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Abstract: Although the cortical circuitry underlying saccade execution has well been specified by neu-
rophysiological and functional imaging studies, the temporal dynamics of cortical activity predicting
the occurrence of voluntary or reflexive saccades in humans are largely unknown. Here, we examined
electrophysiological activity preceding the onset of correct (i.e., voluntary) or error (i.e., reflexive) sac-
cades in an oculomotor capture task. Participants executed saccades to lateralized visual targets while
attempting to inhibit reflexive glances to abruptly appearing distracters. Since the visual display was
identical for both types of saccades, different electrophysiological patterns preceding correct and error
saccades could not be explained by low-level perceptual differences. Compared to correct saccades
electrophysiological activity preceding error saccades showed significant differences of the scalp elec-
tric field and of voltage amplitudes at posterior electrodes. In addition, though error saccades had sig-
nificantly shorter latency than correct saccades a prolonged topographic configuration of electric
potentials prior to error saccades was found �120–140 ms following target onset. In agreement with
the known asymmetry in hemispheric dominance for spatial attention, distinct electrophysiological pat-
terns were only found for leftward saccades. While error saccades were associated with stronger activ-
ity in the right Frontal Eye Field, correct saccades were preceded by stronger activity in the inferior
parietal lobule. These findings suggest that selection of the saccade target in a conflicting situation is
determined by early top-down biases originating in frontal and parietal cortical regions critical for spa-
tial attention and saccade programming. Hum Brain Mapp 32:358–369, 2011. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

Visual exploration of the environment is a highly
dynamic process that generates on average three gaze shifts
per second [Findlay and Gilchrist, 2003; Henderson and
Hollingworth, 1999]. Though saccades may be directed vol-
untarily to a region of the scene that is of particular behav-
ioral significance [Antes, 1974; Yarbus, 1967], many
saccades are triggered reflexively by a salient stimulus such
as a moving shape or a suddenly appearing light [Itti and
Koch, 2000; Parkhurst et al., 2002; Walker et al., 2000].

The cortical circuitry underlying saccade generation has
well been specified. Neurophysiological, neuropsychologi-
cal, and functional brain imaging studies have identified a
frontoparietal network including the frontal eye fields
(FEF), the supplementary eye fields (SEF), and the intra-
parietal sulcus (IPS) that is consistently active when partic-
ipants make saccades or shift attention covertly [Corbetta
et al., 1998; Everling and Fischer, 1998; Johnston and Ever-
ling, 2008; Luna et al., 1998; Müri et al., 1996; Perry and
Zeki, 2000; Pierrot-Deseilligny et al., 2002; Schall and
Thompson, 1999]. Much less is known about the temporal
dynamics of cortical activity associated with the generation
of voluntary and reflexive saccades in humans. Brain-
imaging techniques that are based on hemodynamic meas-
ures fail to distinguish between activity related to saccade
programming and saccade execution. Event-related poten-
tial (ERP) techniques have the temporal resolution neces-
sary for the assessment of presaccadic cortical activity
[Evdokimidis et al., 1996; Evdokimidis et al., 1992; Ever-
ling et al., 1997; Everling et al., 1998; Moster and Goldberg,
1990]. However, since experimental conditions inducing
voluntary and reflexive saccades often considerably differ,
comparing electrophysiological dynamics of these two sac-
cade types is problematic. For example, in the antisaccade
task activity related to the voluntary saccade directed op-
posite a peripheral target not only reflects saccade pro-
gramming, but also inhibition of a reflexive saccade
toward the target and reorienting of attention [Hallett,
1978; Munoz and Everling, 2004]. Likewise, the peripheral
stimulus that triggers reflexive saccades in the cued sac-
cade task results in substantially different visual stimula-
tion than the directional cue that is presented at fixation
and elicits voluntary saccades. Consequently, differences
in early ERP components may reflect differences in experi-
mental conditions rather than distinct mechanisms
involved in voluntary and reflexive processes.

The present electrical neuroimaging study employed an
oculomotor capture paradigm [Theeuwes et al., 1999],
which instead of inducing voluntary and reflexive sac-
cades by different visual stimulation, sets controlled and
automatic processes in opposition. In this task, though
instructed to execute saccades toward a visual target, par-
ticipants make a significant proportion of error saccades
toward a distracter stimulus that—by virtue of its abrupt
onset—has high perceptual saliency. Since the visual stim-
ulation and task requirements are constant, differential

brain activity associated with correct (voluntary) and error
(reflexive) saccades can only be explained by variables
related to target selection or selection of the oculomotor
response. Though the global conditions leading to oculo-
motor capture have well been specified in behavioral stud-
ies [Maljkovic and Nakayama, 1994; McPeek et al., 1999,
2000; Theeuwes and Godijn, 2004; Theeuwes et al., 1999],
the reason why on some trials gaze is captured by the dis-
tracter, but is directed to the target on other trials is still
unknown. Capture of attention by irrelevant distracters
has been discussed in the context of two alternative
hypotheses. According to the gain amplification hypothesis
a distracter captures attention when top-down signals fail
to modulate the perceptual saliency of the target [Blaser
et al., 1999; Carrasco et al., 2004; Hillyard et al., 1998; Pes-
tilli and Carrasco, 2005]. In contrast, the noise reduction
hypothesis postulates that capture occurs when top-down
processes fail to reduce the saliency of external noise [Lu
& Dosher, 1998; Pashler, 1998]. Thus, both hypotheses sug-
gest that top-down attentional factors modulate early per-
ceptual processing in the occipital and temporal cortex.
Here, we show that the selection of the target of voluntary
and reflexive saccades is reflected in distinct temporal pat-
terns of early brain activity in the right hemisphere �120–
140 ms after target onset, preceding saccade onset by more
than 100 ms.

MATERIALS AND METHODS

Participants

Sixteen healthy subjects consented to participating in this
study. The data of six subjects were subsequently excluded
because they produced an insufficient number of saccade
errors for EEG averaging. The remaining 10 participants
(four females; mean age: 28.3 � 5 years) were all right-hand-
ers and had normal vision. The study was approved by the
ethics committee at the University Hospitals, Geneva.

Stimuli and Procedure

The experiment was a simplified version of the oculo-
motor capture task by Theeuwes et al. [1999]. Each trial
started with a fixation display, which contained a central
fixation cross (0.7�) and four colored dots (either red or
green), arranged on an imaginary circle (radius: 7�; Fig. 1).
The dots were 1.5� large and were located at positions 2,
4, 8, and 10 o’clock. The fixation display was presented for
1,200 ms and was then replaced by the target display. The
target display was similar to the fixation display except
that it did not contain a fixation cross, and three of the
four peripheral dots (stable distracters) changed color,
while the fourth dot (saccade target) retained its original
color. In addition, a fifth dot (onset distracter) was pre-
sented in the target display that had the same color as the
saccade target (contingent condition) or the color of the
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stable distracters (noncontingent). The aim of varying the
color of the onset distracter was to examine whether the
tendency of participants to direct their initial saccade to
the distracter was contingent on visual similarity between
target and distracter, i.e., whether oculomotor capture was
fully stimulus-driven or contingent on the attentional set
of the observer [Folk et al., 1992; Yantis and Jonides, 1990].
In pilot experiments, participants produced only few error
saccades in the noncontingent condition; this condition
was included for behavioral analysis, while the EEG analy-
sis was restricted to the contingent condition.

The onset distracter was always displayed in the same
hemifield as the saccade target, but in a different quadrant.
Thus, when the target was at 2 o’clock, the distracter was at
5 o’clock; a target at 4 o’clock had a distracter at 1 o’clock; a
target at 8 o’clock had a distracter at 11 o’clock; and a target
at 10 o’clock had a distracter at 7 o’clock. The target display
was shown for 1,400 ms, and was followed by a blank
screen for 400–1,000 ms, whereupon a new trial started.

Stimuli were presented on black background on a 21-in.
screen refreshed at 85 Hz and with a resolution of 1,280 �
1,024, which was placed at a distance of 65 cm. In half of the
subjects the target was green and the onset distracter either
green (contingent condition) or red (noncontingent condi-
tion), while the stable distracters were red; in the other half
the colors were reversed. Participants were instructed to fix-
ate the central cross while the fixation display was shown
and to execute a saccade as quickly as possible toward the
circle whose color remained constant. Stimuli were pre-
sented in blocks of 96 trials (7–10 blocks per participant),
each containing a series of randomly intermixed target posi-
tions (left up or down and right up or down).

Acquisition and Analysis of Saccade Data

The horizontal and vertical position of the right eye was
recorded with an infrared, video-based system (High-
Speed; SMI, Germany), which has a sampling rate of 240
Hz and a spatial resolution better than 0.3�. Participants
were positioned at the table with their head resting on a
chin-rest. The height of the table on which the eye-tracker
was installed, and the height of the chin-rest were inde-
pendently adjusted. The calibration procedure required
participants to fixate sequentially on 13 small circles pre-
sented at different positions on the screen.

Saccades were extracted offline from the raw data using
velocity (saccade onset: greater than 30�/s) and amplitude
(>0.3�) criteria. Trials with saccade latency <80 ms (antici-
pations), > 800 ms (delayed) or blinks were excluded. Fur-
ther, trials were excluded if gaze was >1.5� from the
fixation cross (fixation loss), when the saccade landed in
the hemifield that did not contain the target (direction
error), or when saccade amplitude was <2� (significant
undershot). Finally, to distinguish clearly saccades that
were directed toward the target from saccades directed to-
ward the distracter we included only saccades that landed
at least 1� above or below the horizontal line separating
the upper and lower hemifields. The resulting saccades
belonged to one of eight conditions defined by saccade
direction (left, right), distracter color (contingent, noncon-
tingent), and saccade type (correct, error).

EEG Acquisition and Preprocessing

Continuous electroencephalogram (EEG) was acquired
using the Biosemi EEG system (Biosemi V.O.F., Amster-
dam, Netherlands) with 128 channels covering the entire
scalp. The analysis was performed using the Cartool soft-
ware (http://brainmapping.unige.ch). EEG signals were
digitized at 1,024 Hz and filtered with a band-pass between
0 and 208 Hz. As we focused our analysis on presaccadic
activity, we determined the duration of epochs based on
the analysis of saccade data, the criterion being that about
50% of all saccades start after the end of the epoch. This cri-
terion reflects the compromise between considering a suffi-
ciently long epoch to allow comparison with previous
studies and limiting contamination of EEG data by poten-
tials related to the motor execution of eye movements. For
the analysis of target-locked data we examined peri-stimu-
lus epochs of continuous EEG starting 100 ms prior to and
ending 250 ms after onset of the saccade target. For the
analysis of saccade-locked data epochs started 350 ms prior
to and ended simultaneously with the onset of the saccade.

Channels with artifacts were interpolated and artifact-
free epochs that satisfied the inclusion criteria defined by
the eye movement analysis (see above) were averaged for
each experimental condition to compute visual evoked
potentials (VEPs). For all analysis, baseline was defined as
the first 100 ms of the EEG epoch. The behavioral analysis
showed that participants made too few error saccades

Figure 1.

Stimulus display used in the experiment. The saccade target (in

this example, the upper left dot) is revealed by a color change

of the three stable distracters. Simultaneously, the onset dis-

tracter is presented. The upper panel shows a contingent display

(colors of target and onset distracter are the same) while the

lower panel shows a noncontingent display (colors of target and

onset distracter differ). Colors: gray ¼ red; white ¼ green.

Note that the target and distracters were shown on black

background.
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when the color of the onset distracter was different from
the target (see Results). The EEG analysis described below
focused therefore on the comparison between correct and
error saccades generated in response to visually identical
displays in the contingent condition.

EEG Analyses and Source Estimation

In addition to prototypical event-related potential analy-
ses entailing area measures from selected scalp sites, VEPs
associated with correct and error saccades were submitted
to analysis of the electric field at the scalp. The first type
of analysis was a topographic pattern (map) analysis,
which attempts to identify topographic configurations of
the electric field at the scalp [Murray et al., 2008]. Changes
in the pattern of electrical topography across time or
across conditions are indicative of differences in underly-
ing generators [Fender, 1987]. The temporal distribution of
maps (representing different functional microstates) was
examined within and compared between conditions. This
method is independent of the reference electrode and
insensitive to pure amplitude modulations across condi-
tions. A modified cross-validation criterion determined the
number of maps that explained the whole group-averaged
dataset [Pasqual-Marqui et al., 1995]. The significance of
the pattern of maps observed in the group-averaged data
was statistically tested by comparing each of these maps
with the moment-by-moment scalp topography of individ-
ual VEPs. Each time point was labeled according to the
map with which it best correlated spatially, yielding a
measure of map presence that was in turn submitted to an
ANOVA with factors condition (correct versus error) and
map. This fitting procedure shows whether a given experi-
mental condition is more often described by one map ver-
sus another, and therefore whether different generator
configurations better account for particular experimental
conditions. In addition to the analysis of the topographic
pattern, changes in electric field strength were determined
by analyzing the global field power (GFP) for each subject
and each condition, a measure that reflects the spatial
standard deviation of the electric field at the scalp [Leh-
mann and Skrandies, 1980]. Observation of a GFP modula-
tion without accompanying topographic changes across
experimental conditions is best explained by an amplitude
modulation of statistically indistinguishable generators.
The analysis of GFP reduces an observer bias that can fol-
low from analysis restricted to specific selected electrodes,
although we also present data from single electrodes to
facilitate comparison with other studies. GFP area meas-
ures were tested with a paired t-test against baseline (0
lV) in time periods of stable scalp topography. A modula-
tion of the VEP was only considered significant when the
t-test exceeded the Bonferroni-corrected 0.05 a-criterion
and when at least three electrodes exhibited differential
responses at that time point. Finally, we estimated the
sources in the brain underlying the VEPs that preceded
correct or error saccades, using the local autoregressive av-

erage (LAURA) distributed linear inverse solution [Grave
de Peralta Menendez et al., 2004]. The solution space com-
prised 3,005 points distributed on a spherical head model
with anatomical constraints [Spinelli et al., 2001]. Source
estimations were first calculated individually for each con-
dition and each subject, and then statistically compared
using a voxel-by-voxel t-test.

RESULTS

Behavioral Results

Because of expected hemispheric differences in patterns
of electrophysiological activity associated with saccades
directed to the left versus saccades directed to the right,
we analyzed behavioral responses as a function of the vis-
ual hemifield to which saccades were directed. All analy-
ses were based on saccades that—according to the criteria
defined in Methods—were classified either as correct (i.e.,
directed toward the target) or error saccade (i.e., directed
to the onset distracter). Since the onset distracter was
always presented in the same hemifield, but in the other
quadrant than the target error saccades were easily distin-
guished from correct saccades based on their landing posi-
tion. Figure 2 shows that the percentage of correct
saccades was significantly higher when the distracter color
was not contingent to the target color (left visual field,
LVF: t(9) ¼ 16.0, P < 0.0001; right visual field, RVF: t(9) ¼
10.3, P < 0.0001). In the contingent condition, approxi-
mately one third of all saccades were directed toward the
distracter. Table I shows the latency and amplitude of sac-
cades as a function of the visual hemifield and contin-
gency (the low number of wrong saccades generated in
the noncontingent condition did not permit statistical com-
parison). Neither latency nor amplitude differences were
found between contingent and noncontingent displays. In

Figure 2.

Percent correct saccades (i.e., saccades directed to the target,

rather than to the onset distracter) in contingent and noncon-

tingent conditions (LVF/RVF: left/right visual field).
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contrast, in the contingent condition error saccades were
�30 ms faster than correct saccades (LVF: t(9) ¼ 5.8, P <
0.001; RVF: t(9) ¼ 4.0, P < 0.01). Figure 3A displays a dis-
tribution of saccade latencies across the first 400 ms fol-
lowing target onset. The figure shows that the distribution
of latencies of correct and error saccades was clearly dis-
tinct across the entire interval. Figure 3B shows the land-
ing positions of correct and error saccades. To permit
comparison between visual fields and upper/lower quad-
rants, data were normalized to fit into the upper left quad-
rant. The data shows that while correct saccades mostly
landed on or close to the target (undershoot and overshoot
being equally likely), error saccades mostly undershot the
target. Consequently, the mean amplitude of error sac-
cades was �20% smaller than the amplitude of correct sac-
cades (Table I; LVF: t(9) ¼ 11.9, P < 0.0001; RVF: t(9) ¼
10.7, P < 0.0001).

Electrophysiological Results: Target-Locked Data

Previous studies have clearly established that modula-
tions of electrophysiological activity preceding a saccade
are stronger over the hemisphere contralateral to saccade
direction [Evdokimidis et al., 1992; Moster and Goldberg,
1990]. In addition, clinical and functional brain imaging
studies have revealed a hemispheric asymmetry in saccade
programming [Muri and Nyffeler, 2008; Perry and Zeki,
2000], which was expected to significantly affect inverse
solutions. For these reasons we performed separate analy-
sis for saccades directed to the LVF and saccades directed
to the RVF. Electrophysiological analyses were restricted
to the contingent condition, which was the only condition
that provided enough correct and error saccade trials.

Left Saccades

Because of the greater frequency of correct saccades the
number of EEG epochs used for averaging was normalized
between conditions for each participant. The average num-
ber of epochs was 73 � 6 for correct saccades and 70 � 20
for error saccades, which was statistically comparable (t(9)
¼ 0.5, n.s.). To identify electrode amplitude differences in
the whole electrode set between EEG activities preceding
correct and error saccades, we computed point-wise Bon-
ferroni-corrected t-tests over the epoch covering 0–250 ms
following target onset. These tests identified significant

differences at right posterior and central electrode sites
during a time-period between 120 and 180 ms (Fig. 4A,
left panel). Figure 5 shows grand average amplitude mod-
ulations at nine individual electrodes localized over ante-
rior, central, and posterior scalp sites as a function of
saccade type (correct or error saccade), together with sig-
nificant differences between conditions. Significant differ-
ences involved in particular the P1 component at PO3 and
POz and the N1 component at PO3, PO4, and POz.

TABLE I. Saccade latencies and amplitudes as a function of contingency and visual hemifield

Contingent Noncontingent

Latency Amplitude Latency Amplitude

LVF RVF LVF RVF LVF RVF LVF RVF

Correct 254 � 27 247 � 29 6.6 � 0.2 6.9 � 0.4 249 � 27 244 � 27 6.5 � 0.2 6.9 � 0.4
Wrong 221 � 14 217 � 18 5.4 � 0.3 5.7 � 0.6 — — — —

LVF/RVF: left/right visual field.

Figure 3.

(A) Distribution of saccade latency as a function of saccade

type. (B) Landing position of all correct (upper panels) and all

error saccades (lower panels), collapsed over all 10 participants.

The results are normalized with respect to the position of the

target and onset distracter by projecting all landing positions

into the upper left quadrant. T: target; D: onset distracter.
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The topographic pattern analysis identified four stable
electric field configurations that explained 92.7% of the
variance (global explained variance, GEV) over 250 ms.
Figure 4B (left panel) shows the temporal succession of
these maps as well as the spatial distribution over the
scalp. While correct and error saccades generated identical
topographies over the first 50 ms (Map 1) the fitting proce-
dure revealed a significant interaction between condition
and map (F(1,9) ¼ 10.32; P < 0.05) over the 50- to 224-ms
time period. However, the main effects of condition or
map were not significant, suggesting that differences in
map duration, but not map presence, were associated with
the occurrence of correct and error saccades. Specifically,
Map 2 (Fig. 4B, blue), which is partly coincident with the
P1 component, ended 18 ms earlier prior to correct sac-
cades (119 ms) compared to error saccades (137 ms). It is
noteworthy that the duration modulation of Map 2 sub-
stantially preceded mean saccadic reaction time (in fact,
only 1 out of 2,584 saccades had latency shorter than 137
ms) and was therefore not related to the execution of eye
movements. Conversely to this first modulation of map

duration, the electrical configuration of Map 3 (Fig. 4B,
red), which is temporally coincident with the N1 compo-
nent, ended 16 ms later prior to correct compared to error
saccades. Interestingly, the end of Map 3 (224 ms) was
nearly identical to the average latency of error saccades
(221 ms). Its modulation might therefore have been influ-
enced by neural activity related to the motor execution of
saccades.

Analysis of the GFP, a global measure of response
strength across the entire electrode set, revealed a very
early difference in brain activity preceding correct and
error saccades. Over the time period of 64–78 ms (corre-
sponding to Map 2 identified in the topographic pattern
analysis) there was a stronger response to correct than
error saccades (t(9) ¼ 99; P < 0.01). Further significant dif-
ferences in GFP were found at the beginning (145–162 ms;
t(17) ¼ 42; P < 0.01) and end (224–240 ms; t(19) ¼ 23.49; P
< 0.01) of Map 3. These GFP modulations suggest a
change in the response magnitude of the same network of
brain areas that becomes active prior to correct and error
saccades.

Right Saccades

The average number of epochs used for averaging was
74 � 5 for correct saccades and 80 � 32 for error saccades,
which was statistically indistinguishable (t(9) ¼ 0.6, n.s.).
Point-wise t-tests computed over the 250-ms epoch follow-
ing target onset failed to identify important modulations
of amplitude by correct and error saccades (Fig. 4A, right

Figure 4.

Electrophysiological results for the contrast of correct versus

error saccades in the left and right hemifield. (A) Point-wise

Bonferroni-corrected t-tests for each electrode over the epoch

covering 0–250 ms following target onset. (B) Results of the

topographic pattern analysis showing the onset and end of each

of the four stable topographies identified over the 250-ms post-

stimulus period. (C) Global field power (GFP) as a function of

time. The histogram shows time periods when GFP differed sig-

nificantly between correct and error saccades. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 5.

Grand average waveforms of left correct and error saccades at

selected frontal, central, and posterior electrodes. The gray bars

indicate intervals when significant differences between both sac-

cade types were detected.
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panel). Figure 6 shows data from individual electrodes
that confirm the impression that amplitude differences
between conditions were much less prominent than when
subjects performed saccades to the left hemifield.

The segmentation of the grand-means identified four
stable electrical configurations with 93% explained var-
iance. Across the two experimental conditions, identical
electric field topographies were observed over the interval
of 0–132 ms (Fig. 4B, right panel). In contrast, the fitting
procedure yielded an interaction between condition and
map over the 132- to 250-ms time interval (F(1,9) ¼ 21.8; P
< 0.01), indicating that Map 3 (coincident with the N1
component) ended 19 ms later prior to correct saccades
than error saccades. This was, however, the only signifi-
cant difference that reliably differentiated correct from
error saccades. Analysis of the GFP (Fig. 4C, right panel)
did not show any differences between both saccade types.
In sum, these results suggest a significant prolongation
without a modulation of response magnitude of a func-
tional microstate that immediately precedes correct sac-
cades compared to error saccades.

Electrophysiological Results: Saccade-Locked

Data

The main interest of the target-locked analysis was to
identify electrophysiological correlates of early visual or
attentional processing that clearly precedes the saccadic
response. However, the more time passes following onset
of the target the more processes involved in saccade prep-
aration and selection of the appropriate motor response
will affect electrophysiological activity. To determine
whether these processes are reflected in the EEG data we

performed additional analyses with EEG epochs locked to
saccade onset.

Left Saccades

Point-wise t-tests computed over the 250-ms epoch pre-
ceding saccade onset failed to identify modulations of am-
plitude at single electrodes by correct and error saccades.
The segmentation of the grand-means identified four elec-
trical configurations with 93% explained variance. The fit-
ting procedure failed to identify any differences between
conditions and maps, suggesting that electric field topog-
raphies were identical over the whole 250-ms interval. The
only difference between conditions was revealed in the
analysis of the GFP, which showed a stronger response
50–25 ms before the onset of correct saccades.

Right Saccades

Point-wise t-tests did not identify modulations of ampli-
tude by correct and error saccades at single electrodes.
The segmentation of the grand-means identified four sta-
ble electrical configurations with 91% explained variance.
However, the strength and duration of these individual
maps did not statistically differ, suggesting that electric
field topographies were identical over the 250-ms interval.
The analysis of GFP failed to identify any significant dif-
ferences in response strength.

Source Estimations

Source estimations were calculated over 119–137 ms af-
ter target presentation, which corresponds to the period
during which early differences in topographies between
left correct and error saccades in the target-locked analysis
were observed. VEPs for each subject and the two experi-
mental conditions (left correct vs. left error) were averaged
separately across the time period mentioned above. Source
estimations were then calculated and subsequently aver-
aged across subjects. Figure 7A shows average LAURA
estimations over the 119- to 137-ms period for left sac-
cades. Based on current density measures (Fig. 7B), differ-
ences between activities associated with upcoming correct
and error saccades were found at the border region
between the inferior right precentral gyrus and middle
frontal gyrus (maximal difference at 53, -4, 46 mm using
the coordinate system of Talairach and Tournoux, [1988].
This region exhibited weaker sources prior to correct com-
pared to error saccades (P ¼ 0.003). The coordinates of this
region correspond to the inferior FEF, which in functional
imaging studies is active when participants shift attention
or execute voluntary or reflexive saccades toward the con-
tralateral hemifield [Grosbras and Paus, 2002; Grosbras
et al., 2005; Luna et al., 1998; McDowell et al., 2008; Paus,
1996]. In contrast to the FEF, the right supramarginal
gyrus (coordinates, 50, -56, 45) exhibited stronger sources

Figure 6.

Grand average waveforms of right correct and error saccades.
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when participants made correct saccades than when they
made error saccades (P ¼ 0.028).

For right saccades, comparing the inverse solutions com-
puted for correct and error saccades did not reveal any
reliable differences.

DISCUSSION

This study reveals distinct patterns of electrophysiologi-
cal activity associated with voluntary and reflexive sac-
cades 120–140 ms following onset of the target, which was
on average about 100 ms prior to saccade onset. In agree-
ment with the observation that voluntary saccades have
longer latency than reflexive saccades [Mort et al., 2003b;
Walker et al., 2000], saccade latencies were significantly
shorter for error compared to correct saccades. A second
difference between correct and error saccade was that the
latter had significantly smaller amplitudes. Several studies
suggest that awareness of an upcoming error saccade may
affect its amplitude computation, resulting in significant
undershot of the target [McPeek et al., 2000; Theeuwes
et al., 1999]. In addition, a recent study of oculomotor cap-
ture showed that error saccades elicit error-related negativ-
ity, an electrophysiological marker of conscious error
processing 80–120 ms after the onset of the saccade [Belo-
polski et al., 2008]. Together, the temporal (latency differ-
ences) and spatial (amplitude differences) characteristics of
saccades in our study support our initial assumption that

correct saccades reflect voluntary and error saccades
reflexive processes. Previous studies of voluntary and
reflexive saccades have employed paradigms such as the
antisaccade task that does not allow distinguishing electro-
physiological activity related to the type of upcoming sac-
cade from initial visually evoked activity [Evdokimidis
et al., 1996; Everling et al., 1997; Richards, 2003]. In con-
trast, in the paradigm used in the present study the visual
displays evoking voluntary or reflexive saccades were
identical in the critical (contingent) condition, and the type
of saccade that was about to occur was therefore only
determined by cognitive and physiological mechanisms.
However, the term ‘‘reflexive" should not be taken as syn-
onym to ‘‘fully stimulus-driven,’’ since the degree of oculo-
motor capture critically depended on the visual similarity
between target and distracter. Earlier studies have shown
that unexpected peripheral stimuli (e.g., abrupt onsets)
only capture attention of healthy participants [Folk et al.,
1992; Leblanc et al., 2008; Yantis and Jonides, 1990] or
patients with impaired spatial attention [Ptak and
Schnider, 2006; Ptak et al., 2002] if they share task-relevant
features with the current action target. The finding that
�30% of contingent onsets captured the gaze of partici-
pants against �10% of noncontingent onsets is therefore
fully compatible with the hypothesis that the occurrence of
reflexive saccades is contingent on the attentional set of
the observer.

Our results reveal several differences between electro-
cortical activity associated with correct as compared to
error saccades. Since these differences mainly concerned
saccades directed to the left, we first discuss the latter
before considering a possible explanation of hemifield dif-
ferences. The first evidence of differential processing of
upcoming correct and error saccades occurred already
around 70 ms poststimulus in terms of a strength modula-
tion of the electrical signal. Topographic differences fol-
lowed at �120–140 ms and were characterized by
prolonged duration of a specific electrical field configura-
tion prior to error saccades. This temporal difference
marked the onset of a strong modulation of electrode am-
plitude by saccade type at posterior electrodes and was
followed by a significant difference in GFP. Since saccades
are preceded by a cascade of cognitive processes the ques-
tion arises which of them is the most likely source of the
observed electrophysiological differences between volun-
tary and reflexive saccades. Three distinct processes are
particularly relevant: motor preparation of the saccade, tar-
get selection (including successful inhibition of the dis-
tracter), and spatial attention. Several arguments suggest
that electrophysiological differences observed up to �130
ms following target onset were not related to motor proc-
esses of saccade preparation. First, electric potential differ-
ences related to motor processes preceding the saccade
should be revealed when EEG data are time-locked to sac-
cade onset; our analysis revealed differences when data
were time-locked to the target, but not when time-locked
to the saccade. Second, though voluntary saccades had

Figure 7.

(A) LAURA inverse solution over the 119- to 137-ms period

following target onset depicting the mean difference of source

estimations between left correct and left error saccades. Bluish

colors: correct > error; reddish colors: error > correct. The

right hemisphere is shown on the right side. (B) Current source

density in the right inferior parietal lobule (left) and right pre-

central/middle frontal gyrus (right) as a function of saccade type.

Grey area shows interval when significant differences were

detected. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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larger amplitude than reflexive saccades the difference of
�1.2� was too small to affect the electrophysiological corre-
lates of saccades [Yagi, 1979]. Finally, the most salient elec-
trophysiological topographic differences appeared
substantially earlier than the first saccades and 80–100 ms
prior to average saccade latency. Though there were some
eye movement artifacts within the period of interest, the
first of these appeared �20 ms after the observed differen-
ces in EEG topography.

Alternatively, it may be argued that voluntary saccades
are those in which the reflexive shift toward the onset dis-
tracter has been successfully inhibited. According to this
reasoning, ERPs might have been affected by the involve-
ment of an additional inhibition component when partici-
pants performed voluntary saccades. Though our data do
not provide a definite argument against this possibility,
we would expect that an additional cognitive component
in the voluntary condition be reflected in an additional
ERP microstate, or in longer duration of a microstate that
is shared with the reflexive condition. What we observed
instead is a prolonged microstate in the reflexive com-
pared to the voluntary condition, which argues for the
prolongation of a shared cognitive process and against the
action of an additional inhibition component.

A more straightforward explanation of the early electro-
physiological differences is that they reflect modulations of
early brain potentials by spatial attention. Studies examin-
ing the deployment of spatial attention and the program-
ming of eye movements show that a shift of attention
invariably precedes a saccadic eye movement [Deubel and
Schneider, 1996; Hoffman and Subramaniam, 1995; Kowler
et al., 1995]. Two early ERP components triggered by a
visual stimulus, P1 (onset at 70–90 ms) and N1 (onset at
130–150 ms) are strongly modulated by attention [Anllo-
Vento et al., 2004; Herrmann and Knight, 2001]. For exam-
ple, P1 and N1 amplitudes are larger when subjects con-
sciously attend to a visual stimulus [Di Russo et al., 2003;
Rugg et al., 1987; Yamaguchi et al., 1994], or when a pe-
ripheral stimulus suddenly captures attention [Eimer,
1994; Fu et al., 2005; Hopfinger and Ries, 2005], even if no
behavioral response is required. The most interesting,
though counterintuitive electrophysiological finding of our
study is that the functional microstate indexed by Map 2
was �20 ms longer prior to error than correct saccades,
though the former had �30 ms shorter latency. This
lengthening of early processing (at �130 ms) was counter-
balanced by the shortening of late processing (at �230
ms), resulting in a net speed-up of electrophysiological
processes preceding error saccades. A reasonable interpre-
tation of these findings is that early processing indicates
attentional selection of the saccade target while late proc-
essing reflects motor preparation of the upcoming saccade.
However, why should attention act longer in a condition
that is characterized by shorter reaction times? Attentional
modulation of the P1 component has been interpreted in
terms of a sensory gain control mechanism, according to
which attention facilitates early sensory processing by

increasing the signal-to-noise ratio [Hillyard et al., 1998].
The increased P1 component prior to error saccades and
the prolonged functional microstate covering the period of
P1 occurrence observed in our study may therefore be
interpreted as the electrophysiological markers of stronger
and prolonged action of a sensory gain-control mechanism
that enhances distracter saliency. Source analysis identified
the FEF and the supramarginal gyrus as possible origins
of top-down effects on sensory processing. Neurophysio-
logical studies of single neurons in the FEF have shown
that—by virtue of its direct connections with visual areas
and subcortical oculomotor structures—this area is
strongly implicated in saccade target selection and visuo-
motor transformations required for eye movement pro-
gramming [Bruce and Goldberg, 1985; Hanes et al., 1998;
Schall and Thompson, 1999]. Recent animal and human
studies indicate that the FEF exhibits very early activity in
response to visual stimuli [Kirchner et al., 2009; Liu et al.,
2009] and contributes to saccade target selection by send-
ing top-down signals that enhance or attenuate activity of
visual neurons and thus directly modulate the saliency of
visual stimuli [Moore and Armstrong, 2003; Treue, 2003;
Walker et al., 2009]. Interestingly, activity of visual cells in
the FEF discriminates between target and distracter
between 120 and 150 ms after onset of the display
[Thompson et al., 1996], a delay that is remarkably similar
to the main electrophysiological differences observed in
our study. Together, these results suggest that the FEF is
the possible substrate of a gating mechanism that modu-
lates the strength of sensory signals through amplification
of target saliency or attenuation of distracter saliency—in
particular when a saccade has to be planned—and thus
contributes to target selection.

The second area identified by the source analysis was
located in the right inferior parietal lobule (IPL), centered
on the supramarginal gyrus. Damage to this region leads
to spatial neglect, a severe deficit of spatial attention affect-
ing the ability to shift attention to the contralesional space
[Golay et al., 2008; Mort et al., 2003a]. The IPL and tem-
poro-parietal junction are strongly involved in reorienting
spatial attention [Friedrich et al., 1998], and patients with
damage to this region fail to inhibit reflexive glances to-
ward irrelevant ipsilesional stimuli [Heide and Kömpf,
1998; Ptak et al., 2007, 2009]. Further, similar to the poste-
rior parietal cortex of the monkey [Constantinidis and
Steinmetz, 2001; Gottlieb et al., 1998], the human IPL is
strongly involved in detecting feature singletons and sa-
lient stimuli presented within a crowded display [Husain
and Rorden, 2003]. Thus, the finding that FEF and IPL
were active prior to the occurrence of voluntary and
reflexive saccades fits well with the role of these regions in
spatial attention and saccade planning. However, what
surprises is the fact that FEF activity was stronger prior to
a reflexive saccade while IPL activity was stronger prior to
a voluntary saccade. A possible explanation of this finding
is that activity of the FEF and IPL reflects increased
demands on processing resources of these regions. Thus,
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the higher source activity of the FEF prior to a reflexive
saccade may reflect the increased requirement on top-
down enhancement of target saliency and inhibition of the
highly salient distracter. Conversely, greater activation of
the IPL prior to a correct saccade is evidence of the greater
effort to orient attention to the target in the presence of a
highly salient distracter stimulus.

The differences between electrophysiological activity
preceding correct and error saccades were only found for
saccades directed to the left hemifield. While robust differ-
ences in amplitude modulations of individual electrodes,
GFP and topographic patterns were found between left
correct and error saccades, such differences were largely
absent for right saccades. Considering the similarity in be-
havioral performance for left and right saccades, this ab-
sence of electrophysiological differences with right
saccades might seem surprising. However, neuropsycho-
logical and functional brain imaging studies strongly sug-
gest that, although each hemisphere is specialized in
programming contraversive eye movements and shifting
attention contralaterally, the right hemisphere has a bilat-
eral contribution to spatial attention [Corbetta et al., 1998;
Fan et al., 2005; Mesulam, 1981; Muri and Nyffeler, 2008].
This incomplete functional asymmetry may account for
the absence of electrophysiological differences between
right correct and error saccades, though its precise expla-
nation remains hypothetical. A tentative hypothesis is that
the bilateral representation of spatial attention for the right
hemisphere cancelled out the tiny differences between
electrophysiological activity preceding voluntary and
reflexive saccades. Interestingly, a recent fMRI study [Petit
et al., 2009] and studies examining power modulations in
EEG alpha-band activity have observed similar asymme-
tries suggesting dominance of the right hemisphere in spa-
tial processing [Brignani et al., 2007; Thut et al., 2006].
Since EEG-power modulations may serve as an index of
attentional orienting to the left or right hemifield, examin-
ing the occurrence of such modulations prior to target
onset might clarify the role of spontaneous attentional fluc-
tuations in the control of voluntary and reflexive saccades.
However, such an analysis necessitates pretarget periods
that are substantially longer than the intertrial intervals
used in the present study.

In sum, this study reveals early temporal differences in
electrophysiological processing associated with voluntary
and reflexive saccades and indicates that the FEF and IPL
contribute differently to the programming of these two
saccade types. These findings show that the occurrence of
a voluntary or reflexive saccade is predicted by the pattern
of electrocortical activity more than 100 ms prior to the
onset of the eye movement.
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