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Abstract

Reporting the second of two targets within a stream of distracting words during rapid serial visual
presentation (RSVP) is impaired when the targets are separated by a single distractor word, a
deficit in temporal attention that has been referred to as the attentional blink (AB). Recent
conceptual and empirical work has pointed to pre-target brain states as potential mediators of the
AB effect. The current study examined differences in pre-target electrophysiology between
correctly and incorrectly reported trials, considering amplitude and phase measures of alpha
oscillations as well as the steady-state visual evoked potential (ssVEP) evoked by the RSVP
stream. For incorrectly reported trials, relatively lower alpha-band power and greater ssVEP inter-
trial phase locking were observed during extended time periods preceding presentation of the first
target. These results suggest that facilitated processing of the pre-target distracter stream indexed
by reduced alpha and heightened phase locking characterizes a dynamic brain state that predicts
lower accuracy in terms of reporting the second target under strict temporal constraints. Findings
align with hypotheses in which the AB effect is attributed to neurocognitive factors such as
fluctuations in pre-target attention or to cognitive strategies applied at the trial level.
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Introduction

Human observers readily extract relevant information from the dense and complex
spatiotemporal information stream provided by sensory systems. However, this ability is
constrained by limits regarding the temporal and spatial density of the stimulus array. The
temporal aspects of these limitations in the human visual system have been extensively
examined using rapidly presented stimulus sequences. For instance, rapid serial visual
presentation (RSVP) is a widely used paradigm that involves presentation of a series of
letters or words. The so-called attentional blink (AB) effect is observed during RSVP when
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two attended target items are sequentially presented, with at least one intervening distractor
item and in close temporal proximity to each other (i.e., within 200-500 ms of time,
Raymond et al. 1992). During this time period (referred to as the AB interval), an observer's
ability to identify the second of the two targets (T2) is dramatically reduced, compared to
conditions in which the duration between the two targets exceeds 500 ms, or when
participants are instructed to ignore the first target (T1).

As a striking demonstration of limitations in selective visual processing, the AB
phenomenon has attracted attention from experimental psychologists as well as cognitive
neuroscientists. A substantial number of theoretical models regarding its origin have been
proposed, and recent review papers provide an excellent overview of the main mechanistic
views of the origin of the AB (Martens and Wyble 2010; Dell'Acqua et al. 2012).
Theoretical perspectives of the AB have highlighted different aspects of sequence
processing, attentional selection, and working memory. For instance, work in the context of
earlier theoretical models (e.g., Chun and Potter 1995) has emphasized trade-off and
interference effects between T1 and T2 processing, using the AB to examine global resource
limitations in higher-order stages of stimulus processing such as attention and working
memory (Potter et al. 2002), or “access to consciousness” (Marti et al. 2012; Asplund et al.
2014). Other models have capitalized on evidence demonstrating that the impairment in
identifying T2 depends to a large extent on the presence of a distractor item between T1 and
T2 (Olivers et al. 2007). For instance, the model proposed by Di Lollo et al. (2005) assumes
a perceptual/attentional set that is tuned to T1 features and enables rapid processing of
targets that match this set (e.g., because of their color or semantic category). Once engaged
by a first target, the subsequent disruption of the attentional set by a non-matching distractor
is thought to prompt diminished performance for the following targets. In line with the
predictions from this model, stringing together multiple targets without intervening
distractors is associated with better performance compared to conditions with intervening
distractors (Olivers et al. 2007). Examining the limits of this so-called spreading-the-sparing
effect (Di Lollo et al. 2005; Olivers et al. 2007) has been a productive research strategy as
well, aiding in quantitatively testing competing theoretical models of the AB (Dell'Acqua et
al. 2012). Such empirical work has recently led to a renewed interest in the role of temporal
attention selection in the AB (Nieuwenstein et al. 2009; Vul et al. 2008). For instance, the
AB effect is attenuated when observers are prevented from over-attending to T1, e.g., by
listening to music or working on a competing task (Olivers and Nieuwenhuis 2005). Thus,
“overzealously applied” selection of T1 has been proposed as a factor contributing to the AB
effect, such that the inappropriate selection of T1 + 1 replaces the task-appropriate selection
of T2 (Olivers et al. 2007). Finally, recent accounts based on behavioral and
neurophysiological data have examined the impact of pre-target cortical states on T2
performance (Keil and Heim 2009; Kranczioch et al. 2007), specifically, the amount of
attention paid to T1 as well as the preceding distractor stream (Shapiro et al. 2006).

Taken together, behavioral, computational modeling, and electrophysiological studies have
highlighted the role of multiple neurocognitive systems acting over time to protect target
items from distraction and potentially suppress distractor items (Dell'Acqua et al. 2012;
Kranczioch et al. 2007; Martens and Wyble 2010). Electrophysiological approaches with
their exquisite temporal resolution are particularly well suited to investigate potential

Exp Brain Res. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Petro and Keil

Page 3

mechanisms contributing to the AB effect (Hommel et al. 2006). Existing evidence from
event-related potentials (ERPs) and steady-state visual evoked potentials (ssVEPS) suggests
that larger T1-related neural responses are associated with missed T2 responses, supporting
ideas emphasizing the role of T1 processing for the AB (Keil and Heim 2009). In line with
such findings, numerous recent theoretical accounts predict that the regulation of attention
deployment prior to and around T1 is crucial for T2 performance (for reviews, see Martens
and Wyble 2010; Dell'Acqua et al. 2012). Specifically, three of the most widely studied
computational models of the AB render clear predictions regarding pre-T1 brain states that
affect T2 report: The boost and bounce model proposed by Olivers and Meeter (2008)
describes the AB as a result of an initial attention signal to the T1 (the “boost™), followed by
a suppression signal (the “bounce™) that prevents facilitated processing of non-targets
following T1. If a T2 stimulus occurs during this bounce signal, it is thought to be prevented
from entering subsequent working memory stages and thus not reported at the end of the
trial. In a similar fashion, the episodic simultaneous type/serial token model by Wyble et al.
(2011) argues that the AB results from the dynamic parsing of visual input into temporal
packets (attentional episodes) that can be encoded into memory, with attention episodes
(e.g., detected targets) separated by periods of suppressed attention. Under both models, a
brain state that allows the temporally precise allocation of subsequent facilitation and
suppression to targets and non-targets in rapid succession would result in relatively
improved performance. Finally, the threaded cognition model (Taatgen et al. 2009) posits
that the AB is the consequence of overexertion of cognitive control and suppression of
sensory processing while processing the T1. Here, a pre-T1 brain state consistent with low
deployment of attention to the RSVP stream would predict correct performance for the T2
stimulus.

Time—frequency analyses of oscillatory activity are particularly well suited to test these
predictions as they yield continuous measures of electrocortical activity across the time
course of an experimental trial (Keil et al. 2001). At the same time, numerous studies with
detection, identification, and selective attention tasks have pointed to a predictive role of
pre-task brain states indexed by oscillatory activity (Weisz et al. 2014). Here, we examine
the predictive value of pre-target oscillatory brain activity assessed with EEG, focusing on
two phenomena readily measured during RSVP: (1) time-varying alpha power (8-13 Hz)
and (2) the ssVEP, evoked by the regular stimulus stream.

Alpha power has traditionally been regarded as a signature of cortical tissue that neither
receives nor processes sensory input (Adrian and Matthews 1934). In line with this notion,
decreases in spectral power in the alpha band reliably occur with sensory processing of
external stimuli (Bollimunta et al. 2011; Keil et al. 2006; Ray and Cole 1985). Challenging
the traditional view however, power increase in alpha-range oscillations has also been
demonstrated in a variety of experimental designs, including working memory load (Jensen
et al. 2002; Klimesch et al. 2006) and motor process imagery (Neuper et al. 2005;
Pfurtscheller and Berghold 1989). Reviewing the literature, Klimesch et al. (2006)
concluded that alpha increase is most often seen in tasks that involve top-down processing in
the absence of external stimulation, e.g., when participants maintain an internal
representation. In a similar vein, other authors have suggested that alpha-power increase
reflects cortical inhibition mechanisms mediating the suppression or “gating” of distracting
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sensory input (Foxe and Snyder 2011; Jensen and Mazaheri 2010; Mathewson et al. 2011).
Thus, the magnitude of alpha oscillations may index processes linked to the management of
limited capacity systems across different types of information processing (Romei et al.
2010).

Another continuous measure of electrocortical facilitation during RSVP is the ssVEP (Regan
1989). This signal is evoked by a visual stimulus that is rapidly and regularly modulated in
luminance or contrast. It is defined in the frequency domain by a very narrow peak at the
stimulus modulation frequency (Muller and Hillyard 2000). The amplitude of the ssVEP is
increased for attended stimuli (Muller et al. 2003). Similarly, the consistency of the ssVEP's
oscillatory phase across trials as measured by inter-trial phase locking (ITPL; Lachaux et al.
1999) is heightened for attended, compared to unattended stimuli.

Previous work has examined alpha power and steady-state potential measures in the AB
task, but has yielded somewhat mixed results. In terms of alpha fluctuations in the AB
paradigm, Kranczioch et al. (2007) found pre-T1 alpha-power reduction and lower inter-trial
phase coherence in trials where T2 was correctly reported. These authors also noted that
alpha power (and phase-locking) estimates may have been affected by the RSVP stream,
presented at a rate of 10 Hz in their study. By contrast, MacLean and Arnell (2011) reported
relatively decreased alpha power during the RSVP stream prior to missed T2s while using a
slower RSVP presentation rate (8.56 Hz). Studies employing the ssVEP during the AB have
focused on changes in time-varying amplitude and have repeatedly observed that ssVEP
amplitude following T1 was heightened in T2-missed trials (Keil and Heim 2009; Keil et al.
2006).

In addition to its amplitude, the phase at which near-threshold visual stimuli are presented
within the alpha cycle may impact behavioral outcomes such as hits and misses (Busch et al.
2009; Mathewson et al. 2009). Thus, whereas heightened alpha power has been taken to
reflect decreased excitability of sensory cortical areas (Foxe and Snyder 2011), or an active
gating mechanism facilitating internal cognitive processing (Klimesch et al. 2006), the
ongoing phase may be related to fluctuations in cortical excitability (Bollimunta et al. 2011).
A similar effect has been reported for the ssVEP, in which targets are better detected when
presented in phase with a preceding RSVP stimulus train (Mathewson et al. 2009, 2011). In
line with these results, a recent study reported significant non-uniformity in the ssVEP phase
at the time of T1 presentation, when T2 was incorrectly reported (Zauner et al. 2012). Again,
this suggests that greater levels of visual-cortical entrainment to the RSVP stimulus train,
taken to indicate over-attending to the RSVP stream, may decrease T2 report accuracy.

What is not known is the extent to which pre-target oscillatory markers of attentive states
possess predictive value vis-a-vis performance in the AB task. Robust relations between pre-
target states and behavior would have implications for theoretical accounts of the AB, but
also possess potential for heightening our understanding of the brain mechanisms managing
capacity limitations over time. The present study addressed these questions, examining the
predictive value of pre-T1 alpha and ssVEP oscillations vis-a-vis performance in the AB
task. To the extent that states of heightened attentional engagement prior to and during
presentation of the first target predict poor identification of the second target, it was
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expected that trials with incorrect T2 report would be associated with greater pre-T1 alpha
decrease and higher ssVEP phase locking. To explore the extent to which performance-
related differences in pre-target oscillatory characteristics are associated with altered
communication between cortical sites, we also measured phase-locking values between
occipital sensor Oz and the remainder of the sensor array and compared these values
between correct and incorrect trials.

Methods

Participants

Participants were 17 (10 female; mean age = 19.15 years) undergraduate students at the
University of Florida, who participated in the study for course credit after giving informed
consent. Data from two additional participants were discarded because of low trial counts
for either correct or incorrect T2 responses in the Lag-2 condition. All participants reported
no family history of seizures. All procedures were approved by the Institutional Review
Board of the University of Florida.

Stimuli

All words were selected from the Affective Norms of English Words (ANEW) list (Bradley
and Lang 1999). The target words were drawn from a list of 182 neutral words (arousal:
mean = 3.97, SD = 2.11; valence: mean = 5.25, SD = 1.43, all on a 9-point scale, with a
mean of 5.0), which were divided in two 90-word groups to serve as either the first or
second target. Each target word was presented once randomly during the first 90 trials and
then again, randomly, during the last 90 trials. For all other neutral distractors, 30 additional
neutral words were chosen. In addition, this experiment included trials with a manipulation
of the affective content of the distracter immediately following T1, which is not the focus of
the present report. In brief, 52 unpleasant words (arousal: mean = 6.54, SD = 2.45; valence:
mean = 2.17, SD = 1.52), 52 pleasant words (arousal: mean = 6.59, SD = 2.40; valence:
mean = 7.90, SD = 1.38) served as emotional distractors, and 52 additional neutral words
(arousal: mean = 3.95, SD = 2.17; valence: mean = 5.32, SD = 1.33) served as control
distractors immediately following T1 during the inter-target interval. This manipulation did
not result in changes of accuracy and will therefore only briefly be reported on below. All
distractors were presented in a white font (226.6 cd/m?2), and target words were presented in
a green font (171.4 cd/m?). All words were presented in a 42-point Helvetica font on a black
background (0.31 cd/m?).

Procedure

The AB task was implemented using the PsychToolbox suite for MATLAB (Brainard 1997)
and presented on a 23-inch LED (Samsung LS23A950) monitor with a refresh rate of 120
Hz and a gray-to-gray response time of 2 ms. Following the application of the EEG sensors
(see below), participants entered a sound-attenuated, dimly lit chamber. The participants
were centered with and seated 1 m from the screen. Participants then received verbal and on-
screen instruction to report two green target words embedded in a RSVP stream of words,
by typing the first two letters of each word when prompted at the end of each trial. In
addition, participants were instructed to say each word out loud when typing. One practice
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trial was conducted to ensure the participant understood the instructions and pace of the
experimental trials. Each trial started with an initial blank screen for a random interval
between 3 and 5 s. The subsequent RSVP stream (Fig. 1) began with a baseline of 5-10
words (i.e., between 580 and 1160 ms in duration) preceding T1. The inter-target interval
consisted of 1, 3, or 5 distracter words (Lag 2, Lag 4, Lag 6), and SOAs for each lag
condition were 232, 464, and 696 ms, respectively. Following the second target, between 8
and 18 distracter words (1044-2088 ms) completed the RSVP string of 26 words in total.
Thus, each trial was 3016 ms in duration for all experimental conditions.

In each lag condition, the affective content of the first inter-target distracter (immediately
following T1) was pleasant, neutral, or unpleasant. The entire experiment consisted of 180
trials, with 20 trials in each of the 9 (3 Lags x 3 distractor valence categories) experimental
conditions.

Electrophysiological recordings and data reduction

EEG data were collected using a 257-electrode system (Electrical Geodesics Incorporated;
Eugene, Oregon, USA). Following application of the sensors, impedances were reduced to
below 70 k2 as recommended for this high-input impedance amplifier (200 M input
impedance) or excluded from analysis if this was not possible. Data were collected
continuously at 250 Hz, constrained by two online elliptic filters at 0.1 Hz (high-pass) and
100 Hz (low-pass). Additional filtering was performed offline on the continuous data, which
were convolved with Butterworth filters having their 3 dB points at 1 Hz (19th order high-
pass) and 40 Hz (6th order low-pass). Data were then segmented into 3304 ms epochs
relative to the onset of T1 (1100 ms pre-T1 onset; 2204 ms post-T1 onset).

The focus of the present analysis was to compare electrocortical oscillatory activity prior to
the onset of T1 during correct and incorrect trials. Because error rate was low for Lag 4 and
Lag 6, only trials in the Lag 2 condition were used for the analyses. In addition, only activity
prior to T1 was considered in our analyses. Across participants, out of a total of 1139 trials,
T2 was incorrectly reported in 452 trials and correctly reported in 687 trials in this
condition. Following automatic rejection, EEG segments were available for 358 incorrect
(mean = 18.84; SD = 10.15) and 510 correct (mean = 26.84; SD = 7.36) trials. To ensure
identical signal-to-noise ratio, the number of correct and incorrect trials was made equal by
randomly discarding trials for each participant. Data from two participants were discarded
for retaining <8 trials in one condition. Thus, subsequent analyses are based on 275 (SD =
5.60) segments that were selected at random from the pool of correct trials at Lag 2.

Wavelet analysis

To examine the temporal dynamics of oscillatory brain activity, the artifact-free EEG epochs
were convolved with a family of Morlet wavelets (see, e.g., Tallon-Baudry and Bertrand
1999; Tallon-Baudry et al. 1998). In this analysis, the final 132 ms of each EEG epoch was
excluded to achieve a frequency resolution allowing for a frequency bin (fg, see below)
centered at the RSVP frequency of 8.56 Hz. To obtain time—frequency representations of the
data across a range of frequencies, one wavelet is typically convolved with the data for each
frequency of interest (fy). With increasing values of fy, these wavelets systematically
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decrease their resolution (of) in the frequency domain, while achieving higher temporal
specificity. Here, the relation between analytic frequency fy and spectral resolution (the
standard deviation oz of the Gaussian representation of the wavelet in the frequency domain)
was set to be a constant fo/o = 7. Complex wavelets were calculated for fp ranging from
3.06 to 27.54 Hz, in steps of 0.306 Hz and normalized to have equal amounts of energy. The
alpha band was defined as the frequency range between 9.49 and 10.40 in the present study,
and the resulting frequency resolution was 1.35 Hz (full width at half maximum) and a time
resolution of 116 ms (full width at half maximum). The ssVEP frequency was defined as the
frequency band centered at 8.56, with a frequency resolution of 1.22 Hz (full width at half
maximum) and a time resolution of 138 ms (full width at half maximum). EEG segments
were multiplied channel-wise with cosine-square taper window of 200 ms length (zero to
unity), applied at the beginning and end of each segment, and then convolved with the
complex wavelets. For each frequency of interest, two evolutionary spectra were then
calculated: (1) the time-varying total amplitude and (2) the time-varying inter-trial phase
locking. Time-varying amplitude for each trial was computed as the square absolute value of
the convolution of the cosine-square-tapered EEG signal with the wavelet. Time-by-
frequency matrices were then averaged separately across trials with correct and incorrect
responses, for each participant and electrode site. In addition to total amplitude, we
calculated the evoked amplitude spectrum by applying the same wavelet family to the time-
domain averaged data, rather than the individual trials.

Time-varying inter-trial phase locking was obtained in a similar fashion, by averaging the
normalized (divided by the modulus), complex coefficients (complex instantaneous phase)
resulting from convolution of the wavelets and the data across trials, as described in
Lachaux et al. (1999). The same method (Lachaux et al. 1999) was extended to measuring
inter-site phase locking (ISPL) between Oz and all remaining sensors. Here, complex phase
difference scores were first calculated by subtracting the complex coefficients at Oz from
the coefficients at each other sensors, for each trial, time point, and frequency. These
differences were again normalized and averaged across all epochs, resulting in a time-
varying estimate of inter-site phase locking between all sensor locations and Oz, at each
frequency.

Statistical analysis

Analysis of behavioral data—Only trials in which T1 was correctly reported were
included in the analyses. Percentage of correctly reported T2 trials was calculated for each
lag (3; Lag 2, Lag 4, Lag 6) and valence (3; unpleasant, neutral, pleasant) condition for a
total of nine accuracy ratings per participant. A repeated measures ANOVA with factors of
Lag (2, 4, 6) and distracter content (pleasant, neutral, unpleasant) was conducted to
determine whether accuracy was affected by the temporal position of the second target
relative to the first and whether accuracy during any of the lag conditions was affected by
the valence of the first intervening distractor.

Analysis of electrophysiological data

Timevarying t tests: To examine differences in the time-varying spectral power, inter-trial
phase locking, and evoked spectral power, between T2-incorrect and T2-correct trials, a
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series of t tests were performed at each sensor between incorrect and correct trials across all
time points for the frequency bands corresponding to the ssVEP and alpha, separately. To
determine the point at which t values reached significance, a permutation-based control for
multiple comparisons was performed. Here, for each comparison separately, values at each
time point were randomly assigned to either the correct or incorrect condition, and then a t
value was calculated. This process was repeated 5000 times, and the resulting t values
entered a permutation distribution, used for determining the critical t values. Critical t values
were defined as the t values that marked the 2.5 and 97.5 percentile of the permutation
distribution, respectively, thus indicating a corrected significance level of 0.05. Following
this computation, the cutoff t scores were —3.10 and 3.10 for ssVEP ITPL, —3.10 and 3.11
for evoked ssVEP power, —3.03 and 3.07 for evoked alpha power. Because maximum
activation for ssVEP and alpha occurred over occipital and parietal areas, only sensors over
these regions were considered for analysis. As an additional precaution, sensors located on
the edges of the sensor array were excluded due to their high susceptibility to noise. To
avoid wavelet artifacts related to the discontinuous onset and offset of each data segment,
the initial 200 ms treated with the cosine taper window was not included. Because T1-
evoked activity may appear in pre-T1 time periods due to the temporal smearing of the
wavelets, the 138 ms leading up to T1 presentation was not considered in this analysis.
Significant t values for specific electrodes and time points are reported when t values
reached significance in at least two contiguous sensors simultaneously.

Cross-correlation function: Because ssSVEP ITPL and alpha power reflect complementary,
opposite processes, the relationship between ssVEP ITPL and alpha power was investigated
using a cross-correlation function between the two time series, at each sensor. First, the
average epoched ssVEP ITPL and alpha-power time series were calculated for each
participant. Then, the first 816 ms of the ITPL time course was correlated with the first 816
ms of alpha-power time course for each participant separately. The ITPL segment was then
shifted in 4-ms steps across the entire alpha-power time series, and a Spearman'’s correlation
coefficient was calculated for each shift. Thus, 612 correlation coefficients were produced
for each sensor, representing 2448 ms of data. These time series were averaged across
participants after performing a Fisher's Z transformation.

Inter-site phase locking: Differences in ssVEP and alpha oscillatory activity may be
influenced by communication between cortical sites. To investigate whether any potential
differences observed in the preceding analysis are related to such inter-cortical
communication, ISPL values between correct and incorrect trials were compared using a
series of t tests as described in the previous analysis. Cutoff t scores for this comparison
were —3.16 and 3.38 for both ssSVEP and alpha ISPL. This follow-up analysis was limited to
the time range (time segments within 100 ms) of significant differences in the analyses of
power and inter-trial phase locking, but was not limited to only parietal and occipital
Sensors.

Comparisons of oscillatory phase: To examine the potential role of oscillatory phase at the
alpha and ssVEP frequency for identification performance, we conducted an exploratory
comparison of phase differences between correct-T2 and incorrect-T2 trials at each sensor
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and time point. To this end, phase angles were extracted from the complex matrix resulting
from the convolution of the wavelet family and the single-trial data, for the ssVEP and alpha
frequency bands separately. Phase values (obtained for each time point and electrode
location) were then pooled across participants and phase angles of correct and incorrect
trials compared with Fisher's nonparametric test for equality of circular means (Fisher
1995), resulting in a sensor by time matrix of p values for each frequency. Analogous to the
power and phase-locking analyses described above, these p values were controlled for
multiple comparisons by the permutation technique. A distribution of p values was
generated by repeating the comparisons 8000 times, with assignments of phase angles to
correct and incorrect trial categories shuffled randomly. Phase differences were considered
significant at the p < 0.05 level, if below the permutation corrected threshold of 0.011. As
with the previous time-varying t tests, only when the significance threshold was exceeded in
at least two spatially contiguous sensors with temporal simultaneity are results reported.
Unlike the previous time-varying t tests, no points were excluded from analysis.

Rank correlations between oscillatory activity and behavior: In a final analysis aimed to
parametrically relate ssSVEP ITPL and alpha power, for each participant the difference
between correct and incorrect trials was calculated at each sensor during a 120-ms segment
corresponding to the temporal window of the effects observed for the running t test for
SSVEP ITPL and alpha power separately. A Spearman's rank correlation between each
participant's ssVEP ITPL and alpha-power difference score was then calculated at each
sensor. To investigate the relationship of these two measures with inter-individual
performance on the AB task, the difference in performance between Lag 4 and Lag 2 was
calculated and submitted to a Spearman's rank correlation with both the ssVEP ITPL and
alpha-power condition difference.

Behavioral results

EEG data

As illustrated in Fig. 2, a main effect of lag was observed (F3 32 = 138.73, p < 0.001). This
main effect was characterized by a significant linear trend (F1 16 = 184.27, p < 0.001), such
that T2 report accuracy improved systematically with increasing SOA. Neither the main
effect of valence nor the lag by valence interaction reached significance, indicating that the
valence of the distractor immediately following T1 had no effect on T2 report. As a
consequence, this factor is not considered in the remainder of this report.

SSVEP inter-trial phase locking—As shown in Fig. 3 (top), sSVEP inter-trial phase
locking values were higher for incorrect compared to correct trials at occipital midline
sensors, in a time segment extending between —268 and —138 ms pre-T1. During this time
interval, two adjacent occipital electrodes near Oz exceeded the permutation-controlled
significance threshold of 3.10. Their peak t values were 3.18 (p < 0.05) and 3.46 (p < 0.05).
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Induced alpha power

Alpha power was also sensitive to performance: Two contiguous right occipital sensors
showed significant power increase for correct compared to incorrect trials in the time range
between —648 and —548 ms (see Fig. 3, bottom). The peak t values for within this sensor
cluster were —3.15 (p < 0.05) and —3.25 (p < 0.05).

Evoked ssVEP and alpha power—When comparing the evoked spectrum for T2-
correct and T2-incorrect trials using permutation-controlled t tests, no sensor clusters met
the criteria for significance in either frequency band.

Cross-correlation function—Given that ssVEP ITPL and induced alpha power both
showed sensitivity to T2 performance, their linear dependency was examined in a control
analysis, aiming to establish the extent to which both measures reflect overlapping neural
activity. Here, the cross-correlation function between the ssVEP ITPL and alpha-power time
series was calculated at each sensor, resulting in a metric of linear dependency between the
two variables at all possible temporal lags. This analysis suggested that the time courses of
alpha power and ssVEP ITPL were not linearly related at any lag, supporting the statistical
independency of these two measures.

Inter-site phase locking—Performance-related differences in ssVEP ITPL and alpha
power were also followed up by connectivity analyses, focusing on the pre-T1 temporal
regions of interest identified above for sSVEP ITPL and alpha power. Greater ssVEP phase
locking between Oz and two spatially and temporally separate sensor clusters was observed
for correct compared to incorrect trials. The first sensor cluster consisted of seven
contiguous right frontal sensors and exceeded the significance threshold of —3.16 (p < 0.05)
during a time period lasting from —676 to —608 ms, relative to T1 onset (Fig. 4, top). Within
this cluster, the maximum t values ranged from —3.40 (p < 0.05) to —4.16 (p < 0.05). The
second sensor cluster comprised of four contiguous left parietal sensors which exceeded
significance from —152 to —138 ms (Fig. 4, bottom), with peak t values ranging from -3.52
(p < 0.05) to —5.26 (p < 0.05). In the alpha frequency band, ISPL values for correct and
incorrect T2 trials did not differ.

Phase differences between T2-correct and T2-incorrect trials—Permutation-
controlled comparisons of phase angles at the ssVEP frequency did not exceed the
significance threshold. By contrast, alpha phase was related to performance: Centro-parietal
midline sensors and a cluster of left superior temporal sensors (see Fig. 5b) showed
sustained differences in the distribution of phase angles in a time segment between —294 and
-188 ms relative to T1 onset (see Fig. 5a). No differences were observed during the early
part of the epoch or after presentation of the targets. Follow-up tests examining the
uniformity of the distribution of phase angles (see Fig. 5b) showed that, throughout the
duration of the segment from —294 and —188 ms, phase angles during correct trials were
non-uniform, showing significant (Rayleigh's R > 0.21, p < 0.05) preference for a specific
direction. By contrast, phase angles during incorrect trials were uniformly distributed and
did not evince any preference during the time segment of interest.
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Correlation between performance and oscillatory brain activity—Inter-individual
AB performance was related to alpha-power differences between correct and incorrect trials
at eight contiguous left occipito—parietal sensors near Oz (Fig. 6). In this cluster, Spearman
rank correlation coefficients ranged from —0.48 (p < 0.05) to —0.78 (p < 0.05). Here,
participants with greater pre-T1 alpha power during correct, compared to incorrect trials,
displayed better performance during Lag 2, relative to Lag 4. By contrast, no relationship
between ssVEP ITPL and AB performance was observed.

Discussion

The purpose of this study was to investigate the extent to which pre-T1 EEG characteristics
predict T2 report accuracy, focusing on differences in induced alpha power and ssVEP
phase locking. Several hundreds of milliseconds prior to T1 onset, correct trials showed
relatively heightened induced alpha power and increased ssVEP ISPL between Oz and right
frontal electrodes. In a temporal window more proximate to T1 onset, correct trials were
associated with relatively lower ssVEP ITPL and higher connectivity between Oz and a left
parietal sensor cluster. In addition, a significant difference in the ongoing alpha phase was
observed between correct and incorrect trials during this second temporal window,
immediately preceding T1. Importantly, alpha power also predicted behavioral performance
across participants, with individuals showing heightened alpha power prior to T1 in correct
trials overall outperforming those with no or opposite alpha-power modulations.

To the extent that alpha power and ssVEP phase locking showed complementary, opposite,
patterns regarding their prediction of behavioral accuracy, one may ask whether the two
measures were negatively related and possibly reflect the same underlying process. An
analysis of the cross-correlation function between the two metrics demonstrated that they
were statistically independent. While a linear relationship between the markers of oscillatory
activity considered here was not supported, their temporal dynamics vis-a-vis performance
suggested significant functional overlap: During an early time period beginning around —650
ms relative to T1, increased alpha power at occipital electrodes and increased ssVEP phase
locking between Oz and frontal sensors were associated with correct T2 report. The former
effect (heightened pre-T1 alpha power in correct trials) also predicted inter-individual
differences in T2 accuracy at Lag 2, relative to Lag 4: More alpha enhancement in correct
trials was related to better performance during the AB interval. More proximate to T1 onset,
a combination of (a) decreased ssVEP inter-trial phase locking, (b) heightened ssVEP ISPL
with left occipito—parietal sensors, and (c) alignment of the alpha phase at posterior sensors
was predictive of T2 being correctly reported. Together, these differences are consistent
with a mechanism of active suppression of sensory cortical processing during the distractor
stream, prior to T1. Such an inhibitory role has been proposed in traditional and
contemporary neurophysiological models of alpha oscillations (Steriade and Llinas 1988;
Klimesch et al. 2006), in which alpha is seen as an index of cortical excitability, potentially
reflecting the thalamocortical information flow (Steriade and Llinas 1988). The interactions
between evoked and induced oscillations during AB at the level of power, phase, and
connectivity may be a productive area of future research.
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Relatively heightened alpha power has traditionally been considered an index of a more
controlled and restricted flow of information from the thalamus to the cortex (Adrian and
Matthews 1934) and has recently been linked to a range of processes involving top-down, or
“controlled” processing (Klimesch et al. 2006). In a similar vein, heightened alpha activity
may reflect an attentional gating mechanism in which the cortical processing of external,
sensory information is reduced (Klimesch et al. 2006), potentially through changes in
excitability (Romei et al. 2010). In line with this notion, visual stimuli presented at near-
threshold levels are more likely to be detected at lower levels of alpha power (Ergenoglu et
al. 2004), with some researchers suggesting that intermediate levels of alpha power index
near-optimal states for stimulus processing (Rajagovindan and Ding 2011). Together, these
studies suggest that high alpha power may characterize a state of less sensory cortical
excitability, potentially related to lower levels of external attention control. The present
finding of heightened alpha activity prior to T1 selectively during T2-correct trials is
therefore consistent with contemporary models that emphasize the role of pre-T1
neurocognitive processes for AB performance as reviewed in Dell’Acqua et al. (2012), or
Martens and Wyble (2010). Experimental and computational evidence has converged to
demonstrate that relatively heightened activation of the internal representation of the targets,
in combination with relatively less attention directed to pre-target distractors and the T1,
predicts correct T2 report during the AB (Olivers and Nieuwenhuis 2005). Specifically, the
present result aligns with overinvestment theories of the AB in which excessively applied
attention control in the time region around T1 negatively affects T2 report accuracy (Olivers
and Meeter 2008; Taatgen et al. 2009). Whether the AB effect holds a systematic
relationship with alpha power and whether such an effect holds only for intermediate levels
is outside the scope of the current experiment.

Consistent with these considerations, inter-trial ssSVEP phase locking was heightened
immediately prior to T1 onset, in trials with incorrect T2 report. Paralleling the findings with
alpha power, this supports the notion that facilitated processing of the pre-target distracters
is detrimental for correctly reporting T2: When evoked by an external stimulus, a more
consistent sSVEP phase across trials reflects more synchronous and temporally stable
engagement of the neural tissue, which has been linked to increased selective attention
(Ding et al. 2006; Porcu et al. 2013). Thus, in addition to differences in alpha power, ssVEP
ITPL differences are pertinent for hypotheses of the AB that highlight “overzealously
applied” attentional selection of RSVP items (Olivers and Meeter 2008; Taatgen et al.
2009). Visuocortical over-engagement early in a trial is predictive of relatively poorer
performance later in the same trial in sustained attention tasks, assessed through behavioral
experiments (Ling and Carrasco 2006) as well as ssVEPs (Wieser and Keil 2011).
Consistent with the present findings, detecting multiple targets may benefit from directing
less attention toward the pre-target distractor stream. One may speculate, then, that an
initially less attentive state is beneficial for rapid and accurate processing of alternating
distractors and targets.

The present results replicate the report by MacLean and Arnell (2011) who observed greater
alpha reduction on T2 missed trials. By contrast, Kranczioch et al. (2007) reported
heightened pre-T1 alpha power for incorrect trials. As noted by these same authors, this
discrepant finding may be related to the fact that the RSVP frequency (10 Hz) in Kranczioch
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et al. (2007) was centered in the alpha range, preventing a spectral separation of alpha and
sSVEP responses. In line with the present results however, Kranczioch et al. (2007) found
pre-T1 inter-trial phase coherency to be higher on T2 incorrect trials.

Given the close spectral proximity of the alpha band and the ssVEP frequency in the present
study, the question arises regarding the independence of the oscillatory activity at the RSVP
frequency and in the alpha frequency range. In the current results, induced power at the
ssVEP frequency followed a similar pattern as the alpha band, showing greater power for
correct compared to incorrect trials in time ranges preceding T1. However, a difference in
sSVEP ITPL values was not observed during this time, which provides evidence that the
difference in power during this time period is likely not due to oscillatory activity evoked by
the RSVP train. In addition, performance-related differences in induced power at the sSVEP
or alpha band did not emerge during the difference in ITPL beginning at =250 ms. Together,
these results suggest that the temporal dynamics of the ssVEP ITPL are unaffected by
induced power, suggesting that oscillatory activity evoked by the RSVP stimulus stream
may be separable from alpha using ITPL measurements.

Whereas high inter-trial phase locking indexes temporally stable engagement of neural
tissue, greater phase locking between electrode sites as measured by ISPL represents a
higher degree of coordinated activation between cortical sites and suggests a degree of
cortico-cortical communication (Lachaux et al. 1999). The present study demonstrated
greater ISPL at the ssVEP frequency between Oz and a right frontal sensor cluster as well as
a left parietal sensor cluster for T2-correct compared to incorrect trials. These differences in
connectivity temporally coincided with increased alpha power and decreased ssVEP ITPL,
respectively, which may be taken to indicate that changes in neural connectivity at the RSVP
frequency were related to local modulations across both frequencies. Relatively increased
hemodynamic activity in both parietal (Marois et al. 2004) and frontal cortices (Marois et al.
2000, 2004) has been observed during correct, compared to incorrect trials in RSVP tasks.
Electromagnetic indices have converged with these findings, also showing increased phase
locking between fronto-parietal regions and the occipital cortex selectively during correct T2
report (Gross et al. 2004). Integrating this literature, Hommel et al. (2006) concluded that
heightened communication between the visual cortex and widespread cortical sites
represents a potential mechanism mediating temporal attention control. Replicating recent
connectivity analyses of the AB (Glennon et al. 2015), the present study extends such
notions by demonstrating heightened inter-site connectivity during specific epochs
preceding T1 for T2-correct trials, accompanying local modulations of alpha and ssVEP
signals, respectively.

Significant differences in the phase angle for alpha, but not ssVEP, were found during a pre-
T1 time period coinciding with the temporal window of ssVEP ITPL differences,
immediately preceding T1. Mid-occipital alpha phases during this time period were uniform
for incorrect but not correct trials, indicating that a specific phase angle was characteristic of
correct, but not incorrect trials. Overlapping in time with changes in ITPL and inter-site
connectivity, this systematic change in phase alignment may be part of altered connectivity
and synchrony also characterized by local power and phase-locking measures, consistent
with modulations of attention or attention control. Notably, we did not observe differences
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in phase angle distribution at the time of T1 and T2 onset, reported previously by Zauner et
al. (2012), which may be due to the fact that these authors used a 10-Hz presentation rate for
the RSVP, thus evoking oscillations at the center of the alpha frequency range.

No effect of distractor valence on T2 report was observed. Given the growing literature on
attention capture effects by emotional distracters, this negative result may well indicate that
manipulating stimulus saliency at the serial position just after T1 does not affect the AB.
Considering the significance of pre-T1 attention-related EEG in predicting the AB observed
in the present study however, one may hypothesize that emotionally salient distracters may
affect performance when presented prior to rather than in between the targets. Future work
may investigate whether salient distractors presented prior to T1 prompt differential T2
report and/or impact the pre-T1 alpha and ssVEP oscillations.

In conclusion, temporally specific modulations of pre-T1 alpha power, alpha phase, and
ssVEP phase locking predicted whether T2 was correctly reported in the critical Lag 2
condition. Furthermore, inter-individual differences in pre-T1 alpha-power modulations
predicted variability in AB performance across participants. Together, these results can be
taken to highlight the important role of pre-target attentional states for T2 performance, with
T2 report being hindered by states of heightened attentional control applied to distracters
preceding T1 and likely T1 itself. This interpretation is consistent with over-investment
theories of the AB.
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What were the
first two letters
of the first/second
green word?

1, 3, or 5 inter-target
distractors

116ms
SOA

« 5-10 pre-target
distractors

Fig. 1.
The sequence of one trial of the RSVP paradigm. Items were presented for 116 ms each

resulting in a presentation rate of 8.56 Hz. The present illustration depicts a trial in which
the target words are separated by a single distractor word. Target words were neutrally
valenced and displayed in a green font, whereas all distractor words were presented in a
white font. All words were presented in the center of a computer screen
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Mgan (n=17) report accuracy for T2 on trials in which T1 was reported correctly for the
Lag 2 (M =60.72 %, SE = 3.69 %), Lag 4 (M = 86.06 %, SE = 2.30 %), and Lag 6 (M =
89.88 %, SE = 2.20 %) conditions. Standard errors are indicated by the vertical bars. A
significant linear trend was observed across all three lag conditions
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Wgavelet illustrations for ITPL (left, top), power (left, bottom), for frequencies 6.73-20.50
Hz from —1100 to 1104 ms relative to T1 onset from one representative sensor, with time
periods of significant incorrect versus correct differences indicated by the black box.
Topographical distribution of t values (right) taken at the time point containing the
maximum t value
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Fig. 4.

Wavelet illustrations for ISPL taken from one representative sensor within the right frontal
(Ieft, top) and right parietal (left, bottom) for frequencies 6.73—-20.50 Hz from —1100 to 1104
ms relative to T1 onset from one representative sensor, with time periods of significant
incorrect versus correct differences indicated by the gray or black box. Topographical
distribution of t values (right) taken at the time point containing the maximum t value for
either sensor cluster
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Fig. 5.

a g values across time for incorrect versus correct comparison of ongoing phase for ssVEP
(gray) and alpha (black) at one representative sensor. The black bar indicates the time
window in which the p values exceeded significance. b Rose plots of the phase angle
distribution for all correct (left, bottom) and incorrect trials (l€eft, top) at one representative
time point within the time window of significant alpha p values. The topographical
distribution of p values of correct versus incorrect alpha phase angles at this time point is
illustrated (right)
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Inter-individual relationship between alpha-power differences (correct—incorrect) and AB
performance (Lag 4 % correct = Lag 2 % correct) from one representative sensor with a
Spearman's Rho of —0.60 (p < 0.05). Spearman's Rho values across sensors illustrated in the
topographical distribution
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