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Abstract

Attention can modulate processing of visual input according to task-relevant features, even as

early as ~100 ms after stimulus presentation. In the present study, ERP and behavioral data reveal

that inhibition of distractor features, rather than activation of target features, is the primary driver

of early feature-based selection in human observers. This discovery of inhibition consistent with

task goals during early visual processing suggests that inhibition plays a much larger role at an

earlier stage of target selection than previously recognized, and highlights the importance of

understanding the role of inhibition (in addition to activation) in attention.
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Because the visual system is limited in its capacity for higher-order processing, engaging in

appropriate behavioral responses to external stimuli depends critically on the efficient

selection of goal-relevant visual input. This selection process can occur on the basis of

several stimulus properties including location (e.g. Posner, 1980) and color (e.g. Green &

Anderson, 1956). A recent study (Zhang & Luck, 2009) using event-related potential

recordings (ERPs) demonstrated that early processing of task-relevant features throughout

the entire visual field can be influenced by current behavioral goals even as early as ~100 ms

following stimulus presentation, independent of stimulus location. It is unknown, however,

whether this early, global feature-based selectivity operates by activating task-relevant

features, and/or by inhibiting competing distractor features.

Feature-based attention is typically described in terms of activation of task-relevant features

(e.g., Wolfe, 1994), often through an increase in the gain of neurons preferentially tuned to

target features (e.g., Saenz, Buracas, & Boynton, 2002). More recently, inhibition has been

shown also to play a role in feature-based attention; features can be de-prioritized depending

on factors such as recent experience (Braithwaite & Humphreys, 2003; Lleras, Kawahara,

Wan, & Ariga, 2008). However, while electrophysiological data indicate location-based

inhibition can occur during early stages of visual processing (~100 ms post-stimulus; Luck

et al., 1994; Luck & Hillyard, 1995), evidence of feature-based inhibition has typically been

found only at later stages of processing (starting ~200–300 ms post-stimulus; Andersen &

Müller, 2010; Shin, Wan, Fabiani, Gratton, & Lleras, 2008). To our knowledge, there is no

evidence that feature-based inhibition can influence earlier stages of visual processing.
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We adapted Zhang and Luck’s (2009) paradigm to include a baseline task-neutral color in

order to determine whether feature-based inhibition influences selection early in visual

processing. Observers viewed a continuous stream of two spatially interleaved sets of dots in

one visual hemifield while maintaining central fixation (Figure 2a). Observers were

instructed to indicate whenever the target-colored dots were simultaneously dimmed for 500

ms, but to ignore occasions when it was the distractor-colored dots that dimmed

simultaneously. During each trial, task-irrelevant homogeneously colored sets of dots

(probes) were occasionally presented in the opposite hemifield. Within each trial, each set of

probe dots was randomly selected to be composed of dots matching either the target color

from the task-relevant side, the distractor color from the task-relevant side, or a neutral color

that never appeared on the task-relevant side.

We examined changes in the amplitude of the P1 response to these probe stimuli to examine

the effects of feature-based attention on early visual processing. The P1 is an ERP

component that reflects an early sweep of visual processing (~100 ms after stimulus

presentation) whose amplitude can be affected by changes in neuronal activity in extrastriate

cortex (e.g., Mangun, Buonocore, Girelli, & Jha, 1998; Woldorff, et al., 1997) that may

reflect top-down attentional control settings (e.g., Hillyard & Münte, 1984). The P1 is

typically interpreted to reflect a feedforward wave of sensory processing (e.g., Hillyard,

Vogel, & Luck, 1998, Luck & Kappenman, 2012, Zhang & Luck, 2009; but see also Foxe &

Simpson, 2002 for an alternative interpretation)

Experiment 1

Materials and Methods

Twenty-one Johns Hopkins community members (9 male, mean age = 25.7 years)

participated in sessions lasting 1.5–2 hours. Stimulus presentation and data analysis were

performed using MATLAB (Mathworks) and PsychToolbox software (Brainard, 1997).

EEG data were recorded at 47 sites covering the whole scalp with approximately uniform

density using an elastic electrode cap (Waveguard cap with 128-channel Duke [equidistant

electrode placement] layout, made by Advanced Neuro Technology [ANT], the Netherlands;

Figure 1), referenced to the average of all channels during recording. Electrode impedance

was kept below 5 kΩ. All EEG channels were recorded continuously in DC mode at a

sampling rate of 512 Hz from a 128-channel, high-impedance ANT Waveguard amplifier

with active cable-shielding technology and an anti-aliasing low-pass filter with a 138Hz

cutoff.

Stimuli—Throughout every trial, sets of small dots (each dot subtending 0.14° of visual

angle) were presented in both hemifields on a black background. The dots in each hemifield

were randomly placed within an imaginary circle with a radius subtending 3.34° of visual

angle, centered 6.37° (horizontal) and 1.71° (vertical) of visual angle from fixation (Figure

2a).

In the task-relevant hemifield, 100 spatially intermingled target-colored and distractor-

colored dots (50 each) were presented. Target and distractor colors were randomly selected

without replacement for each participant to be red, green, or blue throughout the entire

experiment, counterbalanced across participants. Each color appeared at a luminance of 8.1

cd/m2. On the task-relevant side, the luminance of all of the dots of one color was

occasionally reduced to 3.2 cd/m2. Throughout each trial, in the opposite (or task-irrelevant)

hemifield, probes composed of 50 homogenously colored dots, randomly selected to be

entirely red, green, or blue for each presentation, were presented at varied intervals at a

luminance of 8.1 cd/m2.
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Design and Procedure—Each trial began with a central arrow, randomly pointed either

left or right, indicating the hemifield in which task-relevant dots would appear on the

upcoming trial. After one second, a fixation cross replaced the arrow. Participants were

instructed to maintain fixation throughout each trial. After a 0.5 second delay, target and

distractor dots appeared in the task-relevant hemifield. Every 100 ms, 50% of all dots were

randomly relocated within the imaginary circle in the task-relevant hemifield, giving the

dots a scintillating, motion-like appearance (dot motion parameters were based on Zhang &

Luck, 2009). During each 15-second trial, the target dots occasionally underwent a brief

(500 ms) luminance decrement before returning to their original luminance. Luminance

decrements also occurred among the distractor dots, but the two events (target decrements

and distractor decrements) were independently timed. These “luminance events” occurred

between 2 and 5 times for each color during each trial. Participants were instructed to press

the space bar every time a luminance event occurred among the target dots, but not to

respond to luminance events among the distractor dots. In the opposite (task-irrelevant)

hemifield, probes were presented at inter-stimulus intervals that varied randomly from 217

to 700 ms. Each probe presentation lasted 100 ms and required no overt response.

Following each trial, a blank black screen was presented for 800–1200 ms. Participants

completed a minimum of 6 blocks of trials. Each block consisted of 16 trials, with a brief

rest between trials 8 and 9. Experimenters provided feedback between blocks on task

performance and eye and body movements in order to acquire the cleanest possible signal

from EEG recordings.

Data Analysis—Three participants were removed either for poor behavioral performance

or excessive EEG noise (assessed offline by an experienced electrophysiologist, JBE, who

was blind to the experimental conditions).

EEG epochs were synchronized with the onset of probe dot presentation and analyzed using

ANT’s ASA software. Vertical Electro Oculograms (VEOG) were recorded from frontal

channels LL1 and RR1 (see Figure 1), whose locations were designed specifically to capture

eye blinks. Horizontal Electro Oculograms (HEOG) were recorded from channels LE1 and

RE1, whose locations were designed specifically to capture horizontal eye movements. Eye

blink correction was performed using a principal components analysis method that models

the brain signal and artifact subspaces (Ille, Berg, & Scherg, 2002). After eye blink

correction, EEG was visually inspected on a trial-by-trial basis to look for any horizontal eye

movements. Any trials contaminated with horizontal eye movements were eliminated from

averaging. In addition, trials contaminated with excessive muscle artifacts, artifacts due to

movements, or trials where amplifier blocking occurred were also eliminated. Although it is

possible that a few eye movements to the attended side were undetected, there is no reason

to expect that this behavior would differentially affect ERP responses to probes depending

on the probe color.

An offline bandpass filter (Butterworth filter, low cut-off frequency 0.2 Hz, high cut-off

frequency 35 Hz and linear roll-off 24 dB/oct) was applied to all channels. ERPs were

averaged offline from 100 ms before to 600 ms after probe stimulus onset. Data were

analyzed from six spatially contiguous electrodes in each hemisphere (LA5, LB4, LC6, LE3,

LL10, LL13; RA5, RB4, RC6, RE3, RR10, and RR13; red circled electrodes in Figure 1).

These electrodes were selected by experienced electrophysiologists, JBE and BML, on the

basis of whether there were discernible P1 patterns present. The electrophysiologists were

blind to experimental conditions during this selection process. Finally, grand averaging of

ERP waveforms was performed on data obtained from the selected electrodes listed above

using EEGLAB/MATLAB (Delorme & Makeig, 2004).
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Mean P1 amplitude was calculated for each participant as the mean amplitude from the point

in time when the voltage reached 50% of peak amplitude to 50 ms after that point.

Results

Behavior—Task performance was well below ceiling (hit rate = 85.2%, false alarm rate =

8%), suggesting that the task was attention-demanding and likely required the use of limited

attentional resources.

The inclusion of a neutral-colored probe was intended to serve as a baseline measure for

feature-based attention effects. However, because the neutral color never appeared in the

task-relevant hemifield, observers were not exposed to the neutral color as frequently as the

other colors. Thus, one might be concerned that neutral-colored probes may have captured

spatial attention due to their relative novelty (e.g., Johnston, Hawley, Plewe, Elliott, &

DeWitt, 1990). Although attention can increase the magnitude of the P1 response (e.g.

Hillyard & Münte, 1984), this has only been demonstrated in situations where observers

have a preset attentional bias (i.e. attention is biased to a particular location or feature prior
to stimulus onset); thus, involuntary capture elicited by stimulus properties should not affect

P1 magnitude. Furthermore, there is no evidence, to our knowledge, of novelty affecting any

ERP component earlier than the N1 (e.g., Friedman, Cycowicz, & Gatea, 2001; Parmentier,

2008). Therefore there is no reason to believe that the magnitude of the P1 to neutral colored

probes would be increased because of its relative novelty.

Nevertheless, in order to assess any possible probe-induced attentional capture, we analyzed

luminance detection performance according to which type of probe most recently appeared

in the task-irrelevant hemifield before each luminance change. If neutral-colored probes

capture spatial attention, we would expect more errors when the most recent probe before a

luminance change was neutral-colored than when it was target-colored or distractor-colored.

We conducted a 3(probe type) x 6(block) ANOVA on luminance detection error rate and

found main effects of probe type, F(2,34) = 9.21, p < .01, and block, F(5,85) = 5.45, p < .

001, that were mediated by a significant interaction, F(10,170) = 3.54, p < .001 (Fig. 2b).

Post-hoc tests revealed that there was a main effect of probe type in blocks 1 and 2 (ps < .

01), and subsequent Tukey’s HSD comparisons showed that the error rate was higher

following neutral probes compared to other probes in those first two blocks (ps < .05). There

was no effect of probe type in the remaining blocks (ps > .05). These results indicate that the

neutral-colored probe likely captured spatial attention early in the experiment, but by the

third experimental block, observers had experienced a sufficient number of neutral probe

stimuli to eliminate novelty-based capture.

EEG—We conducted a 3(probe type) x 2(hemifield: left vs. right) ANOVA on mean P1

amplitude in response to probes appearing in the contralateral visual hemifield. As a

precaution, the first two blocks were not included in this analysis to avoid novelty effects in

the baseline measure. To further reduce the possibility that P1 responses to probes were

influenced by shifts of spatial attention, any probe for which the observer failed to detect a

luminance event in the two seconds before probe onset was excluded from analysis.

There was a main effect of probe type on P1 amplitude, F(2,34) = 6.07, p < .01. There was

no effect of hemifield or interaction between hemifield and probe type (Fs > .1). Tukey’s

HSD post-hoc tests revealed that the mean P1 amplitude in response to target-colored probes

was greater than the mean P1 amplitude in response to distractor- colored probes, p < .05

(Figure 3), replicating previous findings of early prioritization of target over distractor

features during early visual processing (Zhang & Luck, 2009).
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The neutral-colored probes allowed us to determine whether this prioritization reflected

activation of target features or inhibition of distractor features. If target activation was the

key process, we would expect the mean P1 amplitude in response to target-colored probes to

be greater than the baseline mean P1 amplitude evoked by neutral-colored probes. If

distractor inhibition was the key process, we would expect the mean P1 amplitude in

response to distractor-colored probes to be smaller than the baseline (neutral) P1. We found

only the latter to be the case; the mean P1 amplitude in response to distractor-colored probes

was smaller than the mean P1 amplitude in response to neutral-colored probes, p < .01, but

there was no significant difference between neutral-colored probes and target-colored

probes, p > .1 (Figure 3). These data suggest that feature-based attention modulates visual

input at an early stage of processing via inhibition of distractor features rather than

activation of target features.

Experiment 2

We drew conclusions in Experiment 1 by comparing the mean P1 amplitude in response to

target and distractor-colored probes against a baseline P1 obtained from neutral-colored

probes. However, a potential concern in our interpretation is that the neutral color appeared

less frequently than the other colors globally. That is, while all three colors appeared with

equal probability as probes on the task-irrelevant side of space, the neutral color never

appeared on the task-relevant side of space – only the target and distractor colors ever

appeared on that side. As a result, it is possible that the P1 responses to the target and

distractor-colored probes were attenuated due to sensory adaptation effects (e.g., Luck &

Hillyard, 1994), but that no such reduction occurred in response to the less common neutral-

colored probe. This would not account for the difference between target and distractor-

colored probes. However, it would impact our interpretation of the neutral, baseline

condition. Specifically, it could be the case that the P1 amplitude in response to distractor-

colored probes was smaller in magnitude than the P1 amplitude in response to the neutral-

colored probes not because of attentional inhibition due to task goals, but instead because of

adaptation effects that impacted the distractor-colored probe more than the neutral-colored

probe.

To rule out the sensory adaptation account, we conducted a control study in which we used

the exact same stimuli and procedures as Experiment 1 but in a passive viewing task (i.e., no

overt responses were required). If the amplitude of the P1 in response to target-colored and

distractor-colored probes was attenuated in Experiment 1 because of sensory adaptation

effects, we would expect the P1 response to neutral-colored probes in a passive viewing task

to be greater than the P1 amplitude in response to other-colored probes that are rendered in

colors that appear on both sides of fixation.

Methods

All methods were identical to Experiment 1 with the following exceptions. Thirteen Johns

Hopkins community members (7 male; mean age = 22.9 years) participated in sessions

lasting 1.5–2 hours. One participant was removed for excessive EEG noise due to sleepiness

(EEG assessed offline by an experienced electrophysiologist, BLM, who was blind to the

experimental conditions). No overt response was required to any event during the course of

the experiment; instead, observers were instructed to simply focus on the central fixation

cross while stimuli were presented. Electrophysiological data were continuously monitored,

and observers were reminded to stay awake and focus on the central fixation if there was

any indication that they were falling asleep due to the boredom of the task. All participants

completed either 5 or 6 blocks of trials.
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Data were analyzed from four spatially contiguous electrodes in each hemisphere (LA5,

LC6, LE3, LL13; RA5, RC6, RR10, and RR13; Figure 1). As in Experiment 1, these

channels were selected based on whether they showed a clear P1 during condition-blind

analysis by JBE and BML. The difference in the selected electrode subsets between the two

experiments is likely a result of the differences in task demands; previous studies have

shown that the P1 component can be affected by factors such as arousal or attentional

demands (e.g., Hopfinger & West, 2006; Vogel & Luck, 2000). Finally, to provide the

strictest possible test for any effects of stimulus frequency, all runs from each participant

were included in the analysis. By including the early runs, we increase the probability of

finding any effects of stimulus frequency on P1, including those that might dissipate over

time1.

On the side of fixation where probes did not appear, referred to as the “task-relevant” side in

Experiment 1, two different groups of colored dots were presented, as in Experiment 1.

However, unlike in Experiment 1, there is nothing to distinguish either of these colors as the

“target” or “distractor” color. Therefore, for data analysis, we collapsed the data from all

probes into two categories: neutral probes, and non-neutral probes. However, we also

arbitrarily labeled one color as “target” and the other as “distractor” for each subject, and

present probe data separately for those two conditions in Figure 4, to give the reader a sense

of the variability in the data. This is particularly important since we hypothesize no

difference among the probe conditions.

Results

We conducted a 2(probe type) x 2(hemifield: left vs. right) ANOVA on mean P1 amplitude

in response to probes appearing in the contralateral visual hemifield to determine whether

probe type had any effect on P1 amplitude in the absence of a task. If global stimulus

frequency modulated the amplitude of the P1 in response to neutral-colored probes in

Experiment 1, we would expect a main effect of probe type, with greater P1 amplitude in

response to neutral-colored probes than non-neutral (i.e., “target” and “distractor”) colored

probes. However, we found no main effect of probe type on mean P1 amplitude, F(1,11) <

1, p = .61 (Figure 4). There was a main effect of hemifield, F(1,11) = 5.13, p < .05, with

higher mean P1 amplitude in the right brain hemisphere (in response to probes presented to

the left visual hemifield) than in the left brain hemisphere (in response to probes presented

to the right visual hemifield), but critically, this did not interact with probe type, F(1,11) < 1.

Proving a negative is difficult; therefore, as additional support to our null results (e.g., de

Graaf & Sack, 2011), we also report here the effect size of the probe type factor in

Experiment 2 as ηp
2 = .025. In contrast, the effect size of the probe type factor in

Experiment 1 was ηp
2 = .263, meaning that the effect of probe type in Experiment 2 was less

than 10% the size of the effect in Experiment 1.

These data, along with Figure 4, demonstrate that the adaptation account of Experiment 1 is

extremely unlikely. The difference in global frequency among the colors presented in the

current paradigm appears to have little effect on P1 amplitude. This provides further support

for the distractor inhibition account of feature-based attention effects found in Experiment 1.

Experiment 3

In Experiment 3, we sought converging behavioral evidence that the luminance detection

task induced an inhibitory (rather than excitatory) feature-based attentional set. Each

participant performed a shortened version of the task from Experiment 1 (Task 1), and then

1Statistical outcomes did not differ if runs one and two were removed from the analysis, as in Experiment 1.
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immediately performed a visual search task (Task 2) in which the same colors were used.

Previous studies have shown that attentional control settings are often robust, continuing to

bias selection even when task goals change (e.g. Leber, Kawahara, & Gabari, 2009).

Therefore, this design allowed us to measure the effect of attentional control settings

induced by the luminance detection task on later behavior to determine whether they reflect

target activation, distractor inhibition, or both.

Materials and Methods

Eighteen Johns Hopkins community members (5 male; mean age = 23.8 years) participated

in sessions lasting approximately 1 hour. Stimulus presentation and data analysis were

performed using MATLAB (Mathworks) and PsychToolbox software (Brainard, 1997).

Stimuli

Stimuli for Task 1 were identical to Experiment 1. For Task 2, 24 letters (each

approximately 0.57° of visual angle) appeared on each trial. The target letter was randomly

selected for each trial to be “N” or “Z,” and the remaining letters were an approximately

equal distribution of “H,” “I,” “V,” and “X.” The location of each letter was randomly

selected from an array of 396 possible locations subtending approximately 19.23° of visual

angle. The 24 letters appeared in an equal distribution of four different colors – red, green,

and blue, all equivalent to the high luminance versions (8.1 cd/m2) from Task 1, and an

equiluminant yellow. The target color was randomly assigned for each trial.

Design and Procedure

Participants performed four blocks of Task 1, lasting approximately 30 minutes. As in

Experiment 1, red, green, and blue were counterbalanced across subjects in their assignment

as the target, distractor, and neutral colors. Following completion of Task 1, participants

performed three blocks of Task 2. Each block consisted of 100 trials with a brief rest

halfway through each block. On each trial, the search display appeared after a one second

fixation interval. Participants indicated which target letter was present with a keypress.

Results

We conducted a 3×4 ANOVA with factors of block (1–3) and target color for Task 2. All

response times 2.5 standard deviations above or below the mean in each condition for each

participant were removed from analyses (2.9% of all trials). Target color was defined

according to what role each color was assigned in Task 1 for each participant: Task 1 target

color, Task 1 distractor color, Task 1 neutral color, or novel color.

There was a main effect of block, F(2,34) = 5.31, p < .05, explained by a linear trend with

faster response times during later blocks, F(3,51) = 14.57, p < .01. There was no main effect

of target color, F(3,51) = 1.46, p > .1.

There was an interaction between block and target color, seen in Figure 5, F(6,102) = 3.91, p
< .01. We conducted separate one-way ANOVAs for each block to assess the effect of target

color; only block 1 was significant, F(3,51) = 6.7, p < .01. This suggests that feature-based

attentional control settings induced by Task 1 affected behavior during block 1 of Task 2,

but did not affect performance on blocks 2 and 3.

For block 1, we conducted pairwise comparisons for each color combination. Slower

response times to targets appearing in the Task 1 distractor color relative to the neutral and

novel colors would suggest that Task 1 induced an inhibitory feature-based attention set.

Faster response times to targets appearing in the Task 1 target color relative to the novel and

neutral colors would indicate a target activation-based attention set. Response times were
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slower when the target appeared in the Task 1 distractor color relative to all other colors (ps

< .05). No other comparisons were significant (ps > .1). These data provide converging

evidence with Experiment 1, suggesting that the feature-based attentional set induced by

Task 1 is defined by inhibition of the distractor color rather than activation of the target

color.

General Discussion

We found the neural response evoked by distractor-colored probes was reduced relative to

the response evoked by neutral-colored probes early in visual processing. Furthermore, we

found no evidence for an increased neural response to target-colored probes relative to

neutral-colored probes. Together, these data suggest that feature-based attention can

modulate incoming sensory input at an early stage of processing via inhibition of distractor

features. Converging behavioral evidence indicated that attentional control settings based on

distractor inhibition were sufficiently robust to carry over to a novel task.

Previous neurophysiological studies in monkeys have shown that neuronal responses are

suppressed when a neuron’s non-preferred feature is attended (Khayat, Neibergall, &

Martinez-Trujillo, 2010; Martinez-Trujillo & Treue, 2004), and other studies have found

electrophysiological evidence for inhibitory mechanisms in feature-based attention in

humans (Andersen & Müller, 2010; Bridwell & Srinivasan, 2012; Shin, Wan, Fabiani,

Gratton, & Lleras, 2008; Snyder & Foxe, 2010). However, in the present study, we show

evidence for inhibition of a specific competing distractor feature, rather than inhibition of

responses to all non-target features, occurring during early visual processing in human

observers. Furthermore, the data appear to reflect a purely inhibitory mechanism; we find no

evidence for target activation during the P1 timeframe in the present task.

The absence of selective activation of the target feature was surprising. Previous research

has demonstrated that feature-based attentional effects (albeit weak ones) can occur in the

absence of direct competition (Saenz, Buracas, and Boynton, 2003); therefore it remains

unlikely that activation plays no role in feature-based attention. However, it appears from

the present data that when there is strong competition from distractor stimuli, attention

mediates early visual processing primarily through inhibition (and not activation).

Additional research is necessary to understand how higher-level cognitive processes

influence early feature-based effects. For example, we (Moher & Egeth, 2012) have found

that observers are unable to explicitly ignore non-target features that change on a trial-by-

trial basis unless they first select those items (but see also Woodman & Luck, 2007).

Furthermore, several EEG studies where target and distractor feature values shifted from

trial-to-trial (Andersen & Müller, 2010; Shin et al., 2008) failed to find evidence for feature-

based inhibition during early visual processing. To reconcile these previous results with the

current findings (in which target and distractor feature values were held constant for each

individual participant) we propose that there may be two mechanisms by which feature-

based attention biases visual input.

The first is a rapidly initiated attentional set characterized by activation of target features,

which can be adjusted to accommodate frequently changing goal states. For example, if a

new target feature is cued before a trial, an observer can establish an attentional set to

activate visual input matching that feature. This is consistent with ERP data demonstrating

activation of target features when the target feature changed frequently (e.g. Andersen &

Müller, 2010; Andersen, Müller, & Hillyard, 2009). This type of quickly accessible feature-

based set would be especially useful in dynamic visual environments where task goals and

task-relevant features change frequently. However, in more stable environments where task-
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relevant features remain consistent, a different type of feature-based attentional set may be

implemented over time. This set effectively modulates visual input at a very early stage via

inhibition of distractor features rather than activation of target features. This would be

consistent with the present study, in which the target and distractor features were unchanged

throughout the experiment. The shift from an excitatory to an inhibitory mode of operation

may reflect a gradual, implicit development of an attentional template in long-term memory

as target and distractor feature values are learned over time (e.g., Carlisle, Arita, Pardo, &

Woodman, 2011). Why might such a template develop? One speculative possibility is that

the inhibitory set is metabolically more efficient (e.g., Buzsáki, Kaila, & Raichle, 2007).

Previous research has demonstrated that a to-be-ignored location (e.g., Serences, Yantis,

Culberson, & Awh, 2004) or a single (and thus spatially localized) popout distractor (e.g.,

Ipata, Gee, Gottlieb, Bisley, & Goldberg, 2006) can be inhibited during early visual

processing. The present study suggests that distractor features themselves can also be

inhibited during an early stage based on current task goals. These findings highlight a

critical role for inhibition that merits consideration in future studies and models of attention.

Acknowledgments

We thank W. Zhang and S. Luck for providing experimental details from a previous publication, and S. Yantis and

S. Luck for comments on the project and manuscript. Research was funded by NIH grants T32 EY07143-14 (JM),

K23 NS073626 and K12 NS001696 (JBE), and ONR grant N000141010278 (HEE).

References

Andersen SK, Müller MM. Behavioral performance follows the time course of neural facilitation and

suppression during cued shifts of feature-selective attention. Proceedings of the National Academy

of Sciences. 2010; 107:13878–13882.

Andersen SK, Muller MM, Hillyard SA. Color-selective attention need not be mediated by spatial

attention. Journal of Vision. 2009; 9:1–7. [PubMed: 19761293]

Belouchrani A, Abed-Meraim K, Cardoso MA, Moulines E. Blind source separation technique using

second-order statistics. IEEE Transactions on Signal Processing. 1997; 45:434–444.

Brainard D. The psychophysics toolbox. Spatial Vision. 1997; 10:433–436. [PubMed: 9176952]

Braithwaite JJ, Humphreys GW. Inhibition and anticipation in visual search: Evidence from effects of

color foreknowledge on preview search. Perception & Psychophysics. 2003; 65:213–237. [PubMed:

12713240]

Bridwell DA, Srinivasan R. Distinct attention networks for feature enhancement and suppression in

Vision. Psychological Science. 2012; 23(10):1151–1158. [PubMed: 22923337]

Buzsáki G, Kaila K, Raichle M. Inhibition and brain work. Neuron. 2007; 56:771–783. [PubMed:

18054855]

Carlisle NB, Arita JT, Pardo D, Woodman GF. Attentional templates in visual working memory.

Journal of Neuroscience. 2011; 31(25):9315–9322. [PubMed: 21697381]

de Graaf TA, Sack AT. Null results in TMS: From absence of evidence to evidence of absence.

Neuroscience and biobehavioral reviews. 2011; 35(3):871–877. [PubMed: 20955732]

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics

including independent component analysis. Journal of Neuroscience Methods. 2004; 134:9–21.

[PubMed: 15102499]

Foxe J, Simpson G. Flow of activation from V1 to frontal cortex in humans. Experimental Brain

Research. 2002; 142:139–150. [PubMed: 11797091]

Friedman D, Cycowicz Y, Gaeta H. The novelty P3: an event-related brain potential (ERP) sign of the

brain’s evaluation of novelty. Neuroscience & Biobehavioral Reviews. 2001; 25:355–373.

[PubMed: 11445140]

Moher et al. Page 9

Psychol Sci. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Friedman-Hill S, Wolfe J. Second-order parallel processing: Visual search for the odd item in a subset.

Journal of Experimental Psychology: Human Perception & Performance. 1995; 21:531–551.

[PubMed: 7790832]

Green BF, Anderson LK. Color coding in a visual search task. Journal Of Experimental Psychology.

1956; 51(1):19–24. [PubMed: 13286435]

Hillyard SA, Vogel EK, Luck SJ. Sensory gain control (amplification) as a mechanism of selective

attention: electrophysiological and neuroimaging evidence. Philosophical transactions of the Royal

Society of London Series B, Biological sciences. 1998; 353:1257–1270.

Hillyard S, Münte T. Selective attention to color and location: An analysis with event-related brain

potentials. Perception & Psychophysics. 1984; 36:185–198. [PubMed: 6514528]

Hopfinger JB, West VM. Interactions between endogenous and exogenous attention on cortical visual

processing. NeuroImage. 2006; 31(2):774–789. [PubMed: 16490366]

Ipata AE, Gee AL, Gottlieb J, Bisley JW, Goldberg ME. LIP responses to a popout stimulus are

reduced if it is overtly ignored. Nature Neuroscience. 2006; 9:1071–1076.

Johnston W, Hawley K, Plewe S, Elliott J, DeWitt M. Attention capture by novel stimuli. Journal of

Experimental Psychology: General. 1990; 119:397–411. [PubMed: 2148574]

Khayat PS, Niebergall R, Martinez-Trujillo JC. Attention Differentially Modulates Similar Neuronal

Responses Evoked by Varying Contrast and Direction Stimuli in Area MT. Journal of

Neuroscience. 2010; 30(6):2188–2197. [PubMed: 20147546]

Leber AB, Kawahara J-I, Gabari Y. Long-term, abstract learning of attentional set. Journal of

Experimental Psychology: Human Perception and Performance. 2009; 35:1385–1397. [PubMed:

19803644]

Lleras A, Kawahara JI, Wan XI, Ariga A. Intertrial inhibition of focused attention in pop-out search. P

erception & Psychophysics. 2008; 70:114–131.

Luck SJ, Hillyard SA. Electrophysiological correlates of feature analysis during visual search.

Psychophysiology. 1994; 31(3):291–308. [PubMed: 8008793]

Luck SJ, Hillyard SAH. The role of attention in feature detection and conjunction discrimination: An

electrophysiological analysis. International Journal of Neuroscience. 1995; 80:281–297. [PubMed:

7775053]

Luck SJ, Hillyard SA, Mouloua M, Woldorff MG, Clark VP, Hawkins HL. Effects of spatial cuing on

luminance detectability: psychophysical and electrophysiological evidence for early selection.

Journal of Experimental Psychology: Human Perception & Performance. 1994; 20:887–904.

[PubMed: 8083642]

Luck, SJ.; Kappenman, ES., editors. Oxford Handbook of Event-Related Potential Components. New

York: Oxford University Press; 2012.

Mangun G, Buonocore M, Girelli M, Jha AP. ERP and fMRI measures of visual spatial selective

attention. H uman Brain Mapping. 1998; 6:383–389.

Martinez-Trujillo JC, Treue S. Feature-Based Attention Increases the Selectivity of Population

Responses in Primate Visual Cortex. Current Biology. 2004; 14(9):744–751. [PubMed: 15120065]

Moher J, Egeth HE. The ignoring paradox: Cueing distractor features leads first to selection, then

inhibition of to-be-ignored items. Attention, Perception, & Psychophysics. (in press).

Parmentier FBR. Towards a cognitive model of distraction by auditory novelty: The role of

involuntary attention capture and semantic processing. Cognition. 2008; 109:345–362. [PubMed:

19007926]

Posner M. Orienting of attention. Quarterly Journal of Experimental Psychology. 1980; 32:3–25.

[PubMed: 7367577]

Saenz M, Buracas GT, Boynton GM. Global effects of feature-based attention in human visual cortex.

Nature Neuroscience. 2002; 5:631–632.

Saenz M, Buracas GT, Boynton GM. Global feature-based attention for motion and color. Vision

Research. 2003; 43:629–637. [PubMed: 12604099]

Serences J, Yantis S, Culberson A, Awh E. Preparatory activity in visual cortex indexes distractor

suppression during covert spatial orienting. J ournal of Neurophysiology. 2004; 92:3538–3545.

Moher et al. Page 10

Psychol Sci. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Shin E, Wan XI, Fabiani M, Gratton G, Lleras A. Electrophysiological evidence of feature-based

inhibition of focused attention across consecutive trials. Psychophysiology. 2008; 45:804–811.

[PubMed: 18665869]

Snyder AC, Foxe JJ. Anticipatory Attentional Suppression of Visual Features Indexed by Oscillatory

Alpha-Band Power Increases:A High-Density Electrical Mapping Study. Journal of Neuroscience.

2010; 30(11):4024–4032. [PubMed: 20237273]

Vogel EK, Luck SJ. The visual N1 component as an index of a discrimination process.

Psychophysiology. 2000; 37(02):190–203. [PubMed: 10731769]

Woldorff M, Fox PT, Matzke M, Lancaster JL, Veeraswamy S, Zamarripa F, Seabolt M, Glass T, Gao

JH, Martin CC, Jerabek P. Retinotopic organization of early visual spatial attention effects as

revealed by PET and ERPs. Human Brain Mapping. 1997; 5:280–286. [PubMed: 20408229]

Wolfe J. Guided Search 2.0: A revised model of visual search. Psychonomic Bulletin & Review. 1994;

1:202–238. [PubMed: 24203471]

Woodman GF, Luck SJ. Do the contents of visual working memory automatically influence attentional

selection during visual search? J ournal of Experimental Psychology: Human Perception &

Performance. 2007; 33:363–377.

Zhang W, Luck SJ. Feature-based attention modulates feedforward visual processing. Nature

Neuroscience. 2009; 12:24–25.

Moher et al. Page 11

Psychol Sci. Author manuscript; available in PMC 2015 February 01.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 1.
The electrode layout used in the present experiment (a subset of 47 of the 128 channels

shown were recorded). A spatially contiguous array of electrodes from the recorded

channels was collapsed and examined for P1 analysis (highlighted in red circles) including

LA5, LB4, LC6, LE3, LL10, LL13, RA5, RB4, RC6, RE3, RR10, and RR13. LE1, RE1,

LL1, and RR1 (highlighted in black circles) were used to detect eye movements.
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Figure 2.
a) A sample frame from within a trial (not to scale). In this example, the observer would be

monitoring for luminance changes among the red (target) dots but not among the green

(distractor) dots in the right (task-relevant) hemifield. In the left (task-irrelevant) hemifield,

probes would occasionally appear in the target color, distractor color, or neutral color (blue

in this example, as pictured here). These probes required no overt response, but we

examined ERP components elicited by these probes to investigate the influence of feature-

based attention on early visual processing. b) Error rate on the luminance detection task as a

function of the preceding probe stimulus in the task-irrelevant hemifield. Error rate was

higher following neutral-colored probes compared to other probes in the first two blocks,

suggesting that the neutral probes may have captured spatial attention, likely due to novelty

effects. There was no effect of probe color on the remaining blocks, suggesting that the

“novelty” of the neutral color wore off by the third block of trials.. Error bars calculated

using a within-subjects interaction error term (Loftus & Masson, 1994).
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Figure 3.
ERP data for probes presented in the task-irrelevant hemifield appearing in the target color

(red line), distractor color (green line), and neutral color (blue line) in the contralateral

hemifield (right and left hemifield presentations collapsed). Mean P1 amplitude for selected

electrodes (circled in red on Figure 1) was significantly greater for target and neutral colors

compared to distractor colors, demonstrating feature-based inhibition in early visual

processing. There was no significant difference in P1 amplitude between target and neutral

colors, suggesting that target activation did not occur during early visual processing.
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Figure 4.
ERP data for probes presented in Experiment 2. Red and green represent the “target” and

“distractor” colors respectively; however, since these are arbitrary labels, the black line

represents the combination of the two. Blue represents the neutral baseline color that only

appeared in the “task-irrelevant” hemifield. We found no difference in mean P1 amplitude

among any of the conditions.
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Figure 5.
Data from Task 2 in Experiment 3. Response times in block 1 were slower when the target

appeared in the Task 1 distractor color. No other differences were significant. These data

suggest that Task 1 induced a feature-based attentional set focused on distractor inhibition

rather than target activation. This set initially influenced behavior in a novel task. Error bars

calculated using a within-subjects interaction error term (Loftus & Masson, 1994).
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