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Accuracy for a second target (T2) is reduced when it is presented within 500 ms of a first
target (T1) in a rapid serial visual presentation (RSVP)—an attentional blink (AB). Reducing
the amount of attentional investment with an additional task or instructing the use of a
more relaxed cognitive approach has been found to reduce themagnitude of the AB. As well,
personality and affective traits, as well as affective states, associatedwith amore diffused or
flexible cognitive approach have been found to predict smaller AB magnitudes. In the
current study, event-related desynchronization in the alpha range was used to investigate
whether the degree of attentional investment in anticipation of a RSVP trial was related to
the behavioral outcome of that trial. As hypothesized, greater alpha ERD before the RSVP
trial, indicating greater anticipatory attentional investment, was observed on short lag trials
where an AB was present (inaccurate T2 performance) compared to short lag trials where an
AB did not occur. However, on trials where T2 was presented after a longer period relative to
T1, greater alpha ERD before the RSVP trial was found on trials with accurate T2
performance. Results support models of the AB that propose that greater attentional
investment underlies the AB, and furthermore that this attentional investment is prepared
in anticipation before each RSVP trial.
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1. Introduction

When two to-be-attended targets are presented in a rapid
serial visual presentation (RSVP) stream, accuracy for the
second target (T2) is reduced when it is presented within
500 ms of the first target (T1), relative to longer T1–T2
separations—a phenomenon known as the attentional blink
(AB; Raymond et al., 1992). The AB has been interpreted as
reflecting attentional limitationswhere attentional processing
rnell).
event-related desynchron

er B.V. All rights reserved
of T1 interferes with and/or delays the allocation of attention
to T2 if T2 is presented before T1 processing has been
completed (Shapiro et al., 1997).

1.1. Models of the AB

Traditional models of the AB tend to characterize the AB in
terms of bottlenecks on information processing (e.g., Chun
and Potter, 1995; Jolicoeur, 1998). For example, in the two-
ization; RSVP, rapid serial visual presentation; T1, first target; T2,
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1 Olivers and Nieuwenhuis indicated that the effect of music
played concurrently with the RSVP stream on AB magnitude
could not be consistently replicated (Olivers and Nieuwenhuis,
2006, Footnote 1).
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stage model of the AB (Chun and Potter, 1995), it is
proposed that there are two stages to target processing. At
the first stage, multiple stimuli can be processed in parallel
and temporary fragile representations of the stimuli are
created. In the second stage of processing, the fragile and
temporary representations are encoding into more durable
working memory representations that can be used for later
report. Stage two processing is time and attention demand-
ing such that a bottleneck is created at stage two processing
if T2 is presented while T1 is still undergoing stage two
processing, or if RSVP distractors are currently competing
for stage two processing resources. Until that bottleneck is
resolved, the encoding of any subsequent targets is delayed
leaving their perceptual representations vulnerable to decay
and reducing the probability that they will be accurately
reported. Thus, any unnecessary investment of stage 2
processing resources in T1 would be expected to exacerbate
the AB.

More recently, there have beenmodels of the AB suggesting
that some feature of cognitive control is responsible for the
pattern of attentional investment that results in the failure to
accurately report T2 at short target separations. For example,
in the Temporary Loss of Control model (TLC; Di Lollo et al.,
2005), it is suggested that cognitive control initially optimizes
an input filter in favor of T1. When attention is needed to
process the T1 stimulus, less attention is available to control
the input filter and the filter falls under bottom-up control. If
T2 is presented before cognitive control of the input filter is
restored, this loss of cognitive control impairs selection of T2,
resulting in the AB. Therefore, the TLC model implies that a
lack of top-down cognitive control following T1 is responsible
for the AB.

In the Boost-and-Bounce model (Olivers and Meeter, 2008),
it is proposed that the T1 item elicits an excitatory “boost” that
lasts long enough to also boost the distracter item that
immediately follows T1 into working memory. Cognitive
control then responds to the presence of this distracter with
an inhibitory “bounce” that prevents subsequent items,
including T2, from entering working memory. According to
this model, poor cognitive control over the “bounce” response
(i.e., an inability to prevent the “bounce”) seems to initiate the
context necessary for an AB.

The Threaded Cognition model (Taatgen et al., 2009) also
suggests that a memory function initiated by T1 prevents the
further detection of targets. Taatgen et al. (2009) characterize
this memory function as an overexertion of control, and
suggest that when this control function is not engaged, the
probability of accurate T2 performance is increased.

In theirOverinvestmentHypothesis, Olivers andNieuwenhuis
(2005, 2006) propose that the AB results from the unrestrained
investment of attentional resources extending to all RSVP items
such that distractors become effective competitors for entrance
into working memory. When T2 appears soon after T1, it is
particularly vulnerable to this interference given the additional
attention required for encoding T1, resulting in the AB. However,
Olivers and Nieuwenhuis (2005, 2006) suggest that if investment
of attention was reduced to a level just sufficient to encode the
targets, then interferencewould be reducedand the probability of
accurate T2 performance would increase, particularly at short
target separations.
In all of the above models, limited attentional resources
and inappropriate application of attention underlie the AB.
Cognitive control models further suggest that this is a result of
maladaptive management of attentional resources by top-
down cognitive control. If more or less adaptive cognitive
control and the resultant investment of attentional resources
could influence the magnitude of the AB, then that would
imply that the AB does not reflect a fundamental attentional
processing limitation. Instead, the AB would be conceptual-
ized as resulting from a particular attentional style, where its
magnitude is influenced by the kind of cognitive control or
attentional investment of attentional resources with which an
individual approaches the RSVP task.

Recent evidence where researchers have manipulated or
measured the level of cognitive control and/or attentional
investment supports this conceptualization of the AB—
specifically the possibility that overly stringent cognitive
control and inappropriate attentional investment contribute
to the AB. For example, when participants engaged in
concurrent task such as detecting yells inmusic or performing
amatch to sample task, Olivers and Nieuwenhuis (2005, 2006)1

found that the AB was reduced relative to control conditions
where participants performed only the AB task. Similarly, the
AB has been reduced when task instructions emphasized a
more passive target search strategy where you let the targets
jump out at you (Olivers and Nieuwenhuis, 2005), and when
AB task instructions emphasized reporting the two targets as a
combination or pair (Ferlazzo et al., 2007). Olivers and
Nieuwenhuis (2006) also observed a reduced AB when
participants were exposed to positive affective pictures,
relative to negative or neutral pictures. This result has
implications for models of the AB given that positive affect is
associatedwith an open and flexible cognitive processing style
and diffused attention (e.g., Fredrickson, 2001) while negative
affect is associated with heightened focusing of attention (e.g.,
Kramer et al., 1990).

Individual differences in trait affect (MacLean et al., 2010)
and state affect (MacLean and Arnell, 2010) have been shown
to predict AB magnitude where greater positive affect is
associated with reduced AB magnitudes and greater negative
affect is associatedwith increased ABmagnitudes. Personality
dimensions related to attentional investment and focus have
also been shown to predict the magnitude of the AB where
higher scores on extraversion and openness to experience
predicted smaller AB magnitudes, and higher scores on
neuroticism predicted larger AB magnitudes (MacLean and
Arnell, 2010). Individual differences in the degree of global
versus local processing also predict AB magnitude, where an
individual's tendency to focus on the local information as
opposed to seeing the global overall picture was positively
associated with larger AB magnitudes (Dale and Arnell, 2010).
Individual differences in the ability to effectively inhibit or
ignore RSVP distractors have been shown to relate to the AB
where greater inhibition of irrelevant RSVP distractors was
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associated with smaller AB magnitudes (Dux and Marois,
2008). Similarly, individual's ability to ignore irrelevant visual
material presented beside the RSVP stream (Martens and
Valchev, 2009), or in a separate visual working memory task
(Arnell and Stubitz, 2010), was negatively related to AB
magnitude, where greater ability to ignore the irrelevant
material predicted smaller AB magnitudes. Notice that in
each of these studies inappropriate allocation of attentional
resources is associated with larger ABs.

While the above evidence supports models of the AB
discussed previously, which propose that maladaptive appli-
cations of cognitive control and inappropriate attentional
investment contribute to the AB, it also suggests that cognitive
control and attentional investment are not determined once
the RSVP stream starts or within the 500 ms following T1.
Instead, these results suggest that even before the RSVP task
begins the degree of cognitive control or attentional invest-
ment with which an individual approaches the trial can
influence the AB. This suggests that there may be a relation-
ship between readiness to invest attention before the RSVP
trial, and T2 performance on that trial.

1.2. Electrophysiological measurement of attentional
investment

Attentional investment during the RSVP stream has often
been measured using event-related brain potentials (ERPs).
Electrophysiological investigations of the role of the AB have
focused on attentional investment only during the RSVP task,
either relative to a target (Martens et al., 2006a; Martens et al.,
2006b; Sessa et al., 2007; Vogel and Luck, 2002; Vogel et al.,
1998) or distracters (Martens, et al., 2006b). Vogel et al. (1998)
and Sessa et al. (2007) both demonstrated that the P3
component, (an ERP component thought by many to be
related to updating working memory; e.g., Donchin, 1981), is
absent following T2 at shorter target separations, suggesting
that T2 fails to enter working memory when presented at
shorter T1–T2 intervals. Martens et al. (2006a) showed that a
low probability T1 resulted in a larger P3 component and a
larger AB compared to a high probability T1 target, a finding
they attributed to the greater attentional investment required
for improbable T1s. Martens et al. (2006b) were also able to
show that non-blinkers (individuals who reliably show no AB)
had more discrete and significantly earlier P3's to T1 and T2,
indicating that their attentional investment in targets differed
from individuals who demonstrate an AB. Non-blinkers also
had significantly reduced attentional investment in distrac-
ters, as measured by activation during distracter-only RSVP
trials, suggesting that they were also investing less attention
in distracter items compared to individuals who demonstrate
an AB (Martens et al., 2006b).

The electrophysiological evidence reviewed above sup-
ports models of the AB that propose that an inappropriate
investment of attentional resources underlies the AB in that
greater ABs were associated with greater P3s to T1 and greater
activation to RSVP distracters. However, the electrophysiolog-
ical measures used (the P3 and distracter activation) were
confined to measuring the attentional investment that occurs
during the RSVP trial. The goal of this study is to investigate
whether the degree of anticipatory attentional investment
with which an individual approaches an AB trial influences
the behavioral outcome on that trial.

1.3. Alpha desynchronization and anticipatory attention

Anticipatory attention has been captured by examining event-
related changes in alpha frequency (~8–12 Hz) oscillations
present in cortical electrophysiological activity (Bastiaansen
and Brunia, 2001; Bastiaansen et al., 2002; Bastiaansen et al.,
2001; Capotosto et al., 2009; Onoda, et al., 2007; Yamagishi et al.,
2005). Alpha frequency oscillations are frequently observedover
widespread cortical areas and are thought to be generated by
thalamo-cortical connections as well as cortico-cortical com-
munication (Lopes da Silva, 1991; Steriade et al., 1990).
Specifically,duringaparticular thalamic state, afferent stimulus
information is prevented fromproceeding to the cortex and this
thalamic state results in synchronized cortical activity in the
alpha range and an increase in alpha power. When afferent
information is then allowed to reach the cortex, synchroniza-
tion is disrupted, in other words, a desynchronization in the
alpha range and a reduction in alpha power results (Lopes da
Silva, 1991; Steriade et al., 1990). Lopes da Silva (1991) suggest
that the different thalamic states could represent a gating
function very similar to anearly attentional filterwhich controls
the flow of specific information to the cortex aswell as between
cortical areas, and that the function of this gating system is
reflected in changes to alpha frequency oscillations of the
cortex. Brunia and van Boxtel (2001) suggest that anticipatory
attention is initiated by top-down influences generated by
cortical areas that control attention via the thalamus, such that
the flow of information to the cortex is regulated in order to
facilitate the processing of an upcoming relevant stimulus.
These authors propose that the top-down influence is directed
at the reticular nucleuswhich is thought to control the thalamic
states which result in the synchronization and desynchroniza-
tion of alpha frequency oscillations of the cortex (Lopes da Silva,
1991; Steriade et al., 1990). Therefore, event-related desynchro-
nization (ERD) in alpha frequency oscillations could be consid-
ered an index of anticipatory attention facilitating, in a top-
downmanner, the flowof information fromthe thalamus to the
cortex. If this assumption is true, then alpha ERD should be
observed prior to a to-be-attended stimuluswhen that stimulus
can be anticipated and greater alpha ERD should reflect greater
anticipation.

In support of the idea of alpha ERD as a measure of
anticipatory attentional investment, alpha ERD has been
observed following a cue to shift attention toward the location
of an upcoming target, and found to persist until the target
appeared (Yamagishi et al., 2005). Alpha ERD has also been
observed prior to a visual stimulus providing feedback on
performance of a time-estimation task (Bastiaansen and
Brunia, 2001; Bastiaansen et al., 2002; Bastiaansen et al.,
2001). Furthermore, interrupting alpha ERD prior to a relevant
stimulus, using trans-cranial magnetic stimulation on fronto-
parietal areas of the attention network, impaired target
performance in a spatial attention task (Capotosto et al.,
2009). Alpha ERD has also been shown to be larger following a
cue indicating that the upcoming affective stimulus was
negatively-valenced, compared to when the cue indicated it
was positively-valenced (Onoda et al., 2007). These authors



2 Additionally, we examined alpha ERD at an occipital ROI
(average of O1, OZ, and O2). A 2 (lag)×2 (T2 correct/incorrect)
repeated-measures ANOVA on alpha ERD at the occipital ROI
showed a significant interaction of lag and T2 accuracy (F (1, 20)=
4.47, p=.047) with the same pattern of means as that observed
across ROIs in the original analysis.
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Fig. 1 – Group average alpha ERD during the foreperiod for
each factorial combination of lag (black lines for lag 3 and
gray lines for lag 8) and T2 accuracy (solid lines for T2 correct
and dashed lines for T2 incorrect) at site CZA.
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interpreted this as evidence that cortical sensory-perceptual
areas were activated via top-down control in anticipation of a
relevant stimulus, in order to facilitate the processing of that
stimulus.

1.4. The present study

It has been suggested that the assignment of limited
attentional resources to T1 and distracters (Chun and Potter,
1995), an overexertion of cognitive control (Olivers andMeeter,
2008; Taatgen et al., 2009), and/or a general overinvestment of
attention (Olivers and Nieuwenhuis, 2006) underlies the AB.
These models have been supported in that: (1) manipulations
meant to reduce the degree of attentional investment have
been shown to reduce the AB (e.g., Olivers and Nieuwenhuis,
2005, 2006), (2) affective and personality traits associated with
an open and flexible cognitive control and/or reduced
attentional investment predict smaller ABs (MacLean and
Arnell, 2010; MacLean et al., 2010), and (3) an individual
inability to avoid processing irrelevant information predicts
larger ABs (Arnell and Stubitz, 2010; Dux and Marois, 2008;
Martens and Valchev, 2009).

The goal of this study is to test the hypothesis that an
inappropriate investment of attention just prior to the onset of
the RSVP stream contributes to the production of the AB. This
was done by investigating whether the degree of anticipatory
attentional investment with which an individual approaches
an AB trial influences the behavioral outcome on that trial. To
answer this question, we measured the level of anticipatory
attentional investment prior to the RSVP stream, using alpha
ERD as a more direct measure of anticipatory attention. If
greater levels of anticipatory attentional investment are
associated with a reduction in the probability of accurate T2
performance at shorter T1–T2 intervals, then alpha ERD
should be greater prior to the RSVP stream on trials when T2
performance was incorrect than when T2 performance was
correct at shorter T1–T2 intervals. We would not expect,
however, that greater alpha ERD prior to the RSVP stream
should be associated similarly with poor T2 performance at
longer T1–T2 intervals. At shorter T1–T2 intervals, overinvest-
ment of anticipatory attention would be expected to increase
attention to T1, and this would leave less attention for a
closely trailing T2. However, at longer T1–T2 intervals, T1
processing would likely be complete by the time T2 was
presented, and thus overinvestment would not have a
detrimental effect on T2 processing.

When T2 is presented at longer T1–T2 intervals (more than
500 ms after T1), T2 performance resembles single target
performance (Raymond et al., 1992). Greater attentional
investment would generally be expected to improve target
performance, except in the particular circumstances in which
an AB is found to occur as discussed above. So, when those
circumstances are absent, as is the case for T1 processing or
when T2 is presented following longer T1–T2 intervals, greater
levels of anticipatory attentional investment as indicated by
greater alpha ERD should be associated with better target
performance. This hypothesis assumes that attentional in-
vestment beyond some minimum threshold required for
accurate identification of a target stimulus could still increase
target performance.
2. Results

2.1. AB task performance

Mean T1 accuracy was 90.67% (SD=8.34), and ranged from 70%
to 98% for individual participants. T2 accuracy was calculated
for T1 correct trials only. Mean T2 accuracy at lag 3 was 66.67%
(SD=15.22), while mean accuracy at lag 8 was 89.33%
(SD=5.54). A paired-samples t-test between T2 accuracy at
lag 8 and 3 was significant (t (20)=8.15, p<.001), such that
mean T2 accuracy increased from lag 3 to lag 8, indicating the
presence of an AB.

2.2. Alpha ERD results

Awidespread, sustained anticipatory alpha ERDwas observed
during the foreperiod with a mean of 37.85% across all regions
of interest (regardless of condition). Fig. 1 depicts the group
average alpha ERD during the foreperiod for each factorial
combination of lag (black lines for lag 3 and gray lines for lag 8)
and T2 accuracy (solid lines for T2 correct and dashed lines for
T2 incorrect) at site CZA. Fig. 2 shows the topographical
distribution of anticipatory alpha ERD averaged across
participants.

2.2.1. T2 analysis
A 3×2×2×2 repeated-measures ANOVA was conducted to
examine the effects of ROI, lag (3 and 8), and T2 performance
(correct and incorrect) associated with anticipatory alpha ERD.
ROI was divided into two separate factors: laterality (central,
left, right) and frontal vs. parietal.2 All effects were examined



Fig. 2 – Topographical distribution of group average alpha ERD, averaged across all conditions and over the entire foreperiod:
(a) view from left, (b) view from top, (c) view from right.
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for violations of the sphericity assumption and Greenhouse–
Geisser corrected values are reported where violations were
present. The main effect of frontal vs. parietal was significant
(F (1, 20)=11.67, p=.003) such that anticipatory alpha ERD was
greater at frontal sites than at parietal sites. The interaction of
laterality (central, left, right)×frontal vs. parietal was signifi-
cant (F (2, 40)=7.12, p= .002), such that at frontal sites
anticipatory alpha ERD was greatest at right-lateralized sites
and at parietal sites anticipatory alpha ERD was greatest
centrally. The interaction of lag×T2 accuracy was also
significant (F (1, 26)=6.63, p=.018).3 Fig. 3 depicts the group
average alpha ERD during the foreperiod for each factorial
combination of lag and T2 accuracy averaged across ROI. The
interaction of lag and T2 accuracy did not enter into any
higher-order interactions with ROI variables, nor did lag or
accuracy separately (all p's> .23). No other effects reached
significance (all p's>.09).

In order to further explore the significant interaction
between lag and accuracy, we examined the difference in
anticipatory alpha ERD between T2 correct and incorrect trials
separately for each lag. This would allow us to address our
hypothesis that greater anticipatory attentional investment
would be associated with incorrect T2 performance at lag 3,
but that greater anticipatory alpha ERD would be associated
with correct T2 performance at lag 8. Paired t-tests revealed
that anticipatory alpha ERD was greater on T2 incorrect trials
(M=42.27, SD=25.72) than T2 correct trials (M=35.17,
SD=28.06) when T2 was presented at lag 3 (t (20)=2.08,
p=.05). This pattern of results was reversed when T2 was
presented at lag 8, such that anticipatory alpha ERD was
greater on T2 correct trials (M=43.47, SD=21.42) than T2
3 As alpha ERD is calculated as percent change in alpha relative
to the baseline, it is possible that the interaction effect of lag and
T2 performance associated with alpha ERD is due to pre-existing
differences in alpha power during the baseline period. In order to
test this possibility, we performed the same 3×2×2×2 repeated-
measures ANOVA with baseline alpha power as a covariate. The
pattern and significance of the results from this analysis did not
differ from the analysis without baseline alpha power as a
covariate. Also, see Fig. 1 for an indication that the baseline ERD
levels were very similar across the four conditions.
incorrect trials (M=30.50, SD=33.19) when T2was presented at
lag 8 (t (20)=2.31, p=.031).4

2.2.2. T1 analysis
A 3×2×2 repeated-measures ANOVA was conducted to
examine the effects of ROI and T1 performance (correct and
incorrect) associated with anticipatory alpha ERD. ROI was
again divided into two separate factors: laterality (central, left,
right) and frontal vs. parietal. No main effects were significant
(all p's> .15). The interaction of T1 performance and frontal vs.
parietal was significant (F (1, 20)=7.56, p=.012). In order to
further investigate this interaction, two separate paired-
4 As another test of whether greater anticipatory alpha ERD is
associated with the AB, we calculated each participant's overall
anticipatory alpha ERD value (ERD averaged across all possible
conditions and ROIs) and each participant's AB magnitude, and
examined the correlation between them. It was expected that
those individuals with greater anticipatory alpha ERD would
show larger ABs (i.e., that there would be a positive correlation
between alpha ERD and AB magnitude). AB magnitude for each
participant was calculated as the average difference in T2
accuracy between short and long lag trials (i.e. T2 accuracy long
lag–T2 accuracy short lag) on trials where T1 was correct. Overall
anticipatory alpha ERD was positively correlated with AB
magnitude but not significantly (r=.27, p=.243).

image of Fig.�3
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samples t-tests were conducted comparing mean alpha ERD
on T1 correct trials with mean alpha ERD on T1 incorrect trials
for frontal and parietal ROIs (collapsed across laterality). The
effect of T1 performancewas significant (t (20)=2.13, p=.045) at
frontal ROIs such that anticipatory alpha ERD was greater on
trials where T1 was correct (M=51.24, SD=16.16) than on trials
where T1 was incorrect (M=45.03, SD=21.89). In contrast, at
parietal ROIs, there was no significant difference in anticipa-
tory alpha ERD for correct (M=45.73, SD=18.71) and incorrect
(M=45.82, SD=21.08) T1 trials, (t (20)=−.026, p=.980).
3. Discussion

The purpose of this study was to investigate whether the level
of attention invested in anticipation of the AB task influenced
target accuracy according to hypotheses derived from various
models of the AB. Specifically, those models suggest that an
overexertion of cognitive control and/or an inappropriate
investment of attention underlies the AB (Olivers and Meeter,
2008; Olivers and Nieuwenhuis, 2006; Taatgen et al., 2009). We
measured the level of anticipatory attentional investment by
examining alpha ERD during a 2 second foreperiod following a
cue that the RSVP stream was to begin.

We hypothesized that anticipatory alpha ERD would be
larger on trials where an AB was present (incorrect T2
performance at short lag) than when no AB was present
(correct T2 performance at short lag). In line with our
hypothesis, we found that anticipatory alpha ERD was larger
on short lag trials with incorrect T2 performance than on short
lag trials with correct T2 performance. We also hypothesized
that anticipatory alpha ERD on T2 incorrect trials would be
smaller than or equal to alpha ERD on T2 correct trials at the
long lag, as greater attention would not be costly to T2
accuracy once T1 processing had been completed. As pre-
dicted, anticipatory alpha ERD was greater on long lag trials
with correct T2 performance than on long lag trials with
incorrect T2 performance. This lag×T2 accuracy pattern was
not specific to certain ROIs, but was observed across the scalp.
Finally, we hypothesized that anticipatory alpha ERD on T1
incorrect trials would be smaller than or equal to anticipatory
alpha ERD on T1 correct trials, as greater attention should
benefit T1 accuracy. As predicted, greater anticipatory alpha
ERD was observed on T1 correct trials than on T1 incorrect
trials.

Our results suggest that the AB is associated with greater
attentional investment, as measured by alpha ERD, and that
this attentional investment is prepared in anticipation before
each RSVP trial. However, our results cannot identify what
patterns of investment during the RSVP stream may contrib-
ute to the AB. Furthermore, our results suggest that while
greater attentional investment may cause low T2 accuracy at
the short lag, when T2 is presented at the long lag, or in the
case of T1, greater attentional investment results in higher
target accuracy. So it is possible that, while overinvesting
attention (i.e. applying as many perceptual or cognitive
resources as possible) is a good strategy when interference
from a preceding target is absent, when time restraints require
greater control over the allocation of limited resources to
multiple targets, overinvesting attention impairs perfor-
mance. The finding that greater attention improves long lag
accuracy may also explain why participants persist in over-
investing attention despite poor T2 accuracy at the short lag.

In this study, it was found that different levels of the
same measure – anticipatory attentional investment as
measured by alpha ERD – were associated with opposite
behavioral outcomes at long and short lags (i.e., greater pre-
trial ERD was associated with impaired T2 accuracy at short
lags, but improved T2 accuracy at long lags). This finding is in
line with the relationship observed between trait affect and
the AB (MacLean et al., 2010). MacLean et al. (2010) found that,
while greater affect valence (positive affect>negative affect,
which has been linked to an open and less focused attentional
style) was associated with better T2 performance at the
shorter lags, it was also associated withworse T2 performance
at the long lag. In line with our conclusions here, MacLean
et al. (2010) proposed that a more focused or invested
attentional state is harmful to T2 performance at the short
lag as it increases interference from T1 and its surrounding
distracters, but that at longer lags, where the interference
from T1 and its surrounding distracters is absent, a more
focused or invested attentional state results in better target
selection.

The significant and sustained alpha ERD we observed
during the 2-second foreperiod following a cue indicating that
the RSVP stream was to begin is consistent with considering
alpha ERD as an index of anticipatory attention. While there
was no significant interaction of either ROI factor with lag, T2
accuracy, or the lag×T2 accuracy interaction, there was a
significant laterality by frontal/parietal interaction where
alpha ERD was larger at frontal sites, where it was right-
lateralized, than parietal sites, where it was centralized.
Typically alpha ERD is examined over parieto-occipital sites
(Bastiaansen and Brunia, 2001; Bastiaansen et al., 2002;
Bastiaansen et al., 2001; Capotosto et al., 2009; Yamagishi
et al., 2005). The rationale for examining alpha ERD effects at
parieto-occipital sites is due to their position over the visual
cortex. In the context of the attentional gating hypothesis, this
makes sense as changes in alpha power in the cortex
represent changes in the flow of stimulus information from
the thalamus to the cortex, specifically to primary sensory
areas (Lopes da Silva, 1991; Steriade et al., 1990). However,
similar to our findings, Onoda et al. (2007) observed effects on
alpha ERD over both occipital and right frontal areas using
MEG. They proposed that the alpha ERD observed over right
frontal areas represented top-down control of anticipatory
attention by areas in the right frontal cortex, which may be
part of a distributed frontal attention network, modulating
activity in the visual cortex via the thalamus. If that were the
case, it would suggest that the larger frontal alpha ERD we
observed is representative of sustained top-down control over
early perceptual processes. This would also be consistent with
a variety of neurophysiological studies (e.g., Marcantoni et al.,
2003; Marois et al., 2000; Martens et al., 2006b) showing that
the AB is associated with activation in sites such as prefrontal
cortex and lateral frontal cortex that are thought to be
involved in executive control of attention (e.g., Posner and
Dehaene, 1994).

In conclusion, using an electrophysiological index of
anticipatory attention (alpha ERD), we found that anticipatory
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attentional investment was associated with both T1 and T2
performance outcomes during the AB task. Greater levels of
anticipatory attentional investment were associated with,
worse T2 performance at shorter T1–T2 separations, better T2
performance at longer separations, and better T1 perfor-
mance. These results provide support for various models of
the AB which propose that maladaptive cognitive control or
inappropriate investment of attention underlies the AB.
4. Experimental procedures

4.1. Participants

The participants were 30 Brock University undergraduate
students, recruited through the Brock Psychology Depart-
ment's online system for participant recruitment. Participants
(17 female, 11male, 2 undeclared) varied from 18 to 28 years of
age with a mean age of 20 years (SD=2.33). All participants
reported speaking English as their first language. None of the
participants reported any perceptual or cognitive impairment.
The data from one participant were excluded due to close to
chance performance on the RSVP task (first target accuracy
was 53%, and second target accuracy was 13%), and the data
from another participant were excluded due to an error in the
EEG recording.

Data from participants who had less than five remaining
epochs in any one condition in either the T1 or T2 analysis
were excluded from the analysis, resulting in the exclusion of
six participants' data in the T2 analysis.5 Data from partici-
pants demonstrating an event-related synchronization (neg-
ative ERD values) in any one condition in either the T1 or T2
analysis were also excluded from the analysis. This resulted in
the removal of data from 6 participants for the T1 analysis and
1 participant for the T2 analysis. This removal was necessary
given that it is inappropriate to consider negative ERD values
(indicating an event-related synchronization, a different
phenomenon) as relatively lower ERD values.

4.2. AB task

The AB task consisted of five blocks of 140 RSVP trials. Of the
700 total trials, 100 were no-target trials, and 600 were dual-
target (T1 and T2) trials. On half of the dual-target trials, T2
was presented 3 items, or 351 ms after T1 (lag 3), and on the
other half, T2 was presented 8 items, or 936 ms after T1 (lag 8).
T1 was always the 6th item in the stream. On 80% of trials at
each lag, T1 was a string of five repeated uppercase letters
(e.g., BBBBB) chosen randomly from the letter set B, C, D, E, F,
N, P, S, U, X, or Z. On the remaining 20% of trials, T1 was a
string of five repeated lowercase letters (e.g., bbbbb) chosen
5 When data from these six participants were included, the
interaction of laterality (central, left, right)×frontal vs. parietal in
the T2 analysis was no longer significant. The significance of all
other effects from the entire set of analyses did not change with
the addition of these six participants' data. Also, the results of all
T2 analyses were the same when the data from the participant
with negative ERD values were included.
randomly from the same letter set. All trial types were
presented randomly within each block. Each trial began with
a fixation cross (500 ms), followed by a foreperiod of 2 seconds
before the onset of the RSVP stream. The T1 probability
manipulation and the distracter-only trials were included for
the purposes of a separate study. The RSVP stream consisted
of 18 alphanumeric stimuli with an SOA of 117 ms per item. T1
was presented in white font on a gray background. T2 was one
of 10 different color words (e.g., “GREEN”), and appeared in
black uppercase letters. The distracter items consisted of non-
color, affectively neutral words also presented in black
uppercase letters. At the end of each stream, participants
indicated whether the white letter string was in upper- or
lower-case letters, and then reported which color word was
presented as T2. Participants were told that some of the trials
would contain no targets, and on these trials they should
simply press the spacebar to initiate the next trial. Participants
made their T1 and T2 responses sequentially in an unspeeded
manner using specified keys on the keyboard. Stimulus
presentation and participant responses were controlled
using E-Prime software (Schneider et al., 2002).

4.3. EEG acquisition

EEG was recorded continuously during the RSVP blocks using
tin electrodes embedded in an Electro-Cap© (Electro-cap
International Inc., Eaton, Ohio) from 60 scalp sites distributed
according to the 10–20 system, with an electrode placed
anterior to Fz as ground. EEG was recorded using linked left
and right earlobes as reference and was re-referenced to a
common average. EEG data were acquired with Neuroscan
acquisition software (Compumedics USA, Charlotte, North
Carolina) running on a Sony VAIO Pentium 4 desktop PC, and
using two 32-channel NeuroScan SynAmps. Data were sam-
pled at a rate of 500 Hz. Electro-oculogram (EOG) recorded
horizontal eye movements using electrodes placed on the
outer canthus of each eye, and vertical eye movement and
blinks using electrodes placed on the infra- and supra- orbital
regions of each eye. Impedance for both the EEG and EOG was
maintained below 10 kΩ.

4.4. EEG analysis

Using Neuroscan software, EEG data were corrected for
electro-oculogram activity. The software uses an algorithm
that calculates the amount of covariation between each EEG
channel and a vertical EOG channel and removes the EOG
from each EEG electrode on a sweep-by-sweep, point-by-point
basis to the degree that the EEG and EOG covary. An epochwas
created for each trial that spanned 2750 ms. Each epoch began
250 ms before the onset of the fixation cross and ended just
before the onset of the RSVP stream. Thus the epoch
encompassed the 250 ms baseline period before the onset of
the fixation cross, the 500 ms fixation duration, and the
2000 ms blank foreperiod prior to the onset of the RSVP
stream. Epochs were rejected if they contained activity
exceeding ±75 μV in any channel except linked-ear reference
and EOG electrodes. Each accepted epoch was subsequently
visually inspected for the presence of artifacts, and rejected if
any were found.
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4.5. Alpha ERD computation

Alpha ERD is traditionally examined by dividing alpha
frequencies into a lower bandwidth (8–10 Hz) and a higher
bandwidth (10–12 Hz) as lower and higher frequencies of alpha
have been shown to have dissociable effects (Klimesch et al.,
1992). Klimesch et al. (1992) proposed that ERD in the lower
alpha range is representative of general alertness and input/
output processes, while ERD in the higher alpha range
represents task specific, computational processes, such as
stimulus identification and controlled processing that are
more closely related to selective attention. In the present
study, we were interested in examining anticipatory attention
modulated by the top-down cognitive control processes
discussed in cognitive control models of the AB (Di Lollo
et al., 2005; Olivers and Meeter, 2008; Taatgen et al, 2009).
Therefore, it was appropriate to confine our analyses of alpha
ERD to the higher range of alpha frequencies, which are
thought to represent such controlled cognitive processes.

In order to determine alpha ERD, epochs were bandpass
filtered with a low-pass of 12 Hz and a high-pass of 10 Hz at
48 dB/oct. The amplitude of the filtered EEG was then squared
to provide an estimate of power. The power estimatewas then
collapsed across 125 ms intervals by averaging the power
within that interval in order to yield a more reliable estimate.
ERD was then computed as the percent difference in power at
each 125 ms interval and the baseline period, where baseline
was defined as the average alpha power during the 250 ms
preceding the fixation stimulus. For the T1 analysis, epochs
were averaged according to T1 accuracy (correct or incorrect),
resulting in two averages for each participant. For the T2
analysis, epochs where T1 was correct were then averaged
according to two factors: lag (3 or 8) and T2 accuracy (correct or
incorrect), resulting in four averages for each participant.
Anticipatory alpha ERDwas then computed as themean alpha
ERD during the 2,000 ms foreperiod by averaging across the
sixteen 125 ms intervals that comprised the foreperiod.

The mean number of epochs per participant for the T1
correct average was 597.18 (SD=96.49, range from 314 to 689),
T1 incorrect average was 103.07 (SD=97.89, range from 11 to
398).6 The mean number of epochs per participant for the lag
3/T2 correct average was 57.67 (SD=29.85, range from 25 to
112); lag 3/T2 incorrect was 34.90 (SD=15.95, range from 7 to
65); lag 8/T2 correct was 99.10 (SD=28.43, range from 44 to 158);
and for lag 8/T2 incorrect was 11.52 (SD=5.73, range from 6 to
26). The relatively low number of epochs for lag 8/T2 incorrect
averages is due to the normally high accuracy of T2 at the long
lag that is meant to reflect baseline T2 accuracy without a
dual-task deficit.

Alpha ERD was analyzed across six ROIs. Those ROIs were
defined as fronto-central (sites FZ, CZA, F1, F2), left frontal
(sites F3, F5, C3A, C5A), right frontal (sites F4, F6, C4A, C6A),
6 One may be concerned that the T1 results are an artifact of the
large disparity in number of epochs for correct and incorrect
trials. However, the same pattern of results was obtained when
T1 correct averages were calculated based on a random sample of
T1 correct epochs equal to the number of incorrect T1 epochs,
with the exception that the interaction of T1 performance
outcome with frontal vs. parietal (F (1, 21)=4.09, p=.057) just
missed the traditional level of significance.
parieto-central (sites PZ, PZA, P1, P2), left parietal (sites P3, P5,
P3P), and right parietal (sites P4, P6, P4P). Mean alpha ERD
values for the foreperiod were averaged across the sites
specified for each ROI.
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