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Alpha-band (8 –12 Hz) EEG activity has been linked to visual attention since the earliest EEG studies. More recent studies using spatial
cuing paradigms have shown that alpha is suppressed over the hemisphere contralateral to a to-be-attended location, suggesting that
alpha serves as a mechanism of preparatory attention. Here, we demonstrate that alpha also plays a role in active target processing. EEG
activity was recorded from a group of healthy male and female human subjects in two visual search experiments. In addition to alpha
activity, we also assessed the N2pc event-related potential component, a lateralized transient EEG response that has been tightly linked
with the focusing of attention on visual targets. We found that the visual search targets triggered both an N2pc component and a
suppression of alpha-band activity that was greatest over the hemisphere contralateral to the target (which we call “target-elicited
lateralized alpha suppression” or TELAS). In Experiment 1, both N2pc and TELAS were observed for targets presented in the lower visual
field but were absent for upper-field targets. However, these two lateralized effects had different time courses and they responded
differently to manipulations of crowding in Experiment 2. These results indicate that lateralized alpha-band activity is involved in active
target processing and is not solely a preparatory mechanism and also that TELAS and N2pc reflect a related but separable neural
mechanism of visuospatial attention.
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Introduction
Alpha-band (8 –12 Hz) EEG oscillations have been linked to vi-
sual processing and attention since the invention of EEG and the
early recordings performed by Berger (1929) and Adrian and
Matthews (1934). These early studies found that alpha power
decreases tonically when the eyes are open compared with when

they are closed and subsequent research showed that alpha power
also decreases phasically when a task-relevant visual stimulus ap-
pears or when visual attention is engaged (Pollen and Trachten-
berg, 1972; Ray and Cole, 1985; Hanslmayr et al., 2011). This link
between alpha suppression and attention may reflect the fact that
decreased alpha power is associated with increased cortical excit-
ability (Klimesch, 2012).

A classic study by Worden et al. (2000) found that alpha sup-
pression is lateralized with respect to an attended location and
this result has been replicated and extended by many following
studies (Worden et al., 2000; Rihs et al., 2007; Jensen and Maza-
heri, 2010; Doesburg et al., 2016). These studies used spatial cuing
paradigms and found that the cue elicits a reduction in alpha
power over both hemispheres, but with a greater reduction over
the hemisphere contralateral to the cued location. These effects
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Significance Statement

The very first EEG studies demonstrated that alpha-band (8 –12 Hz) EEG oscillations are suppressed when people attend to visual
information and more recent research has shown that cuing an individual to expect a target at a specific location produces
lateralized suppression in the contralateral hemisphere. Therefore, lateralized alpha may serve as a preparatory mechanism. In
the present study, we found that a similar lateralized alpha effect is triggered by the appearance of a visual target even though the
location could not be anticipated, demonstrating that alpha also serves as an active mechanism of target processing. Moreover, we
found that alpha lateralization can be dissociated from other lateralized measures of target selection, indicating that it reflects a
distinct mechanism of attention.

900 • The Journal of Neuroscience, January 30, 2019 • 39(5):900 –917



have led to the view that lateralized changes in alpha-band power
reflect a mechanism of preparatory visuospatial attention that
improves the processing of subsequent targets and/or suppresses
the processing of subsequent distractors.

However, there are two reasons to suspect that lateralized
alpha-band EEG suppression may not solely reflect preparatory
activity and may also reflect active processing of target informa-
tion. First, alpha power over both hemispheres is suppressed in
response to foveal targets (Payne et al., 2013), presumably reflect-
ing active processing of the target, and a lateralization of this
effect for peripheral targets might be expected as a result of the
contralateral organization of the visual system. Second, van
Diepen et al. (2016) used a spatial cuing paradigm and found that
both the cue and the target elicited lateralized alpha effects (van
Diepen et al., 2016).

The present study was designed to determine whether targets
elicit lateralized alpha suppression in visual search paradigms in

the absence of spatial precues, which
would indicate that this effect can reflect
active target processing and is not limited
to preparatory processing. In addition, we
sought to determine whether this effect
represents a unique mechanism of atten-
tion that can be dissociated from other lat-
eralized electrophysiological signatures of
attention. Specifically, we compared the
target-elicited lateralized alpha sup-
pression (TELAS) with the N2pc com-
ponent of the event-related potential
(ERP) waveform. The N2pc component
is a well characterized and well validated
measure of the allocation of attention to
lateralized target stimuli (Luck, 2012;
Eimer, 2015). It typically appears as a
negative voltage deflection from �150 –
300 ms over the hemisphere contralat-
eral to an attended object within a
bilateral stimulus array (Luck and Hilly-
ard, 1994), is mainly generated in ven-
tral stream visual areas (Hopf et al.,
2006), and is sensitive to the same ex-
perimental manipulations as single-unit
activity in macaque homologs of these
areas (Luck et al., 1997).

To determine whether target-elicited
lateralized alpha suppression reflects the
same attentional mechanism as the N2pc
component, we investigated whether
these two effects are influenced in the
same manner by two experimental ma-
nipulations that are known to modulate
N2pc amplitude: the vertical position of
the target (Luck et al., 1997) and the
distance between the target and the dis-
tractors (Bacigalupo and Luck, 2015). If
target-elicited lateralized alpha sup-
pression can be experimentally dissoci-
ated from the N2pc component, then
this would indicate that they represent
different attentional mechanisms and pre-
sumably play different roles in target pro-
cessing and/or distractor suppression.

Materials and Methods
Methods overview. To evaluate whether alpha lateralization effects play a
role in active target processing, we conducted two simplified visual
search experiments in which a target and simultaneous distractors were
presented without spatial precues (Fig. 1). We expected to find that the
lateralized targets would elicit greater suppression of alpha-band EEG
activity over the contralateral hemisphere than over the ipsilateral hemi-
sphere. To test whether target-elicited lateralized alpha suppression is a
separate attentional marker from the N2pc, both signals were measured
and evaluated from the same raw EEG signals on the same trials. In
Experiment 1 (Fig. 1a), the vertical position of the target, which is known
to modulate N2pc amplitude, was manipulated. In particular, the N2pc is
much larger for targets in the lower visual field (VF) than for upper VF
targets (Luck et al., 1997) and our goal was to determine whether the
same pattern would be observed for target-elicited lateralized alpha
suppression.

To further evaluate whether target-elicited lateralized alpha suppres-
sion and the N2pc are dissociable, Experiment 2 used a crowding para-

a

b

Figure 1. Example stimuli from the two experiments. a, Experiment 1 task. One color was designated the target color at the
beginning of each block and participants were instructed to report whether the target-colored circle had a gap on the top or on the
bottom. Target location varied unpredictably from trial to trial. b, Experiment 2 task. One color was designated as the target color
at the beginning of each block. Participants were instructed to report whether the middle letter in the set of letters of this color was
a vowel or a consonant. The middle letter was always on the horizontal meridian and the flankers could be absent, 1.6° above and
below the middle letter, or 0.9° above and below the middle letter. The side containing the target color varied unpredictably from
trial to trial.
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digm in which target– distractor distance was manipulated (Fig. 1b).
Previous research has shown that N2pc amplitude is greater at interme-
diate target-flanker distances compared with both no-flankers and
densely crowded conditions (Bacigalupo and Luck, 2015). An unpub-
lished exploratory analysis of the data published in this prior study
yielded evidence of the existence of target-elicited lateralized alpha sup-
pression and also suggested that the effects of crowding differed between
this effect and the N2pc component. However, the timing parameters
used in that study were not ideal for examining alpha-band activity and
the observed effects relied on post hoc analyses. The present study was
therefore conducted to provide more optimal task parameters using an a
priori analysis framework (derived from the post hoc analyses of the pre-
vious study), which increases the strength of the conclusions that can be
drawn.

Participants. A single group of 22 healthy University of California
(UC) Davis students (17 females) with no history of neurological or
psychiatric conditions participated in both experiments in a single ses-
sion after providing informed consent. Their ages ranged from 18 to 25
years, with a mean of 20.7 years. This study was approved by the UC
Davis Institutional Review Board.

As described in more detail below, we always exclude participants for
whom �25% of trials are rejected because of artifacts (Luck, 2014). One
participant exceeded this threshold in both experiments and this individ-
ual was excluded from all analyses.

Experiment 1 stimuli and task. The stimuli used in Experiment 1 are
illustrated in Figure 1a. The participants were seated 100 cm from an
LCD monitor with a black background and a 60 Hz refresh rate. An
empirically optimal fixation cross drawn in black and subtending
0.65° was continuously visible in the center of the display (Thaler et
al., 2013).

A photodiode was used to measure the delay of the monitor at each
stimulus location. Before all signal processing and analyses, the stimulus
event codes were shifted to reflect the true stimulus onset time at the
location of the target.

The stimuli consisted of two columns of three vertically arranged cir-
cles (1.3° diameter) centered 7.6° to the left and right sides of the vertical
midline (Fig. 1a). The center-to-center distance between the middle cir-
cles and the top and bottom circles in each column was 4.6°. Stimulus
luminance was 32 cd/m 2. The middle circle in each column was gray and
had a 0.4° square gap either on the left or right side. The upper and lower
circles in each array were selected at random without replacement on
each trial from the colors blue, green, red, or yellow and had a 0.4° square
gap either on the top or bottom. The middle circles were never targets
and were included to provide competing nearby stimuli for the top and
bottom circles, which maximizes N2pc amplitude (Luck et al., 1997;
Bacigalupo and Luck, 2015).

The task was divided into eight blocks—two per target color—and
each block consisted of 72 trials. The target color was specified at the
beginning of each block and participants were instructed to report
whether the target-colored circle had a gap on top or bottom by pressing
one of two buttons on a game pad with the dominant hand (index finger
for upper gap; middle finger for lower gap). The stimulus duration was
200 ms and the stimulus onset asynchrony (SOA) varied randomly be-
tween 3000 and 3300 ms. Note that this SOA was longer than is typical for
an N2pc experiment, which is helpful for performing time–frequency
(TF) analyses.

Experiment 2 stimuli and task. For Experiment 2, the stimuli consisted
of two arrays of three vertically oriented letters in Times New Roman
typeface (Fig. 1b). Each letter subtended 0.8° vertically and was centered
9.2° to the left or right of the vertical meridian. Stimulus luminance was

a

b

Figure 2. HEOG waveforms (after artifact rejection) for left-side and right-side targets in Experiments 1 (a) and 2 (b). The scale of �16 �V reflects a horizontal eye deviation of �1°. Therefore,
on average, the residual eye movements were negligible (�0.1°).
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32 cd /m 2. The letters on one side were red and the letters on the other
side were green (varied unpredictably across trials). Each letter was ran-
domly selected without replacement on each trial from a group of five
vowels (A, E, I, O, U) and five consonants (N, F, L, G, J).

The session was divided into eight blocks of 72 trials. One color was
designated as the attended color at the beginning of each block. Partici-
pants were instructed to report whether the middle letter in the set of
letters of this color was a vowel or a consonant by pressing one of two
buttons on a gamepad. The target color changed on every block. The
middle letter was always on the horizontal meridian, and there were three
levels of crowding between this letter and the other letters (the flankers):
(1) no flankers, (2) flanker letters centered 1.6° above and below the
middle letter, and (3) flanker letters centered 0.9° above and below the
middle letter.

Electrophysiological recordings. The EEG was recorded using a Brain
Products actiCHamp system with electrodes located over the left and
right mastoid processes and at 27 standard scalp locations (FP1, FP2, F3,
F4, F7, F8, C3, C4, P3, P4, P5, P6, P7, P8, P9, P10, PO3, PO4, PO7, PO8,
O1, O2, Fz, Cz, Pz, POz, and Oz). The horizontal and vertical EOG
signals were measured from electrodes located �1 cm lateral to the outer
canthi of each eye and from an electrode placed below the right eye.

All signals were recorded in single-ended mode and digitized at 1000

Hz after application of a cascaded integrator-
comb antialiasing filter with a half-power cut-
off at 260 Hz. Electrode impedances were kept
below 80 K�. After acquisition, all data analy-
ses were performed in MATLAB using EE-
GLAB Toolbox (Delorme and Makeig, 2004),
ERPLAB Toolbox (Lopez-Calderon and Luck,
2014), and FieldTrip (Oostenveld et al., 2011).
The signals were resampled offline to 250 Hz,
referenced to the average of the two mastoid
electrodes, and high-pass filtered using a non-
causal Butterworth filter (half-amplitude cut-
off � 0.1 Hz, slope � 12 dB/octave).

Before artifact correction, the horizontal
EOG (HEOG) was computed as the difference
between the electrodes lateral to each eye and
the vertical EOG (VEOG) was computed as the
difference between the electrode below the
right eye and the Fp2 electrode. To correct for
eye blinks and horizontal eye movements, in-
dependent component analysis (ICA) was ap-
plied using EEGLAB’s BINICA routine using
all electrodes except for the mastoid electrodes
and the previously computed HEOG and
VEOG channels. The criterion for excluding an
ICA component was the consistency between
the shape, timing, and spatial location of the
component compared with the HEOG and
VEOG signals. For eye blinks, one or two com-
ponents were identified per subject; for hori-
zontal eye movements, one component was
identified in each participant. The data for each
channel (excluding the HEOG and VEOG
channels) were then reconstructed from the
other ICA components. By maintaining the
uncorrected HEOG and VEOG channels, it
was possible to reject individual trials in which
blinks or eye movements occurred during a
time period in which they might have changed
the sensory input (Luck, 2014).

Individual trials were rejected if the behav-
ioral response was incorrect, if the peak-to-
peak voltage was �200 �V in any 200 ms
window in any electrode, or if a blink or eye
movement (defined as a step-like voltage
change; see Luck, 2014) was detected in the un-
corrected HEOG signal between 100 and 600
ms poststimulus or in the VEOG signal be-

tween 200 ms prestimulus and 400 ms poststimulus. The average residual
eye movements in the uncorrected HEOG signal were �3.2 �V for all
conditions, which corresponds to an eye rotation of less than �0.1° with
an estimated voltage propagation of �0.1 �V at the posterior scalp sites
(Lins et al., 1993). Figure 2 shows HEOG waveforms (after artifact rejec-
tion) for left-side and right-side targets in each experiment, demonstrat-
ing that any residual eye movements were negligible.

More than 25% of trials were rejected because of artifacts in one par-
ticipant and this participant was therefore excluded from the analyses of
both experiments. For the 21 remaining participants, the average per-
centage of rejected trials was 9.3% (range � 0.7–25%) in Experiment 1
and 6.4% (range � 0.2–21.9%) in Experiment 2. Identical EEG data
epochs were used for the N2pc and alpha analyses.

ERP analyses. Averaged ERP waveforms were computed with a 3000
ms epoch starting 1500 ms before and ending 1500 ms after stimulus
onset. The ERP measurements were performed using a 200 ms pre-
stimulus baseline. A low-pass filter (half-amplitude cutoff � 30 Hz,
slope � 12 dB/octave) was applied after averaging for plotting
purposes.

The N2pc ERP component was computed as the average amplitude
from contralateral-minus-ipsilateral difference waves relative to the side

a

b

Figure 3. Mean correct response rate (a) and mean RT (b) for Experiment 1. *p � 0.05. Error bars indicate the within-subjects
SEM.
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of the target at the PO3 and PO4 electrode sites. These sites were chosen
a priori on the basis of our previous crowding study (Bacigalupo and
Luck, 2015). To avoid biases in selecting the time period for analysis, we
used the “collapsed localizer” approach to determine the measurement
window (Luck and Gaspelin, 2017). Specifically, we computed a
contralateral-minus-ipsilateral difference wave that was averaged across
all experimental conditions and all participants and the measurement
window was defined as the onset and offset of the N2pc in this aver-
aged difference wave (the latencies at which the voltage reached 15%
of the peak amplitude). This procedure resulted in a measurement

window of 156 –276 ms in Experiment 1 and 132–252 ms in Experi-
ment 2. Mean N2pc amplitude was then measured in these time
windows for each individual condition in the single-participant dif-
ference waveforms.

TF analyses. TF analyses were performed on the same 3000 ms EEG
epochs used for the ERP analyses. The frequency representation of the
EEG data was obtained through convolution in the time domain using
Morlet wavelets from 2–30 Hz (in steps of 1 Hz) and a Gaussian taper,
with analysis windows centered every 50 ms (Spaak et al., 2014). Because
our main goal was to compare the N2pc component with alpha-band

a

b

c

d

Figure 4. Grand average ERPs from Experiment 1. Contralateral and ipsilateral ERP waveforms are shown for targets in the upper VF (a) and lower VF (b). c, Contralateral-minus-ipsilateral
difference waves. d, Mean N2pc amplitude measured from the difference waves. Error bars indicate the within-subjects SEM. #p � 0.05 for difference from zero. *p � 0.05 for comparison of upper
and lower VFs.
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suppression, temporal resolution was more important than frequency
resolution, so we used three-cycle wavelets (as in van Diepen et al., 2016).
At 10 Hz, the temporal precision was 48 ms and the frequency precision
was 3.3 Hz (quantified as the SD in time or frequency). To compute induced
power, the averaged ERP waveform was subtracted from the single-trial EEG
signals for each experimental condition. The TF transform was then com-
puted from the single-trial signals and the transformed data were averaged
across trials for each specific time point and frequency.

After induced power (IP) was calculated, the data were normalized
according to a decibel scale using the following equation (modified from
Grandchamp and Delorme, 2011):

IPlog�f,t	 � 10log10�IP%�f,t		

where IP%�f,t	 �
IP�f,t	

�B�f 	
and �B�f 	 is the mean spectral estimate

for all baseline points at frequency f using a prestimulus baseline
period starting 300 ms before stimulus onset (Grandchamp and
Delorme, 2011). We used a slightly longer baseline for the TF
analysis than for the ERP analysis to account for the width of the

Morlet wavelet at 10 Hz (�300 ms). Alpha-band power was com-
puted by averaging the power across an a priori frequency band of
8 –12 Hz. Lateralized alpha-band power was calculated by sub-
tracting the ipsilateral power from the contralateral power (rela-
tive to the side of the target) at the PO3 and PO4 electrode sites.
These sites were chosen a priori to match the sites used for the
N2pc analyses, but they were also the lateralized sites with great-
est alpha suppression effects (see Figs. 6, 7, 8, 12, 13, 14).

To compare the N2pc with the alpha-band activity across the
different experimental conditions, the time window used for
measuring the N2pc amplitude was also used for measuring
alpha-band power (156 –276 ms and 132–252 ms after stimulus
onset for Experiments 1 and 2, respectively). However, to further
characterize the timing of the alpha-band effects, additional anal-
yses were also conducted using the mean alpha-band power from
three additional time windows (selected on the basis of a prelim-
inary analysis of the similar study of Bacigalupo and Luck, 2015):

a

b

Figure 5. Topographic plots of the averaged ERP during the N2pc window for left and right targets and for the contralateral-minus-ipsilateral difference for upper VF (a) and lower VF (b) targets.
Given the way the data are combined to derive the N2pc component, the left and right hemispheres are necessarily mirror images. The typical occipitotemporal N2pc scalp distribution was observed
for the lower VF (b, right), but little or no contralaterality was observed for the upper VF target condition (a, right).
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(1) early (200 – 600 ms), (2) middle (600 –900 ms), and (3) late
(900 –1200 ms).

Statistical analyses. Paired t tests and repeated-measures
ANOVAs (alpha � 0.05) were computed using R statistical soft-
ware version 3.3.0. (R Development Core Team, 2013). One-
sample t tests were used when N2pc amplitude or lateralized
alpha power from a single condition was being compared with
zero. The Pearson r correlation coefficient was used to assess the
association between alpha, the N2pc, and behavioral [reaction
time (RT) and correct response rate] measurements.

Results
Experiment 1 behavior
As shown in Figure 3a, accuracy in Experiment 1 was near ceiling
(98%) and did not differ between upper VF and lower VF targets
(t(20) � 0.6, p � 0.55). RTs were slightly but significantly faster for
upper VF targets (mean � 612, SEM � 16.6 ms) than for lower
VF targets (mean � 626, SEM � 18 ms; t(20) � 3.9, p � 0.001; Fig.
3b). Previous studies have also reported faster RTs for visual

search targets located in the upper VF (Previc and Blume, 1993;
Gunter et al., 1994). According to Previc (1990), this upper VF
attentional facilitation may reflect the extrapersonal system of
visual attention that is involved in visual search and depends on
the integrity of the inferior temporal cortex. In contrast, the
peripersonal system of visual attention is biased toward the lower
VF is involved in reaching and visuomotor activities and is dis-
rupted by parietal cortex lesions (Previc, 1990).

Experiment 1 ERPs
As shown in Figure 4, the ERP waveform was more negative (less
positive) over the hemisphere contralateral to the target than the
hemisphere ipsilateral to the target during the N2pc measure-
ment window (156 –276 ms) for lower VF targets. However, this
effect was largely absent for upper VF targets. The N2pc was
isolated from the rest of the ERP waveform by means of
contralateral-minus-ipsilateral difference waves (Fig. 4c), which
show a clear negative deflection peaking at �225 ms for the lower
VF target. As is commonly observed, the N2pc declined in ampli-

a

b

c

Figure 6. Grand average TF plots from Experiment 1. a, Upper VF targets that elicited approximately equivalent suppression of alpha-band power for both contralateral and ipsilateral electrodes
relative to the target location (a.3). b, Lower-field targets, which elicited greater alpha-band suppression over the contralateral hemisphere (b.3). The white region at the bottom right corner of the
plots indicates values that are undefined given the epoch length and wavelet duration. c, Time course of the contralateral-minus-ipsilateral difference in alpha-band power.
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tude from �250 –350 ms and this was followed by a sustained
negativity (the sustained posterior contralateral negativity or
SPCN) (Maheux and Jolicœur, 2017). Another negativity was
also present very late from �700 –1200 ms.

By contrast, upper VF targets elicited very little contralateral
negativity but did elicit a contralateral positivity from �250–350
ms. This positivity may reflect the distractor positivity (PD) compo-
nent that often follows N2pc (Sawaki et al., 2012), which would
suggest that PD and N2pc are differentially sensitive to the vertical
position of the relevant stimulus. The pattern of N2pc differences
between upper and lower VF targets is quite similar to what has been
observed previously (Luck et al., 1997). The topographic distribu-
tion of the ERP during the N2pc time window is shown in Figure 5,
in which lateralization effects can be seen for lower VF but not for
upper VF targets.

To provide statistical support for the observed N2pc effects,
we conducted a priori statistical tests on the mean voltage from
156 –276 ms in the contralateral-minus-ipsilateral difference
waves. N2pc amplitude was significantly greater for lower VF
targets than for upper VF targets (t(20) � 4.42, p � 0.001). In
addition, N2pc amplitude was significantly greater than zero for

lower VF targets (t(20) � 
5.28, p � 0.001), but not for upper VF
targets (t(20) � 
0.25, p � 0.8).

Experiment 1 TF analysis
Figure 6 provides TF plots along with waveforms showing the
time course of activity averaged across the alpha-band frequency
range (8 –12 Hz). As commonly observed, alpha-band power was
suppressed (relative to the pre-stimulus level) from �200 – 600
ms after the appearance of the target. This suppression was ob-
served over both contralateral and ipsilateral scalp sites for both
upper VF and lower VF targets, and Figures 7 and 8 show that this
effect had an occipitotemporal topographic scalp distribution.
The suppression effect was distributed over a wide band of fre-
quencies (�7–20 Hz), but this may reflect the relatively poor
frequency resolution of the 3-cycle wavelet that we used to opti-
mize the temporal resolution of the analyses. However, the effect
was clearly strongest in the alpha band (8 –12 Hz).

Although strong alpha-band suppression could be observed
over both hemispheres, it was greater over the contralateral hemi-
sphere than over the ipsilateral hemisphere from �200 ms until
the end of the epoch for the lower VF targets. This can be seen

a

b

Figure 7. Topographic plots of induced alpha band (8 –12 Hz) activity during the N2pc time window for left and right targets and for the contralateral-minus-ipsilateral difference for upper VF
(a) and lower VF (b) targets. A lateralization effect was observed for lower VF targets (b, right), but not for upper VF targets (a, right).
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most readily in the contralateral-minus-ipsilateral TF plots (Figs.
6b, right column), in the alpha-band time course waveforms (Fig.
6c), and in the contralateral-minus-ipsilateral scalp maps
(Figs. 7b, 8b, right columns). No such contralaterality was visible
for the upper VF targets. Note that the very early start time of the
effect may reflect the loss of temporal information that necessar-
ily occurs in a TF transform. Note also that, although the maxi-
mum effect was present at the same electrode sites as the N2pc
(Fig. 5b), the alpha lateralization effect was more narrowly fo-
cused over posterior sites than was the N2pc.

To provide statistical support for the observed alpha lateral-
ization effect, we performed an a priori statistical analysis of the
mean power in the 8 –12 Hz band using the same time window in
which the N2pc component was present (156 –276 ms poststimu-
lus). To quantify the amount of contralaterality, we measured the
difference in power between the contralateral and ipsilateral
hemispheres (relative to the target location). We found that the
contralaterality of the alpha power was significantly greater for
the lower VF targets than for the upper VF targets (t(20) � 2.42,
p � 0.025).

Additional analyses of the other measurement windows indi-
cated that the contralaterality was significantly greater for lower
VF targets than for upper VF targets in all time windows (200 –
600 ms: t(20) � 3.99, p � 0.001; 600 –900 ms: t(20) � 2.77, p �
0.011; 900 –1200 ms: t(20) � 2.11, p � 0.047).

One-sample t tests showed that alpha-band contralaterality
was significantly greater than zero for lower VF targets in all time
windows (156 –276 ms: t(20) � 
2.28, p � 0.033; 200 – 600 ms:
t(20) � 
4.13, p � 0.001; 600 –900 ms: t(20) � 
3.45, p � 0.01;
900 –1200 ms: t(20) � 
2.17, p � 0.041). For upper VF targets,
there were no statistically significant differences from zero in any
of the measurement windows (156 –276 ms: t(20) � 1.53, p �
0.14; 200 – 600 ms: t(20) � 
0.52, p � 0.6; 600 –900 ms: t(20) � 0.4,
p � 0.69; 900 –1200 ms: t(20) � 0.85, p � 0.4).

Together, the results of this experiment show that visual search
targets trigger a contralaterally larger suppression of alpha-band
power. Therefore, lateralization of alpha-band activity with respect
to the attended location is not limited to spatial precuing paradigms,
suggesting that the underlying neural process may be used for active
target processing as well as preparatory processing. This target-

a

b

Figure 8. Topographic plots of induced alpha band (8 –12 Hz) activity during a longer time window (200 –1200 ms) for left and right targets and for the contralateral-minus-ipsilateral difference
for upper VF (a) and lower VF (b) targets. A lateralization effect was observed for lower VF targets (b, right) but not for upper VF targets (a, right).
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elicited lateralized alpha suppression was similar to the N2pc com-
ponent in two main ways. First, the time period of the alpha-band
activity overlapped with the time period of the N2pc component.
Second, both the N2pc and the contralateral alpha-band suppres-
sion were observed primarily for lower VF targets. However, the
alpha suppression was much longer in duration than the N2pc com-
ponent. The N2pc was quite brief, although it was followed by
two later periods of negative potential, whereas the lateralized
alpha-band suppression was present from �100 ms until the
end of the epoch. Overall, these results suggest that the N2pc
component and lateralized alpha-band suppression are closely re-
lated but separable processes. Experiment 2 was designed to deter-
mine whether these processes could be further separated.

Experiment 2 behavior
As shown in Figure 9a, behavioral accuracy was above 90% on
no-flankers trials and decreased steeply as the stimuli became

more crowded. This resulted in a statisti-
cally significant main effect of distance in
a one-way repeated-measures ANOVA
(F(2,40) � 143.6, p � 0.001) and post hoc
comparisons indicated significant differ-
ences among each of the three conditions
(all p � 0.001).

RTs showed the complementary pat-
tern, becoming longer as the target-
flanker distance decreased (Fig. 9b). The
main effect of distance on RT was statisti-
cally significant (F(2,40) � 32.3, p � 0.001)
and post hoc comparisons again indicated
significant differences among each of the
three conditions (all p � 0.001).

Experiment 2 ERPs
As shown in Figure 10, the voltage was
more negative over the hemisphere con-
tralateral to the target than the ipsilateral
hemisphere during the N2pc measure-
ment window (132–252 ms) for the 1.6°
flanker distance but not for the 0.9°
flanker distance or the no-flanker condi-
tion. This non-monotonic pattern of
N2pc amplitude exactly replicates our
previous study of the effects of crowding
on the N2pc component (Bacigalupo and
Luck, 2015). As in Experiment 1, the N2pc
was followed by two periods of sustained
negative potential, one from �300 – 600
ms and another from �700 –1200 ms. A
repeated-measures ANOVA showed that
differences in N2pc amplitude among the
three trial types were statistically signifi-
cant (F(2,40) � 5.9, p � 0.005) and post hoc
Tukey comparisons indicated that N2pc
amplitude was significantly greater for the
1.6° distance than for both the 0.9° dis-
tance and the no-flankers trials (all p �
0.05). One-sample t tests comparing the
average amplitude to zero for each dis-
tance indicated that N2pc amplitude was
significantly different from zero only for
the 1.6° distance (t(20) � 
3.83, p �
0.001). Figure 11 shows that the N2pc at

this distance had the typical occipitotemporal scalp distribution.

Experiment 2 TF analysis
As in Experiment 1, poststimulus alpha-band power decreased
relative to the pre-stimulus period from �200 – 600 ms for all
three flanker conditions at both ipsilateral and contralateral scalp
sites (Fig. 12). The contralateral-minus-ipsilateral subtraction
showed that the lateralization effect had an occipitotemporal
scalp distribution (Figs. 13, 14). As in the lower VF target condi-
tion of Experiment 1, this effect was stronger over the contralat-
eral hemisphere than over the ipsilateral hemisphere (relative to
the target) and this contralaterality was greatest in the most
crowded condition (0.9°). The differences among the three con-
ditions were marginally significant for the 200 – 600 ms time win-
dow (F(2,40) � 2.95, p � 0.063) and did not approach significance
for any of the other time windows (132–252 ms: F(2,40) � 0.85,

a

b

Figure 9. Mean correct response rate (a) and RT (b) for Experiment 2. This is a typical pattern showing decreased accuracy and
longer RT for the most crowded conditions. Error bars indicate the within-subjects SEM. *p � 0.05 for pairwise comparison.
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a

b

c

d

e

Figure 10. Experiment 2 grand-averaged ERPs. Contralateral and ipsilateral ERP waveforms are shown for the no-flankers condition (a), 1.6° condition (b), and 0.9° condition (c). d, Contralateral-
minus-ipsilateral difference waves. e, Bar plots for the N2pc time window. Error bars indicate the within-subjects SEM. #p � 0.05 for one-sample t test against zero. *p � 0.05 for pairwise
comparison. There was a significant N2pc effect only for the 1.6° condition.
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p � 0.43; 600 –900 ms: F(2,40) � 0.97, p � 0.38; and 900 –1200 ms:
F(2,40) � 1.02, p � 0.36).

Further lateralization analyses comparing the contralateral-
minus-ipsilateral difference to zero in each condition indicated
that the contralaterality was significant for the 0.9° distance in all
time windows for the 1.6° distance during the 600 –900 ms win-
dow and for the no-flankers condition during all time windows
except for the earliest measurement window (0.9° � 132–252 ms:
t(20) � 
2.31, p � 0.031; 200 – 600 ms: t(20) � 
4.78, p � 0.001;

600 –900 ms: t(20) � 
3.89, p � 0.001; 900 –1200 ms: t(20) �

2.51, p � 0.021; 1.6° � 132–252 ms: t(20) � 
1.43, p � 0.16;
200 – 600 ms: t(20) � 
1.77, p � 0.091; 600 –900 ms: t(20) �

2.84, p � 0.01; 900 –1200 ms: t(20) � 
1.52, p � 0.14; No-
Flankers � 132–252 ms: t(20) � 
1.75, p � 0.094; 200 – 600 ms:
t(20) � 
3.69, p � 0.01; 600 –900 ms: t(20) � 
2.98, p � 0.01;
900 –1200 ms: t(20) � 
2.65, p � 0.015). Therefore, the effects of
flanker distance for the target-elicited alpha-band lateralization were
quite different from the effects observed for the N2pc component.

a

b

c

Figure 11. Topographic plots of the averaged ERP during the N2pc time window for left and right targets and for the contralateral-minus-ipsilateral difference for the no-flankers condition (a),
1.6° condition (b), and 0.9° condition (c). The N2pc showed a typical occipitotemporal distribution for the 1.6° condition.
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Correlational analyses for Experiments 1 and 2
We conducted a set of focused correlational analyses to deter-
mine whether the magnitude of the contralateral alpha-band
suppression was associated with the magnitude of the N2pc com-
ponent in each experiment. We also conducted a set of explor-
atory correlational analyses to examine associations between the
alpha effect and the behavioral measures. Note, however, that our
sample size (N � 21) was not sufficient to yield high levels of
power for detecting correlations. With this sample size, the power

to detect a moderate correlation of r � 0.4 is only 0.45 (as indi-
cated by G*Power; Faul et al., 2007). Moreover, because these
analyses were largely exploratory, no correction for multiple
comparisons was performed. Table 1 shows the correlations
observed between the alpha-band effect (contralateral minus
ipsilateral) in each of the time windows and the other variables
(N2pc amplitude, RT, accuracy) for each condition in each of
the two experiments. When considering the sign of the corre-
lations, keep in mind that both the N2pc and the lateralized

a

b

c

d

Figure 12. Grand-average TF plots from Experiment 2. Shown are contralateral, ipsilateral, and contralateral-minus-ipsilateral differences for the no-flankers condition (a), 1.6° condition (b),
and 0.9° conditions (c). Target processing elicited greater alpha-band suppression over the contralateral hemisphere (right panels). The white region at the bottom right corner of the plots indicates
values that are undefined given the epoch length and wavelet duration. d, Time course of the contralateral-minus-ipsilateral difference in alpha-band power.
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alpha suppression effects become more negative when they are
larger.

When alpha-band activity and the N2pc component were
both measured during the N2pc time window, the only signifi-
cant correlation between them occurred in the most crowded
condition of Experiment 2. The correlation was negative, indicat-
ing that the lateralized alpha-band suppression was greater in
participants with smaller N2pc amplitudes in this condition. This
is consistent with the possibility that the alpha-band activity is
related to effort: participants who were unable to deploy the

N2pc-related attentional mechanism in this condition may have
found this condition to be more difficult, yielding a greater alpha-
band effect. However, a replication with a larger sample size
would be necessary before strong conclusions could be drawn
from this correlation.

When alpha-band activity was measured in the 200 – 600 ms
interval, we found a significant negative correlation with N2pc
amplitude for the upper VF stimuli in Experiment 1. The alpha-
band contralaterality in the 600 –900 and 900 –1200 ms time win-
dows was also significantly positively correlated with RT for these

a

b

c

Figure 13. Topographic plots of induced alpha band (8 –12 Hz) activity during the N2pc time window for left and right targets and for the contralateral-minus-ipsilateral difference for the
no-flankers condition (a), 1.6° condition (b), and 0.9° condition (c). Unlike the N2pc component, greater contralaterality was observed for the most crowded condition (c, right).

Bacigalupo and Luck • Lateralized Alpha-Band Suppression As a Mechanism of Visual Attention J. Neurosci., January 30, 2019 • 39(5):900 –917 • 913



stimuli. However, given that neither the N2pc nor the alpha-band
contralaterality was significantly different from zero for these
stimuli, the meaning of these correlations is unclear. Significant
positive correlations were also observed between alpha-band con-
tralaterality in the 200–600 and 900–1200 ms time windows and
behavioral accuracy for the no-flanker trials in Experiment 2. How-
ever, the correlations were not significant for the other trial types or
for the other time windows. Again, it would be important to assess

the replicability of these results using a larger sample size before
attempting to draw any conclusions from these correlations.

Discussion
The present experiments demonstrate that visual search targets
elicit a suppression of alpha-band EEG activity that is greater over
the hemisphere contralateral to the target, indicating that alpha
lateralization plays a role in target processing and does not solely

a

b

c

Figure 14. Topographic plots of induced alpha band (8 –12 Hz) activity during a longer time window (200 –1200 ms) for left and right targets and for the contralateral-minus-ipsilateral
difference for the no-flankers condition (a), 1.6° condition (b), and 0.9° condition (c). Unlike the N2pc component, greater contralaterality was observed for the most crowded condition (c, right).
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reflect preparatory processes. Furthermore, we found clear evidence
that TELAS can be dissociated from the N2pc ERP component in
terms of timing and the effects of crowding, indicating that these two
lateralized scalp signals reflect separate mechanisms of attention that
presumably play different functional roles.

Interestingly, Experiment 1 showed that both the N2pc and
the target-elicited lateralized alpha suppression were largely ab-
sent for targets in the upper VF, whereas both signals were pres-
ent for targets in the lower VF. This upper/lower difference has
been observed previously for the N2pc component (Luck et al.,
1997), but the reason for this effect is still not known. One pos-
sible explanation is neuroanatomical: the processing of the upper
VF in ventral areas of the visual cortex may lead to dipoles that do
not propagate well to the scalp. Another possibility is functional:
previous research shows that visual attention operates somewhat
differently in the upper and lower VFs (He et al., 1996; Kraft et al.,
2011) and the mechanism of attention reflected by the N2pc may
be used only when attention is directed to the lower VF. A third
possibility is that the same processes are used for the upper and
lower VFs, but the activity is lateralized only for the lower VF. The
same possibilities also apply to the lack of target-elicited lateral-
ized alpha suppression for upper VF targets. Note, however, that
targets in both the upper and lower VFs elicited large reductions
in alpha-band activity over both hemispheres; the only difference
was that this effect was larger over the contralateral hemisphere
for the lower VF targets but not for the upper VF targets. This
provides tentative evidence against an anatomical explanation for
the lack of a lateralized effect for upper VF targets, because these
targets are clearly capable of producing large alpha suppression
effects. The nature of the differences in attention for the upper
and lower VFs will be an important topic for future research.

Differences between the upper and lower VFs were also ob-
served for cue-related alpha lateralization in the seminal study of
Worden et al. (2000), which involved precuing one of the four
quadrants. Specifically, they reported that the scalp distribution

of the lateralization was significantly more medial for the upper
VF cues than for the lower VF cues. The lateralization effects also
appeared to be stronger overall for the lower VF cues, consistent
with the present target-related alpha lateralization effects, but
unfortunately no statistical analysis of this apparent difference in
magnitude was provided. It would be useful for future research to
directly compare cue-elicited and target-elicited alpha lateraliza-
tion effects to determine whether they reflect a common under-
lying mechanism.

Alpha lateralization effects have also been reported in relation
to stimulus value. For example, Marshall et al. (2018) found that
cue-related alpha lateralization was modulated by the presence of
targets or distractors that had a positive or negative value. There-
fore, alpha lateralization seems to be a ubiquitous mechanism of
spatial attention, playing roles in preparation, value-related pro-
cessing, and active target selection.

Although both the N2pc component and the lateralized alpha
effects were limited to lower VF targets in Experiment 1, suggest-
ing that they may be related, these effects had different time
courses in both Experiments 1 and 2. Even taking into account
the poorer temporal precision of the TF analyses, the alpha later-
alization clearly lasted much longer than the N2pc (and the sus-
tained contralateral negativity that followed the N2pc).
Interestingly, the alpha effects lasted long after the behavioral
response and well into the intertrial period, suggesting that they
may reflect a relatively long-lasting modulation of processing.

As can be observed in the ERP waveforms in both Experi-
ments 1 and 2 (Figs. 4 and 10, respectively), ERP lateralization
effects were present long after the N2pc and PD time windows.
These effects consisted of contralateral negativities that occurred
�300 – 600 ms and 700 –1200 ms after target onset. The effect
from 300 – 600 ms is likely the SPCN (Prime and Jolicoeur, 2010),
which has been related to the maintenance of information online
in working memory. This effect in Experiment 2 replicated the

Table 1. Correlations between alpha-band (8 –12 Hz) power measured at different time windows with the N2pc and behavioral measures (RT and CR) for Experiment 1 and
Experiment 2

Alpha 156 –276 ms Alpha 200 – 600 ms Alpha 600 –900 ms Alpha 900 –1200 ms

Experiment 1
Upper VF target

RT r � 0.22 ( p � 0.33) r � 0.38 ( p � 0.08) r � 0.63 ( p � 0.002)* r � 0.43 ( p � 0.05)*
Correct response rate r � 
0.26 ( p � 0.24) r � 
0.09 ( p � 0.68) r � 
0.18 ( p � 0.42) r � 
0.15 ( p � 0.5)
N2pc r � 0.18 ( p � 0.43) r � 
0.44 ( p � 0.046)* r � 
0.16 ( p � 0.48) r � 
0.1 ( p � 0.63)

Lower VF target
RT r � 
0.3 ( p � 0.62) r � 0.18 ( p � 0.42) r � 
0.1 ( p � 0.66) r � 
0.12 ( p � 0.6)
Correct response rate r � 0.11 ( p � 0.62) r � 0.04 ( p � 0.85) r � 
0.11 ( p � 0.63) r � 
0.18 ( p � 0.41)
N2pc r � 0.16 ( p � 0.47) r � 0.39 ( p � 0.074) r � 0.16 ( p � 0.47) r � 0.11 ( p � 0.64)

Alpha 132–252 ms Alpha 200 – 600 ms Alpha 600 –900 ms Alpha 900 –1200 ms

Experiment 2
No flankers

RT r � 0.04 ( p � 0.84) r � 0.23 ( p � 0.32) r � 
0.03 ( p � 0.87) r � 
0.042 ( p � 0.85)
Correct response rate r � 0.35 ( p � 0.11) r � 0.43 ( p � 0.048)* r � 0.29 ( p � 0.18) r � 0.56 ( p � 0.007)*
N2pc r � 0.23 ( p � 0.31) r � 
0.035 ( p � 0.87) r � 0.03 ( p � 0.87) r � 0.1 ( p � 0.65)

1.6°
RT r � 0.22 ( p � 0.32) r � 0.13 ( p � 0.55) r � 0.084 ( p � 0.71) r � 
0.16 ( p � 0.49)
Correct response rate r � 0.01 ( p � 0.96) r � 0.05 ( p � 0.82) r � 0.23 ( p � 0.29) r � 0.22 ( p � 0.33)
N2pc r � 
0.019 ( p � 0.93) r � 0.13 ( p � 0.56) r � 0.14 ( p � 0.52) r � 0.06 ( p � 0.79)

0.9°
RT r � 
0.28 ( p � 0.21) r � 
0.05 ( p � 0.81) r � 0.06 ( p � 0.79) r � 
0.23 ( p � 0.3)
Correct response rate r � 0.13 ( p � 0.56) r � 0.24 ( p � 0.28) r � 0.25 ( p � 0.27) r � 0.2 ( p � 0.36)
N2pc r � 
0.56 ( p � 0.008)* r � 
0.09 ( p � 0.69) r � 
0.14 ( p � 0.54) r � 
0.08 ( p � 0.71)

*p � 0.05.
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finding of our previous crowding study (Bacigalupo and Luck,
2015). The later effect, from 700 –1200 ms, shares a similar timing
with the alpha lateralization effect. Although this effect appeared
to be larger for targets in the lower VF than in the upper VF, it was
also clearly present for the upper VF targets (unlike the N2pc,
SPCN, and alpha lateralization). Therefore, this late lateralized
effect seems to be functionally independent from both the SPCN
and the alpha lateralization and may be an interesting target for
future research.

Experiment 2 also demonstrated a functional dissociation be-
tween the N2pc and the lateralized alpha suppression. Replicat-
ing previous findings (Bacigalupo and Luck, 2015), the N2pc
amplitude was greater at the intermediate target-flanker distance
(1.6°) compared with the no-flankers condition and the most
crowded (0.9°) condition. This effect suggests that the mecha-
nism of attention indexed by the N2pc operates mainly when
multiple stimuli compete for access to the same receptive fields
(Moran and Desimone, 1985; Luck et al., 1997; Hopf et al., 2006),
but cannot operate effectively when the stimuli are too close to be
resolved by attention (He et al., 1996; Intriligator and Cavanagh,
2001). The target-elicited lateralized alpha suppression did not
show this non-monotonic pattern and instead exhibited a trend
for greater lateralization as the difficulty of the task increased. If
this increase in alpha lateralization with increases in task diffi-
culty can be replicated, it would suggest that lateralized alpha
suppression reflects effort rather than the actual selection of the
target from among the distractors (which fails under highly
crowded conditions).

Cue-elicited alpha lateralization effects have often been inter-
preted as an increase in alpha-band activity over the hemisphere
contralateral to a to-be-ignored location rather than a decrease in
alpha-band activity over the hemisphere contralateral to the cued
location (Worden et al., 2000; Rihs et al., 2007; Jensen and Maza-
heri, 2010; Mazaheri et al., 2014; Doesburg et al., 2016). In other
words, the alpha-band activity may suppress the processing of
stimuli at irrelevant locations rather than enhancing the process-
ing of stimuli at relevant locations. However, the target-elicited
lateralized alpha suppression observed in the present study seems
more closely associated with target processing than with distrac-
tor suppression. The finding that the lateralized alpha effect var-
ied according to the vertical position of the target in Experiment
1 would be difficult (although not impossible) to explain in terms
of distractor suppression. In Experiment 2, the most potent dis-
tractors (in terms of effect on behavior) were the flankers imme-
diately above and below the target, so the main items to be
suppressed were on the same side as the target. Therefore, sup-
pression of these items via increased alpha over the contralateral
hemisphere would have produced increased rather than de-
creased alpha power over the hemisphere contralateral to the
target. Therefore, target-elicited lateralized alpha suppression ap-
pears to mainly reflect active processing of the target rather than
distractor suppression (Thut et al., 2006; Liu et al., 2016; Noonan
et al., 2016). However, given the inverse relationship between
alpha-band activity and cortical excitability (Klimesch, 2012), it
seems plausible that alpha-band activity is related to both target
enhancement and distractor suppression.

Although the target-elicited lateralized alpha suppression was
dissociated from the N2pc component in terms of both timing
and the effects of crowding, these two effects exhibited similar
effects of the vertical position of the target. Therefore, although
these two effects reflect dissociable mechanisms of attention,
these processes appear to be closely related and may be generated
in the same areas of visual cortex. Electrophysiological studies in

monkeys have shown attention effects at the single-cell level in
visual areas V2, V4, and inferotemporal cortex that are consistent
with human N2pc patterns (Chelazzi et al., 1993; Luck et al.,
1997) and Bollimunta et al. (2008) found single-unit attention
effects related to alpha oscillations in these same areas (V2, V4,
and IT). Therefore, the N2pc component and target-elicited lat-
eralized alpha suppression may operate within the same neural
substrates. It will be important for future research to disentangle
the neural computations involved in generating these two sepa-
rable measures of visuospatial attention.
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