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One characteristic feature of human behaviour is our
ability to act flexibly in response to environmental
events. For example, while strolling down a crowded
sidewalk, you might notice an attractive person in the
distance. Under most circumstances, an admiring
glance towards that person would be appropriate.
Except, however, when you are with your partner.
In this instance, it might be wise to avoid looking in
that direction and instead to orient in the opposite
direction. This ability to control behaviour flexibly,
responding automatically to stimuli in one situation
and suppressing this automatic response in favour of
an alternative response in a different situation, is 
the hallmark of executive control. The SACCADIC EYE

MOVEMENT system provides an excellent model for
investigating this ability of the brain because eye
movements are easy to measure in the laboratory and
because we have considerable knowledge of the
neural networks that participate in controlling gaze
(BOX 1). In this review, we describe how the anti-
saccade task can be used to investigate the volitional
control of action and how this task can be used to
understand the pathophysiology that underlies 
various neurological and psychiatric disorders.

The anti-saccade task
In the laboratory, behavioural paradigms have been
developed to study the ability of the brain to respond
flexibly to our environment (BOX 2). The anti-saccade
task1 has become one of the most popular tasks because
it contains a manipulation of stimulus–response 
compatibility that decouples stimulus encoding and
response preparation. In this task, the participant is
instructed that, after presentation of a peripheral target,
they must look away to its mirror position. Correct 
performance on this task requires two steps. The subject
must first suppress the automatic response to look 
at the target (pro-saccade) and then transform the 
location of the stimulus into a voluntary motor com-
mand to look away from the target (anti-saccade).
Performance on the anti-saccade task can be con-
trasted with performance on the pro-saccade task in
which the location of the sensory stimulus and the goal
of the saccade are compatible (FIG. 1a, left), requiring a
direct sensory–motor transformation. In the anti-
saccade task (FIG. 1a, right), stimulus location and saccade
goal are decoupled: the direct response must be sup-
pressed and the stimulus vector must be inverted into the
saccade vector.We review the neural mechanisms related
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SACCADIC EYE MOVEMENT

A rapid eye movement (with
speeds of up to 800 degrees per
second) that brings the point of
maximal visual acuity — the
fovea — to the image of interest.

a qualitatively similar pattern of behaviour. FIGURE 1b

illustrates the distribution of reaction times obtained
from a monkey generating correct pro- and anti-
saccades and the reaction times of direction errors 
(saccades triggered in the wrong direction: towards the
target in the anti-saccade task; away from the target in
the pro-saccade task). There are two important observa-
tions. First, if the peripheral target appears suddenly and 
participants are allowed to move immediately, correct
pro-saccades are initiated earlier than correct anti-
saccades. Second, most direction errors are confined to

to these two processes: suppression of the automatic
response and vector inversion.

Monkeys can be trained to perform the anti-saccade
task and therefore provide an important animal model2,3

in which to investigate neural processing related to sac-
cadic suppression and sensory–motor transformation.
Pro-saccade and anti-saccade trials can be randomly
interleaved in a block of trials and the instruction as to
which type of movement to generate can be conveyed by
the colour or shape of the initial fixation marker. In this
configuration, human4–6 and monkey2,3 subjects produce

Box 1 | Neural circuitry controlling saccadic eye movements

An extensive body of literature
describing lesion studies,
human behavioural testing,
functional neuroimaging,
animal neurophysiology and
detailed anatomy has
identified several brain areas
that are involved in controlling
visual fixation and saccadic eye
movements, including regions
in the cerebral cortex, basal 
ganglia, thalamus, superior
colliculus (SC), brainstem
reticular formation and
cerebellum48,49,56,96,114–116 

(see panels a and b).Visual
inputs to the system arise from
the retino-geniculo-cortical
pathway to the primary visual
cortex and from the
retinotectal pathway to the
superficial layers of the SC.
Visual information is
processed through several
extrastriate visual areas117

before it impinges on motor
structures to affect action. The
lateral intraparietal area (LIP)
in the posterior parietal cortex
is at the interface between
sensory and motor processing118,119. The LIP projects to both the intermediate layers of the SC120 and the frontal cortical
oculomotor areas121,122, including the frontal eye fields (FEF), the supplementary eye fields (SEF) and the dorsolateral
prefrontal cortex (DLPFC). The FEF has a crucial role in executing voluntary saccades98,123–125. The SEF is important for
internally guided decision-making and sequencing of saccades126,127. The DLPFC is involved in executive function, spatial
working memory and suppressing automatic, reflexive responses91–93.All of these frontal regions project to the
SC28,59,62,128–130, which is a vital node in the premotor circuit where cortical and subcortical signals converge and are
integrated56,131. The FEF, SEF and SC project directly to the paramedian pontine reticular formation to provide the
necessary input to the saccadic premotor circuit so that a saccade is initiated or suppressed59,132,133.

Frontal cortical oculomotor areas also project to the caudate nucleus (CN)66,134,135. GABA (γ-aminobutyric acid) neurons
in the CN project through the direct pathway to the substantia nigra pars reticulata (SNpr). Neurons in the SNpr form the
main output of the basal ganglia circuit: they contain GABA and project to the intermediate layers of the SC and to nuclei in
the thalamus that project to the frontal cortex. Cortical inputs to the direct pathway lead to disinhibition of the SC and
thalamus because these signals pass through two inhibitory synapses. There is also an indirect pathway through the basal
ganglia, in which a separate set of GABA neurons in the CN project to the external segment of the globus pallidus (GPe).
GABA neurons in GPe then project to the subthalamic nucleus (STN). Neurons in the STN send excitatory projections to
neurons in the SNpr, which in turn project to the SC and thalamus. Cortical inputs to the indirect pathway lead to inhibition
of the SC and thalamus because these signals pass through three inhibitory synapses134,136. LGN, lateral geniculate nucleus;
SCi, superior colliculus intermediate layers; SCs, superior colliculus superficial layers.
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VISUAL GRASP REFLEX 

Flexive orienting response
towards a novel visual stimulus.

FRONTAL EYE FIELD 

An area in the frontal lobe that
receives visual inputs and
produces movements of the eye.

the voluntary anti-saccade. Rather, direction errors are
the result of a failure to suppress the visual grasp
reflex3,18. They result from the incoming sensory signal
triggering an immediate orienting saccade to the target.

Models have been developed to account for the 
stochastic variability in reaction times19–21. Among
them, the accumulator model has been particularly use-
ful for interpreting neurophysiological and behavioural
data that are related to saccadic eye movements13,22–25.
These models suppose that, to initiate a movement,
neural activity must accumulate at some rate from a
baseline until it surpasses a threshold, thereby triggering
the movement. Variations in baseline, threshold or the
rate of rise can theoretically influence reaction time.
Neurophysiological studies have determined that 
the rate of rise of activity among saccade neurons in the
FRONTAL EYE FIELDS (FEF) and superior colliculus (SC) that
occurs after target appearance can account for at least
some of the stochastic variability in saccadic reaction
times23,24,26. Other studies have revealed that the activity
level of saccade neurons in the FEF and SC at the time
of target appearance (the baseline level) can also
account for variability in saccadic reaction times15,27,28.
From these observations we can conclude that both pre-
and post-target processing influences the accumulation
of activity towards threshold to trigger a movement.

In the anti-saccade task, there are two processes 
racing towards threshold1: a process that is initiated by
the appearance of the target that serves to initiate the
automatic prepotent response and another process that
is initiated by the inversion of the stimulus vector to
initiate a voluntary anti-saccade. To perform the task
correctly, processes related to the initiation of the auto-
matic pro-saccade must be handicapped in some way
to allow time for the voluntary anti-saccade response to

the anti-saccade task and these errors are initiated earlier
than correct responses.

Saccadic suppression ability can be challenged in
these tasks by altering the fixation state at the time 
of target appearance. Removal of the fixation marker at
least 200 ms before the target appears forces disengage-
ment of active fixation before target appearance7 and
leads to reductions in reaction time for both pro- 
and anti-saccades and to an increase in direction errors
in the anti-saccade task4,8.

Closer examination of the distribution of reaction
times (FIG. 1b) reveals that, in the pro-saccade task, there is
a bimodal distribution. The initial peak of short-latency
saccades, termed express saccades9–11, is significantly 
elevated in the gap condition and represents the behav-
ioural manifestation of the VISUAL GRASP REFLEX12. The
latency of these express saccades approaches the 
minimum afferent and efferent conduction delays13.
Express saccades are believed to be triggered by the direct
transformation of the incoming visual signal into the
motor command to drive the eyes to the stimulus14–16.
However, it would not be helpful for every visual signal to
trigger a saccade, and so time is required between sensory
and motor processing to make a decision regarding
whether a saccade is warranted. Therefore, most saccades
are triggered at regular latencies.

In the anti-saccade task, the pattern of bimodality has
a different shape. The initial peak of express saccades
comprises, almost exclusively, direction errors and the
correct responses have longer reaction times. Direction
errors are most prevalent in the anti-gap condition,
when the exogenous fixation marker has been removed
before target appearance (FIG. 1c). Most direction errors
are corrected after short intersaccadic intervals17, reveal-
ing that errors are not the result of an inability to generate

Box 2 | Stimulus–response mapping

The anti-saccade task requires the suppression of a saccade towards a peripheral stimulus and the generation of a
saccade in the opposite direction. As such, the anti-saccade task can be regarded as a classical example of an arbitrary
stimulus–response (SR) mapping task137,138. In particular, the anti-saccade task is a special case of an SR compatibility
task. A saccade towards a flashed visual stimulus (pro-saccade) represents congruent SR mapping, whereas an anti-
saccade requires incongruent SR mapping. It is well known from manual SR compatibility tasks that involve spatial
stimuli and spatial responses that reaction times are faster and responses are more accurate when the stimulus and the
response are compatible rather than incompatible139–141. A related task is the Simon task142,143, in which subjects are
presented with different tones in the left or right ear and are instructed to press a left or right key depending on the
pitch of the tone. Reaction times are faster in this task when the tone and the key are compatible in sides. Kornblum137

proposed that the reaction time benefit for congruent versus incongruent mapping rules occurs at the response stage.
When the stimulus overlaps with the response, the presentation of the stimulus will automatically activate its
corresponding response. If the automatically activated response is correct then it is executed. When the SR mapping
instruction requires an incompatible response, this automatic response is aborted and the correct response is prepared
and executed. This abort process is time-consuming and leads to the longer reaction times for incongruent responses.
Support for this hypothesis has come from single neuron recordings in the primary motor cortex144,145 and premotor
cortex146 in monkeys that show automatic activation of the congruent, but erroneous, response on incongruent SR
trials. Similarily, the initial responses of visuomotor neurons in the superior colliculus and frontal eye fields on anti-
saccade trials could be regarded as automatic activation of the congruent, but incorrect, pro-saccade.

There are also parallels between these spatial SR mapping tasks and tasks that require an arbitrary SR mapping. In the
Stroop task147, subjects are presented with the names of colours printed in colours and are instructed to name the print
colours and ignore the words. Reaction times are faster when the print colours and colour names are compatible rather
than incompatible148,149. In the Eriksen flanker task150, subjects are shown a letter string with the instruction to press a
key based on the central letter. Reaction times are faster when the central letter and the flanking letters are compatible.
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The SC forms a vital node in the saccade network
(BOX 1) because it receives convergent input from almost
all of the cortical and subcortical structures that are
involved in controlling saccades. Together with the FEF,
the SC projects directly to the paramedian pontine reticu-
lar formation to provide the necessary input to the 
saccadic premotor circuit for saccade initiation39.
Therefore, understanding how neurons in the SC and
FEF participate in the suppression of automatic
responses and the generation of goal-directed saccades is
crucial for explaining behaviour in the anti-saccade task.

Suppression of the automatic pro-saccade. The SC and the
FEF contain distinct populations of fixation and saccade
neurons40 whose discharges are modulated in a reciprocal
manner in the anti-saccade task27,28 (FIG. 2). Fixation 
neurons are tonically active during visual fixation and
they cease to discharge during the execution of saccades.
Saccade neurons have a reciprocal pattern of activity; they
are silent during fixation and discharge a high-frequency
burst of action potentials for saccades to a certain region
of the contralateral visual field that defines their response
field. It has been hypothesized that a network of inhib-
itory interneurons participates in shaping the reciprocal
discharges of fixation and saccade neurons41,56.

Let us consider the gap condition when the stimulus
appears in the right visual field, so that a rightward 
saccade is required in the pro-saccade task (blue traces in
FIG. 2), and a leftward saccade is required in the anti-
saccade task (red traces). During fixation of the central
fixation marker, which also serves as the instructional 
cue to perform either a pro- or an anti-saccade, fixation 
neurons in the FEF and SC are tonically active, and 
saccade neurons have little or no activity (timepoint a in
FIG. 2). Compared with pro-saccade trials, activity of
fixation neurons is enhanced on anti-saccade trials (red
traces above blue traces), while the activity of saccade
neurons is reduced (red traces below blue traces). This
reciprocal pattern of activity is apparent before the target
appears and explains the anti-effect: longer reaction times
on anti-saccade trials than on pro-saccade trials1,6.

Around 100 ms into the gap period (timepoint b in
FIG. 2), there is a drop in fixation neuron discharge7 and a
slow buildup of low-frequency activity among a subset of
saccade neurons in both the SC15,42 and the FEF28,43. This
drop in fixation activity and the buildup of activity in sac-
cade neurons during the gap period can account for the
gap effect — the reduction in saccadic reaction times that
occurs when a gap period is introduced between fixation
point disappearance and target appearance44–47.

The appearance of the visual stimulus in the right
visual field leads to phasic activation of the visually
responsive saccade neurons in the FEF and SC on the
contralateral (left) side of the brain, and to phasic inhi-
bition of saccade neurons on the ipsilateral (right) side
(timepoint c in FIG. 2). On pro-saccade trials, saccade
neurons on the left side also discharge a saccadic burst
command for the rightward pro-saccade that follows
immediately from the phasic visual response. On anti-
saccade trials, the saccade neurons in the left FEF and
SC must be inhibited so that saccade neurons in the

accumulate towards threshold. How are these two
processes of saccadic suppression and voluntary
response generation represented in the brain and how
are they handicapped in the anti-saccade task?

Neurophysiological findings in monkeys
Many cortical and subcortical structures are involved in
the suppression and/or generation of saccadic eye move-
ments (BOX 1). Single-neuron activity has been recorded in
a number of these brain areas in monkeys performing the
anti-saccade task, including the dorsolateral prefrontal
cortex (DLPFC)29,30, the lateral intraparietal area31–34,
the supplementary eye fields (SEF)35–37, the FEF28,38

and the SC18,27.
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Figure 1 | The anti-saccade task. a | The colour of a central fixation marker can be used to
instruct the subject to generate either a pro-saccade (left) or an anti-saccade (right). 
b | Distribution of reaction times from a monkey for correct (above abscissa) and error (below
abscissa) responses in the pro-saccade task (left) and the anti-saccade task (right). If the fixation
marker remains lit during target appearance (overlap condition — top panels), reaction times are
increased and direction errors are uncommon, compared with when the fixation marker is absent
at target appearance (gap condition — bottom panels). c | Representative eye position traces
recorded from a monkey performing the anti-saccade task in the gap condition. Correct
responses are in red and error responses are in blue. Modified, with permission, from 
REF. 27  (1999) Society for Neuroscience.
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trials ensures that the phasic visual response that is 
initiated by the appearance of the target will not exceed
saccadic threshold. The target vector can then be
inverted into the saccadic vector, and activity on the side
of the brain ipsilateral to the target (coding the contraver-
sive anti-saccade) can begin to build towards threshold as
activity on the side contralateral to the target (coding the
automatic pro-saccade) dies away.

It is unlikely that the activity of saccade neurons in
the FEF and SC alone can account for the threshold
crossing that is required for the generation of correct
anti-saccades. For many saccade neurons, the magnitude
of the saccadic burst that accompanies anti-saccades of
the optimal vector is weaker than the magnitude of the
visual response that accompanies the presentation of
the target into their response fields27,28. If the visual
response of FEF and SC saccade neurons does not trig-
ger the saccade, then how does the saccade response do
so, given that it is weaker in magnitude?

One possibility is that the threshold is not constant,
but rather increases transiently after the sudden appear-
ance of a visual stimulus. Omnipause neurons in 
the brainstem reticular formation tonically inhibit the
saccade-generating circuit, and these neurons must be
silenced before a saccade can be triggered48,49. Omnipause
neurons discharge at a constant tonic rate during fixation
and pause for saccades in all directions. Their constant
tonic discharge rate, even during the gap condition50,
indicates that the threshold for saccade initiation
might be stable. However, the discharge of these 
neurons transiently increases immediately after the 
sudden appearance of visual stimuli50–52. So, it is possi-
ble that the saccadic threshold increases immediately
after target appearance so that, in the anti-saccade task,
it is harder for the transient visual response to trigger the
automatic pro-saccade, but the weaker saccade burst can
trigger the correct anti-saccade.

Another possibility is that saccadic activity in other
brain areas contributes to the accumulation of activity
towards the threshold for saccade generation. One area
that might provide such a signal to supplement 
the motor command for anti-saccades is the SEF53,54.
Neurons in the SEF have both visual and motor
responses, and these responses are increased on anti-
saccade trials36,37. So, SEF motor commands sent to the
brainstem premotor circuit can augment motor 
commands from the FEF and SC for the successful pro-
duction of volitional anti-saccades. This means that
action potentials from saccade neurons in the SC, FEF
and SEF together could contribute to the accumulation
of pre-saccadic activity that is required to cross the
threshold and trigger the anti-saccade. However, projec-
tions from the SEF to the brainstem are believed to 
terminate predominantly on omnipause neurons55. It
therefore remains to be determined how the SEF can
influence brainstem burst neurons to augment the input
from the FEF and the SC.

Inhibition of saccade neurons in the FEF and SC
seems to be crucial for suppressing the automatic pro-
saccade on anti-saccade trials. What are the possible
sources of this signal in the brain? One possibility is that a

right FEF and SC can be activated to drive the leftward
anti-saccade (timepoint d in the right panel of FIG. 2).
During the visual and motor responses, fixation 
neuron activity in both the SC and the FEF falls to 
a minimum.

What happens in the SC and FEF when a direction
error is triggered? Recall from FIG. 1c that such errors
occur only on anti-saccade trials and most frequently in
the gap condition. These direction errors are the result of
insufficient inhibition of saccade neurons in the FEF and
SC before the target appears (FIG. 3). Without sufficient
inhibition, the incoming visual transient response that is
produced by the appearance of the target, sums with 
elevated pretarget activity and an express saccade is 
triggered, driving the eyes towards the stimulus instead
of away from it. Most importantly, these direction errors
can be predicted on the basis of the discharge of saccade
neurons in the FEF and SC before the target appears18,28:
excessive pre-target activity among saccade neurons is
correlated with increased error rates.

So, correct performance in the anti-saccade task
requires top-down inhibition of saccade neurons in 
the SC and FEF before the target appears. This can be 
represented in an accumulator model as a decrease in the
pretarget level of neural activation, which moves the sys-
tem further away from the saccadic threshold (FIG. 4b).
This inhibition of the saccade neurons on anti-saccade

Frontal
eye fields

Superior
colliculus

50
 s

pi
ke

s 
s–

1
10

0 
sp

ik
es

 s
–1

a a

a

b b

b

c c d

a

b

c d
c

SN

FN

SN

FN
FP

T

Contralateral Ipsilateral

200 ms

Figure 2 | Discharges recorded from a fixation neuron (FN) and a saccade neuron (SN)
in frontal eye field and superior colliculus when a monkey performs the pro-saccade
and anti-saccade tasks in the gap condition. Blue traces, pro-saccade trials; red traces,
anti-saccade trials. Traces are aligned on target appearance. Presentation of the target on the
right side leads to direct activation of saccade neurons that are visually responsive on the left
side of the brain. These cells must be inhibited and saccade neurons on the right side activated
to drive the leftward anti-saccade. Before target appearance, fixation neurons are more active
on anti-saccade trials, while saccade neurons are more active on pro-saccade trials. The
neurons were recorded individually. FP, fixation point; T, target. 

©  2004 Nature  Publishing Group



NATURE REVIEWS | NEUROSCIENCE VOLUME 5 | FEBRUARY 2004 | 223

R E V I E W S

Another possible source for the inhibition of saccade
neurons in the FEF and SC is the DLPFC. Neurons in
the DLPFC project directly to the SC60,61 and the FEF62,
but the function of these projections remains unknown.
Funahashi and colleagues29 recorded from neurons in
the DLPFC when monkeys performed a delay version of
the pro- and anti-saccade tasks. They found that some
neurons coded the stimulus location whereas other neu-
rons coded the required response direction during the
delay period. Such a role for the DLPFC in arbitrary
stimulus–response mapping has been confirmed in
other studies63,64. For example, a large proportion of
DLPFC neurons showed differences in their baseline
activity between a spatial, object and association task
while monkeys were looking at a central fixation marker
before a stimulus was presented65. These differences in
activation probably reflect differences in preparatory set
and could be involved in pre-setting the excitability 
of neurons in the SC and FEF. Alternatively, other pop-
ulations of neurons in the DLPFC that have yet to 
be recorded in the anti-saccade task could provide 
inhibition to the saccade neurons in the FEF and SC.

A third source of inhibition of saccade neurons in the
FEF and SC could be the substantia nigra pars reticulata
(SNpr)66.A subset of neurons in the SNpr discharges ton-
ically during fixation and pauses for saccades67,68. Some of
these neurons project directly to the SC69 and the thala-
mus, which in turn projects to the FEF. So, tonic neurons
in the SNpr, which contain GABA (γ-aminobutyric acid),
could exert tonic inhibition over saccade neurons in both
the SC and FEF, and this inhibition could be enhanced on
anti-saccade trials.

The neurophysiological recording studies described
above have shown that a crucial step in the successful
completion of the anti-saccade task is the inhibition of
saccade neurons in the FEF and SC to ensure that the
phasic visual response that is generated by the appear-
ance of the target cannot trigger an automatic pro-
saccade. This inhibition must be present before the 
target appears and is represented in the accumulator
model as a reduction in baseline pre-target activity of
saccade neurons before target appearance (solid line in
FIG. 4b). If this inhibition is absent or weak (FIG. 4b,
dashed line), then the incoming visual response will
trigger a direction error. Further work is required to
address the precise role of the DLPFC, SEF and SNpr
as possible sources of the inhibition of saccade neurons
in the FEF and SC that is required for the successful
completion of the anti-saccade task.

Vector inversion. How is the location of the visual stimulus
transformed into the appropriate motor command for
the execution of saccades? This problem is relatively
straightforward for pro-saccades because the visual
response is mapped directly onto the saccade neurons
in the FEF and SC. However, this is not a trivial prob-
lem in the anti-saccade task because the visual response
is initially mapped to the wrong population of saccade
neurons in the SC and FEF. This activity must be sup-
pressed and instead a saccade response must be 
generated by saccade neurons on the opposite side of the

subset of fixation neurons in the FEF and SC themselves
inhibits the saccade neurons41,56,57. Although fixation 
neurons have been identified as output neurons from the
FEF and SC, it is possible that some instead are inter-
neurons. Recall that fixation neurons have greater activity
at the time of target appearance in the anti-saccade 
condition, and this signal could be used to inhibit the 
saccade neurons directly. Alternatively, fixation neurons
in the FEF might project to inhibitory interneurons in the
SC to inhibit saccade neurons. However, the question
remains, where does the signal come from to enhance the
activity of FEF and SC fixation neurons on anti-saccade
trials? There are several possibilities.

One possible source of this signal is the SEF.As stated
above, the visual and saccade-related responses of many
neurons in the SEF are greater for anti-saccades than for
pro-saccades. Many SEF neurons, especially fixation 
neurons, also show increased activation on anti-saccade
trials during the instruction period that precedes target
presentation, and the activity of these neurons is lower on 
trials in which the monkey generates a direction error36,37.
The SEF projects directly to the FEF58 and SC59, so SEF
efferents could excite local inhibitory interneurons to
exert inhibition of saccade neurons in these structures.
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frontal eye field and superior colliculus. Responses for
correct anti-saccades (red traces) are compared with
responses for erroneous pro-saccades (blue traces). The 
pre-target activity of saccade neurons (light blue box) can be
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appropriate to feed to frontocollicular regions to initiate
the correct anti-saccade. Whether this paradoxical 
signal actually participates in vector inversion remains
to be determined.

The FEF might also be important in vector inversion.
Sato and Schall38 used a singleton search task with a
manipulation of pro- and anti-saccade responses to 
dissociate target selection from saccade selection. In most
singleton search tasks, the subject must identify an odd-
ball stimulus among several uniform distractors. Sato
and Schall used colour to identify the singleton and the
shape of the singleton to instruct the type of response.
When the singleton was a vertical bar, the monkey was
required to initiate a pro-saccade to the singleton. When
the singleton was a horizontal bar, the monkey was
required to initiate a saccade away from the singleton.
Sato and Schall38 identified two types of neuron in 
the FEF. Type I neurons selected the singleton and the
endpoint of the saccade (saccade vector). The time of
singleton selection among type I neurons did not vary
with saccadic reaction time. Type II neurons, on the
other hand, selected only the endpoint of the saccade,
and their selection times varied with saccadic reaction
times. Sato and Schall38 concluded that visual selection
and saccade selection are different processes.

Future experiments are required to elucidate the
exact mechanisms for the implementation of vector
inversion. Nonetheless, evidence has accumulated to
indicate that neurons in both the LIP32,33 and the FEF38

participate in the process.

Imaging and ERP studies in humans
There is now experimental evidence showing that the
setting of pre-target excitability of saccade neurons is
also crucial if humans are to perform the anti-saccade
task correctly. This evidence has come from event-
related potential (ERP) and functional imaging studies.
ERP studies have found that the pre-saccadic negativity
that can be recorded over frontal and central cortical
sites is larger for anti-saccades than for pro-saccades73–75.
Furthermore, trials with direction errors are associated
with reduced negativity immediately before target 
presentation, compared with correct anti-saccade trials76.
Although the low spatial resolution of ERPs is insuffi-
cient to identify where these differences originate, these
studies show important differences between pro- 
and anti-saccade trials that are present before target 
presentation. A role for parietal areas in vector inversion
is supported by the analysis of post-stimulus ERPs76.
These show that a negative potential shifts from the
hemisphere contralateral to the stimulus to the hemi-
sphere ipsilateral to the stimulus (contralateral to the
movement), which is consistent with the time course of
paradoxical visual responses in LIP neurons32,33.

Early imaging studies using functional magnetic 
resonance imaging (fMRI) and positron emission
tomography (PET) identified cortical areas that are 
activated differentially during anti- and pro-saccade
tasks77–81. Specifically, parietal and frontal areas have an
increased blood-oxygen-level-dependent (BOLD) signal
and cerebral blood flow on anti-saccade trials. However,

brain. Somewhere between the initial registration of
target appearance and the generation of the saccadic
burst in the FEF and SC, the target vector must be 
transformed (inverted) into the movement vector.

One area that might have a crucial role in vector
inversion is the lateral intraparietal area (LIP). This area
is located at the interface between sensory and motor
processing70–72. Gottlieb and Goldberg31 recorded from
neurons in area LIP while monkeys performed pro-
and anti-saccades. Most of the recorded neurons in LIP
represented the target vector. Few neurons represented
the direction of movement, and their activity occurred
late. More recently, Zhang and Barash32,33 employed a
memory-delayed version of the anti-saccade task and
identified a paradoxical type of response among visual
neurons in LIP. On anti-saccade trials, when the 
saccade vector but not the target vector was aligned
with the response field of the neuron, these neurons
were activated about 50 ms after the visual neurons on
the opposite side of the brain. Although the discharge
was not visual, it seemed to be visual in that it was
observed at a fixed latency after target appearance, well
within the range of visual responses in LIP, and it
declined to baseline during the memory period, long
before movement initiation.

Zhang and Barash32,33 concluded that the presence of
the paradoxical activity in a subset of visual neurons in
LIP might represent a remapped visual response. They
argued that in the time immediately after target presen-
tation,“some context-categorization process” switched
on a non-standard input pathway. This inverted signal is
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Figure 4 | An accumulator model can be used to represent the accumulation of saccade
activity in the brain on anti-saccade trials. a | Schematized correct (solid traces) and error
(dashed traces) responses. b | Hypothesized neural activation for correct and error responses.
Activity contralateral to the target (left panel) must be suppressed and activity ipsilateral to the target
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Dashed traces refer to error trials.
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SC before the target appears (FIG. 4b; dashed traces).
On the other hand, normal adults can selectively inhibit
pretarget activity in saccade neurons (FIG. 4b; solid traces)
so that it is easier to suppress automatic pro-saccades in
the anti-saccade task.

Analysis of patients with discrete cortical lesions has
provided important insight into how the brain solves
the anti-saccade task. Patients with discrete lesions of the
DLPFC have difficulty in suppressing the automatic
pro-saccade in the anti-saccade task92–95. It is believed
that the DLPFC provides important top-down signals to
the FEF and perhaps the SC to inhibit the automatic
pro-saccade96,97. Removal of the DLPFC presumably
reduces the ability of subjects to inhibit saccade neurons
in the FEF and SC selectively on anti-saccade trials,
resulting in too much pretarget activity that will sum
with the incoming visual response to trigger direction
errors (FIG. 4c; red dashed traces). Lesions of the FEF, on
the other hand, do not reduce the ability to suppress the
automatic pro-saccade, but instead impair the ability 
to generate the voluntary anti-saccade98,99. The loss of
saccade neurons in the FEF will reduce input to the SC
and the saccade premotor circuitry, thereby increasing
the time that is required to accumulate activity to
threshold so as to trigger the voluntary anti-saccade
(FIG. 4c; blue solid traces).

A number of studies have shown that patients with
schizophrenia perform poorly on anti-saccade tasks100.
Two common findings are increased error rates and
prolonged reaction times for correct anti-saccades. This
behaviour shows a striking similarity to that of patients
with prefrontal lesions, and many studies have con-
firmed a correlation between the frequency of direction
errors and performance on the Wisconsin Card Sorting
Test101–103, an established test of prefrontal function.
Consistent with the behavioural similarities between
patients with schizophrenia and patients with frontal
lobe lesions is a recent fMRI study that compared the
BOLD signal associated with anti-saccades between
patients with schizophrenia and control subjects and
found differences in the right DLPFC104. Similar to
patients with DLPFC lesions, patients with schizo-
phrenia might have a reduced ability to suppress 
the activity of saccade neurons in the FEF and SC on
anti-saccade trials (FIG. 4d; dashed pink trace) and a
reduction in the rate of accumulation of activity for the
correct anti-saccade (FIG. 4d; solid pink trace).

Attention-deficit hyperactivity disorder (ADHD) is
characterized as a deficit in response inhibition105.
Children and adults diagnosed with ADHD have marked
difficulties in suppressing the automatic pro-saccade on
anti-saccade trials106. Despite the increase in direction
errors, there is no change in the mean reaction time of
correct anti-saccades, implying no deficit in the ability to
initiate a voluntary response. We have hypothesized that
the increased occurrence of direction errors in ADHD
is the result of compromised top-down control of
saccade neurons in the FEF and SC. This results in
excessive pretarget activity in the FEF and SC so that
direction errors are easily triggered after appearance of
the visual stimulus (FIG. 4d; red dashed trace).

these early studies used block designs in which subjects
typically performed alternating blocks of pro- and 
anti-saccades. With this block design it is not possible to
determine when these areas are activated during the
task. Event-related imaging provides a means to dissoci-
ate preparatory from saccade-related BOLD activity.
Recent studies82–84 have used event-related designs and
found that, during the instruction period before target
appearance and movement initiation, the BOLD signal
in frontal areas (SEF, FEF and DLPFC) is greater on
anti-saccade trials than on pro-saccade trials. It will be
interesting to test whether the BOLD signal differs in
these areas between correct anti-saccade trials and trials
with direction errors.

There is now converging evidence from primate 
electrophysiology, human ERP and event-related fMRI
studies that top-down inhibition of saccade neurons 
is crucial to ensure the suppression of the automatic
pro-saccade on anti-saccade trials. Several areas of the
frontal cortex and basal ganglia might be involved in this
top-down control of the saccade-generating circuit.

Clinical studies
Because of the dependency on frontal and basal ganglia
structures, the anti-saccade task has emerged as an
important clinical tool for investigating development
and dysfunction in various neurological and psychiatric
disorders85,86. A quick test of anti-saccade function is
often included in a bedside neurological exam. Patients
can be instructed to look either towards or away from
the wiggling fingers of the physician to assess saccadic
suppression ability. Many patient groups have now been
studied with the anti-saccade task and some of the key
findings can be interpreted in the context of the neuro-
physiological findings that are described above to make
specific predictions about how pathophysiology 
can influence top-down inhibitory control of saccade
neurons and accumulation of activity toward saccadic
threshold. We now review only a small part of this litera-
ture to illustrate how the accumulator model can be
used to interpret the clinical findings.

Important developmental changes have been identi-
fied in the ability of normal children and adults to 
perform the anti-saccade task5,87–90. Young children 
(<8 years of age) have difficulty in suppressing the auto-
matic pro-saccade in the anti-saccade task. Many of the
direction errors that are triggered by children are 
corrected quickly, revealing that these young subjects
have no difficulty in understanding the task. Rather, their
difficulty is in suppressing the automatic pro-saccade to
the target. This suppression ability develops gradually in
school-age children, and adult levels of performance are
achieved only at about 18 years of age. These develop-
mental changes have been attributed to protracted matu-
ration of the frontal lobes well into the second decade91.
This gradual improvement in the ability to suppress 
the automatic pro-saccade is presumably the result of
improved inhibitory control over the saccade-generating
circuitry. Because young children have reduced
inhibitory control, they will have difficulty in pre-setting
the excitability of saccade neurons in the FEF and 
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inhibitory control and the ability to generate voluntary
actions. Top-down inhibitory control is required 
to reduce pre-target baseline activity among saccade neu-
rons before target appearance, and insufficient inhibition
will lead to increased direction errors. In addition, the
anti-saccade task is also sensitive to deficits in initiation 
of movement that can alter the rate of accumulation of
activity toward threshold. These predictions can now 
be tested by combining fMRI, ERP and behavioural
investigations in the same patient groups.

Conclusions
Neural circuits have evolved to give us voluntary,
flexible control over behaviour. Many lively and colour-
ful debates between partners can be avoided when
glances to attractive individuals are suppressed and
gaze is instead diverted in the opposite direction. This
flexible control over voluntary behaviour is a hallmark
of executive control. In the case of the anti-saccade
task, it requires the top-down inhibition of automatic
pro-saccade responses and the generation of voluntary
anti-saccades. Future work should be directed at identi-
fying the precise neural substrate required for saccadic 
suppression and vector inversion.

Here, we have reviewed recent neurophysiological,
imaging and behavioural performance data collected
from the anti-saccade task. Monkey neurophysiologi-
cal data can be combined with human neuroimaging
data to identify the neural substrates that are required
for saccadic suppression and vector inversion in
humans. These results, when combined with behav-
ioural performance data, can be used to make specific
predictions of signal abnormalities in various patient
groups that can be tested directly in the laboratory.
So, the anti-saccade task is emerging as an important
tool to investigate not only normal brain function, but
also dysfunction in various neurological and psychiatric
disease conditions. In the future, this task might 
be important to evaluate future treatment protocols
that are designed to ameliorate deficits in response
inhibition and movement initiation.

A hallmark of Parkinson’s disease (PD) is that
patients have difficulty in generating voluntary
responses107. Reaction times for correct anti-saccades 
are significantly increased in patients with PD108–110,
indicating that the activity required to trigger correct
anti-saccades might accumulate more slowly in these
patients (FIG. 4d; compare solid pink and black traces).
Paradoxically, patients with PD are faster than control
subjects at generating the automatic responses in the
pro-saccade task, making more express saccades than
age-matched control subjects108. As a consequence,
significantly more direction errors are triggered on anti-
saccade trials110 (but see REFS 111,112). As a result of
this reduced inhibitory control in PD, inappropriate
top-down saccadic suppression might be present at
stimulus onset, resulting in excessive activity in saccade
neurons. This reduced inhibitory control is illustrated in
the accumulator model as elevation of the pre-target
baseline (FIG. 4d; dashed pink line).

Patients diagnosed with Tourette’s syndrome 
produce a different pattern of results in the anti-saccade
task113. Rather than generating more direction errors,
these patients instead have increased reaction times in
both pro- and anti-saccade tasks and, like control sub-
jects, they generate few direction errors. At first this
seems counterintuitive, because a hallmark of patients
with Tourette’s is their inability to suppress inappropriate
actions. Perhaps as a consequence of adapting to the
symptoms of the disorder, the patients have increased
top-down inhibition acting on the saccade-generating
system, thereby making it harder for activity to accumu-
late to trigger saccades in either pro- or anti-saccade
conditions (FIG. 4d; solid blue traces).

The above review of clinical studies is by no means
exhaustive (see REF. 86 for a more thorough review).
Nonetheless, it shows how recent neurophysiological
findings can be used to interpret the behaviour of clinical
groups in the context of the accumulator model. Most
importantly, there are specific predictions of how control
signals might be impaired in these clinical groups.
Specifically, the anti-saccade task is a good test of
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