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a b s t r a c t
The frontal oculomotor cortex is known to play an important role in oculomotor selection. The aim of the
current study was to examine whether previously observed ﬁndings concerning the role of the frontal
oculomotor cortex in the speed of saccade initiation and oculomotor inhibition might be related to a common underlying role of these areas in oculomotor selection. To this end, six patients with lesions to the
frontal oculomotor cortex performed a double stimulus paradigm in which two elements were presented
simultaneously in close proximity. Patients performed a block in which no speciﬁc task instruction was
given and a block in which an instruction was provided about which of the two elements was the target.
The rationale behind this manipulation was that the introduction of a speciﬁc task instruction would
require a stronger involvement of top-down factors. In contrast to the block without a speciﬁc task
instruction, saccade latencies to the contralesional visual ﬁeld were longer than the ipsilesional visual
ﬁeld when a task instruction was given. This effect was strongest for saccades that landed away from
the target and the distractor, reﬂecting trials in which strong oculomotor inhibition was applied. The
observed deﬁcits can be explained in terms of a slowing of the inhibitory signals associated with the
rejection of a distractor. Given the known role of the Frontal Eye Fields and the location of the lesions,
we attribute these ﬁndings to the Frontal Eye Fields, revealing their important role in the voluntary control of eye movements.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Our oculomotor system is restricted in that only one eye movement, to one location, can be initiated at a time. It is therefore crucial to select the most appropriate location for the next eye
movement. Although this is not a problem when only one visual
element is presented, selection becomes more difﬁcult when additional elements are presented, because the oculomotor system has
to decide which is the most important element in the visual ﬁeld.
The selection of where to make the next eye movement is inﬂuenced by both top-down (or voluntary) factors, like task demands,
and bottom-up (or reﬂexive) factors, like the abrupt onset of an
element (Godijn & Theeuwes, 2002; Trappenberg, Dorris, Munoz,
& Klein, 2001). The competition between top-down and bottomup factors in the oculomotor system is nicely illustrated by paradigms in which an eye movement has to be executed to a target
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element in the presence of an abrupt appearance of a visual stimulus in the periphery (e.g. the oculomotor capture paradigm, Theeuwes, Kramer, Hahn, & Irwin, 1998). In this situation, eye
movements are frequently initiated towards the distracting onset,
which conﬂicts with the task demands to execute an eye movement to the target.
One of the neural areas in the frontal oculomotor cortex that is
known to play an important role in oculomotor selection is the
Frontal Eye Fields (FEF). This evidence comes from a variety of
neuro-imaging (Clementz, Brahmbhatt, McDowell, Brown, &
Sweeney, 2007; Curtis & D’Esposito, 2003), transcranial magnetic
stimulation (Bosch, Neggers, & Van der StiPlease provide an update
for reference ‘Bosch et al., 2013) and neurophysiological studies
(Bichot, Rao, & Schall, 2001; Bichot & Schall, 2002). Lesion studies
have provided two lines of evidence for the role of the FEF in
oculomotor selection. First, results on the antisaccade task
(Guitton, Buchtel, & Douglas, 1985; Hodgson et al., 2007; Machado
& Rafal, 2004a) and the oculomotor capture task (Van der Stigchel,
van Koningsbruggen, Nijboer, List, & Rafal, 2012) have shown that
oculomotor inhibition, the ability to reject an automatically evoked
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eye movement program, is impaired in the contralesional visual
ﬁeld of patients with a lesion to the FEF. In the antisaccade task,
participants are presented with an abrupt appearance of a visual
stimulus in the periphery (‘onset’) after which they have to execute
an eye movement away from the onset location to its mirror opposite position. The eye movement that is automatically evoked by
the presence of the onset has to be inhibited, whereas a top-down
generated eye movement has to be executed to the mirror location
of the onset. A failure of oculomotor inhibition will result in the
execution of an erroneous eye movement toward the onset. In
the antisaccade task, FEF patients make an erroneous saccade to
the onset location when the onset is presented in the contralesional visual ﬁeld more frequently than when it is presented in the
ipsilesional visual ﬁeld (Guitton et al., 1985; Hodgson et al.,
2007; Machado & Rafal, 2004a).
A second line of evidence for the role of the FEF in oculomotor
selection comes from studies in which patients were required to
execute an eye movement to either the ipsilesional or contralesional visual ﬁeld (Henik, Rafal, & Rhodes, 1994; Machado & Rafal,
2004b). When patients with FEF lesions executed voluntary eye
movements, summoned by the presentation of an arrow in the
center of the visual display, saccade latencies towards the contralesional visual ﬁeld were longer compared to latencies towards the
ipsilesional visual ﬁeld. This slowing of latencies of voluntary saccades after a lesion to the FEF suggests that the FEF might be involved in the initiation of voluntary saccades.
Interestingly, the observed deﬁcits after a lesion to the FEF were
all observed in the contralesional visual ﬁeld. This is in contrast to
the deﬁcits observed after a lesion to the dorsolateral prefrontal
cortex (DLPFC), an area closely aligned to the FEF. The DLPFC is
known to be involved in the inhibition of a reﬂexive saccade,
although these deﬁcits are observed in both the contra- and ipsilesional visual ﬁeld (Pierrot-Deseilligny et al., 2003). The same holds
for a third region in the frontal oculomotor cortex, the supplementary eye ﬁelds (SEFs), which does not seem to play a role in oculomotor selection, but is involved in more higher-order oculomotor
functions, like response conﬂict (Husain, Parton, Hodgson, Mort,
& Rees, 2003). Therefore any imbalance in oculomotor selection
between the two visual ﬁelds in patients with a lesion to the frontal oculomotor cortex should be attributed to the FEF.
The aim of the current study was to examine whether the observed ﬁndings with respect to oculomotor inhibition and saccade
latency might be related to a common underlying role of the FEF.
Previous studies have revealed that the strength of oculomotor
inhibition is strongly dependent on saccade latency (McSorley,
Haggard, & Walker, 2006; van Zoest, Donk, & Theeuwes, 2004):
oculomotor inhibition becomes stronger with increasing saccade
latencies. One of the paradigms to examine the relation between
saccade latency and oculomotor inhibition is the double stimulus
paradigm in which two elements are presented simultaneously
in close proximity (for a review, see Van der Stigchel & Nijboer,
2011). In this situation, the saccade endpoint will generally be
positioned in between the two elements, a phenomenon called
the ‘global effect’ or ‘saccade averaging’. The global effect is explained by the idea that both elements each evoke their own vector
in the oculomotor system. When the distance between the two
vectors is small, these vectors will be combined and the saccade
will be initiated to the average direction of the two vectors (Tipper,
Howard, & Jackson, 1997). The global effect is strongest for shorter
latencies, in line with the claim that oculomotor inhibition is relatively weak for these short latencies. When latencies are short, the
competition between the two vectors will be unresolved due to the
lack of rejection of either of the vectors, resulting in an averaged
vector in the direction of the intermediate location between the
two evoking elements.
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Here, we examined the relation between oculomotor inhibition
and saccade latency in patients with lesions of the FEF. The ﬁrst
task consisted of a simple one-stimulus task in which the participants were required to execute an eye movement to a single stimulus. The aim of this task was to evaluate whether there are
differences in basic oculomotor behavior between the contraand ipsilesional visual ﬁeld, e.g. due to residual disturbances of
eye movements after recovering from neglect (Pﬂugshaupt et al.,
2004), that might explain possible hemiﬁeld differences observed
in the other two tasks. For instance, if there are baseline differences
in saccade endpoint variability between the two hemiﬁelds, this
could mediate possible differences in saccade averaging between
the contra- and the ipsilesional hemiﬁeld.
In the second task, two colored elements were presented in
close proximity within the same visual ﬁeld and the participants
were required to execute an eye movement to these elements.
No speciﬁc task instruction was provided about which element
was the target of the saccade (Van der Stigchel, Heeman, & Nijboer,
2012), which allowed us to evaluate whether there are differences
in saccade averaging between the contra- and the ipsilesional visual ﬁeld. As there were no explicit task instructions, top-down
factors were not strongly involved in the selection process. Given
the hypothesized role of the FEF in the top-down component of
target selection, it was therefore expected that no differences in
saccade latency or saccade endpoints would be observed when
no speciﬁc task instructions were provided.
In the third, and most important task, a speciﬁc task instruction
was introduced in which stimuli were identical to those for the
second task, but participants were required to select one of the
two colored elements and to ignore the other element. Due to
the presence of a task instruction, differences in saccade latencies
between the contra- and ipsilesional visual ﬁeld were expected.
Moreover, this manipulation allowed us to evaluate the saccade
endpoint distribution in more detail. If oculomotor inhibition is indeed less strong in the contralesional visual ﬁeld than in the ipsilesional visual ﬁeld, differences were expected in the amount of eye
movements landing in between the target and the distractor: weak
oculomotor inhibition results in a strong residual activity of the
distractor vector and therefore an averaged vector which is directed to an intermediate location. In contrast, saccades landing away
from the target reﬂect saccades in which the distractor vector is
strongly inhibited and the resulting vector overshoots the target
location. See Fig. 1 for an explanation of this argument which is
based on the vector theory of Tipper et al. (1997) and assumes that
the weighted average of the vectors present in the system determines the direction of the saccade. As this ﬁgure illustrates, endpoints landing away from target and distractor are associated
with strong inhibition, whereas endpoints landing in between
the target and the distractor reﬂect situations in which the inhibition is weaker.

Fig. 1. Illustration of the interpretation given to the various saccade endpoints. The
dotted arrows represent the vectors associated with the target and the distractor.
The weighted average is indicated by the bold line. When no inhibition is present,
the weighted average will point to an intermediate location. When weak inhibition
is present, the weighted average will be directed to a location towards the target
location. When the distractor vector is strongly inhibited, the weighted average will
point to a location away from the target and the distractor.
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Furthermore, we also analyzed the timing of oculomotor inhibition by investigating whether there are differences in saccade
latency in the range of saccade endpoints (from those landing in
between the target and the distractor to those landing away from
the target). As mentioned, saccade averaging (i.e. no oculomotor
inhibition) is generally strongest for trials in which the saccade
latency is short, whereas saccades landing in the direction of the
target (i.e. stronger oculomotor inhibition) are associated with
longer latencies (Van der Stigchel & Nijboer, 2011). Possible
differences in latencies between these various endpoints might
therefore reﬂect differences in the timing of the inhibitory signals
in the oculomotor system.
In the current study, we tested six patients with unilateral
lesions involving the frontal oculomotor cortex. All patients had
lesions to the FEF and parts of the DLPFC. From studies in nonhuman primates, it is known that the FEF code for saccades in
contralateral oculomotor space, and thus control contralateral saccades (Bruce, Goldberg, Bushnell, & Stanton, 1985; Sommer &
Tehovnik, 1997). As any behavioral deﬁcits are predicted to be
lateralized, the critical analysis for each task is a comparison of
performance in the contra- vs. ipsilesional visual ﬁelds. This way,
the patients act as their own controls. Previous studies have
already revealed that there is no imbalance in strength of oculomotor inhibition between both visual ﬁelds in healthy controls (Van
der Stigchel, Arend, van Koningsbruggen, & Rafal, 2010; Van der
Stigchel & Nijboer, 2010).

2. Methods
2.1. Patients
One left- and ﬁve right-hemisphere-lesioned patients were
tested (four men, mean age = 56.8, SD = 9.0). The inclusion criterion for this study was a chronic (>12 months) lesion restricted
to frontal cortex and involving the FEF. The landmark for the FEF
was the posterior part of the middle frontal gyrus at the intersection of the superior frontal sulcus and the precentral sulcus. In
all patients, other areas of frontal oculomotor motor cortex were
involved in addition to the FEF: parts of dorsolateral prefrontal cortex (DLPFC area 46) were involved in all six patients and the supplementary eye ﬁeld was also involved in two patients. Fig. 2
shows the individual scans and an overlap image of the individual
lesions.
Case 1 is a 72-year old woman who suffered a right middle cerebral artery territory stroke four years prior to testing. She initially had left hemiparesis and hemispatial neglect. Symptoms
of her neglect recovered, as did the strength in her left leg.
She is living independently and is left with residual spastic
weakness and loss of dexterity in the left hand. There were no
sensory deﬁcits and clinical examination did not reveal any
obvious impairment in eye movements. Her lesion involves part
of the DLPFC, the precentral gyrus motor and premotor cortices,
and the FEF.
Case 2 is a 64-year old man who suffered a stroke in the right
middle cerebral artery territory four years prior to testing. Left
hemiparesis and hemispatial neglect resolved within a few
weeks, but he was left with a ﬂattening of affect, loss of motivation and impaired inhibitory control. The lesion involves
insular and frontal cortex over a large area extending from
the ventrolateral prefrontal cortex, through the DLPFC and
the FEF. There is also a small lesion involving part of the left
FEF. Because the most extensive damage was present in the
right FEF, the left visual ﬁeld was designated as ‘contralesional’
in this patient.

Case 3 is a 51-year old man who suffered a stroke in the right
middle cerebral artery territory two years prior to testing, leaving a dense, spastic left hemiplegia. The lesion involves the right
anterior insula and an extensive area of the DLPFC, premotor
cortex, FEF, supplementary motor area and supplementary eye
ﬁeld.
Case 4 is a 52-year old woman who suffered a left hemisphere
stroke eight years prior to testing. The lesion involves Broca’s
area and extends into the DLPFC and the FEF. She initially presented aphasia and problems with writing and calculation, but
these have recovered. She suffered no motor or visual deﬁcits
and no visual neglect or extinction.
Case 5 is a 50-year old man who had a falx meningioma resected
5 years prior to testing. MRI scan reveals extensive residual gliosis in the dorso-medial frontal cortex of the right hemisphere
including supplementary motor cortex, supplementary eye ﬁeld
and extending laterally into the FEF. Medially, the lesion
extends into the post-central gyrus and into the paracentral
lobule on the medial wall. The lesion spares the cingulate gyrus.
Case 6 is a 52-year old man with congenital spastic, left hemiplegia and a seizure disorder due to right hemisphere openlip schizencephaly, affecting the frontal operculum, motor and
premotor cortices and part of the DLPFC.
None of the patients had additional neurological or psychiatric
illness. Hemispatial neglect was assessed by conventional cancellation tests during neurological examination. None of the patients
showed neglect at the time of testing for the current study. All participants gave informed consent according to the standards of the
Declaration of Helsinki for a protocol that was approved by the
institutional review boards of the hospital and the university.
2.2. Apparatus
Eye movements were recorded by an Eyelink1000 system (SR
Research Ltd., Canada), an infra-red video-based eye tracker that
has a 1000 Hz temporal resolution and a spatial resolution of
0.01°. The participant’s head was stabilized with a chin rest, and
an infrared remote tracking system compensated for any residual
head motion. The left eye was monitored. An eye movement was
considered a saccade when either eye velocity exceeded 35°/s or
eye acceleration exceeded 9500°/s2. Participants performed both
experiments in a sound-attenuated setting, viewing a display monitor from a distance of 57 cm.
2.3. Stimuli and procedure
Participants performed three blocks in the same order (i.e. ‘Single stimulus block’, ‘Double stimulus block without target selection’ and ‘Double stimulus block with target selection’) in a
sound attenuated setting. Each experimental block started with a
nine-point grid calibration procedure. In all blocks, the sequence
of trials was randomized. The different conditions are represented
in Fig. 3.
2.3.1. Single stimulus
Participants viewed a display containing a gray ﬁxation cross
(1.1  1.1°) on a black background in the center of the display.
The ﬁxation cross was removed after a random interval of 500–
1000 ms. Subsequently, one red1 ﬁlled circle with a radius of .86°
was presented. The circle was positioned around four principal axes
(45°, 135°, 225°, and 315°) on an imaginary circle around the central

1
For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 2. Axial T1-weighted MRI images of lesions in the six patients. In line with radiological convention, the brain is viewed from below with right lesions on the left side of
the image. The bottom row shows an overlap reconstruction of the lesions of all six patients with the left hemisphere lesioned patient’s image reﬂected onto the right. Greater
overlap is depicted as brighter red. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

ﬁxation point (radius: 11.50°). The stimulus could appear on either
side of the axis at ±10° from the axis (i.e. 35°, 55°, 125°, 145°,
215°, 235°, 305°, and 325°; see Fig. 3). The target display was presented for 2000 ms after which all objects were removed from the
display.
Participants were instructed to ﬁxate on the central ﬁxation
cross and to move their eyes to the stimulus on the monitor as
quickly as possible. It was stressed that they should try to make
a single accurate saccade. This block consisted of 120 experimental
trials.
2.3.2. Double stimulus without target selection
The only difference between this block and the Single stimulus
block was the presentation of two circles instead of one: a red circle and a green circle were presented. Both circles had the same
size (radius of .86°) and were equiluminant. Both stimuli appeared
in the same quadrant on either side of the principal axis at ±10°
from the axis (i.e. 35° and 55°; 125° and 145°; 215° and 235°;
and 305° and 325°). Within this limitation, all possible combinations of stimuli locations were presented with equal probability
in pseudorandom order.

Participants were instructed to ﬁxate on the central ﬁxation
cross and to move their eyes to the stimuli on the monitor as
quickly as possible (‘‘make an eye movement to whatever appears
on the screen’’). It was stressed that they should try to make a single accurate saccade. This block consisted of 224 experimental trials and 16 practice trials.
2.3.3. Double stimulus with target selection
The sole difference between this block and the Double stimulus
without target selection block related to the task instruction. Participants were instructed to ﬁxate on the central ﬁxation cross and to
move their eyes to the red stimulus on the monitor as quickly as
possible. In this block, the red stimulus was the target and the
green stimulus the distractor. This block consisted of 224 experimental trials and 16 practice trials.
2.4. Data analysis
Saccade deviation was computed as the angle (in degrees) between the saccade endpoint and the principal axis of the quadrant
in which the stimulus was presented. The axis around which the
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Fig. 3. Lay-out and timing of the task.

stimuli were positioned (the geometric midpoint between the
stimuli) was therefore used as a null-reference.
Eye movements sometimes portrayed a small drift from ﬁxation
at the start of the saccade. Since this inﬂuences the relative position of the stimuli in relation to the start of the saccade, the deviation score was calculated relative to the actual starting point of
the saccade.
If a landing position in any of the conditions was further than
two and a half standard deviations away from the average landing
position per condition of the participant the trial was marked as an
outlier and removed from the analysis.
Saccade latency was deﬁned as the interval between target onset and the initiation of the saccadic eye movement. Trials with a
saccadic latency lower than 80 ms (anticipatory saccades) or higher than 800 ms (too slow saccades) were excluded.
Besides the exclusion criteria mentioned above, trials were excluded when the deviation score of a saccade was further than
4.89° of the geometric midpoint between the stimuli (i.e. three
times the distance between the geometric midpoint between the
stimuli and the center of the stimulus), or when no saccade was
made larger than 5°. Furthermore, saccades had to be initiated
within 2° of the central ﬁxation point.
2.4.1. Single stimulus block
Eye movements that landed on the target stimulus had a deviation score of 10 (the distance in polar coordinates between the
target stimulus and the principal axis). For the Single stimulus

block, we investigated whether there were baseline differences in
saccade latency and saccade accuracy between the contra- and
ipsilesional visual ﬁeld. To this end, we analyzed saccade latency,
saccade deviation and the variability in saccade deviation between
the two visual ﬁelds using a t-test. This way, we could investigate
whether there were differences in the baseline oculomotor performance between the two visual ﬁeld which could explain any possible differences obtained in the blocks in which two elements
were presented.
2.4.2. Double stimulus without target selection
Eye movements that landed on the target stimulus had a deviation score of 10 (the distance in polar coordinates between the
target stimulus and the principal axis). Because neither of the
two stimuli was the designated target location in the Double stimulus without target selection block, we deﬁned the landing positions
deviating towards either of the two stimuli as positive. To check
whether there were differences in saccade averaging between the
two visual ﬁelds, we performed a t-test on the mean and the standard deviation of the saccade deviation between the contra- and
ipsilesional visual ﬁeld.
2.4.3. Double stimulus with target selection
Eye movements that landed on the target stimulus had a deviation score of 10 (the distance in polar coordinates between the
target stimulus and the principal axis). Eye movements that landed
on the distractor stimulus had a deviation score of 10. To check

S. Van der Stigchel et al. / Brain and Cognition 82 (2013) 192–200

197

whether there were differences in saccade averaging between the
two visual ﬁelds, we performed a t-test on the mean and the standard deviation of the saccade deviation between the contra- and
ipsilesional visual ﬁeld.
As it was assumed that the different deviation values represent
different processes in the oculomotor selection, saccade latency
was analyzed as a function of saccade deviation. To this end, trials
were divided in three separate bins on the basis of their deviation:
the lowest third (bin 1), the middle third (bin 2), and the highest
third (bin 3). We subsequently averaged saccade latencies for all
trials within each bin. This computation was performed for each
patient individually. For the Double stimulus without target selection
block, these included only positive values, whereas Double stimulus
with target selection block also included trials with negative values
(i.e. for landing on a distractor). Because of these different scales
for saccade deviation, these two blocks were analyzed separately.
Saccade latencies were analyzed using an ANOVA with visual ﬁeld
(contralesional and ipsilesional) and Saccade Deviation Bin (1, 2, 3)
as within subject factors.
3. Results
3.1. Single stimulus block
The exclusion criteria resulted in 13.4% excluded trials; the
majority of those were inaccurate ﬁxations.
There was no difference between the latencies towards targets
in the contralesional [mean = 216 ms; st. dev. = 49] and the ipsilesional visual ﬁeld [mean = 210 ms; st. dev. = 50; t(5) = .74; p = .49].
As can be seen in Fig. 4, saccades generally landed around 10°
which is the location of the single target stimulus. Using visual
inspection, there also seems to be no difference in the endpoint
distribution between the contra- and ipsilesional visual ﬁeld. This
was reﬂected in an absence of a difference in saccade deviation
[t(5) = .29; p = .78] which indicates that the mean endpoint did
not differ between the contra- and ipsilesional visual ﬁeld. This
does not exclude, however, that endpoints are more variable in
one of the two visual ﬁelds. To this end, we analyzed whether
the standard deviation of the saccade deviation differed between
the two visual ﬁelds. A t-test between the standard deviations of
the saccade deviation between the two visual ﬁelds was not significant [t(5) = .57; p = .59].
On the basis of these results, it can be concluded that there is no
difference in oculomotor performance in the block in which a
speeded saccade had to be made to a single visual target. Any effect
observed in the other two blocks can therefore not be attributed to
baseline differences in the oculomotor behavior between the contra- and ipsilesional visual ﬁeld.

Fig. 4. Saccade endpoint distributions for the three different blocks. Visual stimuli
were presented at ±10°, whereas 0° indicates the center between the two stimuli (in
the case where two stimuli were presented).

3.2. Double stimulus without target selection block
The exclusion criteria resulted in 16.4% excluded trials; the
majority of those were inaccurate ﬁxations.
As can be seen in Fig. 4, saccades generally landed around 0°
which is the location in between the two stimuli. No difference
was observed between the saccade deviation between the contraand ipsilesional visual ﬁeld [t < 1], indicating that saccade averaging was not different between the two visual ﬁelds. Also the width
of the distribution did not differ, as indicated by an absence of an
effect of the standard deviation of the saccade deviation
[t(5) = 1.27; p = .26].
A repeated measures ANOVA on saccade latency with visual
ﬁeld (contralesional and ipsilesional) and Deviation Bin (1, 2, 3)
as factors did not reveal a main effect of visual ﬁeld
[F(1,5) = 2.68; p = .16]: there was no difference between the laten-

cies towards targets in the contralesional [mean = 224 ms; st.
dev. = 56] and the ipsilesional visual ﬁeld [mean = 209 ms; st.
dev. = 42]. There was no main effect of Deviation Bin
[F(2,10) = 1.99; p = .19] and no signiﬁcant interaction between visual ﬁeld and Deviation Bin [F < 1]. Fig. 5 shows the mean values
for the various conditions.
3.3. Double stimulus with target selection block
The exclusion criteria resulted in 18.4% excluded trials; the
majority of those were inaccurate ﬁxations.
As can be seen in Fig. 4, saccades generally landed around 10°
which is the location of the target stimulus. It is also clear that
there were numerous trials in which the saccade endpoint landed
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Fig. 5. Saccade latency as a function of saccade deviation for the two blocks in which two stimuli were presented. Error bars indicate standard error of the mean.

in the direction of the distractor stimulus. No difference was observed between the saccade deviation between the contra- and
ipsilesional visual ﬁeld [t < 1], indicating that the saccade endpoint
was not different between the two visual ﬁelds. Also the width of
the distribution did not differ between the two visual ﬁelds, as
indicated by an absence of an effect of the standard deviation of
the saccade deviation [t < 1].
A repeated measures ANOVA on saccade latency with visual
ﬁeld (contralesional and ipsilesional) and Deviation Bin (1, 2, 3)
as factors revealed a main effect of visual ﬁeld [F(1,5) = 8.37;
p < .04; see Fig. 5]. Saccade latencies towards the target in the contralesional visual ﬁeld were longer [mean = 219 ms; st. dev. = 52]
compared to saccade latencies towards the target in the ipsilesional visual ﬁeld [mean = 194 ms; st. dev. = 33]. The direction of this
effect was consistent across 5 out of 6 patients (Case 3 had a difference of less than 1 ms in the opposite direction; see Table 1).
Furthermore, a main effect of Deviation Bin was observed
[F(2,10) = 5.48; p < .03]. Latencies increased with higher saccade
deviation (i.e. more towards the target); latencies for the ﬁrst bin
were lower [mean = 195 ms; st. dev. = 37] compared to latencies
for the third bin [mean = 217 ms; st. dev. = 50; t(5) = 2.62;
p < .05]. This is in line with the idea that saccade averaging becomes stronger with shorter latencies.
Interestingly, the interaction between visual ﬁeld and Deviation
Bin approached signiﬁcance [F(2,10) = 3.33; p = .07]. This interaction was driven by the fact that saccade latencies in the third bin
were longer for the contralesional visual ﬁeld [mean = 237 ms; st.
dev. = 64] than the ipsilesional visual ﬁeld [mean = 197 ms; st.
dev. = 39; t(5) = 2.87; p < .04]. This difference was absent for the
ﬁrst and the second bin [p0 s > .05] and was observed for 5 of the
6 patients (again, Case 3 had a difference of 1 ms in the opposite
direction; see Table 1). Mean deviation values for the third bin
were higher than 10° [mean = 12.9°; st. dev. = 3.0] indicating that
this bin reﬂects trials in which the saccade on average landed away

Table 1
Saccade latencies (in ms) in the Double stimulus with target selection block. Trials were
divided in three separate bins on the basis of their latency: the lowest third (bin 1),
the middle third (bin 2), and the highest third (bin 3).
Overall

Case
Case
Case
Case
Case
Case

1
2
3
4
5
6

Contra

Ipsi

Contra

Ipsi

Bin 1

Bin 2

Bin 3

Bin 1

Bin 2

Bin 3

201
284
145
226
189
271

192
236
146
205
167
217

199
251
140
227
162
259

196
273
151
218
184
267

207
326
144
234
219
288

176
216
149
206
162
196

200
240
143
200
180
243

200
254
145
210
161
213

from the target. No difference was observed between the values in
the third bin for the contra- and ipsilesional visual ﬁeld [t < 1].
4. Discussion
The aim of the present study was to further unravel the role of
the FEF in oculomotor selection. To this end, six patients with a lesion to the frontal oculomotor cortex performed a saccade averaging task with and without an instruction to saccade to a speciﬁc
element. The rationale behind this manipulation was that the
introduction of a speciﬁc task instruction would require a stronger
involvement of top-down factors. This allowed us to investigate
which component in oculomotor selection is subserved by the
FEF by comparing performance in the contra- and ipsilesional visual ﬁeld.
Patients performed three separate tasks. Results of the ﬁrst task,
in which the patients were required to saccade to a single target
presented in either the contra- or the ipsilesional visual ﬁeld, revealed no differences in saccade latency and saccade accuracy between both visual ﬁelds. This indicates that possible differences
observed in the two other tasks between the contra- and the ipsilesional visual ﬁeld cannot be explained by baseline differences in
oculomotor behavior between the two visual ﬁelds.
The second and the third task had different results with respect
to dissociations in performance between the contra- and ipsilesional visual ﬁeld. In these two tasks, a red and a green element
were presented and patients either received no task instruction
or received a speciﬁc task instruction about which element was
the target element (‘saccade to the red element and ignore the
green target’). When no task instruction was provided, saccade latency and endpoint accuracy were similar between the two visual
ﬁelds. When a task instruction was provided, however, saccade
latencies to the contralesional visual ﬁeld become larger compared
to latencies to the ipsilesional visual ﬁeld. Interestingly, this effect
was the strongest for saccades that landed away from the target
and the distractor.
The observed dissociation between the tasks with and without
task instruction is related to differences in top-down control. On
the basis of the current results, it can be concluded that patients
with a lesion to FEF show impaired performance in the contralesional visual ﬁeld when top-down control is necessary to correctly
perform the task. When two elements are presented and no task
instructions are provided, oculomotor selection is not required as
both elements have the same status in the selection process. This
was also revealed by the presence of many averaging saccades,
which landed on a location in between the two elements. When
a task instruction was given, top-down control was required to in-
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hibit the distractor and select the target. Indeed, the saccade endpoint distribution for this condition was skewed towards the target
location, away from the distractor location.
These ﬁndings therefore reveal that FEF are involved in the voluntary control over the oculomotor system. These deﬁcits are subtle however; they are not so strong that the saccade endpoint
distribution differed between the contra- and the ipsilesional visual ﬁeld, but were reﬂected in the timing of the inhibitory signals.
More speciﬁcally, these deﬁcits can be explained in terms of a
slowing of the inhibitory signals that are associated with the rejection of the distractor. As explained, the differences between the
two visual ﬁelds were most pronounced for saccades that landed
away from the target and the distractor. In these trials, oculomotor
inhibition is strong as the inhibition of the distractor is strong enough to inﬂuence the weighted average vector such that it deviates
away from the distractor and target location (Tipper et al., 1997;
Van der Stigchel, 2010; Van der Stigchel, Meeter, & Theeuwes,
2006). These ﬁndings therefore imply that oculomotor inhibition
was equally strong in both visual ﬁelds, but that differences are
present in the timing of the oculomotor inhibition.
These results extend previous ﬁndings in patients with lesions
to the FEF. With respect to the slowing of contralesional voluntary
saccades observed in earlier studies (Henik et al., 1994; Machado &
Rafal, 2004b), our results indicate that the deﬁcits are not restricted to the initiation of voluntary saccades but are also reﬂected
in a slowing of the inhibitory signals that are associated with the
rejection of the distractor. It could therefore be that deﬁcits to
the FEF are reﬂected in a general slowing of processes associated
with top-down control over the oculomotor system. This explanation is also consistent with the ﬁndings of impaired oculomotor
inhibition as observed in the antisaccade and the oculomotor capture task (Guitton et al., 1985; Hodgson et al., 2007; Machado & Rafal, 2004a; Van der Stigchel et al., 2012). In these tasks, the
competition between two elements in the visual ﬁeld is much
stronger than in the current task as the element that should be rejected is the sole element that is presented with an abrupt onset.
Previous studies have reported a higher number of erroneous saccades to this onset in the contralesional than in the ipsilesional visual ﬁeld. The assumed delay in top-down inhibition of this onset
then results in a higher probability of the onset winning the competition and hence more erroneous saccades to the onset.
Our results do not replicate previous ﬁndings of the reverse
Sprague effect for reﬂexive saccades (Henik et al., 1994; Machado
& Rafal, 2004b): in these studies, latencies were longer for saccades
to ipsilesional compared to contralesional targets when a reﬂexive
saccade was executed. In the present study, such an effect was absent. Similar to our ﬁndings, however, this result was reversed
when a voluntary component was added to the task. Henik et al.
(1994) attributed the slowing of reﬂexive saccades towards ipsilesional targets to hypoactivity in the contralesional motor map, the
superior colliculus (SC). In patients with a FEF lesion, the tonic
inhibitory inﬂuences of the ipsilesional substantia nigra pars reticulata (SNPR) on the contralesional SC might be less strong, rendering the cells in the contralesional SC hypoactive and therefore
increasing the latency of reﬂexive saccades towards ipsilesional
targets. It should be noted that the location of the upcoming target
was more predictable in these previous studies, as the target could
only appear at one of two possible target locations. In the current
experiment, there were eight possible target locations, decreasing
the predictability of the location of the upcoming target. It is possible that this lower predictability decreased the reﬂexive nature of
the task, which might explain the absence of the reverse Sprague
effect.
As is mostly the case in a group of patients with brain lesions,
the locations of the lesions were quite heterogeneous. Besides
the FEF, patients also had lesions to other areas of frontal oculomo-
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tor cortex: all had lesions involving at least part of DLPFC and two
patients had a lesion to the SEF. As mentioned in the introduction,
deﬁcits after lesions to the DLPFC are observed in both visual ﬁelds
(Pierrot-Deseilligny et al., 2003), whereas we investigated an
imbalance between the contra- and ipsilesional visual ﬁeld. Furthermore, the SEF was only lesioned in two patients and is not
known to play role in the mechanisms under investigation in the
current study (Husain et al., 2003). In one patient (Case 5), the lesion extended medially into the post-central gyrus and into the
paracentral gyrus on the medial wall. In none of the patients, however, was parietal oculomotor cortex around the intraparietal sulcus affected. Importantly, the imbalance in oculomotor selection
was observed in ﬁve of the six patients with no clear distinction
in lesion pattern for the one patient who did not show the effect.
It is therefore reasonable to implicate the lesion of the FEF as being
responsible for the lateralized deﬁcits observed in the present
study.
An additional interesting aspect is the bilateral FEF damage of
Case 2; detailed examination of the structural MRI image revealed
that this patient had a small lesion to the left FEF, whereas she had
a complete lesion of the right FEF. This patient clearly showed a
strong imbalance between the two visual ﬁelds, with the deﬁcit
observed contralesional to the fully damaged FEF. Given that the
lesion in the left FEF was restricted to the most ventral part of
the region that would be considered the human FEF, this might
indicate that the ventral part of the FEF is not involved in the speciﬁc type of oculomotor inhibition probed with the saccade averaging task used in the current study. Although this remains
speculative, it is supported by evidence for a subdivision of the
FEF into various different functional oculomotor areas (e.g., Neggers et al., 2012).
The FEF controls the outcome of oculomotor competition by
projections to the intermediate layers of the SC, an area in the midbrain which is generally assumed to be the location where bottomup and top-down eye movement signals are integrated into a saccade map (Godijn & Theeuwes, 2002; Meeter, Van der Stigchel, &
Theeuwes, 2010; Munoz, Dorris, Pare, & Everling, 2000; Trappenberg et al., 2001). The SC integrates input from many cortical areas
(Lock, Baizer, & Bender, 2003; Munoz, 2002) and sends the result of
this integration process to the brainstem premotor circuitry where
the eye movement is programmed (Moschovakis, 1996). Results of
neurophysiological recordings have nicely illustrated the involvement of the FEF in oculomotor competition: initially, neurons in
the Frontal Eye Field respond to any stimulus in their receptive
ﬁeld, but over time (around 100–150 ms after stimulus presentation) potential targets are enhanced, while identiﬁed distractors
are inhibited (Bichot & Schall, 2002). This inﬂuence is most likely
mediated by the excitatory indirect pathway to the ipsilateral SC
via the basal ganglia or the direct connections between the FEF
and the SC bypassing the basal ganglia. The results of the present
study suggest that lesions to the FEF result in a delay of these
inhibitory signals to the SC.
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