s N\ -
7 \, UNIVER%ITE Archive ouverte UNIGE
DE GENEVE https://archive-ouverte.unige.ch

Article scientifique 2021 Published version

This is the published version of the publication, made available in accordance with the publisher’s policy.

Visual selective attention and the control of tracking eye movements: a
critical review

Souto, David; Kerzel, Dirk

How to cite

SOUTO, David, KERZEL, Dirk. Visual selective attention and the control of tracking eye movements: a
critical review. In: Journal of Neurophysiology, 2021, vol. 125, n° 5, p. 1552-1576. doi:
10.1152/jn.00145.2019

This publication URL:  https://archive-ouverte.unige.ch/unige:152156
Publication DOI: 10.1152/jn.00145.2019

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.



https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:152156
https://doi.org/10.1152/jn.00145.2019

JOURNAL OF

Q)
american>U/ NEUROPHYSIOLOGY

physiological
society’

J Neurophysiol 125: 1552-1576, 2021.
First published March 17, 2021; doi:10.1152/jn.00145.2019

| JN

REVIEW

Control of Movement

Visual selective attention and the control of tracking eye movements: a critical
review

David Souto' and Dirk Kerzel?
'Department of Neuroscience, Psychology and Behaviour, University of Leicester, Leicester, United Kingdom and *Faculté de
Psychologie et des Sciences de I'Education, University of Geneva, Geneva, Switzerland

Abstract

People’s eyes are directed at objects of interest with the aim of acquiring visual information. However, processing this information is
constrained in capacity, requiring task-driven and salience-driven attentional mechanisms to select few among the many available
objects. A wealth of behavioral and neurophysiological evidence has demonstrated that visual selection and the motor selection of sac-
cade targets rely on shared mechanisms. This coupling supports the premotor theory of visual attention put forth more than 30 years
ago, postulating visual selection as a necessary stage in motor selection. In this review, we examine to which extent the coupling of vis-
ual and motor selection observed with saccades is replicated during ocular tracking. Ocular tracking combines catch-up saccades and
smooth pursuit to foveate a moving object. We find evidence that ocular tracking requires visual selection of the speed and direction of
the moving target, but the position of the motion signal may not coincide with the position of the pursuit target. Further, visual and
motor selection can be spatially decoupled when pursuit is initiated (open-loop pursuit). We propose that a main function of coupled vis-
ual and motor selection is to serve the coordination of catch-up saccades and pursuit eye movements. A simple race-to-threshold
model is proposed to explain the variable coupling of visual selection during pursuit, catch-up and regular saccades, while generating
testable predictions. We discuss pending issues, such as disentangling visual selection from preattentive visual processing and response
selection, and the pinpointing of visual selection mechanisms, which have begun to be addressed in the neurophysiological literature.

catch-up saccade; premotor theory of attention; smooth pursuit; vision; visual attention

INTRODUCTION

“Vision is knowing what is where by looking” (1)

Tracking eye movements allow for good visibility of
moving targets in human and primate vision. They are
composed of smooth pursuit eye movements (pursuit for
short) and catch-up saccades. The primary goal of pursuit
eye movements is to avoid retinal motion of objects of in-
terest by stabilizing their retinal image. Retinal motion,
resulting from either body or object movement, has
adverse consequences on perception, since a moving reti-
nal image is blurry even at moderate speeds (2, 3). Retinal
motion is also likely to degrade performance on a range
of everyday tasks requiring a high-resolution input, such
as recognizing the faces of walking people, estimating the
trajectory of moving cars, or localizing appropriate grasp-
ing points on a moving object.
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The aim of this review is to examine the coupling between
visual selection and the control of tracking eye movements.
Visual selective attention is an essential brain function
allowing for the selective processing of only part of the over-
whelming amount of visual information. The brain achieves
visual selection through various mechanisms, which are
jointly driven by the goals of the observer (also called top-
down, endogenous, or voluntary control) and the physical
salience of visual stimuli (also called bottom-up or exogenous
control). The main function of visual selection is to gate
access to capacity-limited processes, such as action planning
(e.g., saccades), memory, and consciousness. Visual attention
can also be seen as a limited resource that can be shared
between visual objects, spatial locations, or visual features (4,
5). We need to bear in mind that even within top-down and
bottom-up control modes, the term “selective attention” does
not refer to a unitary mechanism (e.g., 6) and there is no suffi-
ciently clear definition of visual attention to distinguish
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between what belongs to visual selection or to other cognitive
constructs, such a decision-making (7). It is not clear, for
instance, whether a choice bias induced by the presentation
of a cue indicates visual selection or not. Response selection
could take place without changing the nature of visual proc-
essing but still facilitating the access to this information,
which may be called visual selection (6). However, other
authors may consider this nonvisual processing, involving a
decisional stage (4, p. 180).

The question of whether there is an overarching sensori-
motor selection system that directs visual resources and ori-
ents gaze toward the same objects has been the subject of
vigorous investigations over the past 30 years (e.g., 8, 9).
Since we generally look at attended objects for scrutiny, it is
plausible that our brains would have evolved an overarching
selection mechanism for eye movements and the visual in-
formation at the location targeted by the eye movement.
This idea was most prominently expressed in the premotor
theory of attention (10). The theory claims that the orienting
of attention is nothing more than a covert plan for an eye
movement and that no voluntary eye movement is made
without visual selection of the target, commonly referred to
as a shift of attention. Since then, many behavioral and
physiological studies have supported a strong coupling of
visual attention and eye movements. In the now classic
study from Deubel and Schneider (11), observers were unable
to ignore saccade targets for a period of time before and after
saccade execution, indicating an impossibility of diverting
attentional resources from the saccade target. Conversely,
drawing attention away from the target by cuing attention to
the periphery affects saccadic reaction times (10) and their
trajectories (12).

Much of the research concerning the coupling of attention
and eye movements crystallized around testing the premotor
theory with saccadic eye movements. For this reason,
reviews on the topic focused almost exclusively on saccadic
eye movements and left smooth pursuit eye movements
aside (but see 13). The present review attempts to fill this gap
in view of recent behavioral and physiological findings,
offering a counterpoint to what we know from saccadic tar-
get selection. Initially, the pursuit system has at times been
cast as a reflexive movement (14), unfolding without top-
down influence other than the choice of the target to which
it is locked. However, numerous cognitive influences over
pursuit have been uncovered, such as the influence of visual
attention, prediction (15), and reward (16). Similar to sac-
cades, the voluntary execution of smooth pursuit eye move-
ments requires a process to filter out irrelevant information
and gate the visual signals that drive the eye movement.
Even though the idea that pursuit target selection requires
visual selection is uncontroversial, it is not clear by which
mechanisms visual selection is achieved and to which extent
visual and motor selection form a tight couple, or, con-
versely, can be dissociated.

We structure this review by first focusing on behavioral
evidence relating to the coupling of visual selection and
pursuit target selection, separating pursuit initiation and
maintained (or steady-state) pursuit. We will then review
the relevant neurophysiology and propose a simple theo-
retical framework that could account for physiological and
behavioral findings. Specifically, the coupling of top-down
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visual attention to the pursuit target can be understood in
the same way as the coupling of goal-driven visual selec-
tion and saccadic eye movements, except that pursuit can
be initiated based on a smaller amount of sensory evi-
dence. This distinction corresponds to the “two-stage
mechanism” proposed by Erkelens (17) and to the race-to-
threshold model of pursuit and saccade coordination pro-
posed by Liston and Krauzlis (18). We suggest that the cou-
pling in pursuit and saccades is determined by the
evidence needed to reach execution, meaning that the
coupling depends on the balance between salience- and
goal-driven distribution of visual resources (e.g., neurons
that are responsive to the target), and not on a fixed
amount of visual resources. Finally, we will expand on the
“known unknowns” and areas that have been little
explored so far, such as the role of visual attention in the
coordination of slow and fast eye movements that occurs
in natural situations. As will become apparent later, the
complementary role of catch-up saccades and pursuit eye
movements in tracking a target leads us to consider them
jointly in this review.

Elements of Visual Selection

Examining how eye movements relate to visual attention is
made difficult by the variety of tasks that can be used to infer
attentional modulation and also the variety of ways in which
it can operate. There have been recent calls (6), rooted in sig-
nal-detection theory (19), for a distinction between different
forms of visual selection, via changes in sensitivity, and
changes in criterion or bias. When cueing effects are meas-
ured via reaction times, by a detection (yes or no) or discrimi-
nation task (selection of one among two or more stimuli),
performance favoring one response can be explained by deci-
sion-making, rather than an enhanced stimulus representa-
tion. In a yes-or-no task, changes of criterion have similar
effects on hit rate (reporting the target as correctly present)
and false alarm rate (erroneously reporting the target as pres-
ent). Under natural circumstances, and in certain tasks, a shift
in criterion increases performance. For instance, the probabil-
ity of seeing the stimulus to detect can shift response criteria
(e.g., 20). As a result, one is more likely to correctly detect the
presence of a car if one is more eager to respond to stimuli
appearing in the middle of the road than to stimuli appearing
in the sky (21, 22). The same can be observed with reaction
time-measures of attention. People are laxer in responding to
a target presented at a precued location when the cue is pre-
dictive of the target location. This change in criterion will
translate into a speed-accuracy trade-off, such that a button is
being pressed faster but also with more false alarms (e.g., 23).
Conversely, a change in detection sensitivity corresponds to
hit rates changing when false alarms remain the same or
change in the opposite direction. Sensitivity can be increased
by a variety of mechanisms, for instance, by enhancing the
signal, suppressing distractor signals, suppressing internal
noise, or any combination of those (24). Both aspects of visual
selection, choice bias and sensitivity, are important to under-
stand how humans exploit the regularities in the visual envi-
ronment to generate adaptive behavior (21). Those last aspects
(e.g., how do eye movement decisions alter response criteria
in a perceptual task?) have been underresearched in testing
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the premotor theory of attention, in favor of other distinc-
tions, such as endogenous and exogenous visual selection. We
show how those and further distinctions between visual selec-
tion mechanisms pave the way for future progress in specify-
ing the important role of visual selection in tracking eye
movements.

Open-Loop and Steady-State Pursuit

Before detailing how visual attention affects pursuit, we
need to define the main features of pursuit dynamics and
how pursuit is driven by visual stimulation. There are two
distinct phases in smooth pursuit eye movements. Those
two phases can be observed in a ramp paradigm, in which
the target starts moving with a constant velocity (Fig. 1A).
Typically, the first 100 ms of smooth pursuit is open-loop,
meaning that once started, pursuit is not affected by visual
feedback (25, 26). The open-loop phase is characterized by a
constant acceleration to reach the target velocity and typi-
cally ends with a catch-up saccade to foveate the target, as
the distance to the fovea increases over time. After the offset
of the first catch-up saccade, pursuit velocity is enhanced
(26). The ensuing phase is known as the steady-state or
closed-loop phase, as movement is controlled by a negative
visual feedback loop (14). Pursuit in this phase is character-
ized by a velocity slightly slower than the target but well
above the one observed during the open-loop phase. That is,
pursuit gain (eye velocity divided by target velocity) is
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typically around 0.95 or lower (25). Pursuit gain is a simple
way of characterizing pursuit performance but should not be
confused with the gain of the feedback system or internal
gain, which characterizes the strength of the eye movement
response to velocity errors. Catch-up saccades during this
phase have been shown to be triggered preferentially when
the position error of the target relative to the fovea corre-
sponds to a fixed time to reach the target at the current pur-
suit velocity. Therefore, the trigger signal takes into account
target velocity (27), as does the amplitude and direction of
the saccadic eye movement itself (28). In addition to the
open- and closed-loop phases of pursuit, there is a distinct
stopping phase, with pursuit velocity decreasing exponen-
tially (29). We will leave this phase aside, because we know
little about how it relates to visual attention. Earlier studies
showed that the stopping phase is relatively insensitive to
attentional states (30), although it depends strongly on the
expectation that the target will stop (29, 31, 32).

Open and closed-loop pursuit are guided by different
types of motion signals as demonstrated by the pursuit of
oblique bars. When measured by detectors with small recep-
tive fields (such as V1 cells), the motion of an oblique bar
moving horizontally is ambiguous. Local motion informa-
tion incorrectly indicates that the bar is moving orthogonally
to its contour (e.g., 33). As shown in Fig. 1B, pursuit is ini-
tially driven by local motion as it follows the orthogonal
direction first, before motion signals at different locations
along the bar are integrated, including the unambiguous 2D
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Figure 1. A: pursuit and catch-up saccades observed in a ramp paradigm. The first 100 ms of pursuit are open-loop (from the blue to the red arrow). As
the distance to the fovea accumulates, a saccade (catch-up saccade, from the red to the black arrow) is executed to foveate the target. The black arrow
indicates the transition to the steady-state (or closed-loop) phase of pursuit. From that point onward eye velocity is close to the target velocity, typically
following the offset of the saccade. B: in the monkey, when tracking an obliquely oriented line moving horizontally (blue: —45° bar, red: vertical bar,
green: 45° bar), pursuit initially follows a direction orthogonal (or perpendicular) to the orientation of the target bar, then its true horizontal direction of
motion [gray arrow; adapted from Pack and Born (34)]. C: illustration of pursuit in the presence two stimuli moving in orthogonal directions. Open-loop
pursuit tends to follow the average of motion vectors up to the first catch-up saccade (open dot). At this point pursuit becomes selective to the target
direction. We show two conditions in which either the horizontal (blue) or vertical (red) motion is the target. In the inset, the shaded plane indicates an
eye rotation that would be exclusively selective to either the blue or red target. The black arrow indicates the vector average.
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motion at the bar edge. At this point, pursuit tracks the
global motion direction (34). An initial local response has
also been shown with ocular following a reflexive eye move-
ment in response to a large moving stimulus, which may rely
on neural computations similar to those used in the initia-
tion of pursuit (35, 36). This computational stage seems im-
pervious to cognitive factors, such as prior knowledge about
the real target direction (37).

A further distinction between open and closed-loop pursuit
phases, which may be related to stages in motion integration,
is that they are driven differently by first- and second-order
motion. Open-loop pursuit is driven by first-order motion sig-
nals (i.e., a pattern defined by luminance), whereas closed-
loop pursuit can be driven by second-order motion signals,
where motion is not defined by luminance, such as when
motion is carried by a moving change in contrast (38).
Further, intersubject variability in perceptual discrimination
of second-order motion is correlated with the closed-loop
phase of pursuit eye movements, whereas perceptual discrim-
ination of first-order motion is correlated with the open-loop
phase of pursuit eye movements, which confirms the dissoci-
ation of open-loop and closed-loop phases (39).

The fact that different motion signals drive pursuit differently
would suggest that the open-loop stage is a preattentive stage
driven by early motion signals, or at least that this phase is rela-
tively insensitive to top-down attention or other cognitive fac-
tors. This could be a consequence of the time it takes to allocate
attention (e.g., 40). In a ramp paradigm, with unpredictable
movement direction, the open-loop stage may operate at a pre-
attentive stage because it takes time to bring visual attention on
the target motion. Although there is no consensual way to esti-
mate the speed of voluntary and exogenous shifts of attention,
estimates are in general commensurate with the idea that pur-
suit starts before attention is fully allocated to the target. For
instance, effects of exogenous cues peak at ~150 ms post cue
(41-45), whereas open-loop pursuit starts earlier, at around 100
ms. Consistently, whereas first-order motion processing can be
preattentive, second-order motion is believed to involve atten-
tional tracking of moving features (46, 47), such as a luminance
contrast edge, thereby suggesting that steady-state pursuit
requires attentional tracking, unlike open-loop pursuit.

In the next section, we will review more direct evidence
from behavioral studies investigating the role of attention in
selecting the pursuit target, by focusing first on pursuit ini-
tiation (open-loop and beginning of steady-state) and then
on the steady-state phase. We then address investigations on
the allocation of attention during steady-state pursuit in
some depth because they raised a number of unresolved
issues, such as whether target size affects the coupling of
resources to the moving target, whether the coupling is
asymmetric along the pursuit direction, and to what extent
we can tell apart response biases, nonattentional changes in
visual processing during pursuit, and modulations of visual
processing by attention.

PURSUIT INITIATION: VECTOR-AVERAGING
AND DUAL-TASK EXPERIMENTS
One way of ascertaining the role of voluntary attention in

the control of pursuit is by analyzing target choice (i.e., the
observed motor selection) in the presence of competing
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motion signals. Target choice is indicative of voluntary (en-
dogenous) attentive selection if a target is selected based on
a predefined feature (e.g., color or location) while an equiva-
lently salient distractor is ignored. When the target does not
differ from the distractor in its bottom-up ability to drive
pursuit (e.g., because of similar luminance contrast), target
choice needs to be based on a top-down signal that may
“bias” the competition between potential targets. A second
way to ascertain the role of attention in pursuit control is to
investigate dual-task performance when performing a per-
ceptual task while pursuing a target in the presence or ab-
sence of distractors.

Vector Average and Winner-Take-All Behavior

The contribution of visual attention to pursuit target selec-
tion has been extensively studied in situations during which
the subject is rewarded (monkey) or instructed (human) to
pursue one of two stimuli moving at the same speed but in
different directions (48-53). In the monkey, faced with stim-
uli moving in orthogonal directions, pursuit follows the vec-
tor average direction during the open-loop phase, as shown
in Fig. 1C, and becomes selective to the target, the so-called
winner-take-all response, within the start of the closed-loop
phase (50). When moving in opposite directions, the compe-
tition results in a delayed pursuit latency (48). In line with
the postsaccadic enhancement of pursuit velocity observed
when using a ramp paradigm, winner-takes-all responses are
more apparent after the initial saccade (see also 54). Ferrera
and Lisberger (48) proposed a model of pursuit target selec-
tion based on the biased competition model of Desimone
and Duncan (55) to explain the time-varying vector averag-
ing behavior, going from vector averaging to winner-take-all
target choice. In the biased competition model, visual atten-
tion is an emergent property of a competition between neu-
ral object representations. That is, when searching for an
object, the enhancement of task-relevant information and
the suppression of task-irrelevant information is the out-
come of an evolving competition for representation between
target and distractor objects. This model was proposed to
stand in contrast to the notion of visual attention as a virtual
spotlight, which would increase the visibility of the objects
to which it is pointed, or which, in neural terms, would be
the mechanism by which relevant representations are
directly selected. Instead, the top-down signals originating
in frontal cortical areas (the search template; 55) or bottom-
up signals participate in biasing the outcome of the competi-
tion for representation based on any combination of target
features (motion, color, direction), which ultimately leads to
visual selection. In Ferrera and Lisberger’s (48) simple
instantiation of this model (a four-unit network), neurons
representing the target or distractor motion are mutually
inhibited. The effect of endogenous cues is to strengthen the
representation of the target, amounting to selection by signal
enhancement, but it is the self-reinforcing network dynam-
ics that reproduce the time-course of vector-averaging and
winner-tasks-all selection. Thus, selection is a by-product of
a top-down signal but not its direct consequence.

In the biased competition model of pursuit target
choice, any target feature can bias the competition for
neural representation. Therefore, motion signals have no
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privileged status. The prediction was in part borne out as a
variety of different cues can be effective in biasing the ini-
tial vector average response toward the designated target.
Garbutt and Lisberger (56) showed that directional cues
are effective in biasing target choices, without an explicit
instruction to pay attention to a given direction. Similarly,
in human observers, precueing the target location can also
bias the vector competition to some extent (57), as does
cueing by shape or color (52, 57). As predicted by the bi-
ased competition theory, initial biases are unable to
resolve the competition by themselves. Cueing expetri-
ments are consistent with this idea and suggest a manda-
tory averaging stage, with top-down and exogenous cues
shifting the weights of target and distractor signals. One
could argue that if the suggested dynamics of visual atten-
tion (as inferred from the time course of perceptual selec-
tion, for instance) explain vector averaging, then we
should also see winner-takes-all responses from the start
of pursuit whenever we are given sufficient time to visu-
ally select the target. On the other hand, averaging behav-
ior despite pre-cueing target direction could be related to
exogenous capture of attention by the motion onset of the
distractor. We will show in the next section that in human
observers, pursuit can indeed be selective from the start if
the target is given sufficient priority (58).

A salient aspect of winner-takes-all behavior in ramp para-
digms is that target selection starts by a catch-up saccade.
This finding led to the idea that the saccade target selection
itself controls pursuit target selection. The strongest evi-
dence for a role of saccades in determining selection is based
on microstimulation studies (54, 59), where pursuit target
selection is solved by triggering a saccade to the target, and
the postsaccadic enhancement of visuomotor gain, observed
with a single moving object (26). These observations were
taken to reflect a form of “motor attention,” where the sac-
cade dictates spatial selection of the pursuit target (60).
However, not only can winner-take-all selection occur in the
absence of a catch-up saccade, but pursuit and saccade
choices are coordinated even before the execution of the sac-
cade, meaning that the pursuit target choice is gradually bi-
ased toward the saccade target choice even before saccade
execution (18). These findings are compatible with the idea
that visual attention is the spatial selection mechanism that
coordinates target choices (18). As we will argue later (cf. A
MODEL FOR VISUAL AND EYE MOVEMENT SELECTION), the apparent
causal implication of saccades on pursuit target selection
could be a consequence of both saccade execution and
steady-state (winner-take-all) pursuit depending on visual
selection of the target representation.

Dual-Task Experiments

The use of dual tasks to infer attentional demands has a
relatively long history. It is based on the premise that the
deterioration of performance in a primary task while carry-
ing out a secondary task can tell us about how sensitive the
primary task is to attentional resource allocation (61). An
early use of the technique by Jeannette Welch (62) involved
measuring the fluctuations in the force with which we can
pull the handle of a dynamometer. The amount of force
applied was reduced by concurrent mental tasks, depending

1556

on how taxing they were. For instance, the task of multiply-
ing two-digit numbers was one of the most disruptive.

In the context of visual attention, dual-task paradigms
have been employed to ask whether different visual tasks
use the same pool of attentional resources (e.g., 5) and to
estimate to what extent attention can be drawn away from
one task without altering performance (63, 64, 65).

We have used a dual task to uncover the dynamics of vis-
ual attention during open-loop and steady-state pursuit (66,
67). Figure 2A shows the time-course of a trial in an experi-
ment testing pursuit initiation with a ramp paradigm.
Observers were asked to pursue a dot while a central (endog-
enous) or peripheral (exogenous) cue indicated the presenta-
tion of a stimulus in the periphery that had to be attended
(67). Our reasoning was that shifts of attention to the periph-
ery should affect pursuit latency and gain if the movement
relies on visual attention. Figure 2B shows that the initiation
of pursuit was independent of whether the movement
started when attention was shifted to the peripheral target or
not. In contrast, catch-up saccade latencies were substan-
tially prolonged when attention was shifted to the perceptual
target. In another version, we used a step-ramp paradigm,
meaning that the target stepped sideways before moving to-
ward the location of the initial fixation point, which strongly
reduces the probability of having an initial catch-up saccade
(Fig. 2C). We found again that the initiation of steady-state
smooth pursuit was delayed by the dual task (the pursuit
gain was reduced), whereas pursuit initiation and the accel-
eration observed during the open-loop phase were not.
Further, a reduction in gain at critical asynchronies was only
observed when the perceptual target did not move with the
pursuit target. When all stimuli moved in the same direction,
the effect was much reduced, as shown in Fig. 2, B and C.
Therefore, attentional selection of the correct motion signal
is not necessarily constrained to the location of the pursuit
target, provided that there is no conflict between motion sig-
nals relevant to both pursuit and perceptual tasks.

Earlier studies in which the effects of attention were meas-
ured by manual reaction times to peripheral targets suggest
that more attention is allocated during a time period corre-
sponding to pursuit onset and offset (68, 69). In those experi-
ments, observers had to press a key on presentation of a
probe stimulus presented in addition to the pursuit target.
Reaction times were shorter to probes ahead of the pursuit
target compared with its wake (cf. The Distribution of
Attention around the Pursuit Target) and longer in onset and
offset time periods compared with the steady-state phase,
which was taken to indicate higher attentional demands dur-
ing pursuit onset and offset. However, the pursuit target
onset and offset itself competed for attention with the con-
current presentation of the probe stimulus, which could
have led to overestimating the contribution of attention dur-
ing onset and stopping compared with steady-state pursuit,
where target onset or offset were absent.

In a follow-up study, observers were able to allocate atten-
tional resources flexibly, depending on instructions to priori-
tize one task over the other. We displayed two oriented
gratings moving in opposite directions. One of the gratings
was pursued and the orientation of either the pursued gra-
ting or the nonpursued grating had to be discriminated (58).
When the nonpursued grating had to be discriminated,
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Figure 2. A: illustration of the dual-task paradigm used by Souto and Kerzel (67). The observer engages either in a single pursuit task or in a dual task where a
stimulus presented at a precued location must be discriminated at the same time. The cue-target onset asynchrony (SOA) is varied. Some SOAs allow enough
time to allocate visual resources to the periphery. Attention is summoned by endogenous cues (a missing bar in a plus sign presented at fixation) or exoge-
nous cues (a darkening of a ring surrounding a placeholder in the periphery). B: average latencies of pursuit (bottom) and catch-up saccades (top) in a ramp
paradigmn (n = 8 subjects). There is a significant delay in the latencies of catch-up saccades at intermediate SOAs but not for pursuit latency. C: pursuit velocity
in a step-ramp paradigm for different SOAs, in the absence of catch-up saccades (n = 7 subjects). A—C are adapted from Souto and Kerzel (67).

average pursuit latency reflected the distribution of resour-
ces, so that latencies increased with increasing attention to
the discrimination task (58). Importantly, we could also test
whether attentional resources were allocated to one task at a
time, which is referred to as the “switch” model, or whether
those resources were truly shared between tasks. The switch
model applies to perception of briefly displayed letters at
two different scales, where performance at one scale is
traded for performance at the other scale, showing that only
one scale can be attended at a time. In that case, the trade-
off in performance between tasks is based on the number of
trials one pays attention to one of the scales (5). In contrast, a
hallmark of the resource sharing model is that errors or cor-
rect responses in one task are not predictive of errors or cor-
rect responses in the other, because on every block of trials
there is a set amount of attentional resources for either task.
To test the model with an oculomotor and perceptual task,
we used pursuit latencies longer than the median and
shorter than the median as an indicator of success and
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failure in the oculomotor task. In both cases, our results were
compatible with resource sharing and not a switch model
(58, 67), emphasizing that humans are able to flexibly share
attentional resources among the competing motion signals
to control pursuit initiation.

To sum up, the analysis of pursuit initiation indicates that
1) pursuit latency and acceleration is mostly unaffected by
endogenous or exogenous shifts of visual attention, 2) the
beginning of steady-state pursuit and catch-up saccades are
affected by those shifts but less so when paying attention to
stimuli that move with the pursuit target, and 3) there is flex-
ible resource allocation controlling target selection by volun-
tarily changing task priority (58).

STEADY-STATE PURSUIT: DUAL-TASK
EXPERIMENTS

Focusing on the steady-state phase of pursuit, early stud-
ies have shown that visual attention is needed to support
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Figure 3. Effect of performing a peripheral perceptual task on pursuit gain during steady-state pursuit. Top and bottom contrast the effects of attending
perceptual targets that moved with the pursuit target or were static in world coordinates (i.e., moving relative to the pursuit target and thereby generating
retinal motion). Insets in the bottomright corner of each panel indicate stimulus configuration. A small triangle straddling the x-axis indicates when the tar-
get letter was presented. Error bars indicate between-subjects SE (n = 6 subjects). Adapted from Kerzel et al. (66). w.r.t., with respect to.

steady-state pursuit over structured backgrounds or with dis-
tractors moving apart from the target. In the classical dual-
task study of Khurana and Kowler (70), attention was shown
to be narrowly allocated to an object’s motion. Their experi-
ment emphasized selection by speed, not location, because
observers had to track interleaved strips of letters. Observers
were asked to pursue two rows of letters moving horizontally
with the same velocity (as slow as 0.4, 0.6, and 1.6°/s), while
two other rows were moving at a different velocity. Velocity
differences were very small and the whole display subtended
only a few degrees of visual angle. However, there was a clear
trade-off between tracking a strip and detecting letter changes
in the untracked strip, indicating the interdependence of tar-
get selection for pursuit and perception. Additional analysis
showed that the trade-off was independent of the retinal
speed of the perceptual target. Kowler et al. (71) also demon-
strated the selectivity of steady-state pursuit as observers
showed a near perfect ability to select the appropriate target
when pursuing a cloud of dots moving very slowly over an
equivalently salient and moving background.

We investigated the trade-off between pursuit and percep-
tion further by drawing attention away from the pursuit tar-
get during steady-state pursuit (66). The results in Fig. 3
show that pursuit gain was only affected in some conditions.
Consistent with what we observed at the transition between
open-loop and steady-state phases (67), pursuit was mostly
affected when there was relative retinal motion between
cue and target. When the peripheral and pursuit targets
moved in concert the effects were much weaker, whether
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the supplementary task involved perceptual discrimina-
tion (shown in Fig. 3) or speeded reaction times, and
whether the cue was exogenous (Fig. 3, left) or endogenous
(right). The reaction time task had less influence on pur-
suit gain than a perceptual task, but it is not clear that suc-
cess in that task required a shift of attention away from the
pursuit target. Therefore, we confirmed that attention is
required in the direction of pursuit but is not necessarily
coupled in space, as it is possible to shift attention to con-
gruent motion signals at little cost in pursuit performance,
confirming our earlier conclusions regarding the end of
the closed-loop and start of the steady-state phase.

A smaller trade-off between pursuit and perception,
depending on the task, was found when flashing perceptual
targets during pursuit, thus reducing if not eliminating con-
flicting motion signals (72). We flashed a small grating in the
periphery during pursuit and asked observers to discrimi-
nate its orientation. Importantly, observers had instructions
to either prioritize pursuit or discrimination of the flashed
perceptual target. Prioritizing the perceptual task over the
pursuit task had little effect on perceptual performance but
strongly decreased pursuit gain. In another version, observ-
ers were additionally required to discriminate the orienta-
tion of the pursuit target as an index of attention to the
pursuit target. As expected, when the peripheral flash had
priority, both perceptual discrimination of the pursuit target
and pursuit gain decreased (72). This set of experiments indi-
cates that there can be large effects of peripheral and local-
ized transients on pursuit performance even when no
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conflicting motion signals are present. However, interfer-
ence from flashes is determined by top-down priority.

We have seen repeatedly that shifting attention away from
the pursuit target only compromises pursuit performance
when there is relative motion between the pursuit target and
objects that are attentively tracked. We have also asked
whether ongoing pursuit eye movements are affected by the
allocation of feature attention to peripheral motion (73).
Feature attention refers to our ability to select visual informa-
tion based on specific features independently of spatial
location. We tested whether feature attention can gate invol-
untary ocular tracking in the direction of the attended
motion. The task was to pursue a dot horizontally while dis-
criminating between subtle changes in the vertical trajectory
of a field of randomly distributed dots (73). The dual-task par-
adigm is shown in Fig. 4, A-D. We balanced an upward and
downward pulse of motion during horizontal pursuit (Fig.
4A), such that any involuntary responses to large-field motion
(ocular following) would be cancelled out in the average
to reveal the effect of voluntary attention. The explicit
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instruction to attend to the dots of a particular color resulted
in ocular following in the attended direction under some con-
ditions (Fig. 4, B-D). Only the combination of motion direc-
tion and color cues indicating the background motion to
attend were able to drive ocular following in the attended
direction. One possible interpretation, consistent with our
findings on pursuit initiation, is that feature attention cannot
be allocated to a motion direction different from the pursuit
target unless the conflicting motion signals share another dis-
tinctive feature, such as color, which allows for feature atten-
tion to be allocated in a voluntary fashion. The coupling of
feature attention to the pursued target could contribute to
perceptually group objects moving in the same direction (74).
This is consistent with the possibility of paying attention to
peripheral objects moving with the pursuit target. Those
attention shifts could be supported by feature attention
(attention being allocated based on a feature, such as motion
direction) and spatial attention (attention being allocated
based on stimulus location). An analysis of the trial-by-trial
responses confirmed that the ocular following response
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Figure 4. A: the display was composed of a pursuit target and two clouds of red and green dots moving in the same horizontal direction. For 200 ms, a verti-
cal component was added to the motion of the background dots. Half moved up whereas the other half moved down. In a dual task condition (attention condi-
tion), observers had to discriminate a small change in the direction of motion of a predesignated group of dots. In the control condition, they had to ignore the
background dots. B: the left shows horizontal and vertical eye movement velocity with respect to (w.r.t.) the onset of the pursuit target. In one observer, we
can see the average vertical response in the direction of background motion when upward (gray line) or downward motion (black line) was attended. The right
shows the average eye movement velocity (thick line, n = 13 subjects) in the direction of the attended vertical motion, with respect to the onset of vertical back-
ground motion, when subtracting upward and downward conditions (U, upward; D, downward). Eye movements are mirrored so that an eye movement in the
attended direction is always shown as upward. Thin lines represent each observer’s average. C: eye movements in the vertical direction in four conditions, as
designated by insets. The motion to attend could either be designated by the color and motion direction of the dots (upper left, n = 13 subjects), motion direc-
tion (upper right, n =13 subjects), or color alone (lower right, n = 8 subjects). In one condition, there were no distractor dots (lower left, n = 15 subjects). D: the
peak response to vertical motion was averaged for every trial across observers when cued by motion direction and color (upper left condition in C), showing
that observers could select target features from the start, with no noticeable effect of trial number. A—D are adapted from Souto and Kerzel (73).
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resulted from a voluntary shift of feature-attention gating
motion signals and not from the buildup of priming across tri-
als (75). Indeed, trial-by-trial analysis showed significant ocu-
lar following from the first trial onward, as visible in Fig. 4D.

To sum up, during steady-state pursuit, 1) attention is closely
coupled to the target velocity, although some of the attentional
resources may be freed without an oculomotor cost. 2) There is
flexibility in the spatial allocation of attention, which is con-
sistent with the idea that motion signals provide the main drive
to the pursuit system (e.g., 76). 3) Feature attention can be allo-
cated to nontarget signals, as indicated by the gating of ocular
following responses orthogonal to the direction of the pursuit
target, but feature attention may not be allocated based on con-
flicting motion directions alone.

Pursuit of Small and Extended Objects

Most studies on the role of attention in pursuit have
involved the pursuit of small stimuli, typically extending no
more than a degree of visual angle. Investigating extended
stimuli may bring us closer to natural conditions, where it is
rare to track small targets, such as the proverbial dot on a
black screen. In nature, tracked objects are formed of differ-
ent features, which requires integration across space (33).
Pursuing these objects requires an element of perceptual
grouping (77), which may be supported by feature and spa-
tial attention.

We know that attention to the pursuit target is not a fixed
quantity with extended stimuli but depends on the top-
down control of visual attention. Madelain et al. (78) showed
elegantly how the size of the stimulus we attend to can affect
the programming of catch-up saccades by using stimuli
made up of concentric rings. Observers paid attention to the
larger or smaller ring during pursuit while the target stepped
or sped up during pursuit. When attending to the big ring,
bigger perturbations of target motion were tolerated before
triggering catch-up saccades, suggesting that tracking preci-
sion is adjusted to the size of the attentional window.

Tracking an extended object through an occluder (e.g., an
animal through foliage) requires grouping of image points by
shared visual features. For instance, participants are able to
pursue an integrated motion signal in a random-dot-kinema-
togram (79). Remarkably, Jin et al. (80) investigated a multi-
ple-object-tracking task and found that observers can pursue
even a small number of dots as one integrated group.
Moreover, they suggested that attentional resources are not
bound to a particular dot direction, which contrasts strongly
with the above conclusion that it is difficult to pay attention
to objects moving relative to the pursuit target without cost
(66,70, 72).

Possibly, elements in a multiple-object-tracking task can
be tracked as a single deforming entity (81) as indicated by
the fact observers tend to pursue the centroid of the chang-
ing configuration (82, 83). In any case, this shows that we
need to go beyond the single dot situation and consider the
integration of motion signals for the guidance of pursuit.
Therefore, our assumption that attention is coupled to the
direction of motion may need to be updated to consider
whether the elements that are attended cohere to be consid-
ered as a single entity, with a global direction or not (33).
However, it remains to be tested whether perceptual
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grouping is required to attend conflicting motion signals
during pursuit with no oculomotor cost.

Another line of evidence was taken to suggest that the size
of the stimulus has an impact on the amount of visual
resources that can be freed from the pursuit target, which
again could question the extent to which conclusions drawn
from using impoverished stimuli transfer to more natural sit-
uations. The presence of background motion (a random-dot-
kinematogram) in the same direction as a pursuit target was
shown to improve pursuit performance by reducing the num-
ber of catch-up saccades, to improve the ability to discrimi-
nate parafoveal targets (moving with the pursuit target) and
to reduce saccadic reaction times toward those targets (76, 79,
84). Although this pattern of results indicates that attentional
resources can be freed to process the concurrent target, we
will argue below (cf. A MODEL FOR VISUAL AND EYE MOVEMENT
SELECTION) that the change in attentional demands is not nec-
essarily indicative of a difference in attentional control when
tracking small or large targets but is a consequence of an
increase in the salience of the motion signal driving pursuit
(through a change in size, luminance contrast, etc.), liberating
attentional resources.

To sum up, the pursuit system can track the configura-
tion of independently moving dots or individual dots
alike, which indicates the importance of grouping mecha-
nisms in determining the pursuit target. Extended targets
may also free visual resources by boosting the driving sig-
nal (79).

The Distribution of Attention around the Pursuit Target

Thus far, we have reviewed the attentional requisites for
performing pursuit eye movements. Many studies have also
attempted to investigate how attention is naturally distrib-
uted during steady-state pursuit by probing perceptual or
detection performance around the target location. This line
of inquiry outlines the significant challenge of partialing out
the influence of the secondary task on the strategic distribu-
tion of attention but also the difficulty in specifically attrib-
uting effects to visual attention. The use of different
paradigms and measures lead to different conclusions, and
we suggest that this could have something to do with using
perceptual and reaction time measures as indices of visual
selection.

It was first suggested by Van Donkelaar (69) that visual
attention is asymmetrically allocated during pursuit, with
more resources being allocated ahead of the target (68, 69,
85). This hypothesis was backed up by shortened latencies of
manual responses to probe stimuli flashed ahead of the pur-
suit target compared with probes flashed behind the pursuit
target, or probes flashed during fixation. Probes presented at
the pursuit target location and 1-2 degrees of visual angle (°)
ahead of the pursuit target led to similar reaction times (68).
These data could indicate that attention is biased ahead of
the pursuit target, at least for 10 and 15°/s pursuit target
speeds. One may wonder what advantage could be derived
from shifting attention in the pursuit direction, presumably
removing visual resources off the target. The strategy would
be broadly consistent with studies on saccades, where a pre-
emptive shift of visual attention to future retinal target loca-
tions is observed (86), which has been related to the spatial
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remapping occurring in some cells of the parietal cortex (87).
The shift of spatial attention could benefit the remapping of
receptive fields during saccades and pursuit, thereby con-
tributing to visual stability (88).

Nonetheless, if attention is asymmetrically distributed
during pursuit, perceptual discrimination should be shifted
in the same way. However, data from Watamaniuk and
Heinen (89) and Lovejoy et al. (90) indicate that this is not
the case. In their experiments, observers tracked a strip of
letters and showed perfectly symmetric perceptual perform-
ance around the pursuit target (see Fig. 5A), which stands in
strong contradiction to claims from studies using reaction
times. One interpretation is that extended stimuli require a
different distribution of visual attention. Another is that
reaction time-measures of attention are indicative of deci-
sion-making rather than the distribution of attentional
resources. Next, we try to unpack evidence for either of those
accounts.
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Although reaction times are often interpreted within an
attentional framework, they do not have a straightforward
interpretation. To corroborate the hypothesis that attention
is shifted ahead of pursuit, Van Donkelaar and Drew (68) an-
alyzed the manual reaction time distributions. According to
the LATER model (e.g., 91), differences in latency could be
explained by differences in the rate of accrual of evidence
(race-to-threshold) rather than a difference in execution
threshold. However, the decision to respond is also depend-
ent on postsensory factors. Indeed, when a target is well
above the visual detection threshold, manual and saccadic
reaction times are mostly determined by postsensory stages
(92). To put it clearly, when a target is well above detection
threshold, a difference in contrast adds a rather insignificant
amount of sensory processing time as estimated by reaction
times (<5ms). If the effect of cuing is to speed up reaction
times by 50 ms, then it would be unreasonable to ascribe the
effect to the modulation of sensory signals by visual
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Figure 5. Is visual attention biased ahead of pursuit? A: Lovejoy et al. (90) asked observers to fixate the center of an array of placeholders. The probe was a
briefly displayed letter at one of 13 locations. Perceptual performance in recognizing the letter is shown while pursuing a target moving at 16 or —16°/s (top
and bottom, respectively, n = 9 subjects), or while fixating (middle). Adapted from Lovejoy et al. (90). B: Khan et al. (100) asked observers to execute a sac-
cade toward a flashed target during pursuit eye movements. Saccadic reaction times (RT, left, n = 8 subjects) and manual reaction times (right, n = 7 sub-
jects) in the pursuit condition compared with a fixation condition. Positive numbers indicate ipsiversive (i.e., in the direction of pursuit) peripheral targets, as
shown in insets, whereas negative numbers indicate contraversive peripheral targets. The red area indicates prolonged reaction times during pursuit and
the green area indicates reduced reaction times. Adapted from Khan et al. (100). C: stimulus used in experiment 2 of Chen et al. (112). Observers had to pur-
sue the center disk. The surrounding checkerboards define different areas, including a wedge ahead or behind pursuit divided in two areas centered at
1.5° and 3.5°. D shows the amplitude of the response to the checkerboards extracted from the SSVP signal (see text) during pursuit and fixation for the
checkerboards ahead of pursuit and behind (n =12 subjects). C and D are adapted from Chen et al. (112). SSVP, steady-state visually evoked potential.
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attention. Rather, the effect should be ascribed to decision-
making (4, 22). Previous studies also indicated that reaction
times can be sped up by exogenous cues without facilitating
perception, indicating a choice bias in the absence of a
change in sensitivity (93). Both effects may be deemed atten-
tional but only one is related to the change in visual process-
ing that is observed with discrimination tasks. Differences in
reaction times may be caused by sensory, motor, attentional
factors or their interaction (94). Therefore, we cannot take
for granted that the bias in reaction times observed during
pursuit implicates visual attention, at least not only.

The initial observation that saccadic reaction times are
asymmetric during smooth pursuit eye movements is very
robust and has been observed in a variety of conditions (95—
105). The appeal of Van Donkelaar’s proposal—that the
asymmetries in reaction times reflects attention being biased
ahead of the pursuit target—could have masked a more
prominent feature in these data. The fact that latencies are
prolonged opposite to the target direction compared with fix-
ation (99) could have a different origin, such as the suppres-
sion of reafferent motion signals during pursuit (33, 106,
107), that is, the retinal motion signals that are the result of
pursuit and not motion in the world. The most comprehen-
sive data set documenting saccadic reaction times during
pursuit is provided by Khan et al. (100). As summarized in
Fig. 5B, saccadic reaction times are shorter over the whole
ipsiversive hemifield (in the direction of pursuit) than for the
contraversive visual field (opposite to the pursuit direction).
Right ahead of the target, reaction times are prolonged, not
shortened, which can be explained by responses merging
into the population of catch-up saccades (which are not trig-
gered by the same signals as normal saccades; 27). More
importantly, saccadic reaction times are not shorter for tar-
gets ahead of pursuit compared with fixation. Rather, sacca-
dic reaction times are longer for targets behind the pursuit
target. Therefore, the pattern of a result is a suppression of
saccadic reaction times in the reafferent direction on top of
overall suppression compared with fixation.

Further evidence suggesting that visual attention is biased
ahead of pursuit relied on manual reaction times (100).
Relative to fixation, we see again an advantage for the ipsi-
versive over the contraversive hemifield. In that respect, the
pattern is similar to the one observed with saccadic
responses (Fig. 5B). However, manual reaction times show
facilitation relative to fixation for the ipsiversive hemifield.
The scale of the ipsiversive advantage over contraversive
advantage is also at odds between response modalities: it is
of ~5ms for manual reaction times and ~20 ms for saccades.
If the advantage for ipsiversive targets were due to a com-
mon sensory processing stage modulated by visual attention,
then we should expect a similar delay in manual and sacca-
dic responses. Actually, while fixating, Malienko et al. (108)
report exogenous cueing effects (about a 10 ms reduction in
RTs) in the same order of magnitude for manual and sacca-
dic responses, confirming a common attentional benefit
with either response mode. One anonymous reviewer argued
that if we subtracted dual-task costs (i.e., the overall differ-
ence between pursuit and fixation tasks), we would see facili-
tation ahead of pursuit in saccadic and manual tasks.
However, we would need to make the extra assumption that
dual-task costs are higher in saccadic RTs compared with
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manual RTs, for which evidence is missing. Therefore, we
may interpret the findings in different ways, among the
options, there could be an overall suppression of visual proc-
essing in any direction, but with stimuli ahead of pursuit
benefitting from more attentional resources. Or there could
be an overall suppression, but with stimuli opposite to pur-
suit receiving more suppression.

However, if it is not visual attention, then what is it that
explains faster RTs in the direction of pursuit? As we have
seen above, quantitative predictions indicate that those
interpretations are only partially compatible with the data.
Considering perceptual and response asymmetries during
pursuit eye movements under the umbrella of attentional
allocation can conceal the fact that vision during pursuit is
not the same as during fixation (e.g., 109, 110). For instance,
color discrimination is enhanced during pursuit compared
with fixation (109), without visual attention having an
obvious role. In the same vein, motor coordination may be
facilitated in the pursuit direction or suppressed opposite to
its direction without involving an attentional mechanism.
Harrison et al. (111) sought to disentangle visual from atten-
tional processes by using a crowding paradigm. Crowding is
an impairment in the ability to recognize a visual target in
the presence of surrounding elements (e.g., a letter flanked
by other letters). The main finding was that crowding was
stronger, as indexed by critical spacing (distance from
flankers at which perception is impaired), for patterns in the
contraversive hemifield compared with fixation and patterns
in the ipsiversive hemifield. Knowledge about where the tar-
get would appear did not alter performance, suggesting that
this asymmetry in crowding is insensitive to the endogenous
orienting of attention. Whether we consider crowding to be
an attentional phenomenon or not, this effect would indicate
a reduced ability to resolve detail opposite to pursuit com-
pared with fixation, and not an enhancement ahead of the
target.

A further complication of the dual-task experiments
seeking to evaluate the distribution of attention while pur-
suing a target is that we cannot exclude the influence of
the secondary perceptual task on how attention is distrib-
uted. Chen et al. (112) avoided this problem, by measuring
steady-state visually evoked potentials (SSVP) during pur-
suit. The method involved the presentation of visual pat-
terns around the pursuit target flickering at different rates
(shown in Fig. 5, C and D) to extract cortical responses to
different parts of the visual field. Checkerboard patterns
ahead and behind the pursuit target could be tagged with
different flicker frequencies, allowing one to infer asym-
metries in visual processing around the pursuit target.
Figure 5D shows larger potentials ahead of pursuit, which
is consistent with the idea that attention is allocated pref-
erentially ahead of the target. However, they also show
that the SSVP signal is overall of smaller amplitude com-
pared with fixation. Consistent with the saccadic reaction
time results, a prominent feature of the results is the sup-
pression of visual processing during pursuit relative to fix-
ation, selectively sparing patterns centered at 1.5 degrees
of visual angle in the ipsiversive hemifield. The suppres-
sion of the contraversive hemifield may be accounted for
by the same factors that cause the crowding asymmetry
observed by Harrison et al. (111). If true, a testable
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prediction is that this asymmetry should depend on the
pattern scale, which determines whether crowding occurs.

To sum up, there are still several pending questions
regarding the distribution of attention during pursuit.
Reaction times and neural responses to stimuli presented in
the contraversive hemifield during pursuit are suppressed
compared with those presented in the ipsiversive hemifield
and compared with fixation. It is not clear whether this effect
results from the modulation of visual processing by visual
attention or not. The studies that have used perceptual tasks
showed perfectly symmetrical performance (89, 90), despite
evidence that visual processing is asymmetric in the direc-
tion of pursuit, affecting our ability to resolve detail behind
the pursuit target, as shown by crowding performance (111).
Further research should seek to determine whether percep-
tual asymmetries reflect visual processes, their modulation
by visual attention mechanisms, or both. This would allow
telling apart rival interpretations, one proposing that atten-
tion is ahead of pursuit and thus benefits performance and
another one which would account for asymmetries through
the suppression of reafferent visual signals, which are over-
whelmingly opposite to the pursuit direction.

THE NEUROPHYSIOLOGY OF SELECTIVE
ATTENTION AND TRACKING EYE
MOVEMENTS

Imaging studies in humans and single-cell neurophysiol-
ogy in monkeys have shown a large degree of overlap in the
activity elicited by saccades and endogenous shifts of atten-
tion, suggesting shared control via a fronto-parietal cortical
network (113, 114) and a subcortical attentional network (for
a review, 115), which may respectively contribute to visual
selection by integrating top-down signals and computing
physical saliency (116, 117). Although the frontal eye fields
(FEF) may have a role in enhancing visual signals during vol-
untary pursuit and saccadic eye movements via projections
to extrastriate cortical visual areas, the superior colliculus
(SC) has been pinpointed as an important structure for
understanding the coordination of target choice for pursuit
and saccades (e.g., 54), vector averaging behavior during
pursuit (118), and possibly the modulation of visual process-
ing via noise exclusion (119). The latter is a point of conten-
tion, as it would indicate that subcortical and cortical areas
contribute to eye movement target selection in fundamen-
tally different ways (6). Specifically, monkey physiology,
especially within the last 10 years, has indicated that volun-
tary visual selection can rely on subcortical pathways,
beyond their traditional role in driving exogenous allocation
of attention. The SC in the midbrain has been identified as
an important site for target selection (20, 118-123), which
may participate in the modulation of visual processing via
different circuits, involving the thalamus, the brain stem,
and the cerebellum, perhaps even bypassing the cortex (115).

Figure 6 provides a sketch of how cortical and subcortical
structures control visual selection, saccades, and pursuit eye
movements. The cortical control of voluntary pursuit and
visual attention implicates several “eye fields” receiving vis-
ual inputs from early and later stages in the visual processing
hierarchy, such as the middle temporal (MT) and medial
superior temporal (MST) area (124). The supplementary eye
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Figure 6. Outline of major cortical and subcortical pathways involved in the
voluntary control of pursuit, saccadic eye movements, and visual selection, in
the macaque brain. CB, cerebellum; FEF, frontal eye fields; LIP, lateral intra-
parietal cortex, MT, middle temporal cortex; MST, medial superior temporal
cortex; PMN, premotor nuclei in the brainstem; SC, superior colliculus; SEF,
supplementary eye fields; TH, thalamus; TRN, thalamic reticular nucleus; BG,
basal ganglia; V1, primary visual cortex; V4, extrastriate cortical visual area. In
blue (pursuit) and red (saccades) are areas or subregions that control specific
eye movements. Gray boxes correspond to subcircuits. Note that we have
omitted many connections. For instance, superficial layers of the SC receive
a direct retinal input. Also not detailed are the numerous nuclei that comprise
the thalamus, such as the lateral geniculate nucleus (LGN), the main relay of
retinal information to the SC, and the pulvinar, which has reciprocal connec-
tions with several visual areas along the ventral and dorsal visual processing
pathways, which made it with TRN a candidate for computing visual salience
and drive competition for neural representation along various feature maps
(116). Visual areas also project to the SC.

S

field (SEF), frontal eye field (FEF), lateral intraparietal area
(LIP, in the human the parietal eye field), and MST form a
densely connected network of areas implicated in the volun-
tary control of saccadic and smooth pursuit eye movements
(124). Saccade and pursuit related signals are segregated in
subregions of SEF, FEF, and LIP and run in parallel in the
cortex (125). In addition to being responsible for the volun-
tary control of eye movements, they participate in amplify-
ing task-relevant sensory information. FEF can influence
saccade and pursuit target selection through the SC and
indeed provides a major cortical input to the structure. The
SC is interconnected with the basal ganglia (caudate nucleus,
CN, and substantia nigra pars reticulata, SNr). This subcir-
cuit may be responsible for providing a go signal and adjust-
ing response criteria (20). Another subcircuit is formed by
the thalamic reticular nucleus, and the pulvinar within the
thalamus. The flow of visual information between those two
regions and the visual cortex have been postulated to be the
embodiment of the “spotlight of attention” by Shipp (116).
The pulvinar has bidirectional connections with visual areas
along the ventral and dorsal visual processing stream, which
makes it a suitable region for spatial selection across features
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maps, a requirement to compute physical salience (116), and
allowing for amplification of visual signals through a global
competition, which is a competition across different spatial
and feature maps. In this sketch, the SC is therefore an inte-
grative region, in the sense that it integrates physical sali-
ence with behavioral goals to coordinate pursuit and
saccadic eye movements. Its role has been defined as form-
ing a priority map, that is, a map where activation indicates
the most relevant location for behavior, rather than physical
salience or any other stimulus property (117). Consistently,
inactivation of the SC affects reach target selection as well as
eye movements (126). A broadly similar structure was pro-
posed to apply across vertebrate species by Knudsen (127),
based on work in the avian and rodent brain. Finally, the SC
represents movement priority by a spatial code in its inter-
mediate layers, which is then translated into an appropriate
motor command (calculating inverse dynamics) within a
network comprising the cerebellum and premotor nuclei
within the brain stem, or PMN (128, 129). The cerebellum,
specifically the vermis and flocculus-paraflocculus complex,
has an important role in the adjustment of motor commands
for pursuit and saccades from visual errors. Lesions of the
oculomotor vermis lead to hypometric saccades and slow
open-loop pursuit, and an inability to adaptively change
those movements based on trial-to-trial visual error feedback
(130, for a review, 131). Some authors have proposed that the
cerebellum has a role in the accurate planning of spatial
shifts of attention, mirroring its role in adjusting saccade
metrics. However, there is little unambiguous evidence that
the cerebellum plays a role in visual selection independently
of its oculomotor function (132). Because their role in visual
selection is unclear, we are not detailing those descending
pathways. Pursuit and saccade descending pathways have
been reviewed in detail by Krauzlis (133).

How do cortical areas contribute to visual selection during
pursuit? The pursuit-related area abutting FEF, area FEFsem
or frontal pursuit area (FPA), appears to have a role in regulat-
ing the visuomotor gain of pursuit—e.g., the ability to adap-
tively amplify responses to motion during pursuit compared
with fixation (134). After ablation of FEF, monkeys track a tar-
get by a series of forward catch-up saccades (135). Those two
findings could be explained by FEFsem having a role in pur-
suit target selection, either by affecting motion signals in MT/
MST or by influencing spatial selection in the SC. However,
FEFsem inactivation may influence the visuomotor pursuit
gain independently of target selection. That is, FEFsem is sug-
gested to have a role in selecting the response (i.e., whether to
pursue or not) but not the target of the eye movement (136).
On the other hand, there is good evidence that activity in FEF
(137, 138) and LIP (139) is related to voluntary shifts of visual
attention in preparation of a saccade, as microstimulation
below the movement threshold influences visual processing,
presumably by shifting spatial attention toward the neuron’s
movement field (140, 141). Juan et al. (142) showed how visual
selection signals in FEF can be selective to the visual target in
an antisaccade task but have no influence on saccade trajecto-
ries, suggesting that FEF may steer visual selection while not
being necessary to the coupling of visual selection and eye
movements (see also 143).

At first sight, areas MT (V5 in the human) and MST seem
ideal candidates for mediating the coupling of visual
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attention and pursuit eye movements, since they process the
visual inputs driving pursuit eye movements (144, 145). It is
well established that feature (selection by motion direction)
and spatial attention modulate responses multiplicatively in
MT and MST (146, 147). Yet, the relationship between neural
activity in MT/MST and pursuit is not straightforward.
Although MT/MST activity is clearly correlated with the la-
tency of ocular following (148), it is not predictive of target
choice during pursuit (53). Furthermore, cell responses to
the pursuit target are only modulated by target choice when
target and distractor fall within the same receptive field (149,
150). These findings point to a target selection locus down-
stream of MT/MST. As we will see in the next section, the
superior colliculus, which receives top-down spatial infor-
mation from the FEF and visual information from MT/MST,
could be well-suited for the job.

The Superior Colliculus

As we have seen above, the SC forms a priority map inte-
grating top-down goals and physical salience. The SC also
forms a priority map in the sense that its influence on eye
movements is not restricted to specific movement types, but
rather by specifying a motor goal that can be achieved in dif-
ferent ways. The SC contains a retinotopically organized and
layered structure. Although superficial layers of the SC
respond to visual stimuli, neurons in intermediate and deep
layers have visuomotor responses. Experiments conducted
by Carello and Krauzlis (151) show that visuomotor neurons
are involved in the coordinated target choice for saccades
and pursuit by spatial selection. Triggering saccades to mov-
ing targets by localized microstimulation in intermediate
layers also generates a pursuit eye movement in the direc-
tion of the target that is selected by the saccade, suggesting
that the SC could mediate the coordination between sac-
cades and pursuit target choice.

In a first direct attempt to establish the role of the SC in
both the shift of visual attention to the saccade target location
and the control of saccade target selection, Kustov and
Robinson (152) used microstimulation to trigger saccades dur-
ing exogenous and endogenous spatial cueing. Supporting the
idea that visual selection amounts to saccade target selection,
saccades triggered by microstimulation deviated in the direc-
tion of an exogenously or endogenously cued location.
Deviations also tracked the dynamics of attention shifts across
time, with a build-up within 150 ms for exogenous cues, and
circa 300 ms for endogenous cues. Therefore, at the neuron
population level, attention shifts were likely combined with
saccadic movement vectors elicited through microstimulation
in the SC. At the single neuron level, the coupling of attention
and saccadic target selection was investigated in build-up
cells. Build-up cells are in intermediary layers and increase in
activity before a saccade is executed. Ignashchenkova et al.
(153) distinguished between three types of neurons in those
layers. Visual neurons with a response to the target, motor
neurons with a response to saccade preparation, and visuomo-
tor neurons with a visual and motor response. A majority of
visual and visuomotor neurons was significantly modulated
by attention, whereas motor neurons were not. Further, there
was a difference between visual and visuomotor neurons.
Visual neurons showed a clear attentional modulation with
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both endogenous and exogenous cues (i.e., larger activity for
cued stimuli falling on their receptive fields), whereas the
modulation with endogenous cues was weaker in visuomotor
neurons. One could suggest that endogenous (central) cues
require top-down control and modulate SC activity via feed-
back from the cortex, whereas direct bottom-up control over
eye movements and attention shifts could be exerted at the
level of the SC. The lack of modulation in visuomotor neurons
by endogenous cues indicates that the voluntary control of
attention may not necessarily implicate the generation of an
eye movement program.

Although there is clear evidence of modulation of neuro-
nal activity within the SC in response to various cues, this
does not tell us about its role in modulating visual process-
ing. Activity in the SC could have different effects on visual
and nonvisual responses to cues. One possibility is that SC
activity biases response choice without impacting sensory
processing, as can be said of the effect of cueing on behav-
ioral responses (6). A reanalysis of prior microstimulation
studies within a signal detection framework (122), an analysis
of interindividual differences in functional connectivity
(fMRI) in the human (154), and correlations between SC ac-
tivity and shifts in response criteria (20), suggest that the SC
activity may impact target choice by shifting response crite-
ria in favor of precued target locations, without generating a
spatial bias in the global competition for sensory representa-
tion as suggested above (e.g., 116).

The view of the SC as determining target choice but not
necessarily enhanced visual processing could explain the
puzzling findings from Zénon and Krauzlis (123). As expected
from the idea that the SC impacts vision and eye move-
ments, they found that localized inactivation of the SC
impacted the ability to discriminate the target and simulta-
neously biased target choice for pursuit and saccades (see
also 155). Consistent with the idea that attention impacts
sensory processing at the level of MT/MST, they could see an
enhanced response for cued motion in those areas. However,
SC inactivation had no measurable effect on the cue-related
attentional modulation observed in MST and MT, meaning
that visual information must have been prioritized via alter-
native pathways, which do not involve the amplification of
firing rates (115). Sreenivasan and Sridharan (154) suggested
that in the human brain, there is no need to find such alter-
native pathways because the SC only affects target choice. In
the monkey brain, however, recent inactivation studies
using a paradigm to separate shifts in criterion from shifts in
sensitivity (122, 156) indicate the SC does enhance sensitivity
in the task. This led to the suggestion that target representa-
tions are enhanced by excluding distractor signals (noise
exclusion), rather than by enhancing the cortical representa-
tion (signal enhancement) of the target (119). By contrast, in
the monkey cortex (area V4), endogenous cues increase per-
ceptual sensitivity by signal enhancement (157). In sum,
effects of SC inactivation do not simply mirror the effect of
attentional cueing in the cortex, which could indicate it has
a causal role in the selection of the spatial locations on which
responses to stimuli and eye movements are based but not
necessarily in stimulus enhancement.

The SC role in controlling target choice during pursuit ini-
tiation has also been demonstrated by inactivation studies.
Inactivating the spatial receptive field of one of two potential
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targets biased initial pursuit direction, suggesting SC signals
are not only related to winner-take-all target selection but
they also control the weighting of different motion signals.
An important aspect of the paradigm was that the sensory
signals originated in the lower or upper hemifield and
moved toward the opposite hemifield, thereby separating
spatial target selection from the movement direction (118).
Those findings suggest that the SC set the target weights that
determine vector averaging and subsequent winner-take-all
behavior. Those weights may be determined by cortical sig-
nals modulated by attention and the intrinsic dynamics of
the SC.

The superior colliculus is also heavily connected to other
subcortical circuits, which could bias sensory processing and
target choice. Among those are indirect pathways involving
the basal ganglia, which supplement the direct pathway
from FEF to SC and the pathway from MT/MST to premotor
and cerebellar nuclei driving pursuit. Parallel indirect pur-
suit and saccade-related pathways go from FEF to SC via the
CN and SNr nuclei (158). However, studies have also shown
pursuit and saccade-related activity in the same neurons but
showing different responses, e.g., directional preferences for
visually guided saccades but not for pursuit. Microstimula-
tion within the SNr affects pursuit, proving a causal implica-
tion of the circuit. However, unlike visuomotor activity in
the SC, there is a low correlation between the SNr signal and
the saccade position or pursuit velocity error, taken to sug-
gest that the basal ganglia’s role is in enabling saccades or
pursuit by disinhibition of the SC (158, 159). However, other
findings are consistent with the role of the SNr in target
choice, as responses to a visual stimulus in the SNr can
change with the probability that it will be selected as a sac-
cade target, providing a mechanism by which the movement
is gated by the disinhibition of activity in the SC, but without
being directly responsible for target selection signals in the
SC (159). It remains to be demonstrated that the same control
principles apply for pursuit eye movements. To sum up,
physiological evidence provides an increasingly differenti-
ated picture of the role of cortical and subcortical pathways
in shifting spatial attention and selecting eye movement tar-
gets. The SC appears as a key bottleneck, as its activity can
be modulated by cortical top-down signals and it is able to
coordinate target selection for pursuit and saccadic eye
movements. It is less clear how spatial selection originates in
the SC, and how it affects visual processing. This may require
the exploration of the many pathways that include the SC.

A MODEL FOR VISUAL AND EYE MOVEMENT
SELECTION

Our review of the behavioral and neurophysiological liter-
ature indicates a clear coupling between covertly shifting
visual attention and selecting the target of a saccade (11),
whether voluntarily executed or not (e.g., 152), leading to an
enhanced visual representation of the saccade target to the
exclusion of other objects. Yet, the pursuit eye movements
that precede the catch-up saccades to a moving object sug-
gest a more flexible relationship. A general model, or one
that would account for tracking eye movements, would
account for a coupling that is loose during the initiation of
pursuit and tighter during saccadic onset, as the initiation of
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pursuit is relatively unaffected by distracting spatial atten-
tion away from the target (67). In addition, the flexibility of
the coupling depends on stimulus characteristics (76). We
suggest that the coupling of spatial attention and eye move-
ments can be a consequence of a heightened execution
threshold in catch-up saccades and closed-loop pursuit,
compared with pursuit initiation. This simple model can
explain the differential role of attention for different types of
eye movements and generates testable behavioral predic-
tions, building on the notion that target selection for differ-
ent types of voluntary eye movements is based on the same
target signals, which may originate in the SC priority map (e.
g., 151). To illustrate our argument, we will focus on pursuit
initiation in the presence of a distractor. This situation pro-
vides a good test of the mechanisms at play, allowing us to
contrast different eye movement directions and latencies.
However, the same principles can be extended to catch-up
saccades during steady-state pursuit.

Model Components and Assumptions

Our starting point is that target selection for pursuit and
saccadic eye movements are based on the same neural sig-
nals, but with pursuit being executed at lower thresholds.
Figure 7A shows the predictions of two models of saccade
and pursuit coordination proposed by Liston and Krauzlis
(18). One model postulates a common accumulator with two
different thresholds and the other model postulates two
accumulators, independently accumulating evidence toward
a single execution threshold. Both models can explain faster
latencies for pursuit compared with saccades, but only the
common accumulator model is compatible with target
choice findings. Figure 7B shows an ocular tracking task in
which saccade and pursuit choices can be dissociated. The ob-
server is faced with two moving patterns moving horizontally

A

Figure 7. A: pursuit and saccade decisions could be mod-
eled as being based on the same accumulation of evidence,
but with different execution thresholds (/eft). It could also be
modeled as a decision based on different sources of evi-
dence but reaching the same threshold. The decision to

3

in opposite directions and located upwards or downwards
from fixation. Their task is to track the moving pattern of
changing contrast, which requires a saccade to foveate the tar-
get pattern and pursue its motion direction. The pursuit
choice (pursuit direction) corresponds perfectly to the saccade
choice when pursuit is measured close to the execution of the
initial saccade, meaning that observers pursue the motion
that is selected by the saccade (18). Therefore, pursuit and sac-
cades rely on the same spatial target selection signals, except
that pursuit is executed based on less evidence and with a
much shorter average latency (52, 160, 161). Unlike the serial-
linkage model of Gardner and Lisberger (54), which postulates
winner-take-all pursuit target selection by the initial saccade,
Liston and Krauzlis’s (18) findings suggest a gradual increase
in the agreement between spatial biases for pursuit and sac-
cade, suggesting that coordination is not dictated by the sac-
cade but through the reliance on the same time-varying
decision signal. We can argue that the capacity limitations of
visual attention can explain how different evidence thresh-
olds set different requirements for visual selection of target
representations. That is, visual selection is increasingly
aligned with the eye movement target at higher execution
thresholds.

We can view attention as a finite resource—e.g., resulting
from the number of neurons representing the object, or
resulting from mutual inhibition between neurons repre-
senting different features (162)—that enhances an object rep-
resentation to the detriment of other objects in the scene,
whether allocation of this resource is controlled by physical
salience (contrast with the background) or the demands of
the task (e.g., 5, 163). Given a limited pool of resources,
increasing the evidence threshold means that a greater con-
centration of attentional resources devoted to processing the
target representation is needed to reach that threshold.

Race-to-threshold model

Common
accumulator 4

Independent
accumulators

pursue would then be faster because there is faster accu-
mulation of evidence. In this model, internal noise corrupts
the decision process, allowing to predict the shape of the
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Saccade
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distribution of latencies as well as the average. B: in the
study of Liston and Krauzlis (18) (Copyright 2003 Society for
Neuroscience), observers track one of two visual patterns
moving in opposite directions and located either upward or
downward from the initial fixation point. The task of the ob-
server was to track the strip which contrast changed during
a short time interval (the upper strip in this example). The
task requires a saccade to the strip location as well as pur-
suit of the strip motion. This paradigm allows to calculate
the agreement between pursuit and saccadic choices as
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we approach the execution of the saccade. Choice agree-
ment would mean that the pursued strip is also the fixated
strip. In the illustration if we saccade downward but pursue
rightward there is a choice disagreement. The data (right)
indicates perfect agreement as we approach saccade exe-
cution, providing good evidence for a single accumulator,
where the same signals are responsible for target selection,
but with different execution thresholds.
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Therefore, one of the consequences of a lowered threshold
for pursuit initiation is more flexibility in the allocation of
resources to nontarget representations compared with sac-
cade or catch-up saccade initiation.

The idea that attention is a limited resource is related to
the “spotlight” and “zoom lens” metaphors of visual
attention (e.g., 164). The “zoom lens” model of attention
(165) postulates that the attended area (such as defined by
possible target locations) or attention field (166, 167) can be
adjusted depending on task demands. However, the effi-
ciency of processing the attended information is inversely
related to the size of the attention field. This is equivalent to
saying that the effect of attention is to distribute a finite pool
of visual processing resources. Behavioral (168, 169) and
imaging evidence (166, 170, 171) support the zoom lens
model, although its neural implementation remains unclear,
since there are multiple stages of competition between visual
features which could embody the notion of a finite visual
resource. One possibility is offered by the shift in the center
of receptive fields toward the focus of attention that has
been observed in MT (172, 173) and V4 (174), meaning that
more neurons are recruited to process the attended region
(175-177).

In Fig. 8, A and B, we illustrate the relationship between
the distribution of visual resources among two moving
objects and the execution of different eye movement types
within a race-to-threshold model in which, consistent with
Liston and Krauzlis’s (18) findings, we set the pursuit thresh-
old lower than for the initial catch up saccade. In Fig. 84, we
contrast evidence accumulation in a task in which one of
two orthogonally moving dots is designated as the target
(precued; solid lines) to a situation in which no prior infor-
mation is given about which of the two motion signals is
going to be the target (dotted lines; uncued condition),
thereby corresponding to a stimulus-driven response. The
accumulation of evidence is represented by a saturating
function, representing the fact that signals do not necessar-
ily reach execution thresholds if given more time. When the
target is salient (i.e., the target is high contrast relative to the
distractor; top) and it is precued, evidence in favor of the tar-
get (black line) accumulates much faster than for the distrac-
tor (gray line) and reaches the pursuit and saccade threshold
much earlier. The cue results in a top-down bias toward the
target location, which gradually suppresses the accrual of
evidence at the distractor location and simultaneously
enhances the accrual of evidence at the target location, con-
sistent with the sharing of a limited visual processing resour-
ces. In this example, in which the distractor has low salience,
this means that evidence in favor of the distractor’s repre-
sentation never reaches the lower (pursuit) threshold. In the
second scenario, when the target is not salient (Fig. 84, bot-
tom), a greater concentration of visual resources is needed to
reach the threshold for catch-up saccade execution, since
target evidence is lower than the distractor evidence to start
with. This last point is illustrated in Fig. 8B in terms of the
spatial distribution of attention, showing how the attention
field may change with time, and necessarily becomes more
selective to the target when its salience is low.

In the example above, stimuli differ in salience, which
brings the target activity closer or farther away from a
threshold, reducing or increasing the need for a top-down
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Figure 8. A: illustration of how visual attention can be implicated to differ-
ent extents depending on the salience of a moving target. The target is
always moving to the right and the distractor is always moving upward.
High target salience: the execution threshold for the target can be
reached without implicating much attentional resources after precueing
the target, as illustrated by the small increase in evidence accumulation
for the target (upward arrow) and little accompanying suppression of accu-
mulation for the distractor (downward arrow). As a result, some attentional
resources are free to process information outside the location of the tar-
get. Low-target salience: after precueing, attentional resources are
required to reach the saccade execution threshold, both by increasing the
evidence for the target and suppressing evidence for the distractor. B: hy-
pothetical distribution of spatial attention of attention across time in low
and high target salience.

bias to resolve the competition between competing motor
representations. In the visual domain, a similar situation
arises when looking at the interaction between top-down
bias and salience. The amount of attentional modulation
(inferred from the BOLD signal) that can be measured along
V1 to V4 depends strongly on the salience of the stimuli (ei-
ther forming a perceptual group or not), with top-down
attentional modulation being greater when the competition
between stimuli is not resolved in a bottom-up manner (178).
The literature on saccades lends also some support to the
idea that attentional requirements depend on target sali-
ence. Reflexive saccades, such as the ones forming the
quick-phase of optokinetic nystagmus (OKN), show no cou-
pling with attention (179), which could represent the extreme
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case when a very salient target (in the absence of a distractor)
reaches the saccade execution threshold without implicating
top-down attentional control. However, one cannot exclude
that the execution threshold of those saccades may be low-
ered (180). In summary, in those two opposing scenarios, the
coupling of top-down attention and eye movement target
selection depends on target salience and the execution
threshold of the eye movement.

Model Predictions

The relation between the distribution of visual resources
and eye movement execution could account for three main
phenomena: 1) changes of the coupling of visual attention
during tracking eye movements (comprising a pursuit and
saccadic component), 2) averaging behavior, and 3) the coor-
dination of saccades and pursuit.

The model accounts for how the coupling of attention and
eye movements depends on movement latency, with pursuit
being initiated without much involvement of attention (67),
whereas selection is bound to the target during steady-state
pursuit. This model also predicts that the coupling between
attentional resources and pursuit or saccadic eye move-
ments is inherently flexible, depending on target salience.
This aspect is supported by previous studies (76), which
showed enhanced perceptual performance in the periphery
when the motion energy of the tracked target is higher than
the traditional dot. Although the authors’ interpretation is
based on the idea that extended targets implicate different
neural networks, it is also a testable prediction of the model
that salient targets allow for attentional resources to be freed
from the pursuit target. Salience can be modulated in differ-
ent ways. A manipulation of salience independent of target
size and motion energy would be able to tell apart whether
the flexibility of attentional resources is primarily based
on salience rather than size. For instance, a black target
among white distractors compared with a black target
among black distractors has the same motion energy but
very different salience because the white dots pop out
from the distractors.

Likewise, averaging behavior can result from the interac-
tion between top-down attention and salience. A priority
map common to pursuit and saccades, such as the one
formed by the SC, sets the weights of the motion signals that
are averaged and drive pursuit. Averaging occurs when the
execution threshold is reached while the distractor represen-
tation is not yet suppressed (18). The validity of the model
can be tested by manipulating salience and task demands.
Top-down control can be manipulated by comparing pre-
cued and uncued conditions. The relative weighting then
determines the direction of the pursuit response. If that is
true, the effect of top-down attention (precued vs. uncued)
and salience (high vs. low contrast) should be reflected in the
averaging behavior. In that proposal, vector averaging
indexes the allocation of visual resources to target and dis-
tractor, and therefore pursuit direction should reflect the dy-
namics of visual resource allocation. A dual task in which
perceptual selection is assessed across time with averaging
behavior could be used to test this prediction. Here, we focus
on pursuit, but a similar argument could be made for sacca-
dic averaging behavior (the global effect). For instance,
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visual attention in averaging saccades is shifted to both tar-
get locations and not to the saccade end point, suggesting
that saccade averaging is also an index of visual selection
(181).

The model we propose is also compatible with the coordi-
nation of saccadic and pursuit eye movements by spatial
selective attention. This idea was implicit in Liston and
Krauzlis’s proposal that there is a spatial selection mecha-
nism common to both types of eye movements. A similar
point was made by Erkelens (17), but based on a rather differ-
ent line of evidence. He investigated pursuit eye movements
and target choice in tracking 2 D trajectories with targets that
either overlapped temporally or not (gap condition). In over-
lap conditions, observers would often continue tracking the
previous target before a saccade to the new target occurred.
Further, pursuit and saccade latencies were hardly corre-
lated. In contrast, pursuit and saccadic decisions (direction
and latency) were well correlated in gap conditions. Erkelens
(17) concluded that choices are coordinated by attention but
that the pursuit target can remain engaged to the previous
target “at the execution level.” We believe this interpretation
is compatible with ours, in that engagement to the previous
target occurs if the new target has not yet reaching an execu-
tion threshold. In the gap condition, however, bottom-up
(the target is the only moving signal) and top-down resour-
ces are engaged to the new target.

Further computational and behavioral investigations
could test and refine this model. A rather simple competitive
neural network model, proposed by Ferrera and Lisberger
(48), can account for the dynamics of target selection driving
pursuit eye movements. In the model, every motion analyzer
(e.g., MT neuron) is connected via excitatory connections
with neurons representing the same motion direction, and
via inhibitory connections with different directions. After
several iterations, the population activity transitions from a
vector-average to a winner-take-all response (50). This activ-
ity explains the latency benefit when target and distractor
move in the same direction (48). The possibility was enter-
tained that attentional filters may act by shaping the weights
of the connections of the competition network, which could
be implemented within the pathway going from the FEF to
the SC (182). The normalization model of visual attention
(167) offer a computational implementation of the neural
competition for representation that could generate testable
predictions in the type of situation we have described and
could help refine the type of neural interactions giving rise
to target selection during tracking eye movements.

We have summarized here how a race to threshold model
can account for the dynamics of visual selection during
tracking eye movements. This simple model makes several
predictions, provided with some assumptions about the way
visual resources are distributed. First, pursuit should be less
reliant on the allocation of attention to the target depending
on the salience of the tracked stimulus, which could explain
freed attentional resources during the tracking of large
objects (76, 89). Second, it could explain vector averaging
behavior during pursuit initiation and the subsequent win-
ner-take-all behavior. Third, it could also explain the appa-
rent linkage between catch-up saccades and steady-state
pursuit, as a consequence of both relying on visual selection
of the target.
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As suggested by Basso and May (183), the SC itself may
implement the normalization model of visual selection (167).
Normalization assumes that the activity corresponding to
two stimuli is the average of the activity elicited by each
stimulus on its own and not its sum. As a consequence, a sa-
lient stimulus will be suppressed to a greater extent if the
less salient stimulus needs to be selected. The inhibitory
connections within the SC seem to implement normalization
rather than the summation of signals. Ferrera and Lisberger
(49) noted how the difference between target and distractor
activity in MT/MST is too small to account for the differences
in pursuit latency, especially when they appear in different
hemifields. The same can be said of purely perceptual tasks,
where there is little competition between hemifields (184,
185). However, those distant interactions exist at the level of
the SC, further indicating the SC as a priority map for eye
movements (183), which could account of the motion signals
driving pursuit and catch-up saccades through spatial selec-
tion. Selection signals could originate in FEF, drive normaliza-
tion along the visual cortex, and coordinate eye movements
via the SC. Stimulus distance could be used to disentangle the
subcortical and cortical competition driving pursuit eye
movements, as there are much weaker inhibitory interactions
in the cortex at longer distances (e.g., across hemifields). We
can then expect perceptual tasks that rely on the cortex to dis-
sociate from oculomotor selection.

A . v z| B

Extension to Naturalistic Tasks

Extending a target selection model to the complex scenes
involved in natural behavior requires us to go beyond pairs
of dots moving within a frontoparallel plane. In Fig. 94, we
show a natural scene superimposed to the optical flow result-
ing from walking. In this situation, features are not neatly
separated in space between target and distractor and selec-
tion is made in three dimensions, requiring pursuit ver-
gence. Here, visual selection mechanisms are necessary for
pursuit of a target in the presence of competing distractor
stimuli. These mechanisms are also necessary to sustain pur-
suit in the presence of a moving background, as the (reaffer-
ent) background’s retinal motion becomes predominant
when the target is tracked (71). In the presence of equally sa-
lient objects, selective behavior relies on filtering out distrac-
tor signals. Motion in various directions abounds across the
image, which is segregated into different objects and surfa-
ces early on, based on low-level cues and top-down informa-
tion, especially when low-level information is ambiguous
(186). In this latter case, attention may play an important
role in grouping information too, as demonstrated in the
ability to pursue an integrated group of dots moving in dif-
ferent directions and surrounded by distractors (80, 82).

The visual system may select the target’s visual features
based on a variety of selection filters. The target to pursue

Figure 9. A: optic flow generated by walking in an urban
environment. Extended objects, such as other walking peo-
ple and obstacles, typically move in depth. B: pursuing tar-

C Selection filter gets in three dimensions (black arrow) involves coordination
i i with the vergence system, sending conjugate (pursuit) and
disparity disconjugate (vergence) commands to the two eyes (green
and blue arrows). C: a target selection mechanism is neces-
> \/\ sary to pursue the target in the presence of other equally sa-
. lient motion signals. The filtering out of distractors can
Seg mentation location guided by using a variety of top-down selection templates (fil-
ters), biasing the competition that results in winner-take-all
N (WTA) selection to drive tracking eye movements.
WTA
=-»> .
speed competition
direction
e
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could be defined by its motion direction and speed but also
by its position in the visual field, its depth, and object-related
features, such as orientation, color, or shape. Those filters
can bias the competition for representation and action tak-
ing place along the visual processing hierarchy, ultimately
leading to selective behavior (55).

PENDING QUESTIONS

In this review, we have alluded to a few important ques-
tions relating to the coupling between attentional resources
and pursuit eye movements. Central to further progress is
the refinement of the mechanisms by which visual selection
is achieved, allowing us to parcel out visual and motor fac-
tors. We also argue that the functional role of the coupling of
visual resources to the eye movement target needs to be
researched further. Beyond the function of enhancing the
visual representation of the target object, the coupling may
have a role in coordinating the target choice for different
types of eye movement (e.g., 151).

Visual Processing, Visual Selection, and Motor
Selection

Several types of dual tasks have been used to infer the
need of visual attention for executing saccadic or pursuit eye
movements. A caveat of those studies is that a model of how
visual attention affects the secondary (nonoculomotor) task
is missing. For instance, reaction times may be speeded by a
change in response criterion or by speeded visual processing.
Either process could be modulated by visual attention or
not. Inferences about the role of attention in explaining sac-
cadic reaction times during pursuit assume that the first
stages of visual processing are unaffected by pursuit, or that
vision during pursuit is equivalent to the fixation of a mov-
ing target. A further complication is that the need for visual
attention may depend on the eye movement target itself. For
this reason, a computational implementation of the link
between visual and motor selection, from which to derive
quantitative predictions, is required.

Modeling Selection Filters in Space-Time

Several issues essential to understanding the role of atten-
tion in generating pursuit eye movements have been little
explored. For instance, we know little of the shape of the
attentional filters used to select pursuit targets (see Fig. 9C).
Psychophysical studies have shown that the effects of spatial
selection can be modeled by an attentional filter made of an
excitatory center and an inhibitory surround (187). The selec-
tion of motion direction for pursuit initiation may rely on
similar spatiotemporal filters (or templates) combining spa-
tial and motion information (50). However, it is not clear
whether selection based on other attributes (e.g., motion,
depth, shape, or color) is based on similarly shaped filters,
whether those filters are flexible, and whether the same fil-
ters explain perceptual selection. Investigating those filters
could also tell us about what determines the capacity to
share attention between perceptual and motor targets. The
variable-coupling model we put forth predicts that the
amount of free attentional capacity is an emergent property
of execution thresholds, with more resources being freed
depending on bottom up salience, which could be reflected
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in the selection filters having a flexible shape. We should
note that although we focused on spatial selection to illus-
trate our model, spatial selection does not necessarily have a
special role in target selection. The predominance of spatial
attention in biasing a competition for neural representation
in perception and action could be the consequence of spatial
selection being the most salient feature in a specific para-
digm. The same predictions may be made when considering
other features (e.g., motion), for instance, in Spering and
Carrasco’s (188) transparent motion paradigm, in which tar-
get and distractors cannot be spatially resolved.

Our outline of the neural substrates of attention in relation
to pursuit eye movements and psychophysical studies indi-
cate that the visual system is attuned in many ways to per-
forming pursuit eye movements (60, 109, 189). Endogenous
and exogenous visual attention can have an effect at many
levels along the visual system. Attention can also affect vis-
ual processing in a variety of ways, such as raising baseline
activity, reducing noise correlations, increasing coherence
for target activity across areas, enhancing the signal, reduc-
ing external noise, reshaping receptive fields, increasing
response gain, shifting the effective contrast or sharpening
tuning functions (for reviews, 190, 191). We have yet to
understand how the smooth pursuit system exploits those
mechanism to optimize pursuit and perception of the target
and background. Whether there are specific attentional
mechanisms supporting pursuit control remains an open
question.

Small and Large Targets

As suggested recently (80, 192), the fact that the neuro-
physiology of pursuit eye movements may be separated into
motion-correcting and position-correcting neural pathways
may have implications on visual processing during pursuit.
The motion-correcting pathway may involve areas similar to
the ones involved in the initiation of ocular following and
the slow-phase of OKN, such as the nucleus of the optic tract
(193), whereas the position-correcting system may involve
areas such as the SC, with a role in exogenous spatial atten-
tion and the programming of eye movements. Position and
motion-correcting pathways may then overlap as the size of
the target increases. It is not clear whether different atten-
tional mechanisms are implicated in this transition or
whether a single model based on the salience of the target
features is enough to explain the distribution of attentional
resources for small and large targets.

Visual Selection as an Oculomotor “Glue”?

The complex coordination of different oculomotor and
skeletal motor systems is usually ignored in the laboratory.
Much more is known about the coordination of saccades and
pursuit observed with simple ramp paradigms than under
natural conditions. However, attentional selection may have
a functional role beyond improving perception of the target,
namely, in coordinating action, as demonstrated by the
excellent agreement between pursuit and saccade choices
once the focus of attention is on the target (17). It is possible
that attention plays a similar role in vergence eye move-
ments and even in eye movements that are triggered
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involuntarily, such as OKN (194) and ocular following, which
are responses to motion over a large visual area.

The pursuit and optokinetic system have complementary
roles in stabilizing the background and foreground (pursuit)
image. The slow phase of OKN can have a gain close to the
pursuit gain when looking at the movement field, which is
often referred to as 1ook-OKN. The high gain could be due to
the addition of voluntary pursuit to the response (194-196).
The slow phase of stare-OKN has a much lower gain. The
slow phase of OKN may be controlled by the same system
that controls smooth pursuit, which is consistent with the
classical observation of Murphy et al. (197) that we may
choose between slow control (or stare- and look-OKN) and
smooth pursuit at will by allocating attention to the appro-
priate stimulus (196-198).

Vergence is another oculomotor system in which visual
attention could play a coordinating role. Although pursuit is
studied in the laboratory by tracking a target on a frontopar-
allel plane, which may approximately lie on the same horop-
ter, we are also able to track targets that move in 3D and
require a combination of conjugate (pursuit) and disconju-
gate eye movements (vergence), as illustrated in Fig. 9B.
Neurophysiological studies suggest that a subregion of FEF
encodes 3D pursuit (199, 200), forming an “intermediate
representation” that could facilitate the control of pursuit in
natural situations, where vergence-pursuit is required. An
intriguing possibility is that the coordination of target choice
in vergence and in the frontoparallel plane could involve vis-
ual selection.

Characteristics of target selection in the saccadic and pur-
suit system were also found in vergence, such as averaging
and speed-accuracy trade-offs in selecting the target (201,
202). The effect of microstimulation on the SC also indicated
encoding of position errors in 3D, indicating coordination of
saccadic and vergence signals (203). In this situation, two
targets have different directions in the frontoparallel plane
(2D projection) while moving either toward or away from the
observer. If target selection was entirely based on a 3D sig-
nal, we would predict immediate coordination, which does
not seem to be the case here. We are not aware of any studies
testing the possibility that target selection could be uncoor-
dinated for pursuit and vergence using a moving target and
whether, in the same way as saccades and pursuit (204), it
could evolve from independent to entirely coordinated
responses.

CONCLUSIONS

Several behavioral and physiological investigations have
examined the role that visual attention plays in the gener-
ation of smooth pursuit eye movements. These have
shown that open-loop pursuit can operate at a preattentive
stage, whereas endogenous and exogenous shifts of atten-
tion away from the pursuit target affect closed-loop pur-
suit performance, unless the attention shift is in the same
direction as the pursuit. Therefore, there is spatial but not
directional flexibility in visual allocation. Additionally,
during closed-loop pursuit, observers enjoy some flexibil-
ity in the allocation of visual attention based on priority
instructions.
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The pursuit of large objects likely involves top-down
grouping mechanisms in determining the pursuit target.
Although visual attention may be involved in the perceptual
grouping driving pursuit, it is not clear whether we may be
able to attentively track individual elements independently
of the pursuit target (e.g., the dot centroid). However,
extended targets may liberate visual resources by boosting
the pursuit driving signal (79).

Several authors have suggested that visual attention is bi-
ased ahead of the target during steady-state pursuit.
However, when perceptual performance is measured, it is
found to be centered on the pursuit target location. On the
other hand, the main feature of the effect of pursuit on reac-
tion times points to suppression when probe targets are pre-
sented in the contraversive hemifield compared with those
presented in the ipsiversive hemifield and compared with
fixation. Intriguingly, crowding is only decreased in the con-
traversive hemifield. An important question for the future is
to determine whether perceptual asymmetries reflect visual
processes, their modulation by attention, or both.

The physiology of visual attention in relation to eye move-
ments suggests an overlap between the brain areas responsible
for voluntary shifts of attention. However, recent investiga-
tions have also uncovered separate subcortical circuits that
can affect perceptual performance via different mechanisms,
by suppressing competing representations, rather than
enhancing target representations, as can be observed in the
cortex. The SC appears to have a role in coordinating saccade
and pursuit choices and in influencing the stimulus competi-
tion leading to visual selection.

Implications regarding the Premotor Theory of
Attention

Research on visual attention crystalized around a few
big questions, one of those being the tenets of the premo-
tor theory of visual selection, or whether visual selection
is independent from motor preparation. As proposed by
other authors, the premotor theory of attention is not
supported in its strictest form (9). For instance, shifting
visual attention does not necessarily involve a motor pro-
gram (142, 143), although generating a voluntary saccade
requires the engagement of top-down visual attention.
Moving on, we could set up studies to differentiate
between the different cognitive and computational stages
we call visual attention and how they relate to the choice
of a motor target. We argue that open-loop pursuit initia-
tion provides an example of voluntary eye movement
that can be preattentive and propose that the coupling
between attention and eye movements is circumstantial,
depending on time, execution threshold, and the salience
of the driving signal, and that it should not be understood
as being mandatory.
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