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 21 

Abstract 22 

Alpha-band (8-12 Hz) electroencephalogram (EEG) activity has been linked to visual attention 23 

since the earliest EEG studies. More recent studies using spatial cuing paradigms have shown 24 

that alpha is suppressed over the hemisphere contralateral to a to-be-attended location, 25 

suggesting that alpha serves as a mechanism of preparatory attention. Here, we demonstrate that 26 

alpha also plays a role in active target processing. EEG activity was recorded from a group of 27 

healthy male and female human subjects in two visual search experiments. In addition to alpha 28 

activity, we also assessed the N2pc event-related potential component, a lateralized transient 29 

EEG response that has been tightly linked with the focusing of attention on visual targets. We 30 

found that the visual search targets triggered both an N2pc component and a suppression of 31 

alpha-band activity that was greatest over the hemisphere contralateral to the target (which we 32 

call target-elicited lateralized alpha suppression or TELAS).  In Experiment 1, both N2pc and 33 

TELAS were observed for targets presented in the lower visual field but were absent for upper-34 

field targets.  However, these two lateralized effects had different time courses, and they 35 

responded differently to manipulations of crowding in Experiment 2. These results indicate that 36 

lateralized alpha-band activity is involved in active target processing and is not solely a 37 

preparatory mechanism, and they further indicate that TELAS and N2pc reflect related but 38 

separable neural mechanism of visuospatial attention.  39 

 40 

  41 
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Significance statement 42 

The very first EEG studies demonstrated that alpha-band (8-12 Hz) EEG oscillations are 43 

suppressed when people attend to visual information, and more recent research has shown that 44 

cuing an individual to expect a target at a specific location produces lateralized suppression in 45 

the contralateral hemisphere. Thus, lateralized alpha may serve as a preparatory mechanism. In 46 

the present study, we found that a similar lateralized alpha effect is triggered by the appearance 47 

of a visual target even though the location could not be anticipated, demonstrating that alpha also 48 

serves as an active mechanism of target processing. Moreover, we found that alpha lateralization 49 

can be dissociated from other lateralized measures of target selection, indicating that it reflects a 50 

distinct mechanism of attention. 51 

 52 

 53 

 54 

 55 
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Lateralized suppression of alpha-band EEG activity as a mechanism of target 62 

processing 63 

 64 

Introduction 65 

 66 

Alpha-band (8 – 12 Hz) EEG oscillations have been linked to visual processing and 67 

attention since the invention of electroencephalography (EEG) and the early recordings 68 

performed by Berger (1929) and Adrian and Matthews (1934) (Berger, 1929; Adrian and 69 

Matthews, 1934). These early studies found that alpha power decreases tonically when the eyes 70 

are open compared to when they are closed, and subsequent research showed that alpha power 71 

also decreases phasically when a task-relevant visual stimulus appears or when visual attention is 72 

engaged (Pollen and Trachtenberg, 1972; Ray and Cole, 1985; Hanslmayr et al., 2011). This link 73 

between alpha suppression and attention may reflect the fact that decreased alpha power is 74 

associated with increased cortical excitability (Klimesch, 2012). 75 

A classic study by Worden et al. (2000) found that alpha suppression is lateralized with 76 

respect to an attended location, and this result has been replicated and extended by many 77 

following studies (Worden et al., 2000; Rihs et al., 2007; Jensen and Mazaheri, 2010; Doesburg 78 

et al., 2016).  These studies used spatial cuing paradigms and found that the cue elicits a 79 

reduction in alpha power over both hemispheres, but with a greater reduction over the 80 

hemisphere contralateral to the cued location. These effects have led to the view that lateralized 81 

changes in alpha-band power reflect a mechanism of preparatory visuospatial attention that 82 

improves the processing of subsequent targets and/or suppresses the processing of subsequent 83 

distractors. 84 
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However, there are two reasons to suspect that lateralized alpha-band EEG suppression 85 

may not solely reflect preparatory activity and may also reflect active processing of target 86 

information.  First, alpha power over both hemispheres is suppressed in response to foveal 87 

targets (Payne et al., 2013), presumably reflecting active processing of the target, and a 88 

lateralization of this effect for peripheral targets might be expected as a result of the contralateral 89 

organization of the visual system.  Second, van Diepen et al., (2016) used a spatial cuing 90 

paradigm and found that both the cue and the target elicited lateralized alpha effects (van Diepen 91 

et al., 2016). 92 

The present study was designed to determine whether targets elicit lateralized alpha 93 

suppression in visual search paradigms, in the absence of spatial precues, which would indicate 94 

that this effect can reflect active target processing and is not limited to preparatory processing.  95 

In addition, we sought to determine whether this effect represents a unique mechanism of 96 

attention that can be dissociated from other lateralized electrophysiological signatures of 97 

attention.  Specifically, we compared the target-elicited lateralized alpha suppression (TELAS) 98 

with the N2pc component of the event-related potential (ERP) waveform. The N2pc component 99 

is a well-characterized and well-validated measure of the allocation of attention to lateralized 100 

target stimuli (Luck, 2012; Eimer, 2015). It typically appears as a negative voltage deflection 101 

from approximately 150 – 300 ms over the hemisphere contralateral to an attended object within 102 

a bilateral stimulus array (Luck and Hillyard, 1994), is mainly generated in ventral stream visual 103 

areas (Hopf et al., 2006), and is sensitive to the same experimental manipulations as single-unit 104 

activity in macaque homologues of these areas (Luck et al., 1997).  105 

To determine whether target-elicited lateralized alpha suppression reflects the same 106 

attentional mechanism as the N2pc component, we asked whether these two effects are 107 
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influenced in the same manner by two experimental manipulations that are known to modulate 108 

N2pc amplitude, namely the vertical position of the target (Luck et al., 1997) and the distance 109 

between the target and the distractors (Bacigalupo and Luck, 2015). If target-elicited lateralized 110 

alpha suppression can be experimentally dissociated from the N2pc component, this would 111 

indicate that they represent different attentional mechanisms and presumably play different roles 112 

in target processing and/or distractor suppression. 113 

Methods 114 

Methods Overview 115 

To evaluate whether alpha lateralization effects play a role in active target processing, we 116 

conducted two simplified visual search experiments in which a target and simultaneous 117 

distractors were presented without spatial precues (see Figure 1). We expected to find that the 118 

lateralized targets would elicit greater suppression of alpha-band EEG activity over the 119 

contralateral hemisphere than over the ipsilateral hemisphere. To test whether target-elicited 120 

lateralized alpha suppression is a separate attentional marker from the N2pc, both signals were 121 

measured and evaluated from the same raw EEG signals on the same trials. In Experiment 1 122 

(Figure 1a), the vertical position of the target was manipulated, which is known to modulate 123 

N2pc amplitude. In particular, the N2pc is much larger for targets in the lower visual field (VF) 124 

than for upper-VF targets (Luck et al., 1997), and our goal was to determine whether the same 125 

pattern would be observed for target-elicited lateralized alpha suppression.  126 

To further evaluate whether target-elicited lateralized alpha suppression and the N2pc are 127 

dissociable, Experiment 2 used a crowding paradigm in which target-distractor distance was 128 

manipulated (Figure 1b). Previous research has shown that N2pc amplitude is greater at 129 
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intermediate target-flanker distances compared to both no-flankers and densely crowded 130 

conditions (Bacigalupo and Luck, 2015). An unpublished exploratory analysis of the data 131 

published in this prior study yielded evidence of the existence of target-elicited lateralized alpha 132 

suppression and also suggested that the effects of crowding differed between this effect and the 133 

N2pc component. However, the timing parameters used in that study were not ideal for 134 

examining alpha-band activity, and the observed effects relied on post hoc analyses. The present 135 

study was therefore conducted to provide more optimal task parameters using an a priori analysis 136 

framework (derived from the post hoc analyses of the previous study), which increases the 137 

strength of the conclusions that can be drawn.  138 

Participants 139 

A single group of 22 healthy UC Davis students (17 females) with no history of neurological or 140 

psychiatric conditions participated in both experiments in a single session after providing 141 

informed consent. Their ages ranged from 18 to 25 years, with a mean of 20.7 years. This study 142 

was approved by the UC Davis Institutional Review Board. 143 

As described in more detail below, we always exclude participants for whom more than 25% of 144 

trials are rejected because of artifacts (Luck, 2014).  One participant exceeded this threshold in 145 

both experiments, and this individual was excluded from all analyses.  146 

Experiment 1 Stimuli and Task 147 

The stimuli used in Experiment 1 are illustrated in Figure 1a. The participants were seated 100 148 

cm from an LCD monitor with a black background and a 60 Hz refresh rate. An empirically 149 

optimal fixation cross, drawn in black and subtending 0.65°, was continuously visible in the 150 

center of the display (Thaler et al., 2013). 151 
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A photodiode was used to measure the delay of the monitor at each stimulus location. Prior to all 152 

signal processing and analyses, the stimulus event codes were shifted to reflect the true stimulus 153 

onset time at the location of the target. 154 

The stimuli consisted of two columns of three vertically arranged circles (1.3° diameter), 155 

centered 7.6° to the left and right sides of the vertical midline (Figure 1a).  The center-to-center 156 

distance between the middle circles and the top and bottom circles in each column was 4.6°. 157 

Stimulus luminance was 32 cd/m².  The middle circle in each column was grey and had a 0.4° 158 

square gap either on the left or right side. The upper and lower circles in each array were selected 159 

at random without replacement on each trial from the colors blue, green, red, or yellow and had a 160 

0.4° square gap either on the top or bottom. The middle circles were never targets and were 161 

included to provide competing nearby stimuli for the top and bottom circles, which maximizes 162 

N2pc amplitude (Bacigalupo and Luck, 2015; Luck et al., 1997). 163 

The task was divided into 8 blocks—two per target color—and each block consisted of 72 trials. 164 

The target color was specified at the beginning of each block, and participants were instructed to 165 

report whether the target-colored circle had a gap on top or bottom by pressing one of two 166 

buttons on a game pad with the dominant hand (index finger for upper gap; middle finger for 167 

lower gap). The stimulus duration was 200 ms, and the stimulus onset asynchrony (SOA) varied 168 

randomly between 3000 ms and 3300 ms. Note that this SOA was longer than is typical for an 169 

N2pc experiment, which is helpful for performing time-frequency analyses. 170 

Experiment 2 Stimuli and Task 171 

For Experiment 2 the stimuli consisted of two arrays of three vertically oriented letters in Times 172 

New Roman typeface (Figure 1b). Each letter subtended 0.8° vertically and was centered 9.2° to 173 
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the left or right of the vertical meridian. Stimulus luminance was 32 cd /m². The letters on one 174 

side were red, and the letters on the other side were green (varied unpredictably across trials). 175 

Each letter was randomly selected without replacement on each trial from a group of 5 vowels 176 

(A, E, I, O, U) and 5 consonants (N, F, L, G, J).    177 

The session was divided into 8 blocks of 72 trials. One color was designated as the attended 178 

color at the beginning of each block. Participants were instructed to report whether the middle 179 

letter in the set of letters of this color was a vowel or a consonant by pressing one of two buttons 180 

on a gamepad. The target color changed on every block. The middle letter was always on the 181 

horizontal meridian, and there were three levels of crowding between this letter and the other 182 

letters (the flankers): a) no flankers; b) flanker letters centered 1.6° above and below the middle 183 

letter; and c) flanker letters centered 0.9° above and below the middle letter.  184 

Electrophysiological Recordings 185 

The EEG was recorded using a Brain Products actiCHamp system with electrodes located over 186 

the left and right mastoid processes and at 27 standard scalp locations (FP1, FP2, F3, F4, F7, F8, 187 

C3, C4, P3, P4, P5, P6, P7, P8, P9, P10, PO3, PO4, PO7, PO8, O1, O2, Fz, Cz, Pz, POz, Oz).  188 

The horizontal and vertical electrooculogram (EOG) signals were measured from electrodes 189 

located approximately 1 cm lateral to the outer canthi of each eye and from an electrode placed 190 

below the right eye. 191 

All signals were recorded in single-ended mode and digitized at 1000 Hz after application of a 192 

cascaded integrator-comb antialiasing filter with a half-power cutoff at 260 Hz. Electrode 193 

impedances were kept below 80 KΩ. After acquisition, all data analyses were performed in 194 

Matlab using EEGLAB Toolbox (Delorme and Makeig, 2004), ERPLAB Toolbox (Lopez-195 
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Calderon and Luck, 2014), and FieldTrip (Oostenveld et al., 2011). The signals were resampled 196 

offline to 250 Hz, referenced to the average of the two mastoid electrodes, and high-pass filtered 197 

using a non-causal Butterworth filter (half-amplitude cutoff = 0.1 Hz, slope = 12 dB/octave).  198 

Before artifact correction, the horizontal EOG (HEOG) was computed as the difference between 199 

the electrodes lateral to each eye, and the vertical EOG (VEOG) was computed as the difference 200 

between the electrode below the right eye and the Fp2 electrode. To correct for eye blinks and 201 

horizontal eye movements, independent component analysis (ICA) was applied using 202 

EEGLAB’s BINICA routine using all electrodes except for the mastoid electrodes and the 203 

previously computed HEOG and VEOG channels. The criterion for excluding an ICA 204 

component was the consistency between the shape, timing and spatial location of the component 205 

compared to the HEOG and VEOG signals. For eye blinks, one or two components were 206 

identified per subject; for horizontal eye movements, one component was identified in each 207 

participant. The data for each channel (excluding the HEOG and VEOG channels) were then 208 

reconstructed from the other ICA components. By maintaining the uncorrected HEOG and 209 

VEOG channels, it was possible to reject individual trials in which blinks or eye movements 210 

occurred during a time period in which they might have changed the sensory input (Luck, 2014). 211 

Individual trials were rejected if the behavioral response was incorrect, if the peak-to-peak 212 

voltage was greater than 200 μV in any 200-ms window in any electrode, or if a blink or eye 213 

movement (defined as a step-like voltage change; see Luck, 2014) was detected in the 214 

uncorrected HEOG signal between 100 and 600 ms poststimulus or in the VEOG signal between 215 

200 ms prestimulus and 400 ms poststimulus. The average residual eye movements in the 216 

uncorrected HEOG signal were less than 3.2 μV for all conditions, which corresponds to an eye 217 

rotation of less than ±0.1°, with an estimated voltage propagation of less than 0.1 μV at the 218 
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posterior scalp sites (Lins et al., 1993). Figure 2 shows HEOG waveforms (after artifact 219 

rejection) for left-side and right-side targets in each experiment, demonstrating that any residual 220 

eye movements were negligible. 221 

More than 25% of trials were rejected because of artifacts in one participant, and this participant 222 

was therefore excluded from the analyses of both experiments. For the 21 remaining participants, 223 

the average percentage of rejected trials was 9.3% (range = 0.7 – 25%) in Experiment 1 and 224 

6.4%, (range = 0.2 – 21.9%) in Experiment 2. Identical EEG data epochs were used for the N2pc 225 

and alpha analyses. 226 

ERP Analyses 227 

Averaged ERP waveforms were computed with a 3000 ms epoch, starting 1500 ms before and 228 

ending 1500 ms after stimulus onset. The ERP measurements were performed using a 200 ms 229 

pre-stimulus baseline. A low-pass filter (half-amplitude cutoff = 30 Hz, slope = 12 dB/octave) 230 

was applied after averaging for plotting purposes.  231 

The N2pc ERP component was computed as the average amplitude from contralateral-minus-232 

ipsilateral difference waves relative to the side of the target at the PO3 and PO4 electrode sites.  233 

These sites were chosen a priori on the basis of our previous crowding study (Bacigalupo and 234 

Luck, 2015).  To avoid biases in selecting the time period for analysis, we used the collapsed 235 

localizer approach to determine the measurement window (Luck and Gaspelin, 2017). 236 

Specifically, we computed a contralateral-minus-ipsilateral difference wave that was averaged 237 

across all experimental conditions and all participants, and the measurement window was 238 

defined as the onset and offset of the N2pc in this averaged difference wave (the latencies at 239 

which the voltage reached 15% of the peak amplitude).  This procedure resulted in a 240 
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measurement window of 156 – 276 ms in Experiment 1 and 132 – 252 ms in Experiment 2. 241 

Mean N2pc amplitude was then measured in these time windows for each individual condition in 242 

the single-participant difference waveforms.  243 

Time-Frequency Analyses 244 

Time-frequency (TF) analysis was performed on the same 3000-ms EEG epochs used for the 245 

ERP analyses. The frequency representation of the EEG data was obtained through convolution 246 

in the time domain using Morlet wavelets from 2 – 30 Hz (in steps of 1 Hz) and a Gaussian 247 

taper, with analysis windows centered every 50 ms (Spaak et al., 2014).  Because our main goal 248 

was to compare the N2pc component with alpha-band suppression, temporal resolution was more 249 

important than frequency resolution, and we therefore used 3-cycle wavelets (as in van Diepen et 250 

al., 2015). At 10 Hz, the temporal precision was 48 ms and the frequency precision was 3.3 Hz 251 

(quantified as the standard deviation in time or frequency). To compute induced power, the 252 

averaged ERP waveform was subtracted from the single-trial EEG signals for each experimental 253 

condition. The time-frequency transform was then computed from the single-trial signals, and the 254 

transformed data were averaged across trials for each specific time point and frequency.  255 

After induced power (IP) was calculated, the data were normalized according to a decibel scale 256 

using the following equation (modified from Grandchamp & Delorme, 2011):  257 

; where  and  is the mean spectral estimate for all 258 

baseline points at frequency , using a pre-stimulus baseline period starting 300 ms prior to 259 

stimulus onset (Grandchamp and Delorme, 2011). We used a slightly longer baseline for the TF 260 

analysis than for the ERP analysis to account for the width of the Morlet wavelet at 10 Hz 261 

(approximately 300 ms). Alpha-band power was computed by averaging the power across an a 262 
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priori frequency band of 8 – 12 Hz. Lateralized alpha-band power was calculated by subtracting 263 

the ipsilateral power from the contralateral power (relative to the side of the target) at the PO3 264 

and PO4 electrode sites. These sites were chosen a priori to match the sites used for the N2pc 265 

analyses, but they were also the lateralized sites with greatest alpha suppression effects (see 266 

Figures 5 – 7; 11 – 13).   267 

To compare the N2pc with the alpha-band activity across the different experimental conditions, 268 

the time window used for measuring the N2pc amplitude was also used for measuring alpha-269 

band power (156 ms – 276 ms and 132 – 252 ms after stimulus onset for Experiments 1 and 2, 270 

respectively). However, to further characterize the timing of the alpha-band effects, additional 271 

analyses were also conducted using the mean alpha-band power from three additional time 272 

windows (selected on the basis of a preliminary analysis of the similar study of Bacigalupo & 273 

Luck, 2015): a) early (200 – 600 ms), b) middle (600 – 900 ms), and c) late (900 – 1200 ms). 274 

Statistical Analyses 275 

Paired t tests and repeated-measures ANOVAs (alpha = .05) were computed using R statistical 276 

software version 3.3.0. (R Core Team, 2013). One-sample t tests were used when N2pc 277 

amplitude or lateralized alpha power from a single condition was being compared to zero. The 278 

Pearson r correlation coefficient was used to assess the association between alpha, the N2pc, and 279 

behavioral (reaction time (RT) and correct response rate (CR)) measurements.  280 

Results 281 

Experiment 1 behavior 282 

As shown in Figure 3a, accuracy in Experiment 1 was near ceiling (98%) and did not differ 283 

between upper- and lower-VF targets (t(20)  = 0.6, p = 0.55).  Reaction times were slightly but 284 
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significantly faster for upper-VF targets (Mean = 612, SEM = 16.6 ms) than for lower-VF targets 285 

(Mean = 626, SEM = 18 ms; t(20)  = 3.9, p < 0.001, Figure 3b). Previous studies have also 286 

reported faster reaction times for visual search targets located in the upper VF  (Previc and 287 

Blume, 1993; Gunter et al., 1994). According to Previc (1990), this upper-VF attentional 288 

facilitation may reflect the extrapersonal system of visual attention which is involved in visual 289 

search and depends on the integrity of the inferior temporal cortex. In contrast, the peripersonal 290 

system of visual attention is biased toward the lower VF, is involved in reaching and visuo-motor 291 

activities, and is disrupted by parietal cortex lesions (Previc, 1990). 292 

Experiment 1 event-related potentials 293 

As shown in Figure 4, the ERP waveform was more negative (less positive) over the hemisphere 294 

contralateral to the target than the hemisphere ipsilateral to the target during the N2pc 295 

measurement window (156 – 276 ms) for lower-VF targets. However, this effect was largely 296 

absent for upper-VF targets.  The N2pc was isolated from the rest of the ERP waveform by 297 

means of contralateral-minus-ipsilateral difference waves (Figure 4c), which show a clear 298 

negative deflection peaking at approximately 225 ms for the lower-VF target. As is commonly 299 

observed, the N2pc declined in amplitude from approximately 250 – 350 ms, and this was 300 

followed by a sustained negativity (the sustained posterior contralateral negativity or SPCN) 301 

(Maheux and Jolicoeur, 2017). Another negativity was also present very late, from 302 

approximately 700 – 1200 ms.  303 

By contrast, upper-VF targets elicited very little contralateral negativity but did elicit a 304 

contralateral positivity from approximately 250 – 350 ms. This positivity may reflect the PD 305 

component that often follows N2pc (Sawaki et al., 2012), which would suggest that PD and N2pc 306 

are differentially sensitive to the vertical position of the relevant stimulus. The pattern of N2pc 307 
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differences between upper- and lower-VF targets is quite similar to what has been observed 308 

previously (Luck et al., 1997). The topographic distribution of the ERP during the N2pc time 309 

window is shown in Figure 5, in which lateralization effects can be seen for lower-VF but not for 310 

upper-VF targets.  311 

To provide statistical support for the observed N2pc effects, we conducted a priori statistical 312 

tests on the mean voltage from 156 – 276 ms in the contralateral-minus-ipsilateral difference 313 

waves.  N2pc amplitude was significantly greater for lower-VF targets than for upper-VF targets 314 

(t(20)  = 4.42, p < 0.001). In addition, N2pc amplitude was significantly greater than zero for 315 

lower-VF targets (t(20)  = -5.28, p < 0.001) but not for upper-VF targets (t(20)  = -0.25, p = 0.8). 316 

Experiment 1 time-frequency analysis 317 

Figure 6 provides TF plots along with waveforms showing the time course of activity averaged 318 

across the alpha-band frequency range (8-12 Hz).  As commonly observed, alpha-band power 319 

was suppressed (relative to the pre-stimulus level) from approximately 200 – 600 ms after the 320 

appearance of the target. This suppression was observed over both contralateral and ipsilateral 321 

scalp sites for both upper-VF and lower-VF targets, and Figures 7 and 8 show that this effect had 322 

an occipito-temporal topographic scalp distribution. The suppression effect was distributed over 323 

a wide band of frequencies (approximately 7–20 Hz), but this may reflect the relatively poor 324 

frequency resolution of the 3-cycle wavelet that we used to optimize the temporal resolution of 325 

the analyses. However, the effect was clearly strongest in the alpha band (8-12 Hz).  326 

Although strong alpha-band suppression could be observed over both hemispheres, it was greater 327 

over the contralateral hemisphere than over the ipsilateral hemisphere from approximately 200 328 

ms until the end of the epoch for the lower-VF targets.  This can be seen most readily in the 329 
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contralateral-minus-ipsilateral TF plots (Figures 6b, right column), in the alpha-band time course 330 

waveforms (Figure 6c), and in the contralateral-minus-ipsilateral scalp maps (Figures 7b and 8b, 331 

right columns). No such contralaterality was visible for the upper-VF targets. Note that the very 332 

early start time of the effect may reflect the loss of temporal information that necessarily occurs 333 

in a TF transform. Note also that, although the maximum effect was present at the same electrode 334 

sites as the N2pc (Figure 5b), the alpha lateralization effect was more narrowly focused over 335 

posterior sites than was the N2pc.  336 

To provide statistical support for the observed alpha lateralization effect, we performed an a 337 

priori statistical analysis of the mean power in the 8-12 Hz band using the same time window in 338 

which the N2pc component was present (156 – 276 ms post-stimulus). To quantify the amount of 339 

contralaterality, we measured the difference in power between the contralateral and ipsilateral 340 

hemispheres (relative to the target location).  We found that the contralaterality of the alpha 341 

power was significantly greater for the lower-VF targets than for the upper-VF targets (t(20)  342 

=2.42, p = 0.025).  343 

Additional analyses of the other measurement windows indicated that the contralaterality was 344 

significantly greater for lower-VF targets than for upper-VF targets in all time windows (200-345 

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 346 

= 0.047).  347 

One-sample t tests showed that alpha-band contralaterality was significantly greater than zero for 348 

lower-VF targets in all time windows (156 – 276 ms: t(20) = -2.28, p = 0.033; 200-600 ms: t(20)  = 349 

-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 350 

upper-VF targets there were no statistically significant differences from zero in any of the 351 
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measurement windows (156 – 276 ms: t(20)  = 1.53, p = 0.14; 200-600 ms: t(20)  = -0.52, p = 0.6; 352 

600-900 ms: t(20)  = 0.4, p = 0.69; 900-1200 ms: t(20)  = 0.85, p = 0.4).  353 

Together, the results of this experiment show that visual search targets trigger a contralaterally 354 

larger suppression of alpha-band power. Thus, lateralization of alpha-band activity with respect 355 

to the attended location is not limited to spatial precuing paradigms, suggesting that the 356 

underlying neural process may be used for active target processing as well as preparatory 357 

processing. This target-elicited lateralized alpha suppression was similar to the N2pc component 358 

in two main ways. First, the time period of the alpha-band activity overlapped with the time 359 

period of the N2pc component.  Second, both the N2pc and the contralateral alpha-band 360 

suppression were observed primarily for lower-VF targets. However, the alpha suppression was 361 

much longer in duration than the N2pc component.  The N2pc was quite brief, although it was 362 

followed by two later periods of negative potential, whereas the lateralized alpha-band 363 

suppression was present from approximately 100 ms until the end of the epoch. Overall, these 364 

results suggest that the N2pc component and lateralized alpha-band suppression are closely 365 

related but separable processes.  Experiment 2 was designed to determine whether these 366 

processes could be further separated. 367 

Experiment 2 behavior 368 

As shown in Figure 9a, behavioral accuracy was above 90% on No-Flankers trials and decreased 369 

steeply as the stimuli became more crowded.  This resulted in a statistically significant main 370 

effect of distance in a one-way repeated-measures ANOVA (F(2, 40) = 143.6, p < 0.001), and post-371 

hoc comparisons indicated significant differences among each of the three conditions (all p < 372 

0.001). 373 
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Reaction times showed the complementary pattern, becoming longer as the target-flanker 374 

distance decreased (Figure 9b).  The main effect of distance on reaction time was statistically 375 

significant (F(2, 40) = 32.3, p < 0.001), and post-hoc comparisons again indicated significant 376 

differences among each of the three conditions (all p < 0.001).  377 

Experiment 2 event related potentials 378 

As shown in Figure 10, the voltage was more negative over the hemisphere contralateral to the 379 

target than the ipsilateral hemisphere during the N2pc measurement window (132 – 252 ms) for 380 

the 1.6° flanker distance but not for the 0.9° flanker distance or the no-flanker condition.  This 381 

non-monotonic pattern of N2pc amplitude exactly replicates our previous study of the effects of 382 

crowding on the N2pc component (Bacigalupo and Luck, 2015). As in Experiment 1, the N2pc 383 

was followed by two periods of sustained negative potential, one from approximately 300 – 600 384 

ms and another from approximately 700 – 1200 ms. A repeated measures ANOVA showed that 385 

differences in N2pc amplitude among the three trial types were statistically significant (F (2, 40) = 386 

5.9, p = 0.005), and post-hoc Tukey comparisons indicated that N2pc amplitude was 387 

significantly greater for the 1.6° distance than for both the 0.9° distance and the No-Flankers 388 

trials (all p < 0.05).  One-sample t tests comparing the average amplitude to zero for each 389 

distance indicated that N2pc amplitude was significantly different from zero only for the 1.6° 390 

distance (t(20)  = -3.83, p = 0.001). Figure 11 shows that the N2pc at this distance had the typical 391 

occipito-temporal scalp distribution. 392 

Experiment 2 time-frequency analysis 393 

As in Experiment 1, post-stimulus alpha-band power decreased relative to the pre-stimulus 394 

period from approximately 200 – 600 ms for all three flanker conditions at both ipsilateral and 395 
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contralateral scalp sites (Figure 12). The contralateral-minus-ipsilateral subtraction showed that 396 

the lateralization effect had an occipito-temporal scalp distribution (Figures13 and 14). As in the 397 

lower-VF target condition of Experiment 1, this effect was stronger over the contralateral 398 

hemisphere than over the ipsilateral hemisphere (relative to the target), and this contralaterality 399 

was greatest in the most crowded condition (0.9°).  The differences among the three conditions 400 

were marginally significant for the 200 – 600 ms time window (F(2, 40) = 2.95, p = 0.063) and did 401 

not approach significance for any of the other time windows (132 – 252 ms: F(2, 40) = 0.85, p = 402 

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).  403 

Further lateralization analyses comparing the contralateral-minus-ipsilateral difference to zero in 404 

each condition indicated that the contralaterality was significant for the 0.9° distance in all time 405 

windows, for the 1.6° distance during the 600 – 900 ms window, and for the No-Flankers 406 

condition during all time windows except for the earliest measurement window (0.9° = 132 – 407 

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, 408 

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; 409 

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) = 410 

-1.52, p = 0.14; No-Flankers  = 132 – 252 ms: t(20) = -1.75, p = 0.094; 200 – 600 ms: t(20) = -3.69, 411 

p < 0.01; 600 – 900 ms: t(20) = -2.98, p < 0.01; 900 – 1200 ms: t(20) = -2.65, p = 0.015). Thus, the 412 

effects of flanker distance for the target-elicited alpha-band lateralization were quite different 413 

from the effects observed for the N2pc component. 414 

Correlational analyses for Experiments 1 and 2 415 

We conducted a set of focused correlational analyses to examine whether the magnitude of the 416 

contralateral alpha-band suppression was associated with the magnitude of the N2pc component 417 

in each experiment. We also conducted a set of exploratory correlational analyses to examine 418 
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associations between the alpha effect and the behavioral measures. Note, however, that our 419 

sample size (N = 21) was not sufficient to yield high levels of power for detecting correlations. 420 

With this sample size, the power to detect a moderate correlation of r = 0.4 is only 0.45 (as 421 

indicated by G*Power, (Faul et al., 2007) ). Moreover, because these analyses were largely 422 

exploratory, no correction for multiple comparisons was performed. 423 

Table 1 shows the correlations observed between the alpha-band effect (contralateral minus 424 

ipsilateral) in each of the time windows and the other variables (N2pc amplitude, reaction time, 425 

accuracy) for each condition in each of the two experiments. When considering the sign of the 426 

correlations, keep in mind that both the N2pc and the lateralized alpha suppression effects 427 

become more negative when they are larger. 428 

When alpha-band activity and the N2pc component were both measured during the N2pc time 429 

window, the only significant correlation between them occurred in the most crowded condition 430 

of Experiment 2. The correlation was negative, indicating that the lateralized alpha-band 431 

suppression was greater in participants with smaller N2pc amplitudes in this condition. This is 432 

consistent with the possibility that the alpha-band activity is related to effort: participants who 433 

were unable to deploy the N2pc-related attentional mechanism in this condition may have found 434 

this condition to be more difficult, yielding a greater alpha-band effect. However, a replication 435 

with a larger sample size would be necessary before strong conclusions could be drawn from this 436 

correlation. 437 

When alpha-band activity was measured in the 200 – 600 ms interval, we found a significant 438 

negative correlation with N2pc amplitude for the upper VF stimuli in Experiment 1. The alpha-439 

band contralaterality in the 600 – 900 and 900 – 1200 ms time windows was also significantly 440 

positively correlated with reaction time for these stimuli. However, given that neither the N2pc 441 
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nor the alpha-band contralaterality was significantly different from zero for these stimuli, the 442 

meaning of these correlations is unclear.  Significant positive correlations were also observed 443 

between alpha-band contralaterality in the 200 – 600 and 900 – 1200 ms time windows and 444 

behavioral accuracy for the no-flanker trials in Experiment 2. However, the correlations were not 445 

significant for the other trial types or for the other time windows. Again, it would be important to 446 

assess the replicability of these results using a larger sample size before attempting to draw any 447 

conclusions from these correlations. 448 

Discussion 449 

The present experiments demonstrate that visual search targets elicit a suppression of 450 

alpha-band EEG activity that is greater over the hemisphere contralateral to the target, indicating 451 

that alpha lateralization plays a role in target processing and does not solely reflect preparatory 452 

processes.  Furthermore, we found clear evidence that target-elicited lateralized alpha 453 

suppression (TELAS) can be dissociated from the N2pc ERP component in terms of timing and 454 

the effects of crowding, indicating that these two lateralized scalp signals reflect separate 455 

mechanisms of attention that presumably play different functional roles.    456 

Interestingly, Experiment 1 showed that both the N2pc and the target-elicited lateralized 457 

alpha suppression were largely absent for targets in the upper VF whereas both signals were 458 

present for targets in the lower VF. This upper/lower difference has been observed previously for 459 

the N2pc component (Luck et al., 1997), but the reason for this effect is still not known. One 460 

possible explanation is neuroanatomical: the processing of the upper VF in ventral areas of the 461 

visual cortex may lead to dipoles that do not propagate well to the scalp. Another possibility is 462 

functional: previous research shows that visual attention operates somewhat differently in the 463 

upper and lower VFs (He et al., 1996; Kraft et al., 2011), and the mechanism of attention 464 
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reflected by the N2pc may be used only when attention is directed to the lower VF.  A third 465 

possibility is that the same processes are used for the upper and lower VFs, but the activity is 466 

lateralized only for the lower VF. The same possibilities also apply to the lack of target-elicited 467 

lateralized alpha suppression for upper-VF targets. Note, however, that targets in both the upper 468 

and lower VFs elicited large reductions in alpha-band activity over both hemispheres; the only 469 

difference was that this effect was larger over the contralateral hemisphere for the lower-VF 470 

targets but not for the upper-VF targets. This provides tentative evidence against an anatomical 471 

explanation for the lack of a lateralized effect for upper-VF targets, because these targets are 472 

clearly capable of producing large alpha suppression effects. The nature of the differences in 473 

attention for the upper and lower VFs will be an important topic for future research.  474 

Differences between the upper and lower VFs were also observed for cue-related alpha 475 

lateralization in the seminal study of Worden et al. (2000), which involved precuing one of the 476 

four quadrants. Specifically, they reported that the scalp distribution of the lateralization was 477 

significantly more medial for the upper-VF cues than for the lower-VF cues. The lateralization 478 

effects also appeared to be stronger overall for the lower-VF cues, consistent with the present 479 

target-related alpha lateralization effects, but unfortunately no statistical analysis of this apparent 480 

difference in magnitude was provided. It would be useful for future research to directly compare 481 

cue-elicited and target-elicited alpha lateralization effects to determine whether they reflect a 482 

common underlying mechanism.  483 

Alpha lateralization effects have also been reported in relation to stimulus value.  For 484 

example, Marshall et al. (2018) found that cue-related alpha lateralization was modulated by the 485 

presence of targets or distractors that had a positive or negative value. Thus, alpha lateralization 486 
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seems to be a ubiquitous mechanism of spatial attention, playing roles in preparation, value-487 

related processing, and active target selection. 488 

Although both the N2pc component and the lateralized alpha effects were limited to 489 

lower-VF targets in Experiment 1, suggesting that they may be related, these effects had different 490 

time courses in both Experiments 1 and 2. Even taking into account the poorer temporal 491 

precision of the time-frequency analyses, the alpha lateralization clearly lasted much longer than 492 

the N2pc (and the sustained contralateral negativity that followed the N2pc). Interestingly, the 493 

alpha effects lasted long after the behavioral response and well into the intertrial period, 494 

suggesting that they may reflect a relatively long-lasting modulation of processing.  495 

As can be observed in the ERP waveforms in both Experiments 1 and 2 (Figures 4 and 496 

10, respectively), ERP lateralization effects were present long after the N2pc and PD time 497 

windows. These effects consisted of contralateral negativities that occurred approximately 300 – 498 

600 ms and 700 – 1200 ms after target onset. The effect from 300 – 600 ms is likely the 499 

sustained posterior contralateral negativity or SPCN (Prime and Jolicoeur, 2010), which has been 500 

related to the maintenance of information online in working memory. This effect in Experiment 501 

2 replicated the finding of our previous crowding study (Bacigalupo & Luck, 2015). The later 502 

effect, from 700 – 1200 ms, shares a similar timing with the alpha lateralization effect. Although 503 

this effect appeared to be larger for targets in the lower VF than in the upper VF, it was also 504 

clearly present for the upper-VF targets (unlike the N2pc, SPCN, and alpha lateralization). Thus, 505 

this late lateralized effect seems to be functionally independent from both the SPCN and the 506 

alpha lateralization and may be an interesting target for future research.   507 

Experiment 2 also demonstrated a functional dissociation between the N2pc and the 508 

lateralized alpha suppression. Replicating previous findings (Bacigalupo and Luck, 2015), the 509 
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N2pc amplitude was greater at the intermediate target-flanker distance (1.6°) compared to the no-510 

flankers condition and the most crowded (0.9°) condition. This effect suggests that the 511 

mechanism of attention indexed by the N2pc operates mainly when multiple stimuli compete for 512 

access to the same receptive fields  (Moran and Desimone, 1985; Luck et al., 1997; Hopf et al., 513 

2006) but cannot operate effectively when the stimuli are too close to be resolved by attention 514 

(He et al., 1996; Intriligator and Cavanagh, 2001). The target-elicited lateralized alpha 515 

suppression did not show this non-monotonic pattern and instead exhibited a trend for greater 516 

lateralization as the difficulty of the task increased.  If this increase in alpha lateralization with 517 

increases in task difficulty can be replicated, it would suggest that lateralized alpha suppression 518 

reflects effort rather than the actual selection of the target from among the distractors (which 519 

fails under highly crowded conditions). 520 

Cue-elicited alpha lateralization effects have often been interpreted as an increase in 521 

alpha-band activity over the hemisphere contralateral to a to-be-ignored location rather than a 522 

decrease in alpha-band activity over the hemisphere contralateral to the cued location (Worden 523 

et al., 2000; Rihs et al., 2007; Jensen and Mazaheri, 2010; Mazaheri et al., 2014; Doesburg et al., 524 

2016). In other words, the alpha-band activity may suppress the processing of stimuli at 525 

irrelevant locations rather than enhancing the processing of stimuli at relevant locations. 526 

However, the target-elicited lateralized alpha suppression observed in the present study seems 527 

more closely associated with target processing than with distractor suppression. The finding that 528 

the lateralized alpha effect varied according to the vertical position of the target in Experiment 1 529 

would be difficult (although not impossible) to explain in terms of distractor suppression.  In 530 

Experiment 2, the most potent distractors (in terms of effect on behavior) were the flankers 531 

immediately above and below the target, so the main items to be suppressed were on the same 532 
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side as the target. Consequently, suppression of these items via increased alpha over the 533 

contralateral hemisphere would have produced increased rather than decreased alpha power over 534 

the hemisphere contralateral to the target. Thus, target-elicited lateralized alpha suppression 535 

appears to mainly reflect active processing of the target rather than distractor suppression (Thut 536 

et al., 2006; Liu et al., 2016; Noonan et al., 2016).  However, given the inverse relationship 537 

between alpha-band activity and cortical excitability (Klimesch, 2012), it seems plausible that 538 

alpha-band activity is related to both target enhancement and distractor suppression. 539 

Although the target-elicited lateralized alpha suppression was dissociated from the N2pc 540 

component in terms of both timing and the effects of crowding, these two effects exhibited 541 

similar effects of the vertical position of the target. Thus, although these two effects reflect 542 

dissociable mechanisms of attention, these processes appear to be closely related and may be 543 

generated in the same areas of visual cortex. Electrophysiological studies in monkeys have 544 

shown attention effects at the single-cell level in visual areas V2, V4 and inferotemporal cortex 545 

that are consistent with human N2pc patterns (Chelazzi et al., 1993; Luck et al., 1997), and 546 

Bollimunta et al., (2008) found single-unit attention effects related to alpha oscillations in these 547 

same areas (V2, V4 and IT). Thus, the N2pc component and target-elicited lateralized alpha 548 

suppression may operate within the same neural substrates. It will be important for future 549 

research to disentangle the neural computations involved in generating these two separable 550 

measures of visuo-spatial attention.  551 

 552 

 553 

 554 

555 
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Figure Captions 667 

 668 

Figure 1. Example stimuli from the two experiments. a) Experiment 1 task. One color was 669 

designated the target color at the beginning of each block, and participants were instructed to 670 

report whether the target-colored circle had a gap on the top or on the bottom. Target location 671 

varied unpredictably from trial to trial. b) Experiment 2 task.  One color was designated as the 672 

target color at the beginning of each block. Participants were instructed to report whether the 673 

middle letter in the set of letters of this color was a vowel or a consonant. The middle letter was 674 

always on the horizontal meridian, and the flankers could be absent, 1.6° above and below the 675 

middle letter, or 0.9° above and below the middle letter. The side containing the target color 676 

varied unpredictably from trial to trial. 677 

Figure 2.  Horizontal electrooculogram (HEOG) waveforms (after artifact rejection) for left-side 678 

and right-side targets in Experiments 1 (a) and 2 (b). The scale of ±16 μV reflects a horizontal 679 

eye deviation of ±1°. Thus, on average, the residual eye movements were negligible (less than 680 

0.1°). 681 

Figure 3. Mean correct response rate (a) and mean reaction time (b) for Experiment 1. Error bars 682 

indicate the within-subjects standard error of the mean. 683 

Figure 4. Grand average ERPs from Experiment 1. Contralateral and ipsilateral ERP waveforms 684 

are shown for targets in the upper (a) and lower (b) visual field. c) Contralateral-minus-ipsilateral 685 

difference waves. d) Mean N2pc amplitude, measured from the difference waves. Error bars 686 

indicate the within-subjects standard error of the mean. # = p < .05 for difference from zero. * = 687 

p < .05 for comparison of upper and lower visual fields. 688 
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Figure 5. Topographic plots of the averaged ERP during the N2pc window for left and right 689 

targets and for the contralateral-minus-ipsilateral difference for upper VF (a) and lower VF (b) 690 

targets. Given the way the data are combined to derive the N2pc component, the left and right 691 

hemispheres are necessarily mirror images. The typical occipito-temporal N2pc scalp 692 

distribution was observed for the lower VF (b, right panel), but little or no contralaterality was 693 

observed for the upper VF target condition (a, right panel). 694 

Figure 6. Grand average time-frequency plots from Experiment 1. a) Upper VF targets, which 695 

elicited approximately equivalent suppression of alpha-band power for both contralateral and 696 

ipsilateral electrodes relative to the target location (a.3). b) Lower-field targets, which elicited 697 

greater alpha-band suppression over the contralateral hemisphere (b.3). The white region at the 698 

bottom right corner of the plots indicates values that are undefined given the epoch length and 699 

wavelet duration. c) Time course of the contralateral minus ipsilateral difference in alpha-band 700 

power.  701 

Figure 7. Topographic plots of induced alpha band (8 – 12 Hz) activity during the N2pc time 702 

window for left and right targets and for the contralateral-minus-ipsilateral difference for upper 703 

VF (a) and lower VF (b) targets. A lateralization effect was observed for lower VF targets (b, 704 

right panel) but not for upper VF targets (a, right panel). 705 

Figure 8. Topographic plots of induced alpha band (8 – 12 Hz) activity during a longer time 706 

window (200 – 1200 ms) for left and right targets and for the contralateral-minus-ipsilateral 707 

difference for upper VF (a) and lower VF (b) targets. A lateralization effect was observed for 708 

lower VF targets (b, right panel) but not for upper VF targets (a, right panel). 709 



 

 33 

Figure 9. Mean correct response rate (a) and reaction time (b) for Experiment 2. This is a typical 710 

pattern showing decreased accuracy and longer reaction time for the most crowded conditions.  711 

Error bars indicate the within-subjects standard error of the mean. * = p < .05 for pairwise 712 

comparison. 713 

Figure 10. Experiment 2 grand average ERPs. Contralateral and ipsilateral ERP waveforms are 714 

shown for the no-flankers condition (a), 1.6° condition (b), and 0.9° condition (c). d) 715 

Contralateral-minus-ipsilateral difference waves. e) Barplots for the N2pc time window. Error 716 

bars indicate the within-subjects standard error of the mean. # = p < .05 for one-sample t test 717 

against zero. * = p < .05 for pairwise comparison. There was a significant N2pc effect only for 718 

the 1.6° condition. 719 

Figure 11. Topographic plots of the averaged ERP during the N2pc time window for left and 720 

right targets and for the contralateral-minus-ipsilateral difference for the no-flankers condition 721 

(a), 1.6° condition (b), and 0.9° condition (c). The N2pc showed a typical occipito-temporal 722 

distribution for the 1.6° condition. 723 

Figure 12.  Grand-average time-frequency plots from Experiment 2. Contralateral, ipsilateral, 724 

and contralateral-minus-ipsilateral differences for the no-flankers condition (a), 1.6° condition 725 

(b), and 0.9° conditions (c). Target processing elicited greater alpha-band suppression over the 726 

contralateral hemisphere (right panels). The white region at the bottom right corner of the plots 727 

indicates values that are undefined given the epoch length and wavelet duration. d) Time course 728 

of the contralateral minus ipsilateral difference in alpha-band power. 729 

Figure 13. Topographic plots of induced alpha band (8 – 12 Hz) activity during the N2pc time 730 

window for left and right targets and for the contralateral-minus-ipsilateral difference for the no-731 
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flankers condition (a), 1.6° condition (b), and 0.9° condition (c). Unlike the N2pc component, 732 

greater contralaterality was observed for the most crowded condition (c, right panel). 733 

Figure 14. Topographic plots of induced alpha band (8 – 12 Hz) activity during a longer time 734 

window (200 – 1200 ms) for left and right targets and for the contralateral-minus-ipsilateral 735 

difference for the no-flankers condition (a), 1.6° condition (b), and 0.9° condition (c). Unlike the 736 

N2pc component, greater contralaterality was observed for the most crowded condition (c, right 737 

panel).  738 
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Alpha-band correlations with N2pc and behavioral measures 
 
a. Experiment 1 
 
a.1 Upper visual field target 
 Alpha 156 - 276 ms Alpha 200 - 600 ms Alpha 600 - 900 ms Alpha 900 - 1200 ms 
Reaction Time 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) 
 
a.2 Lower visual field target 
 Alpha 156 - 276 ms Alpha 200 - 600 ms Alpha 600 - 900 ms Alpha 900 - 1200 ms 
Reaction Time 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) 
 
b. Experiment 2 
 
b.1 No flankers 
 Alpha 156 - 276 ms Alpha 200 - 600 ms Alpha 600 - 900 ms Alpha 900 - 1200 ms 
Reaction Time 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) 
 
b.2 1.6° 
 Alpha 156 - 276 ms Alpha 200 - 600 ms Alpha 600 - 900 ms Alpha 900 - 1200 ms 
Reaction Time 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) 
 
b.3 0.9° 
 Alpha 156 - 276 ms Alpha 200 - 600 ms Alpha 600 - 900 ms Alpha 900 - 1200 ms 
Reaction Time 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) 
 
 

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 a) Experiment 1 and b) Experiment 2.  
* = p < .05 
 


