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Abstract

Selective attention involves the relative enhancement of relevant versus irrelevant stimuli.
However, whether this relative enhancement involves primarily enhancement of attended stimuli,
or suppression of irrelevant stimuli, remains controversial. Moreover, if both enhancement and
suppression are involved, whether they result from a single mechanism or separate mechanisms
during attentional control or selection is not known. In two experiments using a spatial cuing
paradigm with task-relevant targets and irrelevant distractors, target and distracter processing was
examined as a function of distractor expectancy. Additionally, in the second study the interaction
of perceptual load and distractor expectancy was explored. In both experiments, distractors were
either validly cued (70%) or invalidly cued (30%) in order to examine the effects of distractor
expectancy on attentional control as well as target and distractor processing. The effects of
distractor expectancy were assessed using event-related potentials recorded during the cue-to-
target period (preparatory attention) and in response to the task-relevant target stimuli (selective
stimulus processing). Analyses of distractor-present displays (anticipated versus unanticipated),
showed modulations in brain activity during both the preparatory period and during target
processing. The pattern of brain responses suggest both facilitation of attended targets and
suppression of unattended distractors. These findings provide evidence for a two-process model of
visual spatial selective attention, where one mechanism (facilitation) influences relevant stimuli
and another (suppression) acts to filter distracting stimuli.
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1. Introduction

Selective attention allows an observer to focus on important aspects of the environment
while simultaneously ignoring irrelevant events. Previous research suggests that selection
can occur through stimulus driven (bottom-up) or endogenously driven (top-down)
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mechanisms (e.g., Hopfinger and Maxwell, 2005; Mangun, 1991, 1995; Muller and Rabbitt,
1989; Posner, 2004). Current models of top-down visual selective attention typically
propose two related mechanisms that may be used to achieve selective processing:
enhancement of the relevant signal, and suppression of the irrelevant signal. However, while
research has shown that spatial attention relatively enhances processing of stimuli at
attended locations compared to unattended locations (e.g., Di Russo, Martinez and Hillyard
2003; Handy and Khoe 2005; Hillyard, Vogel, and Luck 1998; Mangun and Hillyard, 1991,
1995; Mangun and Fannon, 2007), whether this results from facilitation of the attended
stimuli or suppression of the unattended, or both, is not well understood (e.g., Seiss, Driver,
and Eimer, 2009).

Top down selection via a relative enhancement of the attended compared to unattended
signals can be seen early in visual processing using event related potentials (ERPs) (Van
Voorhis and Hillyard, 1977; for review see Mangun, 1995). For example, using a spatial
attention cueing paradigm Mangun and Hillyard (1991) demonstrated greater amplitudes for
sensory-evoked ERPs over occipital scalp for attended stimuli in the latency range from 80
to 200 ms following stimulus presentation. The shortest latency effects of spatial attention
were observed in the P1 component of the ERPs at 80-100 msec after the onset of the
stimulus. When the location of the target was correctly precued, the P1 contra-lateral to the
attended location was relatively enhanced. Effects of selective attention have also been seen
at longer latencies for attention to other physical stimulus features, such as color (e.g.,
Harter and Aine, 1984; Lange, Wijers, Mulder, Mulder, 1998; Muller and Hillyard, 2000)
and has been shown to impact later processing of higher order features (e.g., Lai and
Mangels, 2007; Spencer, Dien, and Donchin, 2001). It has been hypothesized that signal
enhancement works via a gain control mechanism, increasing sensitivity of neurons to
properties of the attended stimulus (Mangun and Hillyard, 1987; Handy and Khoe, 2005;
Hillyard, Vogel, Luck, 1998; Navalpakkam and Itti, 2007). Recent work based on studies in
nonhuman primates has provided further evidence for how attentional gain control might
operate at the neuronal level (Lee and Maunsell, 2009). Such a model complements biased
competition models of selection (Duncan, 1996) which postulate that signal enhancement
reflects the biasing of competition when an attended stimulus falls within a neuron’s
receptive field (for review see Beck and Kastner, 2009). Thus, the level of processing at
which biasing occurs differs as a function of task parameters (e.g., Clark and Hillyard, 1996,
Hopf et al., 2006).

Top-down control of attentional facilitation prior to stimulus onset (i.e., the source of
attentional facilitation) has often focused on three primary components, the early directing
attention negativity (EDAN), the anterior directing attention negativity (ADAN), and the
late directing attention positivity (LDAP) (e.g., Harter, AnnloVento, 1991; Hopf and
Mangun, 2000; Jongen, Smulders, van der Deiden, 2007; Talsma, Slagter, Nieuwenhuis,
Hage, Kok, 2005; Van der Stigchel, Heslenfeld, Theeuwes, 2006). The activity shown in
these post-cue components have been shown to relate to relative changes in processing at
stimulus onset (e.g., Dale, Simpson, Foxe, Luks, Worden, 2008). The earliest of these
components, the EDAN, is often seen in the contra-lateral hemisphere to the cued direction
approximately 200 to 400 ms following the onset of the cue. This negativity occurs in
posterior parietal regions and is thought to reflect interpretation of the cue and redirection of
attention to the indicated spatial location (e.g., Harter et al., 1991, Hopf and Mangun, 2000).
This component is followed by a more anterior component, the ADAN, that may be related
to activation of frontal areas that are involved in the control of visuospatial attention (e.g.,
Nobre, Sebestyen, Misiussi, 2000; Seiss, Gherri, Eardley, and Eimer, 2007). Finally, a late
directing attentional positivity (LDAP), has been found over the contralateral hemisphere to
the cued location. This component appears to be a positive slow wave superimposed on a
negative slow wave and has been thought to reflect supramodal attentional control processes
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(e.g., Eimer, van Velzen, and Driver, 2002; Jongen et al., 2007; Seiss, Gherri, Eardley, and
Eimer, 2007) or a shifting of attention and encoding of the to-be-attended position (e.g.,
Green & McDonald, 2006). However, the LDAP has not been found in a number of
attentional cueing studies (e.g., Nobre et al., 2000, Talsma et al., 2005, Yamaguchi,
Tsuchya, Kobayashi, 1994) and the function it reflects is still equivocal. Additional evidence
for facilitation (both at the source of facilitation and at the site of processing) has been
provided by both fMRI and MEG research (e.g., Giesbrecht, Woldorff, Song, Mangun,
2003; Hopfinger, Buonocore, Mangun, 2000; Hopfinger, Woldorff, Fletcher, Mangun,
2001).

In addition to studies of facilitation, a number of studies have begun to examine the possible
contribution of suppression to selective attention. Evidence of suppression has been found in
behavioral studies (e.g., Awh, Matusrka, Serences, 2003; Braithwaite, Humphreys,
Hulleman, 2005; Caputo and Guerra, 1998; Hay, Milders, Niedeggen, 2006), studies of split
brain patients (Tipper et al., 1997), fMRI and MEG studies (e.g., Serences, Yantis,
Culberson, Awh, 2004, Geng, Eger, Ruff, Kristjansson, Rotshtein, Driver, 2006; Hopf,
Boehler, Luck, Tsotsos, Heinze, Schoenfeld, 2006; Ruff and Driver, 2006; Serences, Yantis,
Culberson, Awh, 2004; Slotnick, Schwarzbach, Yantis, 2003), as well as in studies of
oscillatory activity (e.g., Ergenoglu, Demiralp, Bayraktaroglu, Ergen Beydagi, Uresin, 2004;
Kelly, Lalor, Reilly, Foxe, 2006; Sreenivasan and Jha, 2007; Thut, Nietzel, Brandt, Pascual-
Leone, 2006; Worden, Foxe, Wang, Simpson, 2000; Yamagishi, Goda, Callan, Anderson,
Kawato, 2005). However, it has only been recently that activity related to suppression has
been examined using ERPs (e.g., Seiss, Driver, and Eimer, 2009, Van der Stigchel,
Heslenfeld, and Theeuwes, 2006). For example, Seiss et al. (2009) presented participants
with a spatial cueing task in the presence or absence of flanking distractors. In addition to
the presence of the EDAN, ADAN, and LDAP contralateral to the cued location, the ADAN
in particular was enhanced in blocks where flanking distractors were present. However, it
was not possible to look at the effects of distractor anticipation on target or distractor
processing at stimulus onset because distractor processing could not be isolated from target
processing in this paradigm. Thus it is not clear if changes in the ADAN as a function of the
anticipation of distractors influenced target processing through additional increases in target
facilitation, or through both target facilitation and distractor suppression.

One factor that may aid in the understanding of the contributions of facilitation and
suppression is selective attention is the perceptual load of the task at hand (e.g., Lavie, 1995;
Lavie and Cox, 1997; Lavie, Hirst, Fockert, Viding, 2004). It has been theorized that with
increased perceptual load the availability of resources for the processing of distractors
decreases (Lavie, 1995). This has been evidenced by ERP studies that have shown decreased
processing of distractor stimuli (as seen in the P1 or N1) when the target increases in
perceptual load (Couperus, 2009, Handy and Mangun, 2000, Handy, Soltani, and Mangun,
2001). Moreover, a recent study suggests that there may also be an increase in target
processing when perceptual load is increased (Barnhardt, Ritter, and Gomes, 2008).
However, while it is clear that knowledge of perceptual load prior to stimulus onset affects
stimulus processing (e.g., Couperus, 2009; Barnhardt et al, 2008; Theeuwes, Kramer,
Belopolsky, 2004), activity as a function of anticipated perceptual load prior to stimulus
onset has not been examined.

The current study was designed to examine both preparatory mechanisms, as well as activity
related to stimulus processing, to investigate the potential contributions of enhancement and
inhibitory processes to attentional selection. Thus, our aims were first to replicate the
findings of previous studies of enhanced processing as a function of selective attention, and
then to examine how the anticipation (and presence) of a distractor, as well as the perceptual
load of the target, influenced target processing.
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In the first experiment, ERPs were examined following a cue that indicated the presence or
absence of distractors in order to examine facilitation and suppression mechanisms during
preparatory attention. Additionally, ERP responses at stimulus onset were examined in
relation to anticipated distractor presence. In the second experiment, target discriminability
was manipulated in order to determine whether perceptual load influences facilitation and/or
suppression processes during preparatory attention and stimulus selection.

1.1 Experiment 1

In Experiment 1, on each trial, observers were presented with a cue followed by either a
unilateral (target only) or bilateral (target plus distractor) display. The design allowed for the
comparison of behavior and ERPs to targets at attended locations when distractors were
anticipated versus when they were not, for the cases where distractors did and did not
actually appear in the display. By measuring ERPs separately to the cues and the target
displays, it was possible to investigate both attentional control processes (time-locked to
cues), target, and distractor processing (time-locked to the target displays).

2. Results

2.1 Behavioral Analyses

Reaction time and accuracy data for distractor cue valid and distractor cue invalid trials were
examined to determine if distractor anticipation influenced behavior. One participant’s
behavioral data was excluded from analyses due to a misunderstanding of the required
response in the task. A 2 (distractor presence) by 2 (distractor cue validity) repeated-
measures ANOVA was used in analyses: Note that the cues were 100% instructive of the
visual hemifield to attend, and therefore distractor cue validity refers only to the information
in the cue regarding the presence/absence of distractors.

Reaction time data showed a significant main effect of distractor presence (F(1,18)=39.20,
p<. 001, np2=.685) and a distractor presence by distractor cue validity interaction
(F(1,18)=6.25, p=. 022, np2=.258; see Figure 2). The main effect demonstrates slower
reaction times when a distractor was present. Moreover, the interaction reflects significantly
slower reaction times when distractor presence was invalidly cued and a distractor appeared
(t(18)=—2.71, p=.014) as compared to when the distractor was validly cued. In contrast, no
significant differences were found as a function of cue validity for distractor absent trials
(ps>.05).

The results for accuracy were in the same direction, but did not reach statistical significance.
There was, however, a (nonsignificant) trend in the interaction between distractor presence
and distractor cue validity (F(1,18)=3.72, p=.07, an:.171). Although not significant, this
interaction is consistent with the reaction time data, and the findings by Awh et al. (2003)
which found higher accuracy when the presence of distractors (i.e., high noise trials) was
anticipated (i.e., within a high noise block). Taken together, the reaction time and accuracy
data suggest that subjects probably utilized the information in the cue regarding the
likelihood that an upcoming array would contain a distractor.

2.2 Early Preparatory Activity Following the Cue — (270-320 ms post-cue)

A 2 (cue type: distractor present vs. distractor absent) by 2 (cue direction: attend left vs.
attend right) by 2 (electrode: O1 vs. O2) repeated-measures ANOVA examining preparatory
activity related to the cue at occipital leads (O1, O2) showed a significant interaction
between the cue type (i.e., indicating the presence or absence of a distractor), and the
direction of the cue (F(1,18)=5.30, p=.033, np2:.227). The significant interaction reflects a
stronger negative peak when a cue to the right also indicated a distractor would be present
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(01, t(18)=—2.14, p=.046, Figure 3). However, there were no significant main effects or
interactions of cue direction with the electrode factor (p’s>.1) suggesting that early attention
effects following the cue were not present (i.e., there was no early preparatory processing
contralateral to the cued location as a function of attention).

2.3 Late Preparatory Activity Following the Cue — (360—-460 ms post-cue)

Two (cue type: distractor present vs. distractor absent) by 2 (cue direction: attend left vs.
attend right) by 2 (electrode: F7 vs. F8 or F3 vs. F4) repeated-measures ANOVAS were
performed separately for the electrode pairs F7/F8 and F3/F4, in order to examine late
preparatory activity related to the cue. This analysis showed a significant interaction
between the cue type (i.e., indicating the presence or absence of a distractor) and the
electrode for both electrode pairs (F7/F8, F(1,19)=8.23, p=.01, np2=.302; F3/F4,
F(1,19)=7.56, p=.013, np2=.285). Moreover, at F7/F8 a significant interaction between the
direction of the cue and the electrode (F(1,19)=7.59, p=.013, np2=.286, see Figure 4) was
seen, as well as a three-way interaction between the cue type, the direction of the cue, and
the electrode (F(1,19)=4.67, p=.044, np2=.197). Post-hoc analyses for the F7/F8 pair
examined cues as a function of the indication of distractor presence. While there were no
significant main effects or interactions between the direction of the cue and the electrode
when the cue indicated there would not be a distractor, there was a significant main effect of
electrode (F(1,19)=5.48, p=.03, np2=.224) and a significant interaction between the direction
of the cue and the electrode (F(1,19)=16.26, p=.001, np2=.461) when the cue indicated a
distractor would be present. These effects reflect a greater amplitude at F7 when there was a
cue directing attention to the left that also indicated a distractor would be present
(t(19)=3.31, p=.004, Figure 5). This increased positivity results in a negative peak (similar to
what has been termed the ADAN) when ERPs produced by cues directed to the right are
subtracted from those produced by cues directed to the left at F7. However, as this
waveform is a subtraction, this pattern can be interpreted as either a positive shift ipsilateral
to the direction of attention or a negative shift contralateral to the unattended hemifield.

2.4 Stimulus Processing at P1

Examination of attention and distractor anticipation effects on the P1 were carried out for
displays containing distractors using a 2 (cue type: distractor cue valid vs. distractor cue
invalid) by 2 (direction of attention: attend left vs. right) by 2 (electrode: O1 vs. O2)
repeated-measures ANOVA. While there were no significant main effects, there was a
significant 3-way interaction between cue type, direction of attention, and electrode
(F(1,18)=16.34, p=.001, an: .476). To better understand this interaction, follow-up
analyses were performed to explore attention effects as well as the effect of distractor
anticipation on stimulus processing.

2.5 Effects of Distractor Anticipation on Stimulus Processing at the P1

Examination of attention affects were carried out for displays containing distractors for both
distractor cue valid and distractor cue invalid trials using 2 (direction of attention: attend left
vs. attend right) by 2 (electrode: O1 vs. O2) repeated-measures ANOVAs. Distractor absent
conditions were not examined as the location of the target was always correctly cued, and
thus, no ERPs to unattended targets were available. Analysis of the distractor cue valid trials
showed a significant interaction between the direction of attention and the electrode
examined (F(1,18)=12.31, p=.003, an: .406). This interaction results from the P1 being
greater in amplitude over the hemisphere contralateral to the direction of attention (see
Figure 6). Similarly, analysis of the distractor cue invalid trials showed a significant
interaction between the direction of attention and electrode site (F(1,18)=12.24, p=.003,
an: .405). However, the direction of attention affects are reversed in the distractor cue
invalid trials, with greater activity contralateral to the unattended distractor (see Figure 6). In
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the context of the affects of distractor anticipation on contralateral versus ipsilateral
processing, these data can be understood as showing that when distractors are anticipated,
processing contralateral to the direction of attention increases and processing ipsilateral to
the direction of attention decreases. The reverse is true when distractors are not anticipated;
processing contralateral to the direction of attention decreases and processing ipsilateral to
the direction of attention increases (see Figure 7).

3. Discussion

In Experiment 1 the behavioral and ERP data consistently show both target facilitation and
suppression of irrelevant stimuli. As anticipated based on previous studies (e.g., Awh et al.,
2003), reaction time data showed a slowing of responses to displays that contained
distractors, moreover, responses were slowed further if the presence of the distractor was not
anticipated (see Figure 2). Electrophysiological correlates of these effects were examined
both following the cue and following the presentation of the stimulus display. Differences in
early preparatory activity related to the type and direction of cue were not found in the time
frame and location typically associated with the EDAN. However, given the non lateralized
nature of the cue stimulus this was not unexpected (e.g., Jongen et al., 2007). In contrast,
late preparatory activity did show attention related activity similar to ADAN effects. Late
preparatory activity showed a negative difference in the hemisphere contralateral to the
direction of attention when a distractor was anticipated. Because this is a subtraction
waveform, this pattern can be interpreted as either a positive shift ipsilateral to the direction
of attention or a negative shift contralateral to the unattended hemifield. Either interpretation
suggests that frontal areas involved in the control of visuospatial attention are activated in
this task as has been seen in previous studies (e.g., Nobre, Sebestyen, Misiussi, 2000; Seiss,
Gherri, Eardley, and Eimer, 2007). Intriguingly, this effect was only observed in the present
study when a distractor was anticipated, supporting previous findings that the ADAN may
be modulated by distractor anticipation (Seiss et al., 2009). More specifically, data presented
here suggest late preparatory activity is modulated contralateral to the hemifield where the
distractor is anticipated. Jongen et al. (2007) suggest that the absence or reduction in cue
components such as the ADAN may be a result of a low level of need for selection. As the
distractor absent condition does not require the same degree of selection, this may be why
late preparatory activity did not show attention effects in the distractor absent condition.

To explore the effects of spatial attention and distractor anticipation on stimulus processing,
we examined the ERPs evoked by the stimulus displays. Facilitation contralateral to the
direction of attention (i.e., the location of target stimuli presentation) was seen at the P1
component when a distractor was present. Moreover, distractor anticipation influenced
processing contralateral to the direction of attention at the P1 with greater activity
contralateral to the direction of attention when a distractor was anticipated relative to when
it was not anticipated. Additionally, contralateral to the unattended hemifield, processing of
the unattended stimulus (i.e., the distractor) was greater when a distractor was not
anticipated in relation to when it was anticipated. Changes in processing ipsilateral to the
cued location late in cue processing as a function of distractor anticipation, combined with
decreased P1 processing contralateral to the unattended hemifield when a distractor was
anticipated, suggest that in addition to target enhancement, distractor suppression may
contribute to successful selective attention.

However, previous studies have shown that additional factors such as perceptual load of the
target stimulus influence distractor processing (e.g., Couperus, 2009; Handy et al., 2001).
Thus, it is possible that in addition to distractor anticipation, the nature of the target stimulus
may influence both facilitation as well as possible suppression of distractors. Evidence of
modulations in cue-related and stimulus-related activity might provide additional evidence
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of facilitative and suppressive mechanisms. To investigate this possibility, Experiment 2
explores the role of perceptual load in this task.

4. Experiment 2

Perceptual load theories of selective attention (e.g., Lavie, 1995) suggest that when the
perceptual load of the relevant task is high, fewer resources are left for the processing of
distractors. In contrast, when perceptual load is low, distractors are more fully encoded at
early levels of perceptual processing requiring selection at later levels of processing. The
task in Experiment 1 could be considered a high perceptual load task because it required
performance of a difficult perceptual discrimination, and performance was not at ceiling
(mean accuracy of 75.5 percent; SD 18.1, range 33-99). Findings of greater distractor
processing when a distractor was not anticipated in Experiment 1 would then suggest that
inhibition is present at high perceptual load. This would be consistent with recent work by
Torralbo and Beck (2008) who posit a mechanism for the effects of perceptual load on
selective attention that relies on local competition between neural representations of the
attended stimuli. For example, when stimuli are presented in a high density array (i.e., high
perceptual load) there is greater competition and biasing at local levels of processing which
increases the saliency of the attended item and reduces distractor interference. In constrast,
when a low density array is utilized, competitive interactions are not present and cannot aid
in selection, thereby leading to greater interference by distractors. This would therefore also
be the case when a distractor is presented in the contralateral hemifield to the target item as
these local competitive interactions are not present. While, this mechanism of selection does
not account for studies of perceptual load where load is manipulated using within target
modifications (i.e., a task that does not require some form of visual search such as changes
in discriminability of the stimulus, e.g., Handy et al. 2001), it might account for findings of
distractor inhibition in this task as greater top-down biasing may be necessary to reduce
interference from a distractor in the non-attended hemifield. Moreover, it supports studies
that find reduced processing of an unattended distractor when the target is at high perceptual
load as compared to low perceptual load due to greater need for top-down biasing of
attention at high perceptual load (e.g., Fu, Zinni, Squire, Kumar, Caggiano, Parasuraman,
2007). However, previous studies examining the effects of perceptual load on processing
using ERPs have presented the target and probe stimuli sequentially rather than concurrently
(e.g., Couperus, 2009; Handy et al., 2001; Fu et al., 2007). Thus it is not clear what, if any,
impact perceptual load of the target would have on distractor processing when the distractor
appears concurrently with the target. It has been proposed that reductions seen in the
processing of probe stimuli with increasing perceptual load is a function of a narrowing of
spatial attention. We might hypothesize based on these studies that if there are affects of
perceptual load, these affects would show reduced processing of distractor stimuli in the
presence of high perceptual load targets. Moreover, this effect may be achieved via
increased distractor suppression when a high perceptual load target is present. Thus, in
Experiment 2 the influence of perceptual load on target enhancement and distractor
suppression was examined. These effects were examined at the N1 in addition to the P1 as
previous research suggests that perceptual load in lateralized tasks may influence the N1
rather than the P1 (Barnhardt, Ritter, Gomes, 2008; Fu, Huang, Luo, Wang, Fedota,
Greenwood, Parasuraman, 2009; Handy and Mangun, 2000).

In addition to examining the effects of perceptual load, Experiment 2 also aims to clarify the
effects seen in Experiment 1 by ensuring that post-cue effects such as those seen in late
processing of the cue do not reflect stimulus properties. To this end, Experiment 2 included
a task that examined the effects of the cue alone. However, as no significant effects were
seen between the different types of cues (p’s>.05) this task is not presented.
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5. Results

5.1 Behavioral Analyses

In order to evaluate whether distractor anticipation or perceptual load of the target
influenced behavior, we evaluated the reaction time and accuracy data using a 2 (distractor
frequency; frequent vs. infrequent) by 2 (perceptual load of target; low vs. high) by 2
(distractor presence; present vs. absent) repeated-measures ANOVAS; these were conducted
separately for frequent and infrequent distractor epochs. Analysis of accuracy data showed a
main effect of perceptual load (F(1,19)=26.92, p<.001, np22.586) with greater accuracy for
low perceptual load targets as compared to high perceptual load targets. Additionally there
was a significant interaction between distractor frequency and distractor presence

(F(1,19) )=7.23, p=.015, np2:.276). Follow-up t-tests suggest this effect resulted from
reduced accuracy when a distractor was present in the infrequent distractor epochs (t(19)=
—2.79, p=.013).

Analysis of reaction time data also showed a main effect of perceptual load (F(1,19)=72.14,
p<.001, np2:.792) with slower reaction times to high perceptual load targets, and a main
effect of distractor presence (F(1,19)=52.40, p<.001, an:.734) with slower reaction times
when distractors were present (see Figure 8). Additionally, there was a significant
interaction between distractor frequency and distractor presence (F(1,19)=18.30 p<.001,
np2:.491) reflecting slower reaction times when a distractor was present in the infrequent
distractor epoch as compared to the frequent distractor epoch (t(19)=-2.55, p=.02).

5.2 Early Preparatory Activity Following the Cue — (270-320 ms post-cue)

Two 2 (distractor frequency: frequent vs. infrequent) by 2 (perceptual load: high vs. low) by
2 (cue direction: right vs. left) by 2(electrode: left hemisphere vs. right hemisphere) repeated
measures ANOVAs on occipital electrodes (O1i/0O2i, TO1/TO2) examined processing of the
cue between 270 and 320ms after cue presentation (see Figure 9). Both electrode pairs
showed a significant main effect of hemisphere (O1i/02i, F(1,19)=5.32, p=.033, np2=.219;
TO1/TO2, F(1,19)=6.46, p=.02, np2=.254) with stronger negativities in the left hemisphere.
Additionally, both showed a significant interaction between the direction of the cue and the
electrode (O1i/02i, F(1,19)=13.88, p=.001, np2=.442; TO1/TO2, F(1,19)=14.52, p=.001,
np2=.433) reflecting greater negativities in Oli and TO1 for cues directing attention to the
right hemifield as compared to those directed to the left.

5.3 Late Preparatory Activity Following the Cue — (360-460 ms post-cue)

Three 2 (distractor frequency: frequent vs. infrequent) by 2 (perceptual load: high vs. low)
by 2 (cue direction: right vs. left) by 2 (electrode: left hemisphere vs. right hemisphere)
repeated measures ANOVASs on fronto-central electrode pairs (F7/F8, F3a/F4a, F3/F4)
examined processing of the cue between 360 and 460ms after presentation (see Figure 9).
While there was only one significant main effect (the F7/F8 pair showed a main effect of
electrode (F(1,18)=5.89, p=.026, np22.246) with a stronger positive deflection in F7 as
compared to F8), there were a number of significant interactions. Of particular interest in
examining late preparatory activity was the finding of a significant or trend interaction in all
three electrode pairs between direction of the cue and the electrode (F7/F8, F(1,18)=30.49,
p<.001, ny?=.629; F3a/F4a, F(1,18)=4.36, p=. 051, ny?=.195; F3/F4, F(1,18)=8.43, p=.009,
np22.319). This attention affect was strongest in the F7/F8 pair creating a negative
component when processing from left directed cues is subtracted from right directing cues in
the hemisphere contralateral to target presentation. As in Experiment 1, this could also be
interpreted as greater processing ipsilateral to the direction of the cue. Additionally, the F3a/
F4a and F3/F4 electrode pairs had significant interactions related to these attention effects.
The F3a/F4a electrode pair showed an interaction between the frequency of the distractor,

Brain Res. Author manuscript; available in PMC 2011 November 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Couperus and Mangun Page 9

the direction of the cue, and the electrode (F(1,18)=4.89, p=.04, an:.213) that was driven
by a stronger attention effect at F3a when distractors appeared frequently (i.e., the frequent
distractor epoch; t(18)=2.14, p=.046; see Figure 10). In contrast, the F3/F4 pair showed an
interaction between perceptual load and electrode (F(1,18)=8.31, p=.01, an:.316) as well as
between perceptual load, cue direction, and electrode (F(1,18)=5.01, p=.038, np2:.218). The
interactions at F3/F4 reflect a greater attention effect at F3 at high perceptual load
(t(18)=3.06, p=.007, Figure 11). Thus, while distractor presence affects the strength of the
attention effects at F3a, perceptual load influences this effect at F3. While not anticipated,
there was a significant interaction between perceptual load and direction of the cue in all
three electrode pairs (F7/F8, F(1,18)=4.78, p=.042, an:.21o; F3a/F4a, F(1,18)=4.78, p=.
042, np2=.210; F3/F4, F(1,18)=5.40, p=.032, ny?=.231). The pattern of differences that led
to this interaction is exemplified in the F3/F4 electrode pair where there was significantly
greater processing of cues directed to the left hemifield as compared to right hemifield at
high perceptual load (t(18)=2.39, p=.028) while the same was not true for low perceptual
load directing attention to the right hemifield (t’s>.05).

5.4 Stimulus Processing at P1

Examination of attention, perceptual load, and distractor anticipation on the P1 were carried
out for displays containing distractors using a 2 (distractor frequency: frequent vs.
infrequent) by 2 (perceptual load: high vs. low) by 2 (direction of attention: attend left vs.
right) by 2(electrode: left vs. right hemisphere) repeated-measures ANOVA for four
electrode pairs (TO1/TO2, 01/02, O1i/02i, and PO1/PO2). There was a main effect of
distractor frequency in the two most occipital electrode pairs (TO1/TO2, F(1,19)=5.24, p=.
034, ny?=.216; O1i/02i, F(1,19)=5.36, p=.032, ny?=. 220) reflecting greater amplitudes
during the frequent distractor epochs. A main effect of direction of attention in the 01/02
electrode pair (F(1,19)=6.48, p=.02, np2=.254) was the only other main effect. Interactions
were found for all electrode pairs between the direction of attention and electrode reflecting
attention effects at the P1 (PO1/PO2, F(1,19)=15,57, p=.001, np2=.45; 01/02,
F(1,19)=18.14, n,?=.488; O1i/O2i, F(1,19)=22.23, p<.001, 1y?>=.539; TOL/TO2,
F(1,19)=18.96, p<.001, np2=.499). The only other interaction was between distractor
frequency and electrode for the O1i/O2i pair (F(1,19)=4.38, p=.05, np2=.187). To better
understand this interaction, and explore a priori hypotheses concerning the effects of
perceptual load which may have been masked by effects of distractor frequency, follow-up
analyses were conducted.

5.5 Effect of Distractor Anticipation on Stimulus Processing at P1

Examination of attention affects were carried out within both the frequent and infrequent
distractor epochs for trials containing distractors using 2 (perceptual load; low vs. high) by 2
(direction of attention; left vs. right) by 2 (electrode; left hemisphere vs. right hemisphere)
ANOVAs for four electrode pairs, TO1/TO2, 01/02, O1i/O2i, and PO1/PO2. In the
frequent distractor condition we found a significant interaction between hemifield of
presentation and electrode for all electrode pairs (TO1/TO2, F(1,19)=8.96, p=.007, npzz.
320; 01/02, F(1,19)=10.68, p=.004, np22.360; 01i/02i, F(1,19)=18.44, p<.001, an:.492;
PO1/P0O2, F(1,19)=8.92, p=.008, an:.SZO; see Figure 12). These interactions arise because
P1 amplitude is greater over the hemisphere contralateral to the direction of attention, as
observed in Experiment 1. This is more pronounced for the TO1/T02 scalp sites. There were
no affects of perceptual load on processing contralateral to the target in this task.

The infrequent distractor epoch also showed a significant interaction between the direction
of attention and the electrode site (TO1/TO2, F(1,19)=23.91, p<.001, an:.557; 01/02,
F(1,19)=20.67, p<.001, an:.521; 01i/02i, F(1,19)=10.94, p=.004, an:.365; PO1/PO2,
F(1,19)=17.93, p<.001, np2:.486) reflecting greater processing contralateral to the
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presentation of the target stimulus. Additionally, while effects of distractor frequency were
smaller in Experiment 2, the direction of influence of distractor anticipation on attention was
the same between frequent and infrequent epochs in Experiment 2 as in Experiment 1 (i.e.,
when distractors are anticipated, processing contralateral to the direction of attention
increases and processing ipsilateral to the direction of attention decreases while the reverse
is true when distractors are not anticipated; processing contralateral to the direction of
attention decreases and processing ipsilateral to the direction of attention increases, see
Figure 14). Again, there were no affects of perceptual load on processing contralateral to
target presentation.

5.6 Stimulus Processing at N1

Examination of attention, perceptual load, and distractor anticipation on the N1 were carried
out for displays containing distractors using a 2 (distractor frequency: frequent vs.
infrequent) by 2 (perceptual load: high vs. low) by 2 (direction of attention: left vs. right) by
2(electrode: left vs. right hemisphere) repeated-measures ANOVA for four electrode pairs
(TO1/TO2, 01/02, 0O1i/02i, and PO1/PO2). There was a main effect of electrode for the
01/02 pair (F(1,19)=6.05, p=.024, np2=.224) reflecting greater activity in the left
hemisphere. However, the most widespread finding was of an interaction between the
direction of attention and electrode reflecting attention effects at the N1 that are a result of
attentional changes at the P1 (PO1/PO2, F(1,19)=14.41, p=.001, n, 2= 431; 01/02,
F(1,19)=16.66, p=.002, np2 413; 01i/02i, F(1,19)=14.83, p= 001 npz— 438; TO1/TO2,
F(1,19)=15.37, p=.001, Tlp =.447). The only other interactions were in the 01/02 pair
between perceptual load, direction of attention, and electrode (F(1,19)=5.39, p=.031, T]p
221) and between distractor frequency, perceptual load, direction of attention and electrode
(F(1,19)=5.77, p=.027, np2=.233). To better understand these interactions, and explore a
priori hypotheses concerning the effects of perceptual load (which may have been masked
by effects of distractor frequency), follow-up analyses were conducted.

5.7 Effect of Distractor Anticipation on Stimulus Processing at N1

Examination of attention affects were carried out within both the frequent and infrequent
distractor epochs for trials containing distractors using 2 (perceptual load: high vs. low) by 2
(direction of attention: right vs. left) by 2 (electrode: left vs. right hemisphere) ANOVAs for
four electrode pairs, TO1/TO2, 01/02, O1i/O2i, and PO1/PO2 (see Figures 12 and 13).

Repeated measures ANOVAS in the frequent distractor condition showed a significant
interaction between hemifield of presentation and electrode for all electrode pairs (TO1/
TO2, F(1,19)=10.17, p= 005 Np 2=,349; 01/02, F(1,19)=9.83, p=.005, npz_ 341; 01i/02i,
F(1,19)=11.54, p=.003, np = 378 PO1/PO2, F(1,19)=8.40, p=.009, an_ 307). These
interactions reflect an effect of attention at N1 with greater processing contralateral to the
direction of attention. Additionally, there was a main effect of electrode in both the 01/02
and P01/P02 electrode palrs (01/02, F(1,19)=6.18, p=.022, an_ 245; PO1/PO2,
F(1,19)=5.47, p=.03, ﬂp . 223). However, more interestingly, there was a significant
interaction between perceptual load and electrode for the TO1/TO2 electrode pair
(F(1,19)=6.03, p=.024, ﬂp .241), an interaction between perceptual load, direction of
attention, and electrode in the O1/02 electrode pair (F(1,19)=7.09, p=.015, npz_ 272), and
trend for the same interaction at the PO1/PO2 electrode pair (F(1,19)=3.59, p=.073, n =
159). These interactions reflect a greater attention effect at high perceptual load for the Ol/
02 electrode pair, and possibly the PO1/PO2 electrode pair (see Figure 15).

Repeated measures ANOVAs in the infrequent distractor condition also showed a significant
interaction between hemifield of presentation and electrode for all electrode pairs (TO1/
TO2, F(1,19)=15.72, p=.001, np?=.453; 01/02, F(1,19)=12.70, p=.002, 1,?=.401; O1i/02i,
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F(1,19)=11.02, p=.004, an:.367; PO1/PO2, F(1,19)=15.30, p=.001, an:.446). However,
unlike the effects during the frequent distractor epoch, no significant interactions were found
with perceptual load in the infrequent distractor epoch.

6. Discussion

As anticipated based on Experiment 1, Experiment 2 showed attention affects in the cue-
stimulus interval as well as target facilitation and distractor suppression at stimulus onset.
Evidence of preparatory activity prior to stimulus onset was seen in an attention effect at
both early (270-320ms) and late (360-460ms) time periods following cue presentation.
Moreover, this effect was modified by the frequency of the distractor at F3a and by
perceptual load of the target at F3 during the later time period.

Processing enhancement contralateral to the direction of attention (i.e., the location of target
presentation) was seen at both the P1 and the N1 regardless of distractor anticipation.
Additionally, distractor anticipation modulated processing contralateral to both target and
distractor presentation. When distractors were frequently present, processing contralateral to
the presentation of target items showed stronger processing at P1, conversely, distractors
showed reduced processing when they occurred within a frequent distractor epoch.

Similar to previous studies of perceptual load which have found changes in both target (e.g.,
Barnhardt et al., 2008; Handy and Mangun, 2000) and distractor processing (e.g., Handy et
al., 2001), effects of perceptual load were seen in this task at stimulus onset. This effect was
a modulation of attention effects between high compared to low perceptual load at the N1
(for electrodes 01/02). One possibility for why these findings were not seen at additional
electrode sites is that affects of perceptual load on stimulus processing exist in other
electrodes, but that affects of distractor anticipation were stronger, thus overshadowing
perceptual load affects. Secondly, it is possible that the low perceptual load task was not
sufficiently different in perceptual load to the high perceptual load task to produce a strong
modulation of the N1 despite significant differences in accuracy between low perceptual
load and high perceptual load targets.

6.1 General Discussion

It has been hypothesized that top down modulation of selective attention occurs via both
selective enhancement of target stimuli and (potentially) inhibition of distractor stimuli (for
review see Mangun, 1995; Seiss et al., 2009; Van der Stigchel et al., 2006). However, while
an abundance of data supports enhancement of attended stimuli both prior to, and at the
onset of target stimuli, evidence for distractor inhibition in relation to target processing has
rarely been explored (e.g., Seiss et al., 2009; Van der Stigchel et al., 2006). The purpose of
this study was to examine both preparatory activity as well as during stimulus processing to
better understand the potential contributions of enhancement and inhibitory processes to
attentional selection. Thus our aims were to replicate previous studies’ findings of enhanced
processing as a function of selective attention, and to examine how the anticipation (and
presence) of a distractor, as well as the level of perceptual load of the target, influenced that
processing.

6.1.1 Preparatory Activity—Previous research has examined multiple components
related to preparatory attention. Notably the EDAN and ADAN have been thought to reflect
the interpretation of the cue and allocation of attention to the cued location. Interestingly,
while the cue in Experiment 1 (indicating the presence of a distractor and the target location)
did not produce attention affects in early preparatory activity (in a component analogous to
the EDAN), the cue in Experiment 2 (indicating the perceptual load of the target and its
location) did show modulations in attention. The findings in Experiment 2 cannot be
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accounted for by stimulus properties of the cue as a control task did not find such effects.
However, they also cannot be accounted for by information about perceptual load within the
cue as this did not influence attentional effects in early preparatory activity. Thus, the only
remaining difference between Experiment 1 and Experiment 2 was the use of a block design
in Experiment 2 which may have strengthened attention effects by eliminating the need to
change the scope of attention from trial to trial. This suggests that the presence of attentional
effects in early preparatory activity can be influenced by the meaning of the cue when the
cue contains more than directional information.

In contrast to early preparatory activity, late preparatory activity (in a component analogous
to the ADAN) showed similar effects in both experiments. Late preparatory activity showed
effects of attention regardless of the secondary meaning of the cue. This supports previous
studies which suggest the ADAN is related to activation of frontal areas that control
visuospatial attention (e.g., Nobre, Sebestyen, Misiussi, 2000; Seiss, Gherri, Eardley, and
Eimer, 2007). Moreover, in both experiments attentional effects were modulated by
additional factors. In both experiments the attentional effect was modulated by the future
presence of a distractor (as indicated by the cue in Experiment 1 and the epoch type in
Experiment 2) supporting recent findings by Seiss et al. (2009) of a greater difference in
negatively contralateral to the cued direction when a distractor was anticipated (alternatively
viewed as greater activity contralateral to the direction of the distractor and ipsilateral to the
cued direction). This effect was present at F7 and F8 in Experiment 1 and F3a in Experiment
2. Importantly F3a in Experiment 2 is very close in location to F7 (sitting on the scalp
slightly closer to midline than F7) and thus may reflect a similar origin of processing.
Moreover, Experiment 2 also showed the attentional effect in late cue activity may be
modulated by perceptual load, as seen in an interaction at F3. These findings suggest that
other aspects of the control of visuospatial attention (aside from the location of attention) are
processed in frontal areas.

6.1.2 Stimulus Processing—As in previous studies of spatial selective attention (see
Mangun 1995 for review), effects of selective attention contralateral to the presentation of
target stimuli were found in both Experiment 1 and 2. Specifically, both experiments
showed a higher amplitude P1 response over the occipital scalp contralateral to the direction
of attention (left vs. right hemifield). Moreover, in both experiments when a distractor was
anticipated either by the presence of an informative cue, or by the nature of the epoch (i.e.,
frequent distractors were present), processing contralateral to the presentation of the
attended target was stronger than when a distractor was not anticipated. Additionally, while
previous research has examined distractor processing, it rarely looks at inhibition or
suppression of distractors (e.g., Van der Stigchel et al., 2006). Moreover, when examined,
distractor suppression is often thought of as a secondary effect of attending selectively to
relevant targets. In these accounts of distractor processing, enhanced target processing more
efficiently competes for representation by counteracting suppressive influences of nearby
stimuli (Desimone & Duncan, 1995). However, results from this study suggest that
distractors can also be suppressed when competition is not produced within the receptive
field of the target item. In this study, effects of distractor suppression were seen at the P1
which has been shown previously to reflect processing in extrastriate cortex (e.g., Heinze et
al., 1994; Clark and Hillyard, 1996). Moreover, the suppressive interactions that occur
within the exastriate cortex are strongest from nearby stimuli (i.e., within 2—4 degrees; Bles,
Schwarzbach, DeWeerd, Goebel, Jansma, 2006; Kastner, De Weerd, Pinsk, Elizondo,
Desimone, Ungerlieder, 2001). In contrast, distractor stimuli in this task were presented in
different hemifields and were approximately 7.6 degrees from the target stimuli at their
closest point (center of target to center of distractor was approximately 9.5 degrees). Thus, it
is unlikely that local competitive suppression contributed significantly in this task. However,
in both experiments distractor suppression was seen at the P1 when distractors could be
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anticipated. Importantly this effect was seen both in a trial by trial design (Experiment 1)
and a block design (Experiment 2) with effects that were in the opposite direction to those
seen contralateral to target presentation. Thus effects are not related to overall changes in the
sensitivity of processing, but are determined by the ability to anticipate the presence of a
distractor and suggest a top-down biasing of activity related to distractor processing.

Finally, as in previous research, processing contralateral to the presentation of a distractor
was influenced by the perceptual load of the target. However, effects were only seen in late
activity following the cue in one electrode (F3) and at the N1 in one electrode pair (01/02).
Possible explanations for the lack of a stronger effect include the overshadowing of
perceptual load differences by other effects such as distractor anticipation or insufficient
differences between high and low perceptual load targets.

Findings from this study suggest alterations in both cue and stimulus processing as a
function of selective attention. Moreover, these effects differ as a function of the presence or
absence of a distractor stimulus and may be modulated by perceptual load. While target
processing is enhanced by selective attention the effect is reduced when a distractor is
present but not anticipated. This mirrors behavioral effects which show facilitation of target
processing when distractors are anticipated in comparison to when they are not. Moreover,
effects of selective attention can be seen both prior to stimulus onset in late activity
following the cue in a time window similar to the ADAN (and under some conditions in the
time window of the EDAN) as well as during stimulus processing at the P1. This effect is
modulated by the anticipation of a distractor primarily at the P1 although effects during the
cue-stimulus interval may be seen in late cue activity. Moreover, perceptual load may also
modulate attention effects both prior to stimulus onset during late cue activity as well as
during stimulus processing at the N1.

Importantly this study demonstrates that distractor processing is influenced by the ability to
anticipate distractor appearance as well as anticipation of perceptual load. Modulations of
attention effects late in post-cue activity in combination with reductions in the P1 when the
distractor could be anticipated or at the N1 when perceptual load was high, suggest an active
process of distractor suppression guided by top-down mechanisms.

7. Experimental Procedures Experiment 1

7.1 Participants

Twenty adult participants, (M= 22.0 years, SD=2.79) participated in the study. Participants
were recruited from Hampshire College and paid $10 for each hour of participation for a
maximum of $20. Ten males and ten females participated (18 Caucasian, 1 Asian, 1 African
American). Based on self report, participants were excluded from participation if they were
left handed, had non-correctable visual impairments, diagnosed with learning disorders,
currently on psychotropic medications, or born prematurely (i.e., less than 36 weeks).

7.2 Procedures

After completing the consent process, all participants completed questionnaires to obtain
demographic information and brief psychological and medical histories. Participants were
then prepared for electrophysiological recording by application of the electrodes, whereupon
they participated in the selective attention task.

7.3 Stimuli and Task

The paradigm was based on a design used by Hopf, Boelmans, Schoenfeld, Heinze, and
Luck (2002). On each task trial, a cue (consisting of a set of two arrows, each arrow a
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different color, 0.5 x 1.0 degrees of visual angle) was presented for 150 ms followed by a
random interstimulus interval of 1000 to 1300 ms, and then the stimulus display for 100 ms.
The participant was encouraged to respond by pushing a response button rapidly and
accurately — the next trial did not begin until after the subjects responded. The intertrial
interval (response to next cue) varied from 200 to 500 ms.

There were two types of target stimulus displays; a unilateral (target only) and a bilateral
(target plus distractor) display. The bilateral display consisted of two arrays of seven circular
objects each (1.3 degrees for each circle). Each circle was half white and half black and was
presented on a gray background that was isoluminant with the space-averaged luminance of
the circles (see Figure 1). The circle sets were 8 degrees from fixation measured to the
center of the set, and each set subtended 4.6 x 4.2 degrees visual angle. The participant was
asked to maintain fixation on a central fixation marker, covertly attend to one side of the
display, and indicate using a button press if the center circle of the array was black in the
upper half (right mouse button) or in the lower half of the circle (left mouse button). The
circles on the unattended side were presented only in a vertical orientation, thus containing
no information regarding the correct response. The unilateral display only contained circles
on the attended (cued) side of the display. The cue prior to the onset of each display
provided two pieces of information. It accurately indicated the hemifield in which the target
would appear (probability 1.0), and predicted whether a distractor was likely to appear in the
display (probability 0.70). That is, the location of the target, and therefore of covert
attention, was correctly signaled by the cue, while the presence of the distractor was
probablistically predicted by the cued. The cue arrow was orange on one side and blue or
green on the other; the color blue or green indicating both the side of the target and if a
distractor would be present.

Each session consisted of 1000 trials that were presented in blocks of 100 trials each. The
experimental session took approximately 1.5 hours including initial set up and debriefing.

7.4 Electrophysiological Methods

Scalp electroencephalograms (EEGSs) were recorded using tin electrodes embedded in an
elastic cap (Electro-cap International). The 32 electrodes were located at standard sites of
the International 5-20 system of electrode placement (e.g., Jurcak et al., 2007) as follows:
Fz,FPZ,CZ, CPZ, PZ, OZ, FP1, FP2, F7, F8, F3, F4, FT7, FT8, T7, T8, C3, C4, TP7, TP8,
CP3, CP4, P7, P8, P3, P4, 01, 02, HEOG, VEOG. EEG was recorded to a common
reference, and then each electrode was algebraically re-referenced off-line to the mean of the
left and right mastoid electrodes; impedances were kept below 5k ohms for all participants.
The mastoid reference is preferred when using a smaller number of channels because an
average reference (mean of recorded electrodes) is not as accurate under such conditions
(Handy, 2005). The EEGs were amplified using a Synamps 1 Amplifier at a bandpass of 0.1
to 100 Hz, and digitized at a sampling rate of 500 samples per second. To ensure eye
fixation, electrooculograms (EOG) were recorded for both vertical (from an electrode
inferior to the left eye) and horizontal (from an electrode on the right outer canthus) eye
movements.

7.5 ERP Data Analysis and Reduction

EEGs were sorted into epochs off-line (200 ms pre-stimulus to 600 ms post-stimulus), and
artifact-free trials were averaged to yield ERPs for the different cue and stimulus types in the
various conditions. The ERPs were baseline corrected using the mean of the 200 ms pre-
stimulus period. Artifact rejection involved the automated exclusion of trials if they
contained significant ocular artifacts (defined as amplitudes +/— 50 pvolts at vertical or
horizontal eye electrodes), muscle, or movement artifacts. Trials were also excluded by hand
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if they contained excessive alpha activity in more than 3 channels (i.e., 10% of total
channels). Channels that were consistently noisy across the experiment were marked as such
and not used in analyses. To ensure all trials with artifacts were eliminated, each trial was
also visually reviewed. Participants were eliminated from analysis if there were more than 3
noisy channels (Picton et al., 2000), a channel of interest was noisy, or if the participant had
less than 50 (distractor cue valid) or 30 (distractor cue invalid) artifact free trials within each
condition. These criteria resulted in one subject being eliminated from analyses of cue
related activity that involved occipital leads. ERP components of interest were quantified
using mean amplitude measures over intervals that captured the component of interest. The
same measurement window was used for a given component across all subjects.

Cue-evoked waveforms were computed for each participant for each of the four cue
conditions: Distractor Present on Left, Distractor Present on Right, No Distractor Present on
Left, No Distractor Present on Right. Statistical analysis of early preparatory activity was
based on mean amplitude measured over a 50-msec time window, centered approximately
on the peak amplitude of the component seen in the grand-averaged waveforms of the left
and right occipital leads O1, O2 from 270-320 ms post-cue (similar to studies of the
EDAN). Statistical analysis of late preparatory activity was based on mean amplitude
measured over a 100-msec time window, centered approximately on the peak amplitude of
the component seen in the grand-averaged waveforms of the left and right frontal leads F7,
F8, F3, F4 from 360-460 ms post-cue (similar to studies of the ADAN). Repeated measures
ANOVA'’s were used to examine both the early and late preparatory activity.

Stimulus-evoked waveforms were computed for each participant for each condition:
Distractor Cue Valid to the Left and Right as well as Distractor Cue Invalid to the Left and
Right. Quantification of the P1 ERP component was based on mean amplitude measured
over a 50-msec time window centered approximately on the peak amplitude of the P1 seen
in the grand-averaged waveforms of the left and right occipital leads O1, O2 (100-150 ms
post-stimulus). Amplitude data were analyzed at electrodes contralateral to both targets and
distractors when a distractor was present using repeated measures ANOVA'’s to be
consistent with the broader ERP literature. Reaction time and accuracy data were also
analyzed using repeated measures ANOVA'’s.

8. Experimental Procedures Experiment 2

8.1 Participants

Twenty adult participants, (M= 25.1 SD=5.4) participated in this study. Participants were
recruited from the University of California at Davis. Participants were paid $10 for each
hour of participation for a maximum of $40. Ten males and 10 females participated (12
Caucasian, 4 Asian, 2 Asian/White, 1 Pacific Islander, and 1 Native American/Alaskan).
Based on self report, participants were excluded prior to participation if they were left
handed, had non-correctable visual impairments, were diagnosed with or suspected of
having learning disorders, were currently on psychotropic medications, or were born
prematurely (i.e., less than 36 weeks).

8.2 Procedures

After completing the consent process all participants completed questionnaires addressing
demographic information as well as a brief psychological and medical history. Participants
were then prepared for electrophysiological recording by application of the electrodes,
whereupon they participated in two tasks, first an oddball task (to examine processing to the
cuel) and second a modified version of the selective attention task from Experiment 1 where
perceptual load was manipulated.

Brain Res. Author manuscript; available in PMC 2011 November 4.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Couperus and Mangun Page 16

8.3 Stimuli and Task

The selective attention paradigm as well as the timing of cue and stimulus presentation was
the same as in Experiment 1 except for the following changes. As in Experiment 1 there
were two types of target displays, a unilateral and a bilateral display and the participant was
asked to attend to one side of the display and indicate if the center circle was black in the
upper half or in the lower half. However, in this task there were two types of target stimuli,
high perceptual load stimuli and low perceptual load stimuli. The level of perceptual load of
the trial was determined by the surrounding circles for the circles on the attended side. Low
perceptual load stimuli consisted of surrounding circles of the same orientation as the center
circle and high perceptual load stimuli consisted of surrounding circles of incongruent
orientations (as were used in Experiment 1, see Figure 1). As in Experiment 1 the circles on
the unattended side were presented only in a vertical orientation, thus with no usable
information concerning the correct response. However, in contrast to Experiment 1, the cue
did not indicate the presence or absence of a distractor. Instead, participants were presented
with two epochs of trials, one in which distractors were frequently present (probability 0.70,
i.e., the frequent condition) and one in which distractors appeared infrequently (probability,
0.30, i.e., the infrequent condition). However, the cue prior to the onset of the stimulus still
provided two pieces of information. First, it indicated the side of the display to be attended.
Second, it provided the level of perceptual load of the target stimulus. The cue accurately
predicted the side to be attended (probability 1.0), and predicted the likely perceptual load of
the target stimulus (probability 0.70). That is, the location of the target, and therefore of
covert attention, was correctly signaled by the cue, while the perceptual load of the target
was probablistically predicted by the cued. The cue arrow was orange on one side and blue
or green on the other; the color blue or green indicating both the side of the target and the
perceptual load of the target stimulus. This was done to provide catch trials that allow the
separation of expectations based on the cue and stimulus driven changes in perceptual
processing. No information was provided regarding the likelihood of a bilateral versus
unilateral display. However, the presence of trials within each epoch that violated
expectations (i.e., the presence of a distractor in the epoch in which distractors were
infrequent or the reverse) allowed for examination of distractor anticipation similar to the
use of invalid distractor cues in Experiment 1.

Each session contained two epochs of 1000 trials that were presented in blocks of 100 trials
each. One epoch contained frequent distractors and the other contained infrequent
distractors. The two epochs were counterbalanced for participants. Each epoch took
approximately 40 minutes for a total session of approximately 2.5 hours including initial set
up and debriefing.

8.4 Electrophysiological Methods

Scalp electroencephalograms (EEGs) were recorded from 62 tin electrodes sewn into an
elastic cap (Electro-cap International): FPZ, FZ, FCZ, CZ, CPZ, PZ, POZ, OZ, INZ, FP1,
FP2, F7, F8, F3a, F4a, F3, F4, F7p, F8p, F3i, F4i, C3a, C4a, C3, C4, FC1, FC2, PA1, PA2,
C5, C6, Cla, C2a, T3, T4, Clp, C2p, C5p, C6p, P34, P4a, P1, P2, P3i, P4i, PO1, PO2, O1,
02, T3i, T4i, TO1, TO2, T1i, T2i, O1i, O2i, I1, 12, HEOGL, HEOGR, LVEOG. Electrodes
were re-referenced as in Experiment 1 and impedances were kept below 5k ohms. The
EEG’s were amplified using a Synamps 2 Amplifier with the same bandpass filter and
sampling rate as in Experiment 1. Additionally, electrooculogram’s (EOG) were recorded as
in Experiment 1.

1The oddball task consisted of stimuli that were the same as the cues used in the selective attention task. The oddball was created by
introducing a red arrow within 20% of the stimuli to which participants were asked to respond. Analysis of P1 and N1 responses to the
non-target stimuli (ie cue stimuli) showed no significant differences in processing (p’s>.05).
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8.5 Data Analysis and Reduction

EEGs were sorted into epochs off-line (200 ms pre-cue to 1000 ms post-cue and 200 ms pre-
stimulus to 1000 ms post-stimulus), and artifact-free trials were averaged to yield ERPs for
the different cue and stimulus types in the various conditions. The ERPs were baseline
corrected using the mean of the 200 ms pre-stimulus period. Artifact rejection involved the
automated exclusion of trials if they contained significant ocular artifacts (defined as
amplitudes +/— 50 pvolts at vertical or horizontal eye electrodes), or muscle or movement
artifacts. Trials were also excluded by hand if they contained excessive alpha activity in
more than 10% of channels. Channels that were consistently bad across the experiment were
marked as such and not used in analyses. To ensure all trials with artifacts were eliminated,
each trial was also visually reviewed. Participants were eliminated from analyses if 10% or
more channels were bad (Picton et al., 2000) or had less than 40 artifact free trials in any of
the analyzed conditions. ERP components of interest were quantified using mean amplitude
measures over intervals that captured the component. The same measurement window was
used for a given component across all subjects.

Cue-evoked waveforms were computed for each participant for the modified selective
attention task for each of the four cue conditions directing attention to each side of the
display: Frequent Epoch High Load, Frequent Epoch Low Load, Infrequent Epoch High
Load, and Infrequent Epoch Low Load. Statistical analysis of early preparatory activity was
based on mean amplitude measured over a 50-msec time window, centered approximately
on the peak amplitude of the early component seen in the grand-averaged waveforms of the
left and right occipital leads O1i, O2i (270-320 ms post-cue, similar to the EDAN).
Statistical analysis of late preparatory activity was based on the mean amplitude measured
over a 100-msec time window, centered approximately on the peak amplitude of the
component seen in the grand-averaged waveforms of the left and right frontal leads F3a and
F4a (360-460 ms post-cue, similar to the ADAN). One participant’s data was not included
in analyses of late cue activity as several frontal electrodes (F4a, F4, F8) contained
significant noise. Repeated measures ANOVAs were used to examine the early and late
preparatory activity.

In addition to cue grand averages, grand-average waveforms to stimulus displays for each
participant for each of the four conditions were created: Frequent Epoch High Load,
Frequent Epoch Low Load, Infrequent Epoch High Load, and Infrequent Epoch Low Load.
Statistical analysis of P1 data was based on the mean amplitude measured over a 50-msec
time window, centered approximately on the peak amplitude of the P1 seen in the grand-
averaged waveforms of the left and right occipital leads TO1,TO2, O1, 02, O1i, O2i, PO1,
and PO2 (110-160 ms post-stimulus). Statistical analysis of N1 data was based on mean
amplitude measured over a 50-msec time window, centered approximately on the peak
amplitude of the N1 seen in the grand-averaged waveforms of the left and right occipital
leads TO1, TO2, 01, 02, O1i, O2i, PO1, and PO2 (165-215 ms post-stimulus). Data were
analyzed using repeated measures ANOVA'’s to be consistent with the broader ERP
literature. Additionally reaction time and accuracy data were also analyzed using repeated
measures ANOVAs.
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Figure 1.
Experiment 1. Selective attention task stimulus displays.
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Figure 2.
Experiment 1. Reaction times to target stimulus.
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Figure 3.

Experiment 1. ERPs to cues directing attention as a function of cue type at 01/02 showing a
significantly stronger negative peak when a cue to the right also indicated a distractor would

be present.
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Experiment 1. ERPs to cues directing attention (collapsed across cue type: indication of
distractor presence) show Late Preparatory Activity at F7/F8 reflecting significant attention

effects.
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Figure 5.

Experiment 1. ERPs to cues at F7 when the cue indicated a distractor would or would not be

present.
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Figure 6.

Experiment 1. Effects of distractor anticipation on attention effects at the P1 in occipital

leads (01/02) (all attention effects significant at P1).
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Experiment 1. Effect of distractor anticipation on stimulus processing at occipital leads (O1/

02) as a function of the direction of attention (all effects significant at P1).
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Figure 8.
Experiment 2. Reaction times to target stimuli.
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Figure 9.
Experiment 2. ERPs to cues directing attention (collapsed across cue type: indication of

distractor presence) demonstrating a) significant affects of attention in late preparatory
activity at frontal leads F7/F8, F3a/F4a, F3/F4, b) significant attention effects in early
preparatory activity at occipital leads O1i/O2i, TO1/TO2.
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Figure 10.

Experiment 2. Effects of distractor anticipation on late preparatory activity at F3a
demonstrating significant attention effects when a distractor was anticipated.
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Figure 11.

Experiment 2. Effects of perceptual load on late preparatory activity at F3 demonstrating
significant attention effects at high perceptual load.
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Figure 12.

Experiment 2. Frequent Distractor Epoch: Effects of distractor frequency on attention
showing significant attention effects at P1 and N1 at occipital leads TO1/TO2, 01/02, O1i/
02i, PO1/PO2 (collapsed across perceptual load).
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Figure 13.

Experiment 2. Infrequent Epoch: Effects of Distractor Frequency on Stimulus Processing
showing significant attention effects at Occipital Leads TO1/TO2, 01/02, 0O1i/02i, PO1/
PO2 (collapsed across perceptual load).
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Figure 14.

Experiment 2. Effects of distractor anticipation on stimulus processing at P1 for occipital
leads (TO1/TO2 representative electrodes with significant effects at P1).
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Figure 15.

Experiment 2. Effect of perceptual load on stimulus processing at N1 for occipital leads (O1/
02) showing significant attention effects at high perceptual load.
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