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Abstract

Wl Visuospatial attention has been extensively studied using
a wide variety of markers in the brain and in behavior. We
can broadly classify these markers into two distinct groups:
reactive measures, where the presence and strength of
attentional biases are inferred from the reaction to a probe
stimulus, and proactive measures, which track attentional
biases without (or before) the presentation of a probe
stimulus. A difference in either type of measure (between
two experimental conditions) is typically interpreted to
reflect a difference in attentional resources. However, it is
not a given that these various reactive and proactive mea-
sures of attention all read out the same construct; they may

INTRODUCTION

Visuospatial attention has been extensively studied using a
wide variety of markers that reflect whether or not a par-
ticular location or stimulus is attended. However, whether
these different markers all capture a singular overarching
process is still unclear. Here, we classify these markers of
visuospatial attention into two distinct groups based on
whether they directly measure the allocation of attention
or indirectly measure the effect of attention on a probe
stimulus. We distinguish reactive measures, in which the
presence and strength of attentional biases is inferred
from the reaction to a probe stimulus, from proactive mea-
sures, which index attentional biases before (or without)
the presentation of a probe stimulus.

Through the reactive approach toward measuring atten-
tion, attention to specific locations can indirectly be
inferred by presenting a probe stimulus at the location
of interest. In the traditional Posner cueing paradigm
(Posner, 1980), a specific location is cued, and then a
target stimulus is presented at either cued or uncued
locations in the visual field. Comparing behavioral perfor-
mance measures such as RT or accuracy (Carrasco,
Penpeci-Talgar, & Eckstein, 2000; Morgan, Ward, & Castet,
1998; Mangun & Hillyard, 1988; Posner, 1980), or the neu-
ral response to targets appearing at cued versus uncued
locations (Luck, Woodman, & Vogel, 2000; Mangun &
Hillyard, 1988; Neville & Lawson, 1987; Rugg, Milner,
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very well tap into independent processes. Here, we measure
some of these proactive and reactive signatures of attending
a location (changes in cortical excitability as measured by
rapid invisible frequency tagging, alpha lateralization, gaze
bias, probe-evoked ERPs, and behavioral reports) in an
EEG-eye-tracking task (z = 23). Though all these metrics
indeed correlate with our attentional manipulation, we show
that they are not direct correlates of each other and that, of
all the proactive measures, only the gaze bias predicts subse-
quent behavioral responses. This demonstrates that existing
markers of attention cannot be used interchangeably and likely
capture independent subprocesses of attention. |l

Lines, & Phalp, 1987; Hillyard & Miinte, 1984) provides
evidence for the allocation of spatial attention. In this
manner the presence and strength of attentional biases
is indexed by the (behavioral or neural) reaction to a
probe stimulus.

In contrast, the proactive approach attempts to track
the allocation of attention itself rather than the conse-
quence it has on the response to a target stimulus. For
example, when a particular hemifield of the visual environ-
ment is attended, the amplitude of endogenous alpha
oscillations decreases in the contralateral hemisphere
(Foster, Sutterer, Serences, Vogel, & Awh, 2017; Gould,
Rushworth, & Nobre, 2011; Sauseng et al., 2005; Foxe,
Simpson, & Ahlfors, 1998). Alternatively, frequency tag-
ging uses steady-state visual evoked potentials to obtain
a frequency-specific response in the MEG-EEG signal,
the amplitude of which increases when the stimulus is
attended (Norcia, Appelbaum, Ales, Cottereau, & Rossion,
2015; Muller, Malinowski, Gruber, & Hillyard, 2003; Miller
et al., 1998). More recently, rapid invisible frequency tag-
ging (RIFT) has extended this technique by modulating
luminance at frequencies high enough to make the tag-
ging invisible, forming an invisible tracker of spatial atten-
tion (Arora, Gayet, Kenemans, Van der Stigchel, & Chota,
2025; Seijdel, Marshall, & Drijvers, 2023; Zhigalov,
Herring, Herpers, Bergmann, & Jensen, 2019). Finally,
the oculomotor system also reflects shifts in attention.
Even in the absence of saccadic eye movements, small
(<0.5 dva [degrees of visual angle]) biases in gaze posi-
tion can reveal the direction and the eccentricity of the
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attended location (van Ede, Chekroud, & Nobre, 2019;
Engbert & Kliegl, 2003; Hafed & Clark, 2002). These
measures index the locus of attention without (or
before) the presentation of a probe stimulus.

Several measures are used to study attention. However,
we also know that attention operates as a multilevel selec-
tion process involving the full complexity of the visual pro-
cessing hierarchy (Serences & Kastner, 2014). Thus, it is
not a given that these various measures all read out the
same aspect of attention; they likely tap into independent
processes that are collectively referred to as attention. It is
also not a given that proactive measures, which reflect cue-
induced attentional allocation to a location, pick up on the
same components of attention as reactive measures,
which stem from responses to a target that is later shown
at that location. In the present study, we empirically test
these ideas by measuring several proactive and reactive
markers of visuospatial attention (RIFT modulations,
alpha lateralization, gaze bias, probe-evoked ERPs, and
behavioral reports) often used in isolation, concurrently
within a single EEG—eye-tracking experiment. We show
that though all these measures reliably track switches of
visuospatial attention, they are largely uncorrelated. This
implies that although the results obtained from all of these
measures individually are often interpreted to reflect
“attention” as an overarching psychological construct,
they are likely to capture subprocesses of attention largely
independent of one another.

METHODS
Participants and Protocol

We recruited 24 healthy human participants (age: M =
21.95 years, SD = 1.71; assigned sex at birth: 18 female,
six male). One participant was excluded for poor fixation
quality, and we thus analyzed 23 participants. This sample
size was selected in accordance with previous studies
studying visual attention using RIFT, alpha oscillations,
and gaze biases (Arora, Gayet, et al., 2025; van Ede et al.,
2019; Doherty, Rao, Mesulam, & Nobre, 2005). Partici-
pants reported no history of epilepsy or psychiatric diag-
nosis and had normal or corrected-to-normal vision. The
study was conducted in accordance with the protocol
approved by the Faculty of Social and Behavioral Sciences
Ethics Committee at Utrecht University in the laboratories
of the Division of Experimental Psychology, Utrecht
University.

Participants underwent a 2-hr experimental session.
They received procedural information prior to the session.
At the beginning of the session, they provided informed
consent, date of birth, assigned sex at birth, and dominant
hand information. After completion of the EEG setup,
participants were seated 72 cm from the screen with a
chinrest. After eye tracker calibration, the experiment
was explained using a visual guide and verbal script.
Following these instructions and six practice runs, the
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~50-min experiment was conducted. Compensation was
awarded when applicable either with € 20 or an equivalent
amount of participation credits as per Utrecht University’s
internal participation framework, and the session was
ended. Data collection was conducted between the
months of October 2024 and January 2025.

Experimental Design

We conducted a sustained attention task where partici-
pants intermittently switched covert attention between
two peripheral locations to respond to target stimuli over
the course of consecutive 20-sec runs (Figure 1A).

Each run began with the presentation of a grid layout
and a fixation cross at the center of the screen. Participants
were instructed to maintain fixation throughout, which
was ensured with an eyetracker. Two squares within this
grid were highlighted with an outline; their position was
one grid unit below and two units to either the left or right
of fixation. One square was outlined in red and the other in
gray, with frames slightly thicker than the grid lines. The
task involved two key events. First, at random moments
throughout the run, a Landolt C target would briefly
appear (20 msec) in each of the outlined squares. Partici-
pants were instructed to respond with the orientation of
the Landolt C (i.e., the direction of the opening) that
appeared in the square with the red outline. The red out-
line therefore formed a cue that instructed participants
which location was relevant at any given time, and we
hereafter refer to the square outlined in red as the “cued
location” and the square outlined in gray as the “uncued
location.” Second, the cued and uncued outlines switched
positions at several random moments throughout the run.
This meant that upon each switch (or re-cue), participants
had to perform a covert shift of attention to the newly cued
location and maintain it there for unknown duration since
the next switch occurred randomly. Importantly, we used
RIFT (see Tagging Manipulation section) to tag three loca-
tions continuously throughout the run: the two outlined
squares and a third square directly below fixation forming
the “middle” location of the covert shifts. This allowed us
to track the allocation of spatial attention by measuring
changes in the tagging signal recovered from the EEG
response.

We staircased accuracy at 70% using target transpar-
ency. This was done to make the task difficult enough that
participants could not register the target easily without
actually covertly attending the corresponding location.
Each 20-sec run had nine or 10 cue switches, and between
five and eight Landolt C target displays. Each participant
completed 90 runs (excluding six practice runs, not
included in analysis) divided into 15 blocks of six trials
each. Orientations of the Landolt Cs presented in the cued
and uncued locations were randomly selected (up, down,
left, right) on each trial, meaning that it was possible for
both to be the same (with 25% chance).
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Figure 1. Design and behavioral performance. (A) Task design. Participants were shown a grid-like display and maintained fixation in the center. At
any given time, one of two lateralized squares was cued, and this cue switched between both squares after random durations. Landolt C targets would
appear simultaneously at both locations at random times, and participants were instructed to report the orientation (direction of the gap) of the
target in the currently cued square. (B) Event intervals. To prevent participants from being able to predict events (switching of the cue and target
onset), we randomized their onsets. However, to simultaneously retain an event-free interval surrounding cue switches for trial segmentation,

we placed certain restrictions on the random timings of cue and target onset. Here, the resulting distributions of between task features (cue—cue,
cue-target, target—cue, and target—target) are visualized. Dashed vertical lines reflect quartiles. (C) Performance. Left: Distribution of RT for correct
responses to the target across participants. Right: Accuracy of the reported direction as measured with respect to the cued target, which reflects
the staircase value confirming that participants performed the task, and the uncued target, which reflects chance accuracy confirming that the
distractor was ignored during report. Shaded regions reflect kernel density estimates of the corresponding participant-wise distribution. (D) Tagging
response at 60 and 64 Hz. Tagging responses at the two stimulated frequencies were successfully recovered independently from the EEG response
(see Quantifying the RIFT Response section).

Event Intervals

To prevent participants from being able to predict events
(switching of the cue and target onset), we randomized
their onsets. However, to avoid any ongoing motor activity
while a cue occurred, we placed certain restrictions on the
random timings of cue and target onset (Figure 1B). First,
a number of targets (5-8) and a number of cue switches
(9-10) were randomly selected for each run. Then, we ran-
domly selected an onset time for each cue switch such that

no cues occurred in the first and last 750 msec of a run and
no cues occurred within 750 msec of each other. Similarly,
we randomly selected an onset time for each target such
that no targets occurred in the 750 msec before a switch or
within 1.1 sec of each other. Within all permitted windows,
timings of cue switches and targets were uniformly ran-
dom. The intervals between a fixed number of events in
a given duration follow an exponential distribution, which,
combined with the above restrictions, produced specific
distributions for the four types of intervals that occurred
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in a run (cue—cue, target—target, target—cue, and cue—
target).

Behavioral Reports

When target onset occurred, a Landolt C stimuli appeared
in both outlined locations (cued and uncued) simulta-
neously, with the openings facing either up, left, right,
or down, each with equal probability. Participants were
instructed to respond to the Landolt C in the square cur-
rently cued by the red outline, making this the cued target
and the other Landolt C the uncued target. They reported
the direction of its opening (up, left, right, or down) with
the corresponding arrow key. Thus, for each Landolt C pair
presentation, we obtained one response. If a response was
not given within 1 sec of target onset, the trial was marked
as incorrect. Participants were informed about this limit
prior to the experiment and that they should respond as
fast as possible. It was ensured during practice runs that
they were achieving this goal, and this is further reflected
in the RT results (Figure 1C). On average, participants cor-
rectly reported the direction of the cued target in accor-
dance with the staircased (70%) accuracy level (accuracy:
mean = 68.90%, SD = 2.80%). The presentation of a cued
target was always accompanied by that of a target at the
uncued location, which participants were meant to ignore.
We can use the orientation of this uncued target to per-
form a check on whether participants utilized the cue
and thus ignored the target in the uncued location. If par-
ticipants failed to correctly use the cue, target reports
should be correct more often than chance (25%). This
was not the case (trials where response matched uncued
orientation: mean = 24.91%, SD = 3.11%), showing that
behavioral responses were completely unaffected by the
targets in the uncued location. Targets to which no
response was given in the 1-sec time limit (mean =
10.4%, median = 9.4% of trials) or an unrelated key was
pressed (mean = 0.03%, median = 0% of trials) were
labeled as incorrect.

Stimuli

The screen background was maintained at gray (grayscale:
127.5) throughout the experiment. A black fixation cross
(0.4 dva) was present in the center of the screen through-
out each trial. The grid consisted of lines (thickness =
0.08 dva) spaced 3 dva apart horizontally and vertically.
The frames indicating the cued and uncued locations were
twice as thick as the grid lines (thickness = 0.16 dva). At
the beginning of the experiment, Landolt C targets
(diameter = 2.1 dva; presented for 20 msec) were black
with full opacity, but throughout the course of the exper-
iment, transparency was modulated through a staircase
procedure (PsychtoolBox QUEST algorithm; Farell &
Pelli, 1998; p = 3.5, A = 0.01, y = 0.5) to maintain accuracy
at 70%.
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Tagging Manipulation

We used RIFT to evoke a periodic response from specific
locations on the screen (Arora, Gayet, et al., 2025; Seijdel
et al., 2023; Zhigalov et al., 2019). Here, this involved sinu-
soidally varying the luminance at three locations on the
screen at specific frequencies. First, the areas within both
outlined squares were tagged at either 60 or 64 Hz. These
tagging configurations (60 Hz left, 64 Hz right or 64 Hz left,
60 Hz right) were balanced and randomly assigned to each
run. Second, the square directly below fixation (“middle
location”) was tagged at 68.57 Hz on each run (since the
middle location was not directly informative about cue-
induced shifts of attention, the outcomes of this middle
location tag are presented separately in Supplemental
Figure S1). Luminance was modulated between white and
black, such that the average tag appeared gray and was invis-
ible against the gray (red, green, blue: [127.5, 127.5, 127.5])
background. The edges of the tagged region were smoothly
modulated from transparent to opaque to prevent the
tagged areas from becoming visible during large eye move-
ments (Minarik, Berger, & Jensen, 2023). Prior to data col-
lection, the displayed tagging frequency was verified using
a BioSemi PhotoCell luminance sensor (BioSemi B.V.).
Temporal precision of the displayed stimuli was continu-
ally recorded (at the level of the GPU) during data collec-
tion using PsychToolBox’s Screen (“Flip”) command.

Display Apparatus

A ProPixx projector (VPixx Technologies Inc.; resolution =
960 X 540 px, refresh rate = 480 Hz) in a rear-projection
format (projected screen size = 48 X 27.2 cm) was used
for the experimental display. MATLAB and PsychToolBox
(Kleiner, Brainard, & Pelli, 2007) were used for program-
ming the task display.

EEG Recording and Preprocessing

EEG data were recorded using a 64-channel ActiveTwo
BioSemi system (BioSemi B.V.) at 2048 Hz. Two additional
electrodes were placed above and on the outer canthus of
the left eye, respectively. Immediately prior to the exper-
iment, adequate signal quality from all channels was
ensured using BioSemi ActiView software. All data analysis
was conducted in MATLAB using the Fieldtrip toolbox
(Oostenveld, Fries, Maris, & Schoffelen, 2011). The EEG
data were first re-referenced to the average of all channels
(excluding poor channels determined by visual inspec-
tion, median = 14.1 [mainly frontal] channels, mean =
14 channels). A high-pass filter was applied (0.01 Hz),
and then line noise and its harmonics were removed
using a DFT filter (50, 100, 150 Hz).

Data were then segmented into trials ranging from 2 sec
before to 2 sec after cue switches. An ICA was performed
to remove oculomotor (blink) artifacts, and trials with
other artifacts or noise were removed from further EEG
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analysis as per visual inspection (median = 5.9%, mean =
7.3%). Baseline correction was performed by averaging
(and then subtracting from the signal) a window 0.75—
0.1 sec before the cue. For ERP analyses, a low-pass filter
(30 Hz, butterworth filter) was applied.

Alpha Lateralization

Time—frequency representations were computed using
the ft_freqanalysis function in the Fieldtrip toolbox
(Oostenveld et al., 2011). First, spectral analysis was per-
formed on individual trials in the 8-13.5 Hz range (in
increments of 0.2 Hz). This was done for every channel
using three-cycle Morlet wavelets and baselined (dB)
with respect to a window 0.6-0.3 sec before cue onset.
The 8-13.5 Hz frequency range was then averaged to
compute alpha power time series, which were used to
assess the differences in alpha-band activity between
conditions for each channel. To quantify and visualize
the overall lateralization, we computed the difference in
average alpha power between trials where the right side
versus the left side was being cued. Here, 12 frontal chan-
nels were excluded to avoid the influence of consistent
gaze position biases (i.e., eye movement artifacts) that
we also observed to lateralize depending on cue location.
To calculate group-average time series, differences from
the channels that showed a significant group-level effect
(negative or positive; bootstrapped 95% confidence
intervals [CIs] excluding 0) were averaged per participant
after flipping the sign of channels in the left hemisphere.
We also conducted a correlation analysis (see Correlation
Analyses section), relating modulations of alpha power to
those of other measures. Since these were conducted
trial-wise, they required a different approach. To obtain
a single trace on each trial that was more positive if
lateralization was stronger, we instead, for each trial,
subtracted the mean alpha power of channels showing a
significantly negative difference at the group level from
that of those showing a significantly positive difference
at the group level. We flipped the sign of this difference
on trials where the left side was cued.

Quantifying the RIFT Response

We used periodic stimulation to tag various locations at
unique frequencies to track the locus of spatial attention.
To determine the strength of the tagging response to
these RIFT frequencies in the EEG signal, we used two dif-
ferent measures depending on the analysis being con-
ducted. These were coherence and Hilbert magnitudes.

Coberence

For general analyses over all trials, we used magnitude-
squared coherence, which is a dimensionless quantity
(ranging from 0 to 1) that measures how consistently sim-
ilar two signals are in both their power and phase. It

produces higher values when two trial-wise signals (i)
oscillate at the same frequency and (ii) maintain the same
phase difference across trials (i.e., oscillatory responses
across multiple trials are consistently phase-locked).
Coherence was computed between a reference wave
(pure sinusoids with the corresponding frequency of 60,
64, or 68.57 Hz sampled at 2048 Hz) and condition-specific
sets of trials per channel and participant. When using a ref-
erence wave that is equal in frequency and phase on every
trial as we do here, this implementation of coherence is
qualitatively similar to intertrial coherence. Here, we used
the filter—Hilbert transform (filter—HT) approach to obtain
frequency amplitude and phase estimates. Segmented tri-
als were first bandpass filtered (%3 Hz) at the frequencies
of interest using a two-pass Butterworth filter (fourth
order, hamming taper). The filtered time-series data were
Hilbert transformed. This provided a time-varying instan-
taneous magnitude (M(?)) and phase ($p(?)), the set of which

over trials (M (7); (7)) was used to compute coherence as
per Equation 1, where x and y subscripts denote EEG
data and reference signal features, respectively.

—> —> e 2
> 1 My (1) My, (2)e" bo()
0y ML) )

To compute coherence spectrograms, coherence was
computed for frequencies ranging from 56.8 to 67.2 Hz
in 0.8-Hz intervals. In line with previous similar studies,
we identified the top 6 channels per individual with the
strongest coherence at 60/64 Hz across all trials (Arora,
Gayet, et al., 2025; Dietz et al., 2025; Hustd, Meyer, &
Drijvers, 2025; Wang et al., 2025), and any further compar-
isons across experimental conditions presented here were
made using coherence time traces averaged across these
channels. We have, however, previously shown that this
exact number of channels selected does not meaningfully
impact the strength of the relative differences observed in
coherence across experimental conditions (Arora, Gayet,
et al., 2025; Arora, Hustd, et al., 2025). We baselined the
coherence time traces for each participant using the inter-
val of 1.2-0.4 sec before cue onset. This was done sepa-
rately for each tagging frequency. We obtained overall
“uncued” and “cued” RIFT traces by averaging the base-
lined coherence traces across both frequency configura-
tions (60 Hz cued, 64 Hz uncued and 60 Hz uncued,
64 Hz cued) which were counterbalanced.

cobh(t) =

Hilbert Magnitudes

For trial-wise correlations between the RIFT response and
other metrics, coherence is unsuitable since it considers
the phase consistency of a set of trials together. We there-
fore used a trial-wise measure: Hilbert magnitudes (i.e.,
M) as described in Equation 1 above). These values, pro-
duced by the filter—HT approach, form the trial-wise, time-
varying RIFT response estimates used later for correlation
analyses.
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Phase Randomization

We tagged the locations of interest continuously through-
out a run, and our event of interest (switching of the cue)
occurs at random time points during this run. This means
that when we epoch the data with respect to target onset,
the tagging is not phase-locked across trials. However, the
coherence approach that we use to quantify the strength
of the RIFT-tagging response relies upon phase consis-
tency. To correct for this, we slightly skewed each trial in
time to phase-lock the tagging responses with respect to a
given frequency. We thus ran coherence analyses on the
data thrice; once with the trial-wise phases aligned to each
of the three frequencies tagged (60, 64, and 68.57 Hz). The
maximum temporal skew here was half of one tagging cycle
(i.e., ~8.3, ~7.8, and ~7.3 msec for 60, 64, and 68.57 Hz,
respectively). This procedure also increases the separability
of the tagging responses, since only one frequency is phase-
locked at a time in the segmented data. We can thus
uniquely track the neural responses to different tagging
frequencies in the EEG signal over time (Figure 1D).

Eye-tracking Recording and Analysis

Gaze was tracked using an Eyelink SR (SR Research) eye
tracker. Both eyes were tracked at 500 Hz. Immediately
prior to the experiment, a 9-point calibration was per-
formed. This calibration was repeated after every third
experimental block.

The data were segmented into trials of —1.5 sec before
to 2 sec after cue switches. Blink correction was carried
out using custom code adapted from existing work
(Hershman, Henik, & Cohen, 2018). Trials were
baseline-corrected with respect to the average position
in a 200-msec window prior to cue switches. Trials where
fixation was not maintained (defined as gaze being further
than 2 dva from fixation for more than 50 msec of the trial
duration) or trials where the baseline was over 2 standard
deviations away from the mean baseline position were
removed from further eye-tracking analysis (median =
9.8% of trials, mean = 10.8% of trials). A 10-msec uniform
smoothing filter was applied to the individual position
data. To assess the gaze bias at the group level, we aver-
aged gaze position along the horizontal and vertical direc-
tions over all trials where the left side was cued and the
right side was cued per participant. For trial-wise analysis,
we used the horizontal component of position over time
after flipping the direction of the trials where the left side
was cued, such that a positive deviation of gaze position
always reflected the cued direction.

General Statistical Comparisons

Differences in time-varying measures (coherence, alpha
lateralization, and gaze position) across conditions were
compared over the duration of a trial using a nonparamet-
ric cluster-based permutation test (Maris & Oostenveld,
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2007). This consisted of four steps. (1) Two traces being
compared were subtracted to produce a difference trace.
(2) A one-sample ¢ test was run for each individual time
point to detect points on the difference trace significantly
different from 0 (p < .05). Clusters of consecutively signif-
icant time points longer than 10 msec were identified, and
their sum of ¢ values was computed within each cluster to
produce a cluster-level £ mass. (3) Then, we randomly
flipped the sign of each individual difference trace (hence
preserving autocorrelations between time points in the
null data). We conducted 10,000 repetitions of this process
to generate a distribution of expected #-mass values given
randomized labels, adding only the largest cluster per rep-
etition. (4) Finally, we checked whether the # masses of any
initially observed clusters were higher than 95% of this dis-
tribution. These clusters were accepted as significant. With
coherence, we compared the RIFT response evoked from
cued versus uncued item locations first separately for both
frequencies and later averaged across these. For gaze, we
tested whether the difference between horizontal gaze
position in cued left and cued right trials significantly dif-
fered from 0. For alpha lateralization, we similarly tested
per channel whether the difference between alpha power
in contralateral cued and ipsilateral cued trials significantly
differed from 0.

The relationship between target report performance
and cue-target intervals was investigated using inverse
efficiency scores (IESs; RT divided by accuracy). We com-
puted participant-wise IES values for each cue-target
interval (100 msec bin windows evenly spaced from 50
to 750 msec). We then compared successive cue—target
intervals by computing bootstrapped CIs of mean
differences. Cue—target interval pairs were labeled as
significantly different if the 95% CI excluded 0. We
observed similar results when using accuracy and RT
alone, and thus combined both with the IES metric.

Correlation Analyses

We tested whether the proactive measures of the shift of
covert attention correlated with each other and with the
reactive measures using trial-wise, time point-by-time
point correlations. For each proactive measure (lateraliza-
tion of endogenous alpha oscillations, horizontal bias in
gaze position, difference in RIFT response from cued vs.
uncued locations), we first obtained trial-wise time-varying
values locked to cue onset. Since coherence is computed
across a set of trials, we instead used Hilbert magnitudes.
We could not directly use the trial-wise differences of cued
versus uncued location RIFT responses because, on a
given trial, cued and uncued locations were tagged at dif-
ferent frequencies (60 or 64 Hz). Since both configura-
tions (60 Hz cued, 64 Hz uncued and 64 Hz cued, 60 Hz
uncued) were shown with equal prevalence, we removed
the effect of tagging frequency by z-scoring the 60- and 64-
Hz Hilbert magnitude traces. Traces from both frequen-
cies were separately z-scored, but both cued and uncued
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traces were z-scored together. Lastly, we also compared
signal-to-noise ratio (SNR) between the proactive mea-
sures qualitatively. For this, using the participant-wise
attentional modulation traces of each proactive measure,
we computed the mean divided by the standard deviation
(M/SD) on a time point-by-time point basis.

Reactive measures are computed with respect to target
rather than cue onset. Thus, we first obtained a value for
each reactive measure (RT and ERP lateralization) follow-
ing each target. To produce a time-invariant measure sim-
ilar to RT, ERP lateralizations were then averaged over the
time window significant at the group level. We used RT
here instead of the IES measure, which includes accuracy
as well and was used in other analyses here to assess par-
ticipant reports. This is because the correlations imple-
mented were trial-wise, and RT offers a continuous
measure over trials but also requires the use of only cor-
rect trials, negating the use of accuracy. We excluded trials
that were invalid for any of the measures used, that is, trials
where the EEG data had been marked as noisy, where a
saccade had been registered as per the eye-tracking data,
and where no target was presented following the cue.

Once all trial-wise data were prepared, we ran two sets
of correlations. First, we correlated each of the three pro-
active metrics (RIFT difference, alpha lateralization, gaze
bias) with the other two. Then, we correlated the three
proactive metrics with the two reactive metrics (RT and
target-ERP lateralization). In all cases, we ran both para-
metric (Pearson coefficient) and nonparametric (Kendall’s
Tau coefficient) correlations time point-by-time point,
within each participant. When the proactive (time-varying)
metrics were correlated with the reactive (time-averaged)
metrics, each time point of the proactive metrics was cor-
related with the time-averaged reactive value. This pro-
duced one trace over time per participant of the two
correlation coefficients for each pair of measures. We
then used these traces to produce 95% bootstrapped Cls
over time and used a cluster permutation test (Maris &
Oostenveld, 2007) to determine significance.

RESULTS

To establish that all the markers we use are sensitive to
manipulations of spatial attention, we first show that our
reactive measures (target ERP and behavioral perfor-
mance) and our proactive measures (alpha lateralization,
gaze bias, and RIFT) differ between cued and uncued loca-
tions. Then, we test for correlations between the various
attentional modulations observed here.

Reactive Measures (Target-onset ERP and
Participant Reports) Reflect Attention and
Are Correlated

Since a Landolt C stimulus was shown simultaneously at
both the cued and uncued locations, any lateralized EEG
response following the target onset must be caused by

participants using the attentional cue. We obtained a
grand average for the difference between contralaterally
and ipsilaterally presented cue responses by averaging
across all channels with a significant modulation (see
Figure 2A, top, e.g., channels). This difference (Figure 2A,
bottom) revealed a significant lateralization of the target
display-evoked ERP around 0.2 sec (p = .0155; cluster
t mass compared with bootstrapped distribution) and
from around 0.3 sec onwards (p = .0005). That is, after
the presentation of a Landolt C in both cued and uncued
areas, the ERP response contralateral to the cued area
was significantly lower than the response ipsilateral to
the cued area. This is in line with a large body of litera-
ture on the N2pc component of attention (Stoletniy,
Alekseeva, Babenko, Anokhina, & Yavna, 2022: Luck,
2012). A topographical distribution of this right-cued
minus left-cued lateralization over a time period of interest
as indicated by the channel-level differences (0.14-
0.25 sec) reveals posterior channels with a significant
lateralization (Figure 2B). In summary, target ERPs in
parieto-occipital electrodes indicated lateralized
responses after target onset, confirming that the neural
response to the target was modulated by attention.

Next, we looked at behavioral reports. In our study, par-
ticipants were instructed to only respond to targets at the
cued location. We therefore cannot compare behavioral
responses between the cued and uncued targets. Can
we nonetheless obtain a behavioral measure of attention
in the present study? We would expect it to take ~200 msec
for attention to shift to the cued location after cue onset.
By assessing how behavioral performance evolves with
increasing cue—target asynchrony (SOA), we can deter-
mine whether participants indeed perform worse on the
task in the short moments immediately following cue
onset. Behavioral reports can thus be used to test the effi-
cacy of the cue. Here, we measure performance by com-
bining accuracy and RT (of correct responses) into a joint
IES (RT/Accuracy). Indeed, performance increases rapidly
over the first few SOA bins (until 200-300 msec; 0—
100 msec vs. 100-200 msec: p < .0002; 100-200 msec
vs. 200-300 msec: p < .0002), after which it slowly starts
to decrease again (200-300 msec vs. 300—400 msec: p =
.016). This shows that the effect of the cue can be
observed in behavioral performance (Figure 2C).

Shift of Attention to the Cued Location Is Reflected
in Proactive Measures (Alpha Oscillations,
Gaze Position, and RIFT)

In line with previous literature (Foster et al., 2017; Gould
et al., 2011; Sauseng et al., 2005; Foxe et al., 1998), we
investigated whether alpha (~10 Hz) oscillations
decreased contralateral to the hemifield of the cued loca-
tion. Time-varying differences in alpha power (8-13.5 Hz)
between right and left cued trials for individual channels
(see Figure 3A, top, e.g., channels with a significant
modulation) were averaged to present an overall trace
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correlations conducted per participant show a significantly negative correlation, that is, a stronger target-evoked lateralization links to better

performance.

(Figure 3A, bottom). Alpha power in response to contral-
aterally presented cues was lower than in response to ipsi-
laterally presented cues (p < .0005). Visual inspection
suggested that this effect is sustained for longer than a
second. A topographical distribution of the difference
between right-cued and left-cued trials (Figure 3B) visual-
izes the spatial extent of this difference averaged over a
time period of interest as indicated by the channel-level
differences (0.4-1 sec). In summary, we observed robust
alpha lateralization across channels and time following
cue onset.

Even in the absence of saccades, the oculomotor system
has been shown to reflect the direction of covert shifts of
attention through small (< 0.5 dva), but systematic, biases
in gaze position. First, we tested whether the participant-

8  Journal of Cognitive Neuroscience

wise traces of horizontal eye position were significantly
biased toward the cued direction for trials where the cue
was presented on the right and on the left. This revealed a
significant bias of right-cued trials (p = .038; cluster  mass
compared with bootstrapped distribution) and an almost
significant modulation of left-cued trials (p = .05) toward
the cued location. Before the cue, a significant modulation
of right-cued trials (p = .0002) as well as left-cued trials
(p = .00306) toward the opposite location was seen, likely
a result of the previous cue (which was at a random inter-
val and should therefore yield an effect that is more
smeared out in time). It is worth noting that though this
bias is consistent enough to show a significant cue-
induced modulation, gaze position is altered only by
approximately 0.5% of the distance between fixation and
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difference) markers.

the target location. It is unlikely that this degree of a shift
in gaze position can modulate, for example, visual acuity of
the targets that participants are meant to attend to.

Then, we computed participant-wise difference traces
by subtracting left-cued from right-cued traces. These
were significantly biased toward the cued location shortly
after cue onset (p = .036; cluster £-mass compared with a
bootstrapped distribution) as well as toward the other
location prior to cued onset ( p = .001; cluster # mass com-
pared with bootstrapped distribution). Again, this flip in
the orientation of the effect prior to cue onset is likely a
result of the previous cue. Thus, we observed a clear bias
in gaze position toward the cued side shortly after cue
onset (Figure 4).

Next, we looked at RIFT responses in the EEG signal.
With RIFT, we flicker regions of the screen at specific
frequencies (here 60 and 64 Hz), and the strength of the
oscillatory response to these tags offers a measure of
covert attention over time. We present “cued” and
“uncued” coherence traces (see Quantifying the RIFT
Response section for details) as a measure of the RIFT
response from the cued and uncued locations following
cue onset (Figure 5, top). We observed two clusters repre-
senting a significantly higher RIFT response at the cued
location compared with baseline (early, p < .0005; late,
p = .0015). We also observed a significantly higher RIFT
response at the uncued location compared with baseline
shortly after cue onset (p = .0065), likely a result of a
visual transient (cue switch) at this location. Later, a

significantly lower response was seen at the uncued loca-
tion (p = .0045).

To assess whether RIFT picked up on the shift of atten-
tion to the cued location, we computed the difference
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Figure 4. Gaze position reflects the cued location. Top: Mean
horizontal gaze position for trials where the cue switched to the right
versus to the left. Bottom: Difference trace of above. Distances are
reflected both in dva and in percentage of the distance from fixation to
the center of the cued square. Shaded regions for all traces represent
bootstrapped 95% Cls, and significance bars represent significant
deviation from chance as determined by a cluster permutation test.
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Figure 5. RIFT responses reflect the cued location. Top: Mean RIFT
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baselined with respect to the period before cue onset. Bottom:
Difference trace of above. Shaded regions for all traces represent
bootstrapped 95% Cls, and significance bars represent significant
deviation from chance as determined by a cluster permutation test.

trace between the cued and uncued locations (Figure 5,
bottom). A significant difference was observed (p =
.0005; cluster t mass compared with bootstrapped distri-
bution), reflecting a stronger RIFT response at the cued
compared with the uncued location. This confirms that
visual processing was boosted at the cued location for a
sustained duration following cue onset.

Across the three proactive measures assessed here, only
gaze position shows a reversal effect before cue onset
(reflecting the other location which was previously cued).
Though it is not certain why this feature is uniquely pres-
ent in the gaze bias data, this reversal likely emerges due to
the fact that the gaze bias effect is very short-lived and
therefore always complete well before the following cue.
The baselining procedures used here, combined with the
temporal variability of the sustained duration of their
effects, may thus affect the possibility of any reversal
effects specifically for more sustained modulations of
attention (such as in RIFT and alpha lateralization). Note,
however, that this does not impact the post-cue differ-
ences between cued and uncued location responses,
which is what we focus on here.

Proactive Measures Do Not Correlate with Each
Other, and Only the Gaze Bias Correlates with
Target Reactions

Having established that the spatial cue affected all our met-
rics (alpha oscillations, gaze position, RIFT, target ERPs,
target report), we then tested for correlations between
these. We conducted time point-by-time point parametric
(Pearson coefficient) and nonparametric (Kendall Tau
coefficient) correlations across trials separately for each
participant (see Correlation Analyses section in methods
for how data from each metric was prepared). When
looking at the proactive measures (gaze position bias,
alpha lateralization, RIFT difference between cued and
uncued locations), no significant cross-metric correlations
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Figure 7. Of all shift-locked proactive measures, only gaze correlates
with target reactions. Time point-by-time point correlation coefficients
of the gaze position bias, alpha lateralization, and RIFT (difference in
tagging amplitude between the cued and uncued regions) with
response performance as measured by RT, and lateralization of the
target—ERP response. Panels with significant correlations as measured
by a cluster permutation test are shown in full opacity. Shaded regions
reflect boostrapped 95% Cls. Note that the sign of the correlations with
RTs are flipped such that upper values reflect better performance
(lower RTs) and vice versa. Thus, a stronger gaze bias correlates with
better performance.

were observed (Figure 6), tentatively showing that these
metrics reflect independent processes of attentional shifts.

Using a similar trial-wise approach, we also looked at
whether the time-varying proactive measures (gaze posi-
tion bias, alpha lateralization, RIFT responses from uncued
and cued locations) correlated with time-invariant reactive
measures tied to the target. RTs to the targets showed a
negative correlation with the strength of the horizontal
gaze bias, that is, a stronger gaze bias predicted better per-
formance (Figure 7). This effect was confirmed to be sta-
tistically significant for both parametric (p = .0025; cluster
¢t mass compared with bootstrapped distribution) and non-
parametric (p = .006) tests using a cluster permutation
test. This correlation was mainly localized to an early
(~0-500 msec) time window. Beyond this, no correlations
of any proactive measure were observed with target-
evoked ERP lateralizations or between RTs and alpha
lateralizations or the RIFT modulation.

DISCUSSION

Covert attentional shifts and their various behavioral and
neural correlates are widely studied across the domain
of cognition. Despite the extensive literature surrounding

each of these markers, the presence or absence of
“attention”—as a single construct—at a particular loca-
tion, or to a particular stimulus, is often concluded using
only a subset, or even just one, of these methods. Given
that attention is a complex, multilevel process, the under-
lying processes being measured by such attentional bene-
fits may be very different depending on the marker used.
However, the individual subprocesses that underlie shifts
of spatial attention need not always be co-activated. Here,
we demonstrate this: When measuring several common
markers of attention in the same task that all reflect the
attentional manipulation at the global level, the attentional
benefits afforded by each of these do not all correlate
with each other at a trial-wise level.

First, we considered proactive measures of attention,
that is, those that attempt to directly measure a shift in
the locus of attention before (or without) presenting visi-
ble stimuli at the attended/unattended locations. The pro-
active measures considered here (alpha oscillations, gaze
position, and the RIFT response) all showed consistent
attentional modulations, and we thus clearly measured a
cue-induced shift of attention. These modulations, though
statistically robust, did not correlate with one another.
Thus, even within measures that all index the preparatory
phase of attention, in a given trial the strength of one is not
necessarily informative about the strength of the other.
Though globally reflecting a shift of attention toward a
cued location, these measures thus do not jointly read
out the same underlying component of the attentional
shifting process. One interpretation of this is that our pro-
active measures capture attentional subcomponents
emerging at varying levels of the visual processing hierar-
chy. With RIFT, we measure retinotopic changes in excit-
ability of the early visual cortex to luminance changes as
attention is shifted (Duecker et al., 2025; Ferrante, Zhigalov,
Hickey, & Jensen, 2023; Drijvers, Jensen, & Spaak, 2021,
Zhigalov et al., 2019). Alpha oscillations, though also a neu-
ral measure, are considered a separate gating mechanism
that selectively controls the flow of information to down-
stream sections of the visual system (Jensen, 2024;
Zhigalov & Jensen, 2020). Lastly, changes in gaze posi-
tion are intrinsically a motor output. Thus, when studying
attention, relying on one measure alone may lead to incor-
rect conclusions about the presence or absence of an
attentional modulation.

We then posed the question: Which of these indepen-
dent processes link to our reactive measures (measures
reflecting the differential response to targets at cued ver-
sus uncued locations—target ERPs and RTs)? Only the
cue-induced bias in gaze correlated with participant
reports (specifically to RT). We differentiate here between
proactive and reactive measures as indices of two distinct
steps of attentional deployment—the shift itself and facil-
itation of stimulus processing, respectively. It would be
natural to expect that both these steps occur together,
as the former is ideally performed to facilitate the latter.
The fact that gaze is the only proactive measure here that
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shows this link may relate to the processing levels at which
the various measures operate. Gaze is similar to task per-
formance in that it constitutes a motor response—an out-
come measure at the behavioral level. Any additional
factors that may intervene between the neural response
to a target stimulus and its report (e.g., decision-making,
motor aspects) may similarly affect both the resulting
shift of gaze position, as well as the report. This correla-
tion is also in line with previous work showing that
attentional cue-induced gaze biases index the quality of
upcoming reports (Liu, Nobre, & van Ede, 2022).

Though gaze does correlate with participant reports
here, RIFT and alpha modulations do not. Why do these
two measures so strongly reflect the spatial biasing of
attention, if not to directly promote the processing of
upcoming stimuli? By indexing neuronal excitability to
visual changes at the attended location and the strength
with which this information is passed downstream, RIFT
and alpha respectively provide information about the fidel-
ity with which visual information from a given location is
boosted as compared with other locations (Duecker et al.,
2025; Jensen, 2024; Ferrante et al., 2023; Drijvers et al.,
2021; Zhigalov & Jensen, 2020; Zhigalov et al., 2019).
When RIFT and alpha are modulated by attention, a ben-
efit to visual processing may be inferred, but this benefit
may not always translate to a benefit in overt responses.
Shifting attention often aims to enhance the perception
of stimuli at attended locations in service of behavioral
goals. However, the behavioral responses that we measure
to target stimuli at these attended locations may not fully
capture this enhancement, since those responses also
reflect the consequences of other attentional subcompo-
nents (e.g., decision-making, motor aspects).

How does the independence of different markers of
attention observed here relate to existing literature? Links
between alpha oscillations and small eye movements have
previously been investigated. Though correlations
between microsaccadic eye movements and alpha lateral-
ization have been observed, in the same studies it has also
been shown that one can still be present if the other is
absent (Liu, Nobre, & van Ede, 2023; Liu et al., 2022). Sim-
ilarly, it has been found that gaze can correlate with the
N2pc ERP marker also considered here, but that the latter
is not driven by the former (Liu, Kong, & van Ede, 2025).
Rather than gaze biases and these other measures having a
direct and causal relationship, they both thus likely reflect
different underlying processes of attention that typically
co-occur but do not necessarily co-vary in magnitude, as
we see here. The absence of any correlations between
alpha oscillations and frequency tagging modulations has
been reported several times (Antonov, Chakravarthi, &
Andersen, 2020; Gundlach, Moratti, Forschack, & Miiller,
2020; Zhigalov & Jensen, 2020), but the alpha lateralization
has previously been linked to improved report perfor-
mance (van Diepen, Miller, Mazaheri, & Geng, 2016; Kelly,
Gomez-Ramirez, & Foxe, 2009; Thut, Nietzel, Brandt, &
Pascual-Leone, 2006), which is not something we observe
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here. Lastly, we have also found a similar absence of corre-
lations between RIFT, alpha, and gaze biases in a previous
study where we considered only proactive measures
(Arora, Gayet, et al., 2025). Thus, there is support for
our findings within existing literature.

Here, we include a relatively novel tool—RIFT—and
show that neither attention-induced gaze biases nor alpha
lateralization correlates with early visual sensitivity to lumi-
nance changes at the attended location, as measured by
RIFT. When inspecting the attentional modulations of
these proactive measures, we observe a fairly sustained
effect for RIFT and alpha lateralization (>1.5 sec), but a
relatively short effect (~200 msec) for the gaze bias. The
gaze bias effect seen here is more transient than what is
commonly observed (e.g., ~1 sec in van Ede et al.,
2019), a difference that possibly results from the continu-
ous nature of our task, in which participants were
instructed to switch attention quickly and frequently. This
transient effect does, however, support recent opinions in
the field regarding microsaccadic eye movements as an
index of shifting rather than sustaining covert attention
(van Harmelen & van Ede, 2025; van Ede, 2023), with RIFT
and alpha lateralization indexing the latter.

The absence of correlations seen here could result from
our measures simply being too noisy to measure trial-wise
links rather than actually being uncorrelated. We address
this in several ways. First, we report robust attentional
modulations, which would have been unlikely if our
measures strongly reflected noise. Second, our reactive
measures do correlate with each other as well as with the
proactive gaze bias, confirming that these are sensitive
enough to pick up on correlations. This of course does
not eliminate the possibility that the gaze bias is the only
proactive measure here sensitive enough to correlate with
other measures. To address this, third, we showed that
SNR (as measured by M/SD) was roughly equivalent
between all our proactive attentional modulations. We
also conducted a more thorough subsampling analysis
(Supplemental Figure S2), which showed that gaze is
not the most sensitive of our measures. Rather, the atten-
tional modulations of alpha lateralization were even more
sensitive, indicating that the absence of other correlations
is not driven by gaze biases being the most sensitive.
Another possibility is that our alpha lateralization and RIFT
differences actually stem from lateralized differences in
saliency—the red cue outline may be more salient than
the gray outline used for the uncued location—rather than
differences in attentional allocation. However, we find it
very unlikely that this is the case, since both these effects
are sustained over a considerable duration, all other mea-
sures used here also reflect that attention was allocated to
the cued location, and alpha lateralization and RIFT differ-
ences are well-established markers of covert attentional
shifts, even in the absence of differences in salience
(Arora, Gayet, et al., 2025; Wang et al., 2025; Zhigalov et al.,
2019; Foster et al., 2017; Gould et al., 2011; Sauseng et al.,
2005; Foxe et al., 1998).
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“Attention” is often the umbrella term to which findings
about selective processing of visual stimuli are attributed.
However, the various tools used to reveal these findings
(participant reports, eye movements, alpha oscillations,
and frequency tagging) capture distinct components asso-
ciated with shifts of attention. We show this here by
obtaining several such measures in the same attentional
cueing task and showing that they do not co-vary at the
trial-wise level. Attention research would therefore benefit
from explicitly picking, and interpreting the findings of,
the marker being used in the context of the underlying
subprocess it measures. For example, when specifically
concerned with cortical excitability in early visual cortex,
RIFT would be appropriate. In summary, though all
markers can pick up on attentional modulations, different
markers of attention are not interchangeable: Conclusions
drawn about attention should be stated based on the
attentional subcomponents that are reflected by the
marker used.
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