-2699, 2002b. 
 
Tehovnik EJ, Sommer MA, Chou IH, Slocum WM, and Schiller PH . Eye fields in 
the frontal lobes of primates. Brain Res Brain Res Rev 32: 413-448, 2000. 
 
Thompson KG, Hanes DP, Bichot NP, and Schall JD. Perceptual and motor 
processing stages identified in the activity of macaque frontal eye field neurons during 
visual search. J Neurophysiol 76: 4040-4055, 1996. 



111 

 

 
Tian JR, and Lynch JC. Corticocortical input to the smooth and saccadic eye 
movement subregions of the frontal eye field in Cebus monkeys. J Neurophysiol 76: 
2754-2771, 1996. 
 
Tian JR, and Lynch JC. Slow and saccadic eye movements evoked by 
microstimulation in the supplementary eye field of the cebus monkey. J Neurophysiol 
74: 2204-2210, 1995. 




