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A B S T R A C T

Attention affects visual perception at target locations via the amplification of stimuli signal strength, perceptual performance and perceived contrast. Behavioral and
neural correlates of attention can be observed when attention is both covertly and overtly oriented (with or without accompanying eye movements). Previous studies
have demonstrated that at the grand-average level, lateralization of Event Related Potentials (ERP) is associated with attentional facilitation at cued, relative to un-
cued locations. Yet, the correspondence between ERP lateralization and behavior has not been established at the single-subject level. Specifically, it is an open
question whether inter-individual differences in the neural manifestation of attentional orienting can predict differences in perception. Here, we addressed this
question by examining the correlation between ERP lateralization and visual sensitivity at attended locations. Participants were presented with a cue indicating
where a low-contrast grating patch target will appear, following a delay of varying durations. During this delay, while participants were waiting for the target to
appear, a task-irrelevant checkerboard probe was presented briefly and bilaterally. ERP was measured relative to the onset of this probe. In separate blocks,
participants were requested to report detection of a low-contrast target either by making a fast eye-movement toward the target (overt orienting), or by pressing a
button (covert orienting). Results show that in the covert orienting condition, ERP lateralization of individual participants was positively correlated with their mean
visual sensitivity for the target. But, no such correlation was found in the overt orienting condition. We conclude that ERP lateralization of individual participants can
predict their performance on a covert, but not an overt, target detection task.

1. Introduction

Our visual system is constantly confronted with a vast amount of
visual information. Given our limited processing capacity, an atten-
tional mechanism is required to select and prioritize the relevant lo-
cations in the scene. Attention can be allocated covertly, without any
explicit action toward the attended location. Such covert orienting of
visuo-spatial attention is manifested by facilitation of visual perfor-
mance at the attended spatial locations and has been shown to result
from enhancement of the perceived signal (e.g. Carrasco et al., 2000;
Herrmann et al., 2010). However, in natural viewing conditions, when
no explicit fixation task is required, orienting of attention is often overt,
i.e. it is accompanied by a rapid shifting of gaze towards the attended
location. This shifting of gaze is beneficial for visual perception because
visual acuity is the highest at the fovea – the center of fixation.

Spatial orienting of attention can be measured behaviorally, using
traditional markers such as accuracy-rates and reaction -times, or
physiologically, by examining brain responses. Attention-related mod-
ulations of neural activity have been studied in animals, using single-
unit recording (Cohen and Maunsell, 2011; Fischer and Boch, 1985;
Moran and Desimone, 1985) and also in humans, using brain-imaging

methods (e.g. Corbetta et al., 1990; Dugue et al., 2018; Li et al., 2008;
Mangun and Hillyard, 1991; Mangun et al., 1993; Pestilli et al., 2011;
Somers et al., 1999). Specifically, many studies using scalp-recorded
EEG have examined electrophysiological responses relative to the pre-
sentation of attentional cues to the right or left visual field (Brosch
et al., 2011; Eimer and Kiss, 2008; Gherri and Eimer, 2010; Gutteling
et al., 2010; Jongen et al., 2007; Mangun and Hillyard, 1987; Mangun
et al., 1993; Talsma et al., 2007). These authors reported that orienting
attention to one hemifield modulated the spectral distribution and the
amplitude of Event Related Potentials (ERP) components. When
studying ERP responses relative to cue onset, there is an increase in
contralateral amplitudes of visual evoked potentials (VEP), including
the early visual P1 and the later N2 component (Hillyard et al., 1998;
Stormer et al., 2009)

Behavioral and electrophysiological studies of attention tradition-
ally focus on describing phenomena that are common to most partici-
pants and evident in their grand averages. However, there is a growing
interest in recent years in studying not only similarities across observers
but also the sources of individual differences. Studies using electro-
physiological measures in humans have demonstrated a direct relation
between neural activity and behavior by showing how variability in
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ERP reflects variability in cognitive performance. For instance, there is
a tight link between brain activity and working memory capacity
(Vogel and Machizawa, 2004): In a working memory task, the magni-
tude of posterior ERP lateralization (“contralateral delay activity”)
during the retention period is positively correlated with individual
working memory capacity. Inter-individual differences in early atten-
tional modulations during the encoding phase predict working memory
performance: participants with larger attentional modulation of P100
amplitude show greater ability to subsequently remember encoded
stimuli (Gazzaley, 2011; Rutman et al., 2010). Moreover, EEG markers
of preparatory attention are correlated with performance in a later
short-memory task (Murray et al., 2011). These previous studies fo-
cused on identifying the relation between early modulations of neural
markers and later memory performance. Yet, despite the wide literature
on the behavioral manifestation of attention and on attentional ERP
components, it is unknown whether inter-individual differences in ERP
lateralization account for subsequent differences in perception.

In the present study we addressed this question by examining the
coupling between ERP lateralization and performance on a target de-
tection task. We introduced a covert task, which required only a simple
manual response reflecting coarse spatial discrimination (left/right),
and an overt task, which required accurate spatial localization and the
performance of a precise oculomotor motion toward the target. Both
tasks manipulated perception and attention similarly but differed in
their motor requirements: whereas the overt task involved a spatially-
specific goal-directed action (saccade), the covert task required only a
non-specific action (keypress). With only a minor involvement of motor
preparation processes, we hypothesized that attentional orienting
(manifested by ERP lateralization) would explain a relatively high
percentage of the inter-individual variability in performance of the
covert task. In contrast, the overt task involved a more complex goal-
directed task, modulated not only by attentional orienting but also by
motor factors. These motor factors are additional sources of variance in
performance of the overt task, which do not affect the covert task.
Therefore, we hypothesized that there would be a smaller relative in-
volvement of attentional orienting in predicting individual differences
in the overt task than the covert task.

Attentional orienting was estimated during a cue-to-target delay
period, using VEPs. In each trial, participants were presented with a
spatial cue directing left/right and waited for a varying delay period for
target appearance. The target appeared at the cued location on 50% of
the trials and did not appear at all on 50% of the trials. The task was to
detect the target and indicate its detection by either pressing a button
(in the covert attention task) or performing a goal-directed saccade
(overt attention task). We adjusted stimulus contrast individually to
have perceptual difficulty constant across participants. A bilateral task-
irrelevant probe was presented at varying times during the delay
period, and VEPs were measured relative to its onset. Hemispherical
lateralization of the probe-related VEP was used as a marker for at-
tentional orienting during the delay period. The correlation between
VEP lateralization and visual sensitivity across observers was examined
in the covert and the overt tasks. The findings confirmed our hy-
potheses by showing that variability in VEP lateralization predicted
individual differences in the covert, but not the overt task.

2. Methods

2.1. Participants

Twenty adults participated in the experiment for credit or payment.
All participants reported normal or corrected-to-normal vision and no
history of neurological disorders. They signed written consents for the
study, which was approved by the ethical committees of T Aviv
University and of the School of Psychological Sciences. Data of two
participants were discarded from analysis because their EEG recording
was too noisy or corrupted; another participant was discarded due to

below-chance performance. The data of the remaining 17 participants
(Mean age=24.3, SD=2.7, 8 females, 14 right-handed) were ana-
lyzed.

2.2. Apparatus

The experiment was conducted in a sound-attenuated room. Visual
stimuli were presented on a 24-in. LCD monitor (ASUS VG248QE) with
1920*1080 resolution and 120 Hz refresh rate. A chin and forehead
rests supported the participant’s head at a viewing distance of 98 cm
from the monitor throughout the experimental session. The experiment
was programmed using Matlab-based Psychtoolbox-3 (Brainard, 1997;
Kleiner et al., 2007)

2.3. Stimuli

The background was mid-gray. Fixation consisted of a central black
dot (diameter 0.2°) placed within a yellow annulus (diameter 0.7°). A
directional cue appeared either immediately to the left or right of the
fixational dot to indicate the direction of an upcoming target. The di-
rectional cue consisted of a black line of 0.63° length and 0.1° width.
Bilateral peripheral placeholders were presented 8° to the left and the
right of fixation and consisted of 5 black dots (diameter: 0.2°): 4 dots
forming the corners of an imaginary square (edge length 2°) and a fifth
dot at its center. The target was a 1° × 1° Gabor grating patch (5 cpd,
contrast determined individually to set constant performance level
across participants), tilted 30° to the right, and placed within the pla-
ceholders. The target appeared laterally, either in the left or the right
placeholder. Peripheral probes, full-contrast checkerboard stimuli (size
2° × 2°), were placed bilaterally at 8° to the left and right of fixation.
The onset of these probes was the event relative to which the ERP was
measured. The purpose of using the probes was to measure electro-
physiological responses independently of an explicit task.

2.4. Procedure

A trial sequence is depicted in Fig. 1. Each trial consisted of three
sequential segments: 1) cue-segment, 2) probe-segment and 3) target-
segment. A central fixation dot was presented for the entire duration of
the trial. During the cue-segment, participants fixated for 500ms until
the directional cue appeared, pointing to either the left or right side of
the screen with equal probability, instructing participants to direct their
attention to the cued direction. The cue was 100% valid as to the
eventual location of the target, when it was presented. Including invalid
trials would have had its advantages but we chose not to do so in order
to encourage participants to orient attention exclusively to one side (in
the covert and overt condition) and prepare the oculomotor response to
that side (in the overt condition). In most trials (80%) the cue was
followed by the probe-segment, which consisted of another fixation
interval of 300, 400 or 500ms (with equal probability) followed by a
50ms bilateral presentation of the probe. This was followed by the
target-segment: another fixation interval of 300, 400 or 500ms (with
equal probability), which was followed by a unilateral (left/right
matching the direction of the cue) target presented for 200ms, in 50%
of the trials (Target trials) or by a blank 200ms extension of the fixation
interval in the rest of the trials (Non-target trials). The trial ended as
soon as a response was detected, or after 2 s. In a minority of trials
(20%) the probe-segment was skipped and the cue display was followed
immediately by the target-segment. These catch trials were not ana-
lyzed; their mere purpose was to encourage participants to attend from
the beginning of the trial. Although using a higher rate of non-probe
trials could have been advantageous to encourage participants to attend
throughout the trial, we opted for only 20% non-probe trials to enable
conducting the entire experiment in one session, and avoiding variance
in cap localization across separate sessions.

The task was to detect the target and respond to its onset and
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location as fast and accurately as possible. In two different conditions
(in separate blocks), this response was provided by two different means:
In the covert (no eye-movements) condition, participants responded by
pressing one of two buttons on a response-box (left/right indicating the
location of the target), using the index finger of the corresponding left/
right hand. In the overt condition, participants responded by shifting
their eyes as fast as they could to the target’s location. Correctness of
overt responses was monitored online using a gaze-contingent proce-
dure. Responses were followed by a corresponding feedback sound
(300ms duration). Participants were informed at the beginning of the
session that targets would appear with a 50% probability, and were
encouraged to adjust their response criterion accordingly.

Participants were instructed to keep fixation during the entire ses-
sion except when a target appeared in the overt condition. A real-time
gaze-contingent procedure was used to monitor eye-movements during
fixation and alert participants, by a warning text, when they shifted
their gaze by more than 3° and for more than 10 continuous samples
(“fixation-breaks”). Trials in which fixation was broken were aborted,
discarded from analysis and repeated at the end of the block, to
maintain equal probability of the trial conditions. After the completion
of each block, participants were informed of their percent of accurate
responses and of their overall percent of responses (i.e. button-presses
or saccades). They were encouraged to maintain high accuracy and
similar amount of responses and non-responses throughout the ex-
periment. There were a total of 720 trials divided into 24 blocks of 30
trials each (288 trials with probe in each condition). Each participant
performed a total of 24 blocks: 6 covert, 6 overt, 6 covert and 6 overt.

2.5. Pre-test session

Participants completed a pre-test session with a minimum of 100
trials in each condition a day or two before the main session. Trials
were identical to those in the main experiment. The target contrast
value at the beginning of the pre-test session was 0.3. This value was

adjusted individually per-participant to yield accuracy rates of around
80%. A specific target contrast value was assigned to each participant
and this value was used in the main experiment for both conditions and
remained fixed.

2.6. Eye tracking

EEG and eye tracking were simultaneously recorded while partici-
pants performed the task. Binocular eye-movements were recorded at
1 kHz sampling rate using a remote infrared video-oculographic system
(Eyelink 1000 Plus, SR Research Ltd., Ontario, Canada) with a spatial
resolution of 0.01° and 0.25–0.5° average accuracy when using a head-
rest, as reported by the manufacturer. Saccades were detected offline
using a published algorithm (Engbert and Kliegl, 2003). A 9-points
calibration procedure was performed at the beginning of each session
and repeated when necessary.

2.7. EEG recording and analysis

EEG signal was recorded at 1024 Hz sampling-rate using 64 sintered
Ag/AgCl electrodes (ActiveView II, Biosemi Amsterdam, The
Netherlands) according to the extended 10–20 system. Additional
electrodes were placed at left and right mastoids, right and left lateral
canthi (horizontal EOG), approximately 1 cm above and below the or-
bital ridge of the left eye (vertical EOG) and on the tip of the nose.

EEG data were analyzed using Brain vision analyzer (Brainproducts,
Munich). Raw EEG data was referenced offline to an electrode at the tip
of the nose and digitally filtered using a 0.1-Hz high-pass 24 dB/oct IIR
filter. Typically-distributed oculomotor artifacts were removed using
Independent Component Analysis (ICA) (Lee et al., 1999). We found no
differences in the performance of this procedure between conditions.
Additionally, artifacts were rejected on a gradient threshold: when two
consecutive sampling points differed by more than 100 μV (or 70 μV for
a few noisier data-sets), intervals of± 200ms around them were

Fig. 1. Trial procedure. This figure depicts the progression
of a typical trial with probe (in 80% of the trials) and
target (in 50% of the trials). Participants were required to
respond by either making a saccade (overt task) or by
pressing a button (covert task), when they detected the
target. The sizes of stimuli in this figure are enlarged for
illustration purposes.
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removed from analysis. Following the application of a 30-Hz low-pass
24 dB/oct IIR filter, an artifact rejection procedure was applied again,
this time rejecting segments of data with amplitudes exceeding±
200 μV, segments of data with unusual low activity (lower than 0.5 μV)
for duration longer than a 100ms and segments of data in which a
change of more than 200 μV occurred during a 200ms interval. The
results of this automatic procedure were manually inspected and ver-
ified. This resulted in an average rejection of 4.8% of segments (ranging
between 0% and 22% across participants, SD =5.7). Data were seg-
mented at –200–800ms relative to stimulus onset (at time zero) for
different analyses. Segments were averaged separately for the two tasks
(covert/overt) and the two cue-directions (left/right) and baseline
corrected by subtracting the mean of the 100ms pre-stimulus interval.
ERP relative to probe onset was analyzed at lateral parieto-occipital
electrodes Po7 (left) and Po8 (right), as in previous studies on attention-
related ERP lateralization (Heinze et al., 1990; Kiss et al., 2008; Luck
et al., 1990; Stormer et al., 2009). Analysis focused on two time- in-
tervals: early at 80–120ms, around the time of the visual component P1
(e.g. Hillyard and Anllo-Vento, 1998) and later at 180–300ms, around
the time of the visual component N2 (Luck and Hillyard, 1994). For
some of the analyses we examined a few additional time-intervals to
assess the null hypothesis that there are no condition effects. Some of
the analyses (Bayesian and correlation analyses) were conducted di-
rectly on the lateralized ERP responses, calculated by subtracting the
activity at the contra-lateral from the ipsi-lateral hemisphere.

2.8. Behavioral analysis

Trials whereby responses –button presses or eye-movements– were
slower by 2.5 standard deviations (SD) or more from the mean of re-
action times were considered outliers and excluded from behavioral
analysis of hit trials (Overt: Mean= 2.45%, SD=1; Covert:
Mean= 2.30%, SD=0.89). In the covert condition, a response was
considered “correct” when it was a button-press indicating correctly the
cued-direction and “incorrect” when it indicated the opposite location.
In the overt condition, a response was considered “correct” for eye-
movements of size 6–10° which were directed toward the target (shifted
by an angle of less than± 45° off horizontal). A response was con-
sidered “incorrect” for eye-movements of size 6–10° performed toward
the opposite location or at an angle of more than± 45° off horizontal
in either direction. Trials with eye-movements of amplitude 2–6° or
larger than 10°, were excluded from analysis (mean= 8.37%,
SD=3.52). A trial was considered a “no response”, when there was no

key-press in the covert condition or either no overt or a very small overt
(amplitude smaller than 2°) saccade in the overt condition.

Target trials in which correct responses were detected following
target onset were considered “hits”. Target trials in which there was no
response or in which there was an incorrect one (1.32% of all trials in
the overt condition; 0.6% of all trials in the covert condition) were
considered “misses”. Non-target trials in which observers responded
they detected the target were considered “false alarms” (FA). Non-
target trials in which no response was detected were considered ‘correct
rejections’ (CR).

2.9. Bayesian analysis

To quantify the support for any null hypotheses (i.e. that there is no
difference between overt and covert conditions) in comparison with the
alternative hypothesis (i.e. that there is a difference between overt and
the covert conditions) we calculated the Bayes factor using JASP
computer software (JASP Team, 2017; Version 0.8.3.1), with Cauchy
distribution (centered at zero) and the JASP default prior width of
r= 0.707 (Wagenmakers et al., 2018). The Bayes factor provides the
odds ratio for the null hypothesis in comparison to the alternative hy-
pothesis for a given data set. We classified the results following a pre-
vious publication (Jeffreys, 1961) into: anecdotal (1-3), substantial (3-
10), strong (10-30), very strong (30-100) and decisive (> 100) evi-
dence in support for the null hypothesis. This analysis was conducted
on the visual sensitivity measurement (d′) and on the lateralized ERP
(activity at contra-lateral minus ipsi-lateral hemisphere) separately for
the early (80–120ms) and late time (180–300ms) intervals.

3. Results

3.1. Behavioral performance

Accuracy. Mean visual sensitivity (d′) did not differ significantly
between the two conditions (Overt: Mean= 2.41, SD= 0.77; Covert:
Mean= 2.41, SD=0.64; t(16)= 0.04, p=0.97; Fig. 2). Both hit-rate
(Overt: Mean=87%, SD=0.08; Covert: Mean= 88%, SD=0.06) and
FA-rate (Overt: Mean= 15%, SD=0.08; Covert: Mean= 15%,
SD=0.09) did not differ significantly between the two conditions (Hit-
rates: t(16)= 0.94, p=0.34; FA-rates: t(16)= 0.01, p=0.99). Thus, a
Bayesian paired t-test was conducted on the d′ values in the covert and
overt tasks and provided “substantial” support in favor of the null hy-
pothesis that there was no difference between these two tasks. The
estimated Bayes factor suggested that the data were 4 times more likely
to derive from the null hypothesis than from the alternative hypothesis
(BF01 = 4.01).

There was also no significant difference in criterion between con-
ditions (t(16)= 0.72, p=0.48). Mean criterion was not significantly
different than zero (the equal-bias point) for either orienting conditions
(Overt: Mean= -0.03, SD=0.27; t(16)= -0.438, p=0.667; Covert:
Mean= -0.07, SD=0.23; t(16)= -1.194, p=0.250) indicating that
participants had no response-bias in either condition.

Reaction-times. Response-times of hit trials were significantly faster
for the overt condition than for the covert condition (Overt:
Mean= 429.3 ms, SD=41.35; Covert: Mean= 467.8ms, SD= 51.12, t
(16)= 4.12, p < 0.001).

3.2. Event-related potentials relative to probe onset

Mean ERP amplitudes were analyzed across participants as a func-
tion of Task (overt/covert), Hemisphere (right parieto-occipital elec-
trode/left parieto-occipital electrode) and Cued-direction (right/left)
using a three-way repeated-measures ANOVA during the early time-
interval (80–120ms) and the later time-interval (180–300ms). The
results are depicted in Fig. 3 and 4.

Fig. 2. Mean visual sensitivity. Single-subjects plot representing d′ values in the
covert vs. the overt condition. The line representes the graph’s identity line
(x= y). Dots above this line represent participants for whom the d′ was larger
in the covert relative to the overt condition; and vice versa for dots below the
line.
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3.2.1. Early time-interval
There was no evidence for interactions between Task and any factor

(3-way interaction: F(1,16)< 1; Task X Hemisphere interaction: F
(1,16)= 1.765, p=0.20; Task X Cued-direction interaction: F(1,16)
= 2.12, p=0.17), indicating that the task did not modulate any of the

other effects. The 2-way interaction of Hemisphere and Cued-direction
was significant (F(1,16)= 27.19, p < 0.001, partial =η 0.632 ). Mean
amplitudes were significantly more positive in the hemisphere contra-
lateral to the cued direction than in the ipsi-lateral hemisphere for both
tasks (covert: t(16)= 5.69, p < 0.001, Cohen’s d = 1.4; overt t
(16)= 4.43, p < 0.001, Cohen’s d =1.07). This finding is consistent
with an attentional modulation in both cases.

Bayesian paired samples t-test revealed substantial support for the
null hypothesis that there was no difference between covert and overt
conditions in the lateralized activity at the early time-interval. The data
were 4 times more likely to derive from the null hypothesis than from
the alternative hypothesis (BF01 = 4.01). To support the claim that this
null finding was not a result of our specific choice of interval, we ex-
amined two more intervals around the original time range and found
near-substantial support for the null hypothesis for the time-interval
90–135ms (BF01 = 2.9) and substantial support for the null hypothesis
for the time-interval 70–125ms (BF01 = 3.52). Additionally, to ensure
that this null effect is not due to lapses of attention, we conducted the
same analysis on hit-trials and correct-rejection-trials, where attention
was likely to have been more engaged. There was substantial support
for the null hypothesis in all three examined intervals, both for the hit-
trials (80–120ms: BF01 = 3.96; 70–125ms: BF01 = 3.8; 90–135ms:
BF01 = 3.49) and the correct-rejection trials (80–120: BF01 = 3.49;
70–125ms: BF01 = 3.97; 90–135ms: BF01 = 3.45).

3.2.2. Late time-interval
Like in the early time-interval, there was no evidence for an inter-

action of Task with any factor (3-way interaction: F(1,16)= 1.14,
p=0.301, partial =η 0.0672 ; Task X Hemisphere interaction: F
(1,16)< 1; Task X Cue: F(1,16)= 2.09, p=0.13, partial =η 0.142 ).
The interaction between Hemisphere and Cued-direction was sig-
nificant, (F(1,16)= 21.12, p < 0.001, partial =η 0.5692 ). For both
tasks mean amplitudes were significantly more positive in the hemi-
sphere contra-lateral to the cued direction than in the ipsi-lateral
hemisphere (covert: t(16)= 4.69, p < 0.001, Cohen’s d =1.14; overt:
t(16)= 4.32, p < 0.001, Cohen’s d =1.04).

For the late time-interval we found only anecdotal support for the
null hypothesis that there is no difference between the tasks: the
measured ERP laterality at this time-interval was around 2.5 times more
likely under the null hypothesis than under the alternative hypothesis
(BF01 = 2.45). Again, there was anecdotal support for the null hy-
pothesis for two additional examined intervals (180–240ms: BF01
= 2.78; 240–300ms: BF01 = 2.9). As before, we conducted the same
analysis on hit and correct-rejection trials. For the hit trials, we found

Fig. 3. ERP lateralization. A) Grand average lateralized ERP (N=17) locked to
probe onset at time zero, and calculated by subtracting activity of the left oc-
cipito-parietal electrode (PO7) from the right occipito-parietal electrode (PO8).
The transparent gray bars indicate the examined time-intervals (80–120ms for
the early time-interval; 180–300ms for the late time-interval). B) Scalp topo-
graphies of probe-related ERP at the early time-interval. Top: covert condition.
Bottom: overt condition. Left: cue was pointing to the left. Right: cue was
pointing to the right. C) Same as B but for the late time-interval (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.).

Fig. 4. Event-related potentials (ERPs) of covert and overt conditions locked to probe onset. A) Grand Average (N=17) ERP at left parieto-occipital electrode Po7 (left)
and right parieto-occipital electrode Po8 (right). B) Single-subjects lateralized ERP responses calculated by subtracting the activity at the ipsi-lateral from the contra-
lateral occipito-parietal channels. Positive values on the scatter’s x-axis depict participants whose ERPs were more positive contra-lateral relative to ipsi-lateral to the
cue in the overt condition. Positive values on the y-axis depict participants whose ERPs were more positive contra-lateral relative to the ipsi-lateral to the cue in the
covert condition. The line representes the identity line (x= y). Dots above this line represent participants for whom there was higher laterality in the covert relative
to the overt condition; and vice versa for dots below the line (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.).
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substantial support for the null hypothesis in two examined intervals for
hit trials (180–300ms: BF01 = 3.79; 180–240ms: BF01 = 3.35) and
anecdotal support for one examined interval for hit trials (240–300ms:
2.73). For the correct-rejection trials, we found an anecdotal support for
all examined time-intervals:(180–300ms: BF01 = 1.69; 180–240ms:
BF01 = 2.55; 240–300ms: BF01 = 1.01). Again, there was a significant
difference in early VEP lateralization between hit trials and correct-
rejection (CR) trials in both overt (hit trials: Mean=− 2.45, SD= 1.9;
CR trials: Mean= 2.32, SD= 2.05, p < 0.001) and covert (hit trials:
Mean= -2.309, SD= 2.23; CR trials: Mean=1.58, SD= 1.95,
p < 0.001) conditions.

Additionally, to ensure that no significant effect was missed we
applied an exploratory analysis using a cluster-based non-parametric
permutation test (Maris and Oostenveld, 2007). This test was applied
on the lateralized VEP (contra-ipsi) at 0–300ms, under the null hy-
pothesis of no difference between the conditions. No time-point by
time-point clusters were found.

3.3. Lateralized cue-related effects

We tested whether cue-related ERP effects could have contributed to
the observed laterality of the probe-related ERP. For this analysis we
focused on the shortest cue-target interval (300ms), as this is the in-
terval that is most likely to be affected by the cue. This analysis of
lateralized ERP response within the time-window between 500ms and
600ms post-cue (correspding to the 100ms prior to probe onset to the
time of probe onset) reveals a moderate support for the null hypothesis
(BF01 =3.99), indicating that all cue-related lateralization effects were
diminished by the time the probe was presented (Fig. 5).

3.4. Correlations between electrophysiological responses and behavioral
performance

We examined the link between the neural manifestation of sustained
orientation and the behavioral correlate of this orientation. Sustained
orienting was estimated by probe-related ERP laterality effects calcu-
lated during the delay interval. Pearson and Spearman’s correlation
coefficients were calculated between the ERP laterality measurements
and d′ measures: separately for early and late ERP measurements, and
for the two task conditions, both within one task and between the two.
This process resulted in four different correlations for each time-in-
terval (early/late): covert-laterality (VEP laterality in the covert con-
dition) with covert-d′, covert-laterality with overt-d′, overt-laterality
(VEP laterality in the overt condition) with covert-d′ and overt-later-
ality with overt-d′. Confidence intervals were computed using boot-
strapping.

Pearson correlations showed that early covert laterality was posi-
tively and significantly correlated across participants with covert d′ (r

(16)= 0.553, p=0.021, 95% CI [0.264, 0.774]) but not with overt-d′
(r(16)= 0.257, p=0.320, 95% CI [-0.093, 0.671]). Early overt later-
ality was positively and significantly correlated across participants with
covert-d′ (r(16)= 0.585, p=0.014, 95% CI [0.237, 0.829]), but not
with overt-d′ (r(16)= 0.353, p=0.164, 95% CI [-0.051, 0.716])
(Fig. 6). Late covert laterality and late overt laterality were not sig-
nificantly correlated with either covert or overt d′ (Late covert later-
ality: Covert: r(16)= -0.401, p.110; Overt: r(16)= -0.354, p=0.163;
Late overt laterality: Covert: r(16)= -0.308, p=0.229; Overt: r
(16)= -0.284, p=0.269) (Fig. 7).

Spearman’s nonparametric rank correlations supported the same
conclusions. Early covert laterality was positively and significantly
correlated across participants with covert d′ (ρ (16)= 0.515, p=0.035,
95% CI [0.088, 0.791]) but not with overt-d′ (ρ (16)= 0.267, p=0.3,
95% CI [-0.187, 0.650]). Early overt laterality was positively and sig-
nificantly correlated across participants with covert-d′ (ρ(16)= 0.642,
p=0.005, 95% CI [0.222, 0.897]), but not with overt-d′ (ρ (16)
= 0.375, p=0.138, 95% CI [-0.84, 0.724]). Late covert laterality and
late overt laterality were not significantly correlated with either covert
or overt d′ (Late covert laterality: Covert: ρ (16)= -0.346, p=0.174,
95% CI [-0.740, 0.194]; Overt: ρ (16)= -0.203, p=0.434, 95% CI
[-0.671, 0.339]. Late overt laterality: Covert: ρ (16)= -0.154,
p=0.554, 95% CI [-0.673, 0.406]; Overt: ρ (16)= -0.108, p=0.680,
95% CI [-0.665, 0.399]).

Additionally, we compared the Pearson correlations: (1) between
early covert laterality and performance in the covert relative to the
overt task and (2) between early overt laterality and performance in the
covert relative to the overt task. For each analysis, we used a test that
compares between two correlation coefficients obtained from the same
sample and sharing one variable in common (Lee and Preacher, 2013).
We found that the correlation of early covert laterality with covert-d′
was significantly higher than that with overt-d′ (z= 2.08, p=0.037).
The correlation of early overt laterality with covert-d′ was higher than
that with overt-d′ but the difference was only marginally significant
(z= 1.674, p=0.09). Late covert laterality was not significantly cor-
related with covert-d′ (r(16)= -0.401, p=0.110) or with overt-d′ (r
(16)= -0.354, p=0.163). Similarly, late overt laterality was not sig-
nificantly correlated with covert-d′ (r(16)= -0.308, p=0.229) or with
overt-d′ (r(16)= -0.284, p=0.269).

To more precisely gauge the relation between performance in the
attentional task and ERP laterality, we performed a follow-up analysis
in which the d′ measures were separated into two groups of partici-
pants. The first group included participants for which covert-d′ was
larger than overt-d′ (total of 9) and the second group included parti-
cipants for which overt-d′ was larger than covert-d′ (total of 8). A
Pearson correlation analysis was conducted between these two d′
measures and early covert or saccade VEP laterality. The rationale was
that if performance in the covert task, but not overt task, reflects mostly
attentional factors, then participants in the first group are likely to show
a stronger relation with early markers of attention than participants in
the second group. For the first group, the analysis revealed a significant
correlation between early covert VEP laterality and the d′ measure (r
(16)= 0.756, p=0.018) and a marginally significant correlation be-
tween early overt VEP laterality and d′ measure (r(16)= 0.650,
p=0.058). For the second group, there were no significant correlations
between early covert VEP laterality and d′ measure (r(16)= 0.173,
p= 0.682), or between early overt VEP laterality and d′ measure (r
(16)= 0.181, p=0.668).

4. Discussion

The present study examined the laterality of ERP responses during a
period of sustained orienting to a cued location. ERPs were measured
relative to a task-irrelevant bilateral probe that was presented at
varying timings during the period of sustained orienting. Reflecting its
modulation by attentional orienting, the probe-locked ERP was more

Fig. 5. Lateralized Event-related potentials (ERPs) in response to cue at the shortest
cue-target interval (300 ms). The dashed black line represents the onset of the
cue. The dashed orange line represents the onset of the probe at 600ms post-
cue-onset (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).
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positive in parieto-occipital channels that were contra-lateral to the
cued location, relative to those that were ipsi-lateral to that location.
This asymmetry was found during both early (80–120ms) and late
(180–300ms) time-intervals. This lateralization was found to be pro-
minent and similar in amplitude, regardless of whether the required
response was a goal-directed eye-movement (overt task) to the target
location or a button-press indicating its side (covert task). This result
suggests that sustained spatial orienting does not depend on the type of
eventual response mode. Task performance was also not modulated by
the type of response: visual sensitivity for a low-contrast target was
similar on average regardless of whether the task was an overt task or a
covert task. The results revealed a strong correlational link across
participants between early attentional orienting as reflected by ERP
lateralization and performance in the covert, but not the overt, or-
ienting task.

4.1. Inter-individual differences in covert task performance are reflected by
ERP lateralization

Participants varied in their level of performance in the tasks. These
individual differences were unlikely due to sensory or perceptual dif-
ferences, such as differences in contrast sensitivity, as the contrast was
individually adjusted prior to the experiment to yield about 80% ac-
curacy. Behavioral variability could originate from any stage in the
cognitive process involved in performing these tasks, including atten-
tional factors or motor factors, such as motor preparation and response
generation. The finding that there is a correlation between early VEP
laterality, measured a few hundred milliseconds prior to the target, and
performance on a covert detection task, reflects the tight link between
attentional orienting and performance on this task. It indicates that
individual differences in task performance can be (at least partially)
explained by individual differences in the level to which attention is
deployed in space, at a relatively early stage before the target appears.

Confirming our hypothesis, there was no similar correlation with
task performance when the required task was overt rather than covert,

Fig. 6. Correlations of early VEP laterality and visual sensitivity. Single observers scatter plots representing the early VEP laterality (contra-lateral minus ipsi-lateral
responses relative to the probe) in the covert or overt conditions (X-axis), in relation to the mean d′ prime values of the covert or overt conditions (Y-axis). The lines
represent the fitted regression lines.
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i.e. it required a goal-directed action. This suggests that the two tasks
differed in their response demands: the covert task required only coarse
spatial discrimination (left/right) whereas the overt task required pre-
paring and executing a goal-directed action toward the exact location of
the target. Goal-directed actions, such as saccades, require motor pre-
paration and response generation processes that are different than those
required by covert attention tasks. Despite the obvious involvement of
early attentional orienting processes in overt detection, they are not the
main or exclusive component determining behavior. Consequently,
when correlating orienting (i.e. VEP laterality) with overt performance,
there is a relatively large percentage of variance that remains un-
explained, resulting in a lower correlation and lower power. Whereas
the grand average findings of similar ERP lateralization for the two
tasks suggest that both tasks impose similar attentional demands, the
individual differences correlational findings suggest that they can be
dissociated with regards to their response demands.

This hypothesis is supported by the finding that perceptual perfor-
mance shared a close link with early covert and overt VEP laterality
only for the group of participants for which sensitivity was larger in the
covert task than in the overt task. That is, the greater the involvement
of attentional factors in the behavioral task, the more likely that per-
formance was preceded by increased early VEP laterality. Overall, we
find these findings to be another example for the dissociation between

covert tasks, which require detection and only coarse spatial dis-
crimination, and overt tasks, which require the preparation of a goal-
directed action.

For the late interval we found no such dissociation between the
overt and the covert tasks: there was no correlations between late VEP
laterality and performance in any of the two tasks. Laterality at the late
interval can be attributed to the Distractor Positivity (Pd) component, a
posterior contra-lateral positive deflection that is associated with sup-
pression of distractors (Hickey et al., 2009; Sawaki and Luck, 2010,
2011). In our case the distractors are the probes. It could, therefore, be
hypothesized that the level to which the probe was suppressed, did not
explain much of the inter-individual variance of detecting the targets.
This result may seem surprising considering that salient task-irrelevant
distractors are known to affect performance in certain contexts
(Theeuwes, 1992, 1994). However contrary to most previous studies, in
which the distractor and target were presented simultaneously, in the
task used in the current study the distractor (i.e. the probe) preceded
the target presentation by a few hundred milliseconds.

These findings stress the importance of examining individual dif-
ferences in addition to grand averages. The similarity between the
grand average of ERP lateralization and performance rates of the two
tasks could have been erroneously interpreted to imply that the me-
chanisms underlying covert and overt attention are the same. However,

Fig. 7. Correlations of late VEP laterality and visual sensitivity. Single observers scatter plots representing the early VEP laterality (contra-lateral minus ipsi-lateral
responses relative to the probe) in the covert or overt conditions (X-axis), in relation to the mean d′ prime values of the covert or overt conditions. The lines represent
the fitted regression lines.
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examining performance at the individual level reveals that covert and
overt tasks can be dissociated, which may suggest that they are based
on at least partially distinct mechanisms. These results are consistent
with the neurophysiological studies indicating that although the neural
correlations of saccade preparation and covert attention share simila-
rities and involve similar brain areas, the two phenomena are mediated
by distinct neuronal populations (Gregoriou et al., 2012;
Ignashchenkova et al., 2004; Juan et al., 2004) and can be behaviorally
dissociated (Li et al., 2016; Rolfs and Carrasco, 2012). Neuroimaging
methods, such as EEG and fMRI, are typically limited in their ability to
isolate neural processes on small scales. Such non-invasive methods are
generally better in depicting large synchronized neural populations or
widely-spread networks. In some cases, studying inter-individual var-
iance may enable a finer examination of small-scale processes, which
are typically averaged-out by grand average analyses. A similar point
has been made by a recent fMRI analysis of the involvement of different
visual regions of temporo-parietal junction (TPJ) and their effects on
covert attention (Dugue et al., 2018).

4.2. Attentional modulations during the response preparation interval

We find a prominent posterior lateralization in the early adn the late
time-intervals of both examined tasks and no differences between the
tasks. This is partially consistent with a previous study by Eimer and
colleagues (2006), who used a similar procedure to examine the link
between the mode of response (manual or overt) and attentional
modulation of ERP during response preparation. In that study, partici-
pants were presented with a cue indicating whether a response should
be executed to the left or the right. That cue was followed (after
900ms) by a unilateral visual probe presented at either the cued or the
uncued side, and by a Go/No-go stimulus (after another 200ms) in-
dicating whether a response should be executed (toward the precued
direction), or withheld. Probe-related ERP was analyzed in three dif-
ferent time-intervals relative to probe onset: 100–130ms, 150–200ms
and 250–330ms, and compared between probes appearing at either
cued or uncued locations to estimate attentional modulations.
Attentional modulations were found in the second and third intervals,
but not in the first. In the second interval the effect was found for both
tasks, and in the third interval it was found only for the overt but not for
the manual task.

The present findings are not entirely consistent with those findings.
Unlike Eimer et al., we do find attentional effects for both tasks in our
early interval of 80–120ms, as manifested by the laterality of the ERP
responses. Also, we do not observe differences between the tasks even
when examining late intervals of around 90–135ms. There were a few
differences between our procedure and the one used by Eimer et al. that
could account for these discrepancies in the results. First, the probe in
their study was unilateral and not bilateral as in our study, and had very
different visual characteristics. Consequently, as evident in Fig. 3 and 4
in Eimer et al. (2006), the probe used in that study did not elicit a
robust P1 deflection as in the present study. Moreover, whereas we
examined lateralized effects (compared ipsi-lateral and contra-lateral
channels) for a bilateral stimulus, Eimer et al. examined non-lateralized
effects on a unilateral stimulus. These differences in procedure and
analysis could account for differences in power for detecting an atten-
tional effect. Second, the time-interval between the probe and the target
was longer in our study than in the previous one (300–500ms vs.
200ms). Using such a short interval could result in an overlap between
the latest analyzed interval and the time when saccades are already
executed in response to ‘go signals’. Because saccades cause prominent
EEG responses in posterior electrodes (Evans, 1953; Keren et al., 2010;
Yuval-Greenberg et al., 2008), this may account for some of the ob-
served differences between the manual and overt tasks found in the
third interval.

5. Conclusion

Understanding the link between overt and covert orienting is a
major challenge in research on vision. Here, we contributed to this
effort by examining attentional orienting mechanisms and showing that
they are not affected by whether the eventual response is a spatially-
specific overt response or a manual task that required arbitrary indirect
responses. Furthermore, we show that early orienting mechanisms are
correlated more strongly with performance on the covert task than the
overt task, suggesting that performance in the covert task reflects
mostly processes of spatial attentional selection, whereas performance
in the overt task is modulated by additional processes that likely reflect
the finer motor constraints imposed by that task.
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