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Abstract

It is well known that we continuously filter incoming sensory information, selectively allocating attention to what is
important while suppressing distracting or irrelevant information. Yet questions remain about spatiotemporal patterns of
neural processes underlying attentional biases toward emotionally significant aspects of the world. One index of affectively
biased attention is an emotional variant of an attentional blink (AB) paradigm, which reveals enhanced perceptual encoding
for emotionally salient over neutral stimuli under conditions of limited executive attention. The present study took
advantage of the high spatial and temporal resolution of magnetoencephalography (MEG) to investigate neural activation
related to emotional and neutral targets in an AB task. MEG data were collected while participants performed a rapid
stimulus visual presentation task in which two target stimuli were embedded in a stream of distractor words. The first target
(T1) was a number and the second (T2) either an emotionally salient or neutral word. Behavioural results replicated previous
findings of greater accuracy for emotionally salient than neutral T2 words. MEG source analyses showed that activation in
orbitofrontal cortex, characterized by greater power in the theta and alpha bands, and dorsolateral prefrontal activation
were associated with successful perceptual encoding of emotionally salient relative to neutral words. These effects were
observed between 250 and 550 ms, latencies associated with discrimination of perceived from unperceived stimuli. These
data suggest that important nodes of both emotional salience and frontoparietal executive systems are associated with the
emotional modulation of the attentional blink.
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cortices, and other brain regions key in tagging emotional salience
may underlie deployment of affect-biased attention by modulating
visual cortical activation in much the same way as frontoparietal
regions do during task-based control [12,13,14,15].

Convergent evidence suggests that, at a latency sufficiently late
to allow awareness and explicit evaluation of stimuli, both
executive and emotional salience systems contribute to enhanced
processing of emotional stimuli. ERP studies have identified a late
positive component, the late positive potential (LPP), between 400
and 600 ms after stimulus onset, which is enhanced for
emotionally salient over neutral stimuli (e.g., [16]). A recent study

Introduction

Emotionally important events are perceived more vividly than
mundane ones [l], and emotionally compelling objects in the
environment capture the eye as we navigate the world [2,3]. It is
well known that we continuously filter incoming sensory informa-
tion, selectively allocating attention to what is important to us and
suppressing distracting or irrelevant information (for review see
[4]). Yet questions remain about spatio-temporal patterns of
neural processes underlying attentional biases toward emotionally
significant aspects of the world.

A wide body of research indicates that enhanced visual
processing of goal-relevant stimuli is modulated by executive
attentional processes in the service of explicit goals [5,6,7].
Evidence from affective science suggests that selective visual
attention is also modulated by emotional or motivational salience
linked to longer-term subjective goals of increasing pleasure and
avoiding pain [8,9]. Such long-term goals can tune visual attention
habitually to emotionally salient stimuli such as a prized
possession, a facial expression, or a gruesome scene [8,10,11].
Convergent data suggest that the amygdalae, orbitofrontal
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found that LPP amplitude for emotionally evocative images can be
modulated by both task relevance (executive top-down attention)
as well as by the emotional salience of an image when it is not task
relevant [17]. This finding suggests that, at that latency, executive
and emotional salience systems interact to modulate cortical
activation. Building on this finding, one magnetoencephalography
(MEG) study found that in the 400-500 ms time window, frontal
and occipitoparietal regions showed greater bidirectional activa-
tion for more emotionally salient stimuli [18]. Again, this finding
was interpreted as reflecting interaction between perceptual and
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reflective processes. These studies suggest that executive and
emotional attention systems may work in an additive manner for
later stage processing. A further question concerns whether similar
patterns of co-activation between executive and affect-biased
attention can be observed for rapid attentional capture by
emotional stimuli.

A behavioural index of affect-biased attention that may tap
more directly the deployment of emotional control settings is an
emotional variant of an attentional blink (AB) paradigm. The AB
[19] is a well-documented experimental manipulation that
effectively measures biases in perceptual encoding and resulting
awareness. The AB task is a rapid serial visual presentation
(RSVP) task in which target stimuli are embedded in a stream of
very rapidly presented stimuli. The ‘blink’ itself is a phenomenon
where participants are typically unable to report a target stimulus
(T2) when it is presented within ~500 ms of a previous target (T'1)
within the stream of distractors. ERP research has shown that,
whereas perceptual components in the first 150-200 ms of
stimulus onset are identical for both perceived and unperceived
targets, an unperceived T2 stimulus fails to elicit a P3 component
[20,21], which is measured at a similar latency to the LPP reported
in emotional studies. fMRI studies implicate frontoparietal
networks in the AB, likely functioning in interaction with visual
cortices (for review see [22]). Moreover, MEG research has
revealed ‘blink sparing’ for perceived T2s to be characterized by
greater synchronization between frontoparietal regions at ~400
within the gamma frequency range [23].

There are a number of interpretations of this phenomenon. One
influential interpretation proposes that the blink occurs due to
limitations in executive attention involved in the later stage of
perceptual encoding, which is required for stimulus awareness, as
attention is still caught up in processing the first target. Attentional
resources are thus unavailable for processing the second target
[24]. Another interpretation holds that the blink reflects a failure
to switch attentional sets from those tuned to the category of the
T1 stimulus to those tuned to the T2 stimulus if T2 appears too
quickly after T'1, resulting in a lack of perceptual awareness of T2
[25]. A current review of the literature concludes that executive
resources as well as stimulus relevance influence the AB [22].

Notably, when T2 is emotionally salient, a reduced blink, or an
emotional sparing, is observed [26,27,28]. A recent ERP study
with emotional faces as T2 stimuli employed trial by trial analysis
of AB effects [29]. This study found a late pattern of activation that
was both more accurate and fine-grained in its discrimination of
T2 expression. This late latency activity is consistent with models
proposing contributions of both executive attention and emotional
salience to later activation patterns associated with AB sparing.
The same study also found rapid perceptual differentiation
between emotionally expressive and neutral faces [29]. Taken
with other findings of cortical activation for emotionally salient
T2s at 120-240 ms [30], there is some evidence that rapid
facilitation of perceptual processing also characterizes emotional
sparing

fMRI studies have further suggested that the amygdalae and
prefrontal regions are implicated in emotional sparing of the AB,
although designs have been varied and results mixed. A study
using emotional faces found greater dorsal anterior cingulate
activation for perceived vs. unperceived emotional vs. neutral T2s
[31]. Another study found both orbitofrontal and amygdala
regions to be associated with emotional sparing for T2 [32].
Finally, A recent study using an aversively conditioned T2 found
that, although enhanced amygdala and visual cortex activation are
implicated in emotional sparing, the relation between them was
statistically mediated by frontal activation [33].
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These findings suggest that, while key regions of both executive
and emotional salience systems are implicated in emotional
sparing, increased frontoparietal activation ultimately may drive
amygdala facilitation of perceptual encoding. However, the
latency at which the amygdalae or other emotional salience hubs,
in comparison with frontoparietal regions, influence emotional
sparing is still not known. The excellent spatiotemporal resolution
of MEG i1s well suited to map the temporal sequence by which
specific regions contribute to emotional sparing. For example,
beamformer analysis of M/EEG data has contributed substantially
to our understanding of the neurodynamics of selective spatial
attention by imaging reliable sequences of cortical activation
[34,35] Although there has been some controversy about the
reliability of amygdala activation detected with MEG, a sufficient
number of studies have demonstrated reliable activation in the
amygdalae using beamforming techniques to indicate that results
are informative (e.g., [36,37,38,39]). Moreover, some MEG
studies have found activation in the region of the amygdalae to
be very rapid (as early as 60 ms), preceding emotionally enhanced
visual activation [13,40,41]. In the present study, we examined
whether relatively rapid amygdala activation might also precede
prefrontal activation to contribute to blink sparing.

In summary, whereas fMRI studies have elucidated brain
regions implicated in emotional sparing, and ERP studies have
suggested both rapid and extended correlates, to date no study has
employed MEG in an emotional AB paradigm to obtain both
spatial and temporal information with the same protocol. The
present study had two major goals: 1) to use the spatial resolution
of MEG to accurately localize the neurophysiological generators
underlying emotional sparing of the attentional blink, and 2) to
investigate the timing and spectral content of neurophysiological
activation underlying emotional sparing. Evoked and oscillatory
responses in particular frequency ranges are associated with
specific processes underlying neurophysiological information
processing (see [42] for review). These oscillations, together with
their measurement using M/EEG in the context of cognitive
functions, are typically focused on the theta, alpha, beta and
gamma frequency ranges [42,43]. Accordingly, we focused our
analyses, as well as our frequency ranges of interest, on
commensurate frequency bands. Based on previous research, we
were particularly interested in the time course/frequency range of
potentially enhanced amygdala and ventral prefrontal activation
for emotional targets, and the role of these regions in tagging the
emotional salience of a stimulus. We hypothesized that, while
nodes of both emotional salience and executive systems would be
implicated in emotional sparing, activation in the amygdala would
precede activation in regions mediating executive processes.

Methods

Participants

Participants were 24 healthy young adults between the ages of
22 and 32 years (mean age 25 yrs). By self-report, all participants
had no history of neurological, psychological or psychiatric
diseases. All participants had normal or corrected-to-normal
vision and were free of retaining wires, braces or other metal on
the body as per standard MRI/MEG exclusions. Six participants
were excluded from analysis due to: corrupted MEG files (2),
missing MRI scans (1), non-completion of the task (1), and
excessively low accuracy (<40% correct) (2), leaving a final N of 18
(9 female, aged 2029, mean age 26). All subjects gave informed
consent.
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Ethics Statement
This study was approved by the Hospital for Sick Children
Research Ethics Board.

Experimental task

Before entering the MEG scanner participants performed a
practice version of the attentional blink task on a computer. In this
rapid serial visual presentation (RSVP) task, in each trial a series of
15 stimuli was presented for 100 ms each in a rapid stream (see
Figure 1). Two targets were presented amongst a series of
distractors: the first (T'l) was a string of numbers and in this
practice version the second (12) was always an emotionally neutral
word. Distractor words were emotionally neutral, presented in
black font, and selected to be longer than target words to optimize
masking effects. T2 stimuli were presented in green font. T2
stimuli were selected from the Emotional Norms for English
Words (ANEW), a database of emotionally salient words that have
been normatively rated for valence and arousal [44]. Tlwas
randomly positioned in the RSVP stream. T2 followed T1 after
one of four possible lags with 0 (lag 1), 1 (lag 2), 3 (lag 4), or 6 (lag
7) distractor words in between. Following each trial, participants
were asked to type both targets.

The practice task was used to determine the lag at which each
participant had approximately 65% accuracy, and this lag was
employed in the MEG task for that participant. Following the
practice, the participant completed the attentional blink task again
in the MEG where stimuli were presented at midline and
subtended a visual angle of 6°. The MEG version of this task
was identical to the practice task except that T2 words were either
negatively arousing (emotionally salient) or neutral words that
were not included in the practice task. Emotionally salient and
neutral words were balanced for length, written frequency, and
neighbourhood frequency (the frequency of words of the same
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length that could be created by changing a single letter) [45]. T2
was presented at each subject’s determined lag to maximize the
number of trials per condition. For each trial, subjects saw a
fixation cross for 500 ms, then 15 words were presented at 100 ms
intervals. Within this stream of words, following between 2 and 5
distractors, T1 and T2 were presented with the determined lag
between them. There was a variable inter-stimulus interval
between the final word and the fixation cross during which time
the subjects observed a black screen and reported the targets
verbally into a microphone. Responses were scored as hits
(accurately reported numbers and words) or misses by an
experimenter during data acquisition.

MEG data acquisition

MEG data were recorded continuously (600 Hz sampling rate,
DC-100 Hz low-pass filter, third-order spatial gradient noise
cancellation), using a 151 channel CTF system (MISL Ltd.,
Canada) in a magnetically shielded room located at the Hospital
for Sick Children, Toronto. Head position within the MEG dewar
was determined by the use of three localization coils placed at the
nasion and left and right pre-auricular points and measured before
and after each run. Conditions with head movements greater than
5 mm are systematically re-run; however, this was not necessary in
this study. To co-register MEG data with anatomical images, the 3
localization coils were replaced with MRI-visible contrast markers,
and a structural magnetic resonance image (MRI) was obtained
from each participant. These images were acquired using T1-
weighted MRI scans covering the whole brain (3D MPRAGE
(Sag; FOV =192x240 %256 mm; 1 mm iso voxels; TR/TE/T1/
FA=2300/2.96/900/9, GRAPPA=2) on a 3T MAGNETOM
Tim Trio (Siemens AG, Erlangen, Germany) with a 12-channel
head coil.

b

T2 Accuracy

84 -

Proportion Correct

TOURNAMENT

Affective

Neutral

Figure 1. Example of the attentional blink task and behavioral results. a) Within a rapid stream of stimuli occurring every 100 ms,
participants must identify two target words (in green). For each subject, T2 occurred at one of 4 possible lags (200, 400, 600 or 700 ms) after the
presentation of T1. The lag for each individual, was established using a practice task prior to the MEG task, and was based on the lag at which ~65%
accuracy was achieved. b) Accuracy for emotionally neutral and emotionally salient T2 words.

doi:10.1371/journal.pone.0093753.g001

PLOS ONE | www.plosone.org

April 2014 | Volume 9 | Issue 4 | 93753



MEG Analyses

Data pre-processing was completed for each participant as
follows: Data were bandpass filtered off-line (zero-phase shifting
Butterworth filter) from 1 to 40 Hz, time-locked to T2 stimulus
onset and segmented into epochs from 200 ms pre- to 700 ms
post-T2. Filtering was optimized for investigation of MEG
responses in frequency ranges relevant for cortical processing
underlying cognition (theta, alpha, beta, gamma; see [42,43] for
reviews), and specifically associated with attentional blink effects
[23,46,47]. Trials were binned into emotionally salient hits and
neutral hits (where participants correctly identified both targets),
and emotionally salient misses and neutral misses (where
participants failed to correctly identify T2 words). Trials were
averaged within each category for each subject.

Global-field power (GFP) plots showing the root mean squared
power across frontal sensors (n=35) were calculated from each
subject’s averaged data. Those GFPs were then averaged and
overplotted for correct T2 stimuli (regardless of salient or neutral
stimulus type) in which T1 stimuli were also correctly reported
(hits) and T2 stimuli that were not correctly reported (misses). This
was done separately for trials with emotionally salient and neutral
T2s, and served as a global index of neural correlates of the
attentional blink effect. Since there were unequal numbers of hit
and miss trials, the hit and miss GFPs for each subject were
weighted by their respective ratios to the overall number of trials.

A vector beamformer source localization algorithm [48,49]
integrated over 100 ms overlapping time windows from 50—
550 ms post-T2 for the emotionally salient and neutral words was
applied with a spatial resolution of 5 mm. This resulted in images
for 9 time windows (i.e., 50-150, 100-200, 150-250, 200-300,

250-350, 300400, 350-450, 400500, 450550 ms). Multisphere
head models were created from each individual’s MRI [50]. In
order to determine regions showing greater activation for
emotionally salient than neutral words in each time window, each
participant’s beamformer images were normalised into stereotaxic
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space using Advanced Normalization Tools ANTS, University of
Pennsylvania, Philadelphia, PA, America; http://stnava.github.
i0/ANTs/). They were then submitted to one-sided non-
parametric permutation tests (2946 permutations) for the contrast
emotionally salient>neutral and corrected for multiple compar-
isons.

To further probe the activation patterns of regions of interest,
we placed ‘virtual sensors’ in locations identified by beamforming,
and computed the time course of activation at that location.
Regions that were expected to be of interest included locations in

frontal cortices and amygdalae.

Results

Behavioural results
Accuracy was calculated as the proportion of correctly reported

words for T2 trials that followed correct T'1 trials in the emotional
and neutral conditions. Paired sample T-tests revealed greater
accuracy for emotional (mean =78.2) than neutral (mean = 74.5)

T2 hits, £1,16)=2.67, p=0.02 (Figure 1b).

Global Field Power (GFP) results for hits vs. misses

GFP plots from 35 frontal electrodes were visually inspected
prior to statistical comparisons of source activation to assess
patterns of activation related to task performance across sensors.
GFP plots over frontal sensors revealed overall greater activation
for accurately reported T2 words that followed correct T'1 stimuli
(hits), both emotional and neutral, but not for T2 words that were
not correctly reported (misses). Consistent with previously reported
ERP findings, there was a robust late effect (the P3 in ERPs) for
hits and no observable peak for misses for both emotionally salient
and neutral words (Figure 2). This replicates previous findings
where the P3 has been linked to behavioural indices of awareness
(successful perceptual encoding of T2) [51]. There was also a
larger P3 peak for emotionally salient than neutral hits.
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Figure 2. Global field power plots showing the root mean squared power across 35 frontal MEG sensors reveal a P3-like effect for
correctly reported T2 words (hits; blue lines) but not for misses (red lines). The P3 effect is present for both neutral (dotted line) and
emotional (solid line) words. This finding illustrates previously reported ERP findings that the ‘attentional blink’ effect is reflected in the lack of a P3.

doi:10.1371/journal.pone.0093753.g002
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Table 1. Beamforming results showing peak activation coordinates for T2 hits relative to a fixation baseline for emotionally salient
and neutral words in sliding 100 ms time windows (p<.05, corrected, tmax).
EMOTIONALLY SALIENT NEUTRAL
Time Talaraich Anatomical label BA Max activ  Talaraich Anatomical label BA Max activ
50-150 —24 762 L lingual gyrus 19 0.82 —24 762 L lingual gyrus 19 0.86
20 —74 —6 R lingual gyrus 18 0.77 22 —76 —8 R lingual gyrus 18 0.79
16 —70 33 R precuneus 7 0.75
100-200 18 =78 =5 R lingual gyrus 18 0.91 —22 =700 L lingual gyrus 0.9
—22 -680 L lingual gyrus 19 0.88 18 —80 —4 R lingual gyrus 18 0.9
150-250 —26 —68 0 L lingual gyrus 19 0.8 —30 -705 L lingual gyrus 19 0.83
18 —78 =5 R lingual gyrus 18 0.77 20 —73 22 R precuneus 31 0.8
18 =73 22 R precuneus 31 0.76
200-300 2-78 -8 Rcuneus 18 0.71 —30-719 L post cingulate 30 0.74
—30 —719 L post cingulate 30 0.68 —34 —63 —12 L fusiform gyrus 19 0.69
—34 —63 —12 L fusiform gyrus 19 0.68
16 —75 18 R cuneus 18 0.66
250-350 4 -78 -3 R lingual gyrus 18 0.73 —34 —45 —15 L fusiform gyrus 37 0.61
—38 —59 20 L mid tempo gyrus 39 0.70
—34 —55 -9 Lfusiform gyrus 37 0.67
300-400 —38 —58 28 L mid temp gyrus 39 0.67 —40 —45 1 L parahip gyrus 19 0.67
—38 —55 30 L sup temp gyrus 39 0.66
350-450 —36 35 —8 L mid frontal gyrus 1 0.60 6 —83 10 R cuneus 17 0.55
236 26 R ant cingulate 32 0.57
400-500 —34 36 —9 L mid frontal gyrus 1 0.67 4 —838 R cuneus 17 0.53
—24 473 L sup frontal gyrus 10 0.49
450-550 —3242 —12 L mid frontal gyrus 1 0.60 4 -8111 Rcuneus 17 0.52
—3046 —7 L mid frontal gyrus 1 0.45
doi:10.1371/journal.pone.0093753.t001
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*MFG: middle frontal gyrus; 10G: frontal inferior orbital gyrus

Figure 3. Beamformer source localization results using 100 ms overlapping windows. The top two rows show regions with significant
activation for emotional and neutral stimuli respectively in each time window. Image contrasts of the activation between emotional and neutral
conditions showed significant greater differences in the right middle frontal gyrus (DLPFC) from 250-350 ms, then in the left inferior orbital gyrus
(OFCQ) for two time windows from 300-400 and 350-450 ms, and then in the right inferior orbital gyrus (OFC) from 450-550 ms.
doi:10.1371/journal.pone.0093753.g003
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Figure 4. Re-constructed time courses of the right DLPFC and bilateral OFC regions. These were the 4 regions that showed significant
greater differences between emotional (red) and neutral (green) stimuli. The time windows where the contrasts were significant are delineated by the
blue box. These locations are identified on a 3-dimensional image of the brain.

doi:10.1371/journal.pone.0093753.9g004

Source analyses

In order to assess activation across time in specific source
regions, we examined emotional and neutral hits separately,
relative to a fixation cross baseline, in 100 ms time windows.
Results revealed similar patterns of activation in visual cortices at
early latencies in both conditions (see Table 1 for all significant
activations; p<<0.05, corrected, t-max). To test for statistically
significant activations, data were repeatedly permuted (2946
permutations) across to-be-compared conditions, and the largest
differences for any voxel in this surrogate data was used to obtain a
threshold for each voxel. Between 350 and 450 ms, at the time of
the P3 peak found in the GFP plot, activation was observed in the
left middle frontal gyrus in the emotional condition only (Table 1).
To directly assess differences between conditions, we completed
direct contrasts between emotional and neutral hits. These
contrasts revealed four time windows where significantly greater
activation (p<<0.05, corrected for multiple comparisons) was
observed for emotional compared to neutral hits (Figure 3). In
the 250-350 ms time window there was greater activation for
emotional hits in the right dorsolateral prefrontal cortex —

PLOS ONE | www.plosone.org

specifically the middle frontal gyrus (57, 51, 16, BA 46). In the
300-400 ms and 350-450 ms windows there was greater activa-
tion in the left inferior orbital gyrus for emotional hits (peaks at
—34, 37, —7, and —32, 39, —5, BA 47, respectively). Finally, in
the 450-550 ms window there was significantly greater activation
for emotional hits in the right inferior orbital frontal gyrus (38, 25,
—10, BA 47). Time courses were re-constructed in these four
locations to track the changes in activation to emotional and
neutral stimuli (Figure 4). In the pertinent time windows, a clear
effect of emotion is seen. Thus, neural differences between
emotional and neutral words that were consciously perceived
emerged in a region of right dorsolateral prefrontal cortex,
followed by left and then right activation in orbitofrontal cortex at
the latency of the P3— the time periods in which neural
discrimination between hits and misses is observed.

Time Frequency Analysis

In order to probe specific neural frequencies driving the
enhanced left inferior orbital gyrus activation for emotional
stimuli between 350 and 450 ms, around the peak latency of the
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P3 revealed by the GFP, time frequency analysis was performed by
reconstructing a broadband time series of activity from each trial
using vector beamforming [50]. This algorithm implements a
spatial filter to estimate activity at a location in brain space while
attenuating contributions from other sources. A time-frequency
decomposition was performed on the resulting time series and
averaged across trials. T-tests revealed greater summed theta (4—
7 Hz) (t16,0nc-tailed) = 1.54, p=0.04) and alpha (8-13 Hz) (f6,0ne-
tailed) = 1.54, p=0.04) power between 350 and 450 ms for
emotional compared to neutral hits (Figure 5). Thus, enhanced
left OFC activation for emotional T2 words was primarily driven
by greater power in the theta and alpha range.

Analysis of early peaks in amygdala

Robust differences between emotion conditions emerged at
250 ms, a latency at which brain activation patterns indexing
explicit awareness of targets (P3) also begin to emerge. Yet we also
wished to determine regions hypothesized to play a role in
selecting which salient stimuli reach awareness. We thus specif-
ically probed brain regions that might show earlier discrimination
between emotional and neutral hits, potentially playing a role in
initially tagging stimulus salience prior to explicit awareness. We
repeated the beamformer analyses using 5 ms non-overlapping
time windows between 50-200 ms and contrasted the emotional
and neutral conditions to specifically look for potential source
locations in the amygdala, as it is expected that this region could
be involved in salience tagging. The right amygdala region (32 —2
—10) was identified by these analyses, which suggested activation
differences between emotional and neutral stimuli (p<<0.002,
uncorrected). This location was unwarped to each individual’s
MRI space and ‘virtual sensors’ placed at this coordinate, and in
homologous left amygdala (—32 —2 —10), were used to re-
construct the time-courses of activation for both types of stimuli
(Figure 6). The magnitudes of each subject’s individual responses
were measured at the latency of the peak averaged response in
each amygdala, and these peak magnitudes were submitted to
paired t-tests. Activation in the emotional condition was found to
be significantly greater ({16,one-tailed) = 1.98, p=0.032) than the
neutral condition at 147 ms in the right amygdala. The time
course measured in the homologous region of the left amygdala
showed a similar peak that was greater for emotional stimuli also at
145 ms ({16,0one-tailed) =2.17, p=0.022). Thus, these follow-up
analyses revealed that bilateral amygdala regions showed brief
preferential activation for emotionally salient targets at a latency
prior to the attentional blink effect (Figure 5).

Discussion

We investigated the neural underpinnings of the attentional
blink using MEG to determine the time course at localized sources
as well as the spectral content of brain activation associated with
enhanced perceptual encoding of emotionally salient stimuli. Our
behavioural data replicated the often-reported ‘emotional sparing’
of the attentional blink, with greater accuracy for emotionally
salient than neutral T2 words [26,27,28]. For correctly remem-
bered trials, MEG data revealed greater activation for emotionally
salient than neutral words in a region of right dorsolateral
prefrontal cortex just prior to the peak of the P3 revealed by GFP
plots, followed by activation in left orbitofrontal cortex between
300 and 450 ms, around the peak of the P3, which was
characterized by greater power in the theta and alpha bands.
The left OFC activation was followed closely by activation in right
OFC.
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Initial inspection of GFP plots revealed a peak activation,
maximal at ~400 ms, which was present for correctly reported T2
words and entirely absent for misses. This pattern of activation is
consistent with previous ERP studies finding that, whereas
components marking early perceptual processing do not differ
between hits and misses, the P3 component (peaking at ~400 ms)
was missing for unperceived targets [21,51]. Apart from any
emotional modulation, the latency of the discrimination of hits
from misses is consistent with models of the attentional blink
proposing that perceptual categorization at early latencies is
unaffected by the processing limitations thought to generate the
attentional blink. According to these models, the AB instead
reflects a later, resource limited processing stage mediated by
frontoparietal networks [20,24,51,52,53]. Inspection of the GIFP
also revealed a larger P3-like component for emotionally salient
than neutral hits, suggesting that emotional modulation of the
blink is also primarily associated with a later processing stage.

Beamformer source localization revealed very similar patterns
of early perceptual processing for emotional and neutral hits, in
line with previous findings that early perceptual activation is
unaffected by attentional blink effects [20,21,51]. Activation
differences between emotion conditions emerged subsequently in
the right dorsolateral prefrontal cortex (DLPFC) followed by
sustained activation in bilateral orbitofrontal cortices (OFC). OFC
activity showed greater activation for emotionally salient hits in a
time window consistent with typically reported P3 effects [52,54].
The OFC has been implicated in integrating sensory information,
influencing autonomic activation, and learning and decision-
making processes related to emotional or motivational salience
[55]. Data from non-human animal studies indicate a primary role
for the OFC in tagging outcome expectancies based in part on
motivational value, which depends on an organism’s current goals
and state [56,57]. Some OFC neurons have been found to track
specifically the acquired salience of a stimulus [58]. Analysis of
structural connectivity suggests the OFC provides feedback to
sensory cortices linking sensory information to emotional context
[59].

Directly prior to the onset of OFC activation, a region of right
DLPFC exhibited enhanced processing of successfully encoded
emotionally salient stimuli (250-350 ms). The OFC has direct
reciprocal anatomical connections with the dorsolateral prefrontal
cortex DLPFC, which may facilitate the integration of OFC-
mediated processes linked to emotional salience with executive
processes subserved by DLPFC [55]. The DLPFC is a key node of
frontoparietal executive networks, and supports working memory
required for holding targets in mind as well as attentional biasing
of visual cortex activation for goal relevant stimuli [5,60]. Based on
convergent evidence, DLPFC has been recently characterized as a
node of a multiple demand system, assembling moment to
moment attentional content in relation to a hierarchy of goals
[61]. Previous MEG studies have shown that DLPFC coupling
with occipito-parietal regions has been associated with perfor-
mance on an emotionally neutral attentional blink task, indicating
a role for left DLPFC in executive activity required to successfully
distinguish targets from distractors [23]. Such activity includes
maintaining an attentional set for the category of target stimuli and
comparing it to stimuli in the rapid stream [23]. Moreover,
DLPFC activation has further been found be sensitive to
emotional salience and mood in tasks requiring working memory
[62,63], suggesting this region also integrates information about
emotional salience in tasks that typically activate it. Finally, MEG
has revealed enhanced coupling between frontal and occipital
regions in the P3/LPP window for emotionally salient images [18].
This finding has been interpreted in terms of reciprocal
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Figure 5. Theta modulation for emotionally salient stimuli in left inferior orbital gyrus (OFC). Time frequency plot reveals strong
modulation of theta (solid lines) and alpha (dotted lines) power at this left frontal location between 350-450 ms.
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enhancement of executive attention and emotional salience [18]
involved in later stages of processing emotional stimuli.

Our findings are consistent with fMRI data reporting OFC
activation as well as frontoparietal activation to be greater for
emotionally salient (aversively conditioned) vs. neutral hits in an
attentional blink task [33], and with studies suggesting additive
effects between affect-biased and executive attention at the time of
the P3. Drawing on the spatiotemporal sensitivity of MEG, our
results further suggest that the emotional AB taps orbitofrontal and
frontoparietal regions associated with both stimulus evaluation and
the visual short term memory and elaborative processing required
for successful AB performance. Again, this supports findings of
additive effects between emotionally biased and executive atten-
tion associated with later-stage processing [29,31]. The combined
activation of emotional salience and frontoparietal systems likely
contributes to perceptual encoding in relation to both motivational
and task-related goals, and to the ‘emotional advantage’ observed
for emotionally salient stimuli.

Time-frequency analysis revealed that the enhanced left OFC
activation for emotionally salient words between 350 and 450 ms
was characterized by increased power in the theta and alpha
frequency bands. Increased theta power in the context of the
present paradigm is intriguing due to numerous prior EEG/MEG
results implicating increases of frontal theta in cognitive and
emotional processes (for review see [64]) — consistent with the
view that neocortical theta oscillations play an important role in
cognitive and perceptual processing [65]. Such modulation of
theta in frontal systems appears additionally relevant considering
evidence implicating theta in regulating oscillations in other
frequency ranges (e.g. [66,67]) and organizing information flow
among cortical regions [68,69]. Theta-mediated processes have
also been associated with perception of visual stimuli [70]. In light
of such results, the present observation of increased theta power in
the orbitofrontal cortex suggests that this may represent the
transfer of information amongst frontal systems mediating
perceptual awareness influenced by greater emotional salience in
the perceived stimuli.

Increased alpha-band power was also observed in this region
during the same 350-450 ms time window. Task-dependent
increases in local alpha oscillations have been associated with
increasing inhibitory processing [71]. This view is supported by
observations from tasks measuring selective visuospatial attention
[72], working memory [73], and motor control [74]. However,
increased alpha activity does not universally reflect inhibition. For
example, visual ERPs understood to index active stimulus
processing have been shown to reflect phase resetting of alpha
oscillations [75,76]. This finding is in line with recent reports that
alpha oscillations may have multiple generators [77], some of
which may be differentially related to cortical activation/
deactivation [78]. It is becoming increasingly clear, however that
alpha rhythms play an important role in the coordination of
information exchange among brain regions [79,80]. Given this
increasingly complex view of the functional role of alpha
oscillations, orbitofrontal increases for perceived emotional stimuli
are more difficult to interpret than modulations of theta-band
oscillations, but may reflect increased activation or transfer of
information among frontal regions implicated in perceptual
awareness.
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