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A B S T R A C T

The steady-state visual evoked potential (SSVEP), an electrophysiological marker of attentional resource alloca-
tion, has recently been demonstrated to serve as a neural signature of emotional content extraction from a rapid
serial visual presentation (RSVP). SSVEP amplitude was reduced for streams of emotional relative to neutral
scenes passively viewed at 6 Hz (~167ms per image), but it was enhanced for emotional relative to neutral scenes
when viewed as 4 Hz RSVP (250ms per image). Here, we investigated whether these seemingly contradictory
observations may be related to different dynamics in the allocation of attentional resources as a consequence of
stimulation frequency. To this end, we advanced our distraction paradigm by presenting a visual foreground task
consisting of randomly moving squares flickering at 15 Hz superimposed on task-irrelevant RSVP streams shown
at 6 or 4 Hz, which could unpredictably switch from neutral to unpleasant content during the trial or remained
neutral. Critically, our findings demonstrate that affective distractors captured attentional resources more strongly
than their neutral counterparts, irrespective of whether they were presented at 6 or 4 Hz rate. Moreover, the
emotion-dependent attentional deployment from the foreground task was temporally preceded by sustained
sensory facilitation in response to emotional background images. Together, present findings provide evidence for
rapid sustained visual facilitation but a rather slow attentional bias in favor of emotional distractors in early visual
areas.
1. Introduction

One of the most extensively studied research topics in the field of
attention and emotion concerns the extent to which distracting emotional
cues can involuntarily capture attention (Carretie, 2014). The emotional
salience of visual images has been frequently linked to facilitated pro-
cessing, or sensory gain in response to emotional cues at the expense of
other concurrent stimuli that compete for limited processing resources
(Desimone, 1998; Desimone and Duncan, 1995; Keil et al., 2009). What
remains less understood, however, is the time-scale of potential trade-off
effects in the competition for visual processing resources between
task-relevant stimuli and distracting emotional information, in partic-
ular, when multiple affective distracters are presented over a prolonged
period of time.

Over the last decade, research utilizing steady-state visual evoked
potentials (SSVEP) has made a significant contribution to our under-
standing of the neural time-scale of visual distraction effects with
emotional stimuli (Deweese et al., 2014; Keil et al., 2002, 2012; Müller
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et al., 2008; Trauer et al., 2012). The SSVEP is a brain response to a
periodically presented stimulus with the same fundamental frequency
response as the driving stimulus, and has neural sources primarily in
early visual cortical areas (Di Russo et al., 2007; Müller et al., 2006;
Regan, 1989; Wieser et al., 2016). Notably, SSVEP amplitude is signifi-
cantly increased when a stimulus is attended compared to when it is
ignored (Andersen et al., 2010; Morgan, 1996; Müller et al., 2006; Norcia
et al., 2015; Vialatte et al., 2010). Most importantly, one can directly and
continuously quantify the allocation of processing resources devoted to
multiple simultaneously presented stimuli by tagging each stimulus with
its unique frequency and obtaining its distinct SSVEP response. This
property renders the SSVEP a powerful tool for studying
attention-emotion interactions at early visual areas through dissociating
and independently tracking the neural activity evoked by concurrently
presented task-related stimuli and affective distracters.

In this regard, we have conducted a number of studies utilizing our
distraction paradigm to investigate the time-course of competitive in-
teractions between a foreground attentional task and either neutral or
-19, 04109, Leipzig, Germany.
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emotional distracting pictures from the International Affective Picture
Set (IAPS, Lang et al., 2008) that were always task-irrelevant (Bekhtereva
et al., 2015; Deweese et al., 2016; Hindi Attar et.al 2010, Andersen et al,
2010; Müller et al., 2011; Müller et al., 2008; Müller and Gundlach, 2017;
Sch€onwald and Müller, 2014). In these studies, participants were
instructed to detect and respond to an occasional period of a coherent
motion event of a flickering random dot kinematogram (RDKs) in the
foreground while ignoring the distracter-image that could unpredictably
appear during the trial in the background. Critically, the RDK flashes at a
specific frequency, which elicits an SSVEP response at that frequency.
SSVEP amplitude time-course analyses uncovered a significantly greater
decrease in the SSVEP following the presentation of an emotional relative
to a neutral background distracter-image at ~400–500ms after picture
onset that lasted for several hundred of milliseconds (Hindi Attar et al.,
2010; Müller et al., 2008; Müller and Gundlach, 2017; Sch€onwald and
Müller, 2014), indicating a greater withdrawal of attentional resources
away from the visual task toward the emotional compared to the neutral
picture during that time window.

Most recently, we have significantly extended those findings by
demonstrating that the SSVEP can serve as a direct signature of emotional
content extraction. In a series of experiments employing a rapid serial
visual presentation paradigm (RSVP), neutral or unpleasant images were
displayed in rapid succession to elicit the SSVEP (Bekhtereva & Müller,
2015, 2017b; Bekhtereva et al., 2018). Critically, a new scene of a
particular valence category was displayed at each cycle of the presenta-
tion to assess whether SSVEP modulation can be driven by the repeated
extraction of affective content from an image (cf. Bekhtereva et al.,
2018). To this end, every image was shown at a relatively low-frequency
range of either 3, 4, 6, 8.57 Hz (from ~117 to 333ms per image) or at a
fast 15 Hz rate (67ms per image). The rationale for these presentation
times was based on previous evidence indicating that emotional content
extraction can be maintained with picture presentation rates up to
~12Hz, as indexed by the robust amplitude modulation of early nega-
tivities (N1 and EPN visual evoked potentials, Peyk et al., 2009) elicited
in response to the presentation of emotional relative to neutral images. As
anticipated, we found no discernable differences in SSVEPs at 15 Hz
RSVP. By contrast, SSVEP amplitudes were reliably modulated when a
neutral relative to a negative RSVP was presented at 3–8.67 Hz rates,
thereby providing the first evidence that the SSVEP modulation during
affective image viewing is contingent upon the extraction of emotional
features from each image.

However, the most striking observation from these experiments was
related to the differential direction of emotional modulation at 6 Hz as
opposed to other presentation rates. We observed a robust reduction in
SSVEP amplitudes when streams of emotional relative to neutral images
were viewed at 6 Hz (Bekhtereva and Müller, 2015, 2017), at odds with
earlier studies demonstrating an SSVEP enhancement in response to vi-
sual objects that convey emotional information (Deweese et al., 2016;
Gruss et al., 2012; Keil et al., 2003; Keil and Ihssen, 2004; Wieser and
Keil, 2011, 2014; Wieser et al., 2012) and in contrast with the robust
increase in SSVEP amplitude for emotional scenes at all lower presen-
tation rates, with particularly well-pronounced effects at 4 Hz. Moreover,
the reversed SSVEP amplitude modulation was also replicated with
6.67 Hz RSVP and generalized to pleasant images, strongly indicating
that the inverted modulation was not driven by a specific emotional
valence (cf. Bekhtereva et al., 2018).

How could such opposite patterns of the observed SSVEP amplitude
modulation with emotional images be reconciled? Our latest findings
strongly suggested that the SSVEP attenuation with affective content at
~6Hz rate may be accounted for by a linear superposition of ERPs
(Capilla et al., 2011). More specifically, systematic differences in tran-
sient ERPs in response to emotional as compared with neutral images in
an RSVP stream may have led to similar systematic differences in the
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SSVEP, which, in turn, may have increased or decreased the power at the
driving frequency, thus resulting in the reversed amplitude modulation
pattern (for more details see Bekhtereva et al., 2018). However, an
alternative possibility remains such as neutral images received prefer-
ential processing and attracted more attentional resources during picture
viewing at ~6Hz. Consequently, this may have resulted in a distinct,
facilitated perceptual processing, driving larger SSVEP amplitudes to
neutral as compared to emotional images.

The objectives of the present experiment were thus two-fold. On the
one hand, we aimed to confirm whether a 6 Hz RSVP of neutral or
emotional IAPS images would demonstrate evidence of differential image
processing to a 4 Hz RSVP stream, with more attentional resources
attracted to neutral images during the 6 Hz presentation. On the other
hand, we wanted to examine whether neural competition for visual
processing resources between a primary task and emotional distracters
exhibits time-point-by-time-point reciprocity. In particular, we investi-
gated whether or not the withdrawal of attentional resources from the
task could simultaneously be accompanied by reciprocal attentional pull
or sensory gain for the distracter-images. To this end, we adapted our
distraction paradigm by presenting a background RSVP stream at either 4
or 6 Hz in which all images were either of neutral valence, or would
change from neutral to unpleasant images at some point during the trial.
As with our previous studies, the foreground task was defined by an RDK
flickering at 15 Hz. The crucial methodological advantage of the current
design over earlier studies is that presenting multiple scenes with an
unexpected change from neutral to emotional valence within an RSVP
does not trigger an onset ERP in response to the content change and, as a
result, does not disrupt the ongoing SSVEP time-courses elicited by the
task and emotional distracters. This is achieved based on each presen-
tation cycle being defined by the onset of a new image as opposed to the
sudden visual onset of a single, identical neutral or emotional image
presented flickering for several seconds, as was the case in our previous
studies (Deweese et al., 2016; Keil et al., 2009).

The new design allowed us to concurrently analyze the time-course of
SSVEP amplitudes elicited by the 15 Hz foreground task and the 6 or 4 Hz
RSVP background stream. Of interest here was whether we would find
time-invariant instantaneous shifting of attentional resources away from
the foreground task to the emotional background images as would be
predicted by practically all attentional models. We hypothesized that if
larger SSVEPs with neutral compared to emotional images at 6 Hz
genuinely reflect an allocation of a more considerable amount of atten-
tional resources toward neutral content, then this should be mirrored in a
higher amplitude reduction (higher withdrawal of processing resources)
of the 15 Hz foreground SSVEP when neutral as opposed to emotional
RSVPs are shown at 6 Hz. Alternatively, if emotional scenes are stronger
competitors for visual processing resources relative to their neutral
counterparts, as repeatedly follows from our findings from the distraction
paradigm cited above, a significant reduction in the 15Hz SSVEP should
be observed when emotional relative to neutral RSVPs are shown at both
4 and 6Hz rates. With regard to the temporal dynamics of the shift of
attentional resources, we know from our previous studies that the task-
related SSVEP amplitude reduction occurs relatively late, between 400
and 550ms after the presentation of a distracting emotional relative to a
neutral scene, suggesting that the withdrawal of attentional resources
follows the higher-order process of emotional cue identification as was
reflected in the modulation of N1 and EPN components at ~200–400ms
(Bekhtereva et al., 2015; Sch€onwald and Müller, 2014). If this were the
case, we would expect a biphasic process of, first, neural facilitation of
the distracting emotional RSVP stream, followed by a reduction of the
task-related SSVEP amplitude as a consequence of the shift of attentional
resources towards the task-irrelevant background stream, with a larger
attentional shift for emotional compared to neutral images forming the
RSVP stream.
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2. Materials and methods

2.1. Participants

Based on the smallest effect size obtained in our original study, which
had a similar RSVP design (Bekhtereva and Müller, 2015) with a 6 Hz
presentation rate (ηg2¼ 0.19 or ηp2 ¼ 0.429), an a priori power analysis
suggested that a sample size of 21 volunteers should be sufficient to
achieve power of 0.95. The power analysis was done using G*Power
software (Faul et al., 2007). Given the current study’s primary purpose of
replicating and extending our previous findings, a somewhat larger
sample was obtained to account for the more complex experimental
design and to ensure adequate statistical power. Thirty-three participants
(26 female, seven male) with a mean age of 23 years (standard deviation
[SD]¼ 5.07) with normal or corrected to normal visual acuity took part
in the study. Three participants were excluded from the final sample: the
EEG recording of one participant was heavily contaminated with eye
blinks, while the data of the other two subjects could not be fully saved
due to technical issues. Thus, thirty healthy volunteers (24 female, six
male) with a mean age of 24 years ([SD]¼ 5.2) were included in the final
sample.

Prior to the experimental recording, participants received informa-
tion about the study goals and gave written informed consent. All sub-
jects received either class credits or monetary compensation for their
participation (8 € per hour). The study was approved by the ethical re-
view board of the University of Leipzig and conformed to the Code of
Ethics of the World Medical Association.

2.2. Stimuli

Task-relevant stimuli constituted an array of 115 randomly distrib-
uted moving yellow squares (0.6� � 0.6� of visual angle) superimposed
on unpleasant or neutral images. Picture size subtended 10.36� � 8.22�

of visual angle at a viewing distance of 80 cm.
A total of 60 neutral and 60 unpleasant color picture scenes were

selected from the IAPS (Lang et al., 2008) and from the Emotional Picture
Set databases (EmoPicS, Wessa et al., 2010). This set of pictures was used
in our previous series of experiments utilizing a similar RSVP stimulation
protocol (Bekhtereva et al., 2018). Unpleasant and neutral scenes
differed on normative ratings of valence (unpleasant: M¼ 2.55
(SD¼ 0.70); neutral: M¼ 5.08 (SD¼ 0.54); t111.46¼�22.13, CI
95%¼ [-2.75–2.3], p< 0.001, d¼�4.04) and arousal (unpleasant:
M¼ 6.06 (SD¼ 0.74); neutral: M¼ 3.40 (SD¼ 0.75); t117.99¼ 19.5, CI
95%¼ [2.39 2.93], p< 0.001, d¼ 3.56). Images were resized to
419� 335 pixels and pre-processed with MATLAB image processing
toolbox together with SHINE image toolbox (Willenbockel et al., 2010) to
ascertain equal mean luminance and mean RMS contrast between
experimental image categories. To this end, the mean (representative of
the global luminance) and standard deviation (representative of
root-mean-squared (RMS) contrast) of the luminance distribution of each
picture scene were calculated on the intensity of pixels in the range be-
tween 0 and 1 (normalized RGB values, with minimum 0¼ black and
maximum 1¼white). A two-sample Welch t-test for unpleasant and
neutral image sets showed no statistically significant differences for
mean luminance (t116.6¼ 0.13; mean difference¼ 0.000004 CI
95%¼ [-0.00006 0.00007]; d¼ 0.02; p¼ 0.89) or contrast composition
(t91.149¼ 0.33; mean difference¼ 0.00002 CI 95%¼ [-0.0001 0.0001];
d¼ 0.06; p¼ 0.74) between two conditions. Additionally, we calculated
luminance against the screen background that was between 24 and
56 cd/m2.

Furthermore, subjective and objective ratings of picture complexity
(obtained from Andreas Keil, University of Florida, Gainesville) were
compared between unpleasant and neutral pictures. The two-sample
Welch t-test did not demonstrate any statistically significant differences
between emotional and neutral categories for either subjective
complexity (t117.94¼ 0.85; mean difference¼ 0.26 CI 95%¼ [-0.34
3

0.86]; d¼ 0.15; p¼ 0.39) or JPEG complexity (t116.46¼�0.36; mean
difference¼�0.74 CI 95%¼ [-4.74 3.27]; d¼�0.07; p¼ 0.72).

2.3. Experimental procedure

Stimuli were presented at the center of a 19-inch computer screen set
at a resolution of 1024� 768 pixels against a black background, 16 bits
per pixel color mode, and 60 Hz monitor refresh rate. A centrally located
yellow cross served as fixation during the experiment. Yellow squares
were randomly distributed over centrally presented pictures and were
shown at a flicker frequency of 15 Hz (displayed “on” for two frames and
“off” for two frames), to record a steady-state visual evoked potential
(SSVEP). Pictures were presented in the background as a rapid serial
visual presentation (RSVP) stream: each image was shown for 15 or 10
frames of screen refresh (250 and ~167ms, respectively) at 4 and 6 Hz.
The flow and timing of image presentation were controlled with the
Cogent toolbox for MATLAB (Cogent, www.vislab.ucl.ac.uk/Cogent/;
The Mathworks, Inc, Natick, Massachusetts).

Each trial began with the presentation of the background RSVP
stream of neutral pictures superimposed with flickering yellow squares.
At a certain variable time point during a trial, the RSVP stream of neutral
picture scenes either changed to a stream of unpleasant images or
remained neutral (Fig. 1). Changes in emotional valence were jittered
and occurred randomly and only once during a trial in an early (~667ms
for 6 Hz RSVP; 2000ms for 4 Hz RSVP; ~3.5% of trials), middle
(2000–3000ms for 6 Hz RSVP; 3000–4000ms for 4 Hz RSVP; ~93% of
trials) or late (4000ms for 6 Hz RSVP; 6000ms for 4 Hz RSVP; ~3.5% of
trials) time window after trial onset. This was performed in order to
prevent any anticipation effects for change in emotional content. Trials
with early and late changes in affective content served as “catch trials”
and were excluded from analysis (total of 32 trials per participant).

Trial presentation period lasted 7500ms for 4 Hz and 5000ms for
6 Hz RSVP, resulting in 30 cycles of the respective presentation rate and
thus 30 images shown per trial. Across the experiment, each neutral
picture was presented ~168 times, and each unpleasant image was
shown ~58 times (neutral images needed to be repeated more often,
given that there were trials in which only neutral images were presented,
without the change from neutral to unpleasant content). Overall, the
experiment consisted of 452 trials subdivided into ten blocks (9 blocks
with 45 trials each, and the last 10th block with 47 trials, respectively),
with 420 trials that were included in the final data analysis (105 trials per
condition). Each experimental block lasted ~5min, and subjects were
allowed to take a break between each block. Each image was presented in
a randomized order (with the restriction that the presentation of two
identical images in subsequent order never occurred). After each trial, a
black screen with a white cross was presented for an interval varying
randomly between 1150 and 1650ms.

Every frame of 60 Hz screen refresh rate (16.667ms) the squares
moved in a random direction to the left, right, up, or down by 0.04� of
visual angle. Targets were defined as events in which 45–60% of the
squares moved coherently for four frames of the stimulation frequency of
15 Hz (i.e., 266.68ms) in one of the four cardinal directions (up, down,
left or right). During each trial between 0 and 4 coherent motion events
(targets) could occur. In order to allow for analysis of the time-course of
the behavioral data, targets were uniformly distributed across each cycle
of 15 Hz stimulation (i.e., 66.67ms), such that across the experiment
three targets occurred in each time window of 66.67ms in every exper-
imental condition. The duration of the target event was 266.7ms (i.e.,
four cycles of 15 Hz). Participants were instructed to detect targets as
accurately and quickly as possible and to press “Space” on the keyboard
while disregarding the background RSVPs as task-irrelevant. Halfway
through the experimental session, participants switched the responding
hand, and the starting hand was counterbalanced across all subjects. All
conditions were presented randomized across trials. All participants
performed a short training session (up to 4 blocks) on the recording day.
For this practice session, we presented a different set of background
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Fig. 1. A schematic example of a trial with a change from neutral to unpleasant content in the background. Each trial started with the presentation of flickering at
15 Hz yellow squares that were superimposed on an RSVP stream of neutral scenes, which after a variable time interval changed to an RSVP or unpleasant scenes (or
remained neutral in other trials). Every image was shown for either ~167ms (a) or 250ms (b), corresponding to a 6 or 4 Hz RSVP rate, respectively. Examples of
pictures for the illustration are obtained from https://commons.wikimedia.org.
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images. Critically, to avoid ceiling effects of performance across partici-
pants, during the training session, the task difficulty was adjusted and
defined in a stepwise procedure for each participant: the percentage of
flickering squares that coherently move simultaneously in one cardinal
direction varied between 45% and 60%. When participants achieved a
stable target rate of at least ~60% with the respective percentage of
coherently moving squares, the experimental EEG recording followed,
and the established level of task difficulty during the practice session was
used further in the EEG experiment.

Following the EEG session, participants viewed the pictures used in
the experiment in randomized order and were asked to rate them on the
dimensions of affective arousal and valence on the 9-point Self-
Assessment-Manikin (SAM) scale (Bradley and Lang, 1994). For the
picture rating procedure, we kept the exposure time of each image
identical to that viewed in the EEG experiment. During the picture rating
procedure, to maintain similar masking conditions to that in the EEG
study, participants were shown an image from the experiment that was
briefly flashed for either 250ms (one cycle of 4 Hz presentation rate) or
~167ms (one cycle of 6 Hz rate) and then immediately masked by its
phase-scrambled (content-distorted) version displayed for the same
duration (cf. Bekhtereva et al., 2018). Afterward, the SAM rating scale
was displayed, asking to give a rating of arousal and valence for the
respective picture by pressing a corresponding number on the keyboard.
Overall, the entire set of experimental images was shown twice: for
250ms in the first block and ~167ms in the second block, with the order
of blocks counterbalanced across all participants.

2.4. EEG-recording and analysis

Electroencephalographic activity (EEG) was recorded using a BioSemi
ActiveTwo system (BioSemi, The Netherlands) at a sampling rate of
512 Hz from 64 Ag/AgCl scalp electrodes mounted in an elastic cap ac-
cording to the international 10-20 system (Jasper, 1958). Two electrodes
were used as reference and ground (CMS – “Common Mode Sense” and
DRL – “Driven Right Leg”; for details see http://www.biosemi.com/faq/
cms&drl.htm) during the recording. Lateral and vertical eye movements,
as well as blinks, were monitored with a horizontal and vertical elec-
trooculogram (EOGs) through four bipolar electrodes that were posi-
tioned above and below the right eye as well as on the outer canthi of
each eye.

2.5. SSVEP analysis

Data preprocessing was performed with custom-built MATLAB scripts
(The Mathworks, Natick, MA) and functions in EEGLAB (Delorme and
Makeig, 2004). Epochs were extracted from 2700ms before to 2700ms
after the image change for 4 Hz trials, and from 1800ms before to
1800ms after the content change for 6 Hz trials. All trials, with and
without targets, entered the analysis. An automatic procedure for
detecting epochs contaminated with artifacts was done using ‘Statistical
Control of Artifacts in Dense Array EEG/MEG studies’ (SCADS, Jungh€ofer
et al., 2000). All epochs were subsequently manually screened for
4

artifacts, particularly for non-stereotypical artifacts, and rejected if
contaminated. Data was subsequently re-referenced to the average
reference, and linear trends were removed. Following that, epochs were
subjected to an independent component analysis (ICA), to remove sour-
ces of ocular and muscle artifacts (Delorme et al., 2012). The resulting
ICA components were visually inspected, and those components identi-
fied as artefactual (i.e., showing typical topographies of eye artifacts or
high frequency/line noise) were pruned from the data. In a final step,
trials were averaged for each experimental condition.

The time-courses of SSVEP amplitudes were extracted by means of a
Gabor filter centered at the stimulation frequencies of 4, 6, and 15 Hz,
respectively (FWHM: �1.5 Hz, temporal resolution: �147.1ms). Due to
poor amplitude estimation by Gabor filter close to the edges of the data
and in order to keep the epoch length for analysis equal across all
experimental conditions, time windows from 1500ms before and
1500ms after the change in emotional content entered the statistical
analysis.

A grand mean iso-contour voltage map based on the grand average
across all time points, experimental conditions, and participants revealed
greatest SSVEP amplitudes at a parieto-occipital cluster of eight elec-
trodes: PO3, PO7, O1, Oz, Iz, PO4, PO8, and O2. Due to some variations
in the topographical SSVEP amplitude distributions across individual
subjects, in order to account for individual subject variability and
improve the signal-to-noise ratio (SNR) of each stimulation frequency,
one electrode with the largest amplitude was taken from that cluster for
each subject and each frequency (the individual best electrode approach)
for statistical analyses. Given that the electrode selection was based on an
orthogonal contrast, it is not biased by the magnitude of amplitude dif-
ferences between experimental conditions. The individual best electrode
approach is commonly applied and used in the field (cf. Fuchs et al.,
2008; Kaiser et al., 2005).

For the statistical analyses, running repeated-measures 2� 2� 2
ANOVAs with within-subjects factors of Change in Content (Yes/No),
Frequency Location (Foreground/Background), and Background Fre-
quency (4 Hz/6 Hz) were performed on SSVEP data. To decompose any
significant interactions, follow-up ANOVAs and post-hoc paired running
t-tests were used. To control for Type I error, p-values were corrected
with false discovery rate for all comparisons (FDR, see Benjamini and
Hochberg, 1995)

2.6. Behavioral data and SAM rating analyses

Correct button presses within the time interval of 250 and 1000ms
following the onset of target motion were considered as hits, while later
responses or no response were regarded as misses. Onsets of target events
were distributed uniformly over the time window from 1000ms before
and 2000ms after the onset of emotional content change of the back-
ground RSVPs at 4 and 6Hz. Hits were calculated across time bins of
200ms by averaging across three short bins of 66.67ms, which resulted
in 15-time windows of 200ms each. Thus, the time interval from
1000ms before up to 2000ms after the change in emotional content (6
time bins before and 9 after) was analyzed using a 2� 2 x 15 repeated-

http://www.biosemi.com/faq/cms%26drl.htm
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measures ANOVA with within-subjects factors of Change in Content
(yes/no), Background Frequency (4 Hz vs. 6 Hz), and Time (bin 1-15). All
calculations were performed with respect to the time bin in which the
onset of the target event occurred. To further explore differences between
conditions with respect to time bins, we conducted post-hoc t-tests using
the Bonferroni-Holm correction for multiple comparisons.

Mean arousal and valence SAM ratings were analyzed by a 2� 2
repeated measures ANOVA with the factors of Picture presentation time
(250ms vs. 167ms) and Emotion (unpleasant vs. neutral).

2.7. Statistical analyses

Statistical analyses were conducted with R v3.4.1 (R Core Team,
2012). We used the following packages for data manipulation, visuali-
zation, and statistical analyses: tidyr v0.8.1, magrittr v1.5, purrr v0.2.5,
stats v3.3.2, ez v4.4–0 (Lawrence, 2013), lsr v0.5 (Navarro, 2015), Rmisc
v1.5, ggplot2 v2.21 (Wickham, 2009). Timepoint-by-timepoint statistical
tests, as well as EEG topographical scalp maps, were created using R
package eegUtils 0.1.15.dev (Craddock; https://github.com/craddm
/eegUtils).

Generalized eta-squared (ηg2), as well as Cohen’s d (d), are reported as
measures of standardized effect size (Baguley, 2012; Bakeman, 2005;
Olejnik and Algina, 2003). Furthermore, unstandardized effect sizes and
their 95% confidence intervals are given for relevant comparisons.

2.8. Data and code availability statement

Data and analysis codes will be available upon direct request, given
that we did not obtain a written consent from the participating subjects to
upload data in the public domain. This strategy is also in line with
guidelines of data protection of the German Research Foundation.

3. Results

3.1. SAM ratings

For valence ratings, the 2 (emotion) x 2 (picture presentation time)
within-subjects ANOVA indicated that there was a significant main effect
of Emotion (F1,29¼ 305.38; p< .001, ηg2¼ 0.83; mean differ-
ence¼�2.52, CI 95%¼ [-2.81–2.22]; d¼ 3.19), with unpleasant rela-
tive to neutral picture scenes rated as more negative. Main effect of
picture presentation time was not statistically significant (F1,29¼ 0.92;
p¼ 0.35; ηg2¼ 0.002; mean difference¼ 0.05, CI 95%¼ [-0.05 0.14];
d¼ 0.17). A significant interaction Emotion x Picture presentation time
(F1,29¼ 5.3; p¼ 0.028, ηg2¼ 0.006; mean difference¼�0.18, CI 95%¼ [-
0.34–0.02]; d¼ 0.42) and its follow-up pairwise comparisons
5

demonstrated that neutral images were evaluated similarly on valence,
irrespective of their presentation time (p¼ 0.53; mean differ-
ence¼�0.04, CI 95%¼ [-0.18 0.09]; d¼ 0.12); however, emotionally
negative pictures were rated as slightly more unpleasant relative to the
same images when presented for a slightly longer time period of 250ms
compared to ~167ms (p¼ 0.03; mean difference¼ 0.13, CI 95%¼ [0.03
0.24]; d¼ 0.45), see Fig. 2.

For arousal ratings, there was neither a significant main effect of
Picture presentation time (F1,29¼ 0.09; p¼ 0.76, ηg2¼ 0.00009; mean
difference¼ 0.02, CI 95%¼ [-0.08 0.11]; d¼ 0.57), nor interaction
Emotion x Picture presentation time (F1,29¼ 2.5; p¼ 0.12, ηg2¼ 0.003;
mean difference¼ 0.17, CI 95%¼ [-0.05 0.39]; d¼ 0.29). As expected,
the main effect of Emotion was significant (F1,29¼ 115.14; p< .001,
ηg2¼ 0.66; mean difference¼ 2.17, CI 95%¼ [1.76 2.59]; d¼ 1.96), with
emotional relative to neutral scenes having overall higher arousal values
(see Fig. 2).
3.2. SSVEP amplitudes

Running ANOVAs (F-tests) comprising within-subjects factors Change
in Content (Yes/No), Frequency Location (Foreground/Background), and
Background Frequency (4 Hz/6 Hz) were performed for each time point
within the analysis time window from 1500ms before and 1500ms after
the change in image valence. The results showed a significant three-way
interaction Change in Content x Frequency Location x Background Fre-
quency that began around 200ms and lasted until 1500ms (Fs> 5.90,
ps< 0.05, ηg2> 0.001). To follow up this interaction, we computed two
separate running ANOVAs for each level of the factor Frequency Loca-
tion, and the significance threshold was set to alpha¼ 0.025,
respectively.

3.2.1. Background location (4 and 6 Hz RSVP image streams)
For background location, the results revealed that there was neither a

significant main effect of Background Frequency (Fs < 2.21, ps > 0.65,
ηg2< 0.01) nor a significant main effect of Change in Content (Fs < 5.21,
ps > 0.88, ηg2< 0.003). Importantly, the interaction Change in Content x
Background Frequency was significant (Fs> 7.55, ps< 0.02, ηg2> 0.004)
for the time period from ~217ms to 1500ms.

Follow-up paired running t-tests for simple main effects indicated that
when background RSVPs were shown at 4 Hz, SSVEP amplitudes indi-
cated a significant rise for emotional relative to neutral image streams
between ~273ms and 1500ms (t29>�4.52, ps< 0.05), as can be seen
from Fig. 3A. By contrast, when background RSVP streams were pre-
sented at 6 Hz, SSVEP amplitudes dropped significantly for emotional
relative to neutral image streams between ~225ms and 1500ms
(t29> 2.43, ps< 0.05), as depicted in Fig. 3B. Thus, the interaction was
Fig. 2. Violin plots of subjective valence (A) and
arousal (B) ratings for unpleasant and neutral scenes
displayed as brief as ~167ms (one cycle of 6 Hz) and
250ms (one cycle of 4 Hz) for evaluations during
post-experimental rating procedure. Picture presen-
tation time had slightly opposite effects on valence
ratings of images (A): while neutral images were
rated the same between 167 and 250ms conditions,
unpleasant pictures were evaluated as slightly more
negative, but this effect was minimal (0.13 mean
differences). Note that subjective ratings of valence
and arousal can receive values from 1 to 9 (1 corre-
sponds to the most unpleasant valence and lowest
arousal, and 9 reflects the most pleasant valence and
greatest arousal). The width of the violin is deter-
mined by the kernel density estimate of the distri-
bution of individual ratings (i.e., wider demonstrates
that more participants rate within a given score).
Boxplots are shown overlaid; individual data points
are indicated by dark circles.

https://github.com/craddm/eegUtils
https://github.com/craddm/eegUtils


Fig. 3. Gabor-filtered SSVEP time-courses of background RSVP streams. Time point zero indicates a change in emotional content: from neutral to neutral (no change)
or from neutral to unpleasant RSVP. A significant SSVEP differential amplitude (marked with a solid brown line; ps< 0.05, FDR corrected) between neutral and
emotional conditions develops at ~270ms following a change in emotional content for 4 Hz RSVP (A) and at ~225ms for 6 Hz RSVP (B). The shaded areas reflect 95%
confidence intervals after between-subjects variability was removed using the Cousineau–Morey method (Morey, 2008).
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driven by the differential direction of the SSVEP emotional effect for 4 Hz
relative to 6 Hz SSVEP, while the onset of the emotional effects for both 4
and 6 Hz RSVPs occurred at about the same latency.

3.2.2. Foreground location (15 Hz task-related flicker)
For foreground location, there was no significant interaction Change

in Content x Background Frequency (Fs < 5.8, ps > 0.77, ηg2< 0.001).
The main effect of Background Frequency was significant (Fs> 7.52,
ps< 0.02, ηg2< 0.03), however, because this main effect is not relevant
for our primary experimental question, we do not further focus here on
its interpretation.

Notably, there was a significant main effect of Change in Content
(Fs> 8.4, ps< 0.02, ηg2> 0.004). Regardless of the RSVP frequency in the
background, the foreground 15 Hz SSVEP demonstrated a significant
drop in amplitude between ~472ms and ~1316ms (Fs> 8.4, ps< 0.02,
ηg2> 0.004) signifying a greater withdrawal of visual resources from the
foreground task when unpleasant relative to neutral RSVPs were shown
Fig. 4. A. Gabor-filtered 15 Hz SSVEP time-course elicited by flickering RDKs in the f
Time point zero marks a change in emotional content in the background RSVP: from
filtered 15 Hz SSVEP time-course from (A) constructed as a difference wave (“neutral
in (A) and (B) indicates the significant differential SSVEP amplitude modulation b
~1316ms, irrespective of the background RSVP rate. The shaded areas represent 95
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in the background (see Fig. 4).
Importantly, in line with our hypothesis, we aimed to test for differ-

ences in the onset timing between emotion-driven attentional effects for
the foreground task as compared with the valence-driven effects for
background RSVPs. To this end, we calculated the difference amplitudes
between “neutral-to-unpleasant” and “neutral-to-neutral” conditions and
conducted two planned comparisons.

We directly tested the emotion-driven attentional effect of 15 Hz
SSVEP (difference wave “neutral-to-unpleasant” minus “neutral-to-
neutral” condition) against the valence-driven effect (difference wave
“neutral-to-unpleasant” minus “neutral-to-neutral”) of the 4 Hz and 6 Hz
background RSVP, respectively. As depicted in Fig. 5A–B, the results
showed that differential effects between emotional SSVEP amplitude
modulation at 15 Hz (foreground) vs. 4 Hz RSVP (background) weremost
pronounced from ~279ms to 1500ms (t29>�4.87, ps< 0.05). Simi-
larly, when comparing time-courses of emotional modulation of the
15 Hz SSVEP signal at foreground with 6 Hz SSVEP at the background,
oreground while neutral or unpleasant RSVPs were presented in the background.
neutral to neutral (no change) or from neutral to unpleasant images. B. Gabor-
-to-emotional” minus “neutral-to-neutral” condition). The brown horizontal line
etween neutral and unpleasant conditions in the time interval from ~472 to
% confidence intervals (Morey, 2008).
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the results pinpointed statistically significant differences in the time
windows from ~234 to 765ms and ~920–1500ms (t29> 2.49,
ps< 0.05). Thus, these direct comparisons supported the results of
running t-tests for the foreground and background locations above and
confirmed that the onsets of valence-driven emotional effects for both 4
and 6 Hz background RSVPs occurred earlier (by ~200–250ms) than
that observed in the foreground with 15Hz SSVEP emotion-driven
attentional effects at ~470ms after the change in emotional content.
In addition, grand average SSVEP topographical maps for 4, 6, and 15 Hz
SSVEP responses are depicted in Fig. 5C–E.

3.3. Target detection rates

We found significant main effects of Time (F14,406¼ 5.68, p< 0.001,
ηg2¼ 0.028), Emotion Change (F1,29¼ 4.32, p¼ 0.046, ηg2¼ 0.003),
Background Frequency (F1,29¼ 10.46, p¼ 0.003, ηg2¼ 0.009), as well as
a significant interaction Time x Background Frequency (F14,406¼ 1.85,
p¼ 0.03, ηg2¼ 0.009). However, the interpretation of these effects was
qualified by the presence of the significant 3-way interaction: Time x
Emotion Change x Background Frequency (F14,406¼ 1.94, p¼ 0.02,
Fig. 5. SSVEP time-courses as difference waves (“neutral-to-emotional” minus “neut
SSVEP. The vertical line at time point zero shows the onset of the change in emotion
larger SSVEP amplitudes with neutral RSVP streams, and a positive amplitude value
areas depict 95% confidence intervals (Morey, 2008). A. Differential effects between
line). The brown horizontal line on the x-axis indicates the significant (ps< .05
emotion-driven attentional effects for foreground and valence-driven effects for back
between emotional SSVEP amplitude modulation at 15 Hz (red line) vs. 6 Hz RSVP (gr
FDR-corrected) time window during which differences between the SSVEP emotion-dr
were most pronounced (from ~235 to ~1500ms). C-E. Topographical distribution of
entire analysis window.
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ηg2¼ 0.008). Similar to our previous study (Bekhtereva and Müller,
2017a), for the sake of brevity, we will consider below only the most
relevant comparisons and effects: those that occurred in the time after the
change in emotional content of the background RSVPs. For more details
on the statistics, Table 1 contains additional information for all the
comparisons and their unstandardized effect sizes together with 95% CIs
where possible.

Overall, in the time windows ~1000-1200 and ~1400–2000ms
following the change in the emotional content of background RSVPs,
detection rates for targets dropped significantly more for when 6 Hz
relative to 4 Hz RSVP streams were shown, regardless of their emotional
valence (Fig. 6). Although that decrease in performance lasted for several
hundred milliseconds, it was rather small and constituted a drop of about
seven percentage points on average. Furthermore, between ~1200 and
1400ms after the change in emotional content, there was a significant
interaction Emotion x Background Frequency (F1,29¼ 4.79 p¼ 0.037,
ηg2¼ 0.02). The follow-up pairwise comparisons, however, did not reveal
any reliable significant differences between the RSVPs at 4 and 6 Hz as a
function of emotional content (all ps> 0.12, with maximal mean differ-
ences in hit rates between neutral and emotional RSVPs for 4 Hz at ~8.14
ral-to-neutral” condition) and the topographical distributions of 4, 6, and 15 Hz
al content in the background RSVP stream. A negative amplitude value reflects
signifies larger SSVEP amplitudes with unpleasant image streams. The shaded

emotional SSVEP amplitude modulation at 15 Hz (red line) vs. 4 Hz RSVP (green
; FDR-corrected) time interval during which differences between the SSVEP
ground were most pronounced (from ~280 to ~1500ms). B. Differential effects
een line). The brown horizontal line on the x-axis marks the significant (ps< .05;
iven attentional effects for foreground and valence-driven effects for background
grand average for 4 Hz (C), 6 Hz (D), and 15 Hz (E) SSVEP amplitudes across the



Table 1
Statistical values for each time bin from the repeated measures ANOVA
comprising the factors of Emotion Change (from neutral to neutral vs. to un-
pleasant content) and Background Frequency (6 vs. 4 Hz). Note: n.s.¼ non-
significant.

Time
Window
(ms)

Effect

Emotion Frequency Emotion x
Frequency

�1000/-
801

n.s. (p¼ 0.83)
mean
difference¼ 0.56%
CI 95%¼ [-4.71 5.82]

n.s. (p¼ 0.06)
mean
difference¼�3.52%
CI 95%¼ [-7.19 0.16]

n.s. (p¼ 0.38)

�800/-
601

n.s. (p¼ 0.68)
mean
difference¼�1.11%
CI 95%¼ [-6.65 4.43]

n.s. (p¼ 0.59)
mean
difference¼�1.48%
CI 95%¼ [-7.1 4.05]

n.s. (p¼ 0.64)

�600/-
401

n.s. (p¼ 0.22)
mean
difference¼ 2.04%
CI 95%¼ [-1.3 5.37]

n.s. (p¼ 0.34)
mean
difference¼�2.41%
CI 95%¼ [-7.48 2.66]

F1,29¼ 5.04
p¼ 0.03
ηg2¼ 0.02 (post-
hoc t-tests
ps> 0.11)

�400/-
201

n.s. (p¼ 1)
mean
difference¼ 1.7�10%
CI 95%¼ [-5.23 5.23]

n.s. (p¼ 1)
mean
difference¼ 1.7�10%
CI 95%¼ [-6.4 6.4]

F1,29¼ 8.37
p¼ 0.007
ηg2¼ 0.03 (post-
hoc t-tests
ps> 0.31)

�200/-1 n.s. (p¼ 0.36)
mean
difference¼ 2.22%
CI 95%¼ [-2.73 7.17]

F1,29¼ 5.58 p¼ 0.03
ηg2¼ 0.03 mean
difference¼�5.19%
CI 95%¼ [-9.68–0.7]

n.s. (p¼ 1)

0/200 n.s. (p¼ 0.71)
mean
difference¼�0.93%
CI 95%¼ [-6.04 4.19]

n.s. (p¼ 0.68)
mean
difference¼�0.93%
CI 95%¼ [-5.42 3.57]

n.s. (p¼ 0.93)

201/400 n.s. (p¼ 0.67)
mean
difference¼ 1.11%
CI 95%¼ [-4.18 6.4]

n.s. (p¼ 0.39)
mean
difference¼�2.22%
CI 95%¼ [-7.41 2.96]

n.s. (p¼ 0.16)

401/600 n.s. (p¼ 0.18)
mean
difference¼ 3.89%
CI 95%¼ [-1.88 9.66]

n.s. (p¼ 0.51)
mean difference¼ 1.3%
CI 95%¼ [-2.66 5.25]

n.s. (p¼ 0.31)

601/800 n.s. (p¼ 0.21)
mean
difference¼ 3.33%
CI 95%¼ [-1.99 8.66]

n.s. (p¼ 0.59)
mean
difference¼�1.48%
CI 95%¼ [-7.04 4.07]

n.s. (p¼ 0.75)

801/1000 n.s. (p¼ 0.94)
mean
difference¼ 0.18%
CI 95%¼ [-4.7 5.07]

n.s. (p¼ 0.46)
mean
difference¼�2.41%
CI 95%¼ [-8.98 4.17]

n.s. (p¼ 0.19)

1001/
1200

n.s. (p¼ 0.28)
mean
difference¼ 3.15%
CI 95%¼ [-2.76 9.06]

F1,29¼ 7.9 p¼ 0.009
ηg2¼ 0.03 mean
difference¼�6.86%
CI 95%¼ [-11.84–1.87]

n.s. (p¼ 0.27)

1201/
1400

n.s. (p¼ 0.17)
mean
difference¼ 3.52%
CI 95%¼ [-1.63 8.67]

n.s. (p¼ 0.55)
mean
difference¼ 1.67%
CI 95%¼ [-4 7.33]

F1,29¼ 4.79
p¼ 0.037
ηg2¼ 0.02 (post-
hoc t-tests
ps> 0.12)

1401/
1600

n.s. (p¼ 0.9)
mean
difference¼�0.37%
CI 95%¼ [-6.56 5.82]

F1,29¼ 4.51 p¼ 0.04
ηg2¼ 0.03 mean
difference¼�6.3%
CI 95%¼ [-12.36–0.24]

n.s. (p¼ 1)

1601/
1800

n.s. (p¼ 0.07)
mean
difference¼ 5.92%
CI 95%¼ [-0.47
12.32]

F1,29¼ 10.1 p¼ 0.004
ηg2¼ 0.05 mean
difference¼�8.15%
CI 95%¼ [-13.4–2.9]

n.s. (p¼ 0.06)

1801/
2000

n.s. (p¼ 0.16)
mean
difference¼ 3.14%
CI 95%¼ [-1.3 7.6]

F1,29¼ 10.1 p¼ 0.001
ηg2¼ 0.07 mean
difference¼�9.44%
CI 95%¼ [-14.73–4.16]

n.s. (p¼ 0.43)
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percentage points).

4. Discussion

Our study was motivated by the recently observed unexpected SSVEP
attenuation when multiple emotional as compared with neutral images
were viewed in a rapid serial visual presentation at a 6 Hz rate (~167ms
per image), whereas a typical SSVEP enhancement was seen for affective
relative to neutral images shown at a 4 Hz rate (250ms per image). Here
we investigated two critical open questions. First, we examined whether
such a discrepancy may potentially be driven by a neutral image category
more strongly capturing attention and, consequently, leading to larger
SSVEP amplitudes with neutral picture content at a 6 Hz presentation
rate. Secondly, the experiment aimed to test to what extent the time-scale
of attentional deployment from the visual task, following the onset of
distracting emotional cues, may be accompanied by a time-invariant
reciprocal response enhancement in favor of emotionally arousing
distracter-images. Combining our classical distraction paradigm with a
rapid serial visual presentation (RSVP), the present design enabled an in-
depth timepoint-by-timepoint analysis of the time-course of neural
competition between the foreground detection task and rapidly pre-
sented emotionally arousing distracter-images, providing unique com-
plementary information on their reciprocal temporal dynamics during
sustained visual attention. In line with our hypotheses and the idea of
limited capacity processing, we observed both prioritized processing of
task-irrelevant emotional stimuli relative to neutral stimuli, irrespective
of their presentation rate, followed by attentional deployment from the
primary task in favor of emotional distracters.

The SSVEP response to the task-irrelevant RSVP background streams
at 4 and 6 Hz started to significantly differ between neutral and un-
pleasant image streams around 225–270ms after the onset of a change in
emotional content. Replicating our recent 6 Hz RSVP results (Bekhtereva
and Müller, 2017b; Bekhtereva et al., 2018), we found that changing a
task-irrelevant 6 Hz background RSVP stream from neutral to unpleasant
content elicited a significant reduction in SSVEP amplitude. Critically,
this demonstrates that our effects were not attributable to the passive
viewing of pictures per se, or random factors resulting from conditions of
unconstrained attention, which may have potentially led to a stronger
influence of more spontaneous emotional responses or situational factors
(cf. Diers et al., 2014) in our earlier studies with 6 Hz presentation rate.
Instead, the reverse emotional valence-driven SSVEP modulation was
preserved even when participants were engaged in a demanding detec-
tion task while the 6 Hz RSVP in the background remained
task-irrelevant. Thus, the reversal of the SSVEP amplitude modulation
with emotional image content with 6 Hz RSVP remains a remarkable,
consistent finding that could be replicated not only across different
samples of subjects and experimental images, including positive
emotional image valence (Bekhtereva et al., 2018) but also beyond a
passive viewing paradigm, as the present experiment with a main pri-
mary visual task has shown. By contrast, yet also consistent with previous
results from Bekhtereva et al. (2018), SSVEPs significantly increased in
response to the change in content from neutral to negative in a 4 Hz RSVP
at around 270ms. These opposite patterns of SSVEP amplitude modu-
lation prompt the inevitable question: do these presentation rates pro-
duce dissimilar effects on early visual cortex modulation with emotional
content, altering which category – neutral or affective - receives prefer-
ential processing?

According to our hypothesis, if the reversed pattern of the SSVEP
amplitude modulation for 6 Hz could be accounted for by neutral images
being stronger competitors for processing resources, attracting more
attention relative to emotional images, then there would be a greater
visual distraction effect from the task with neutral rather than unpleasant
distracters. Crucially, present findings show this was not the case.
Regardless of whether distracting background RSVPs were presented at a



Fig. 6. Time-courses of target detection rates
are shown in percentages for 15 consecutive
time bins (five before and ten after the
change in emotional content for background
RSVPs), averaged for all participants. Hit
rates are depicted for four experimental
conditions: when neutral RSVP without a
change in content (solid black line) or
neutral RSVP with a change to unpleasant
image content (dotted black line) were
shown at 4 Hz in the background; when
neutral RSVP without a change in content
(solid red line) or neutral RSVP with a
change to unpleasant image stream (dotted
red line) were displayed at 6 Hz. Note that
target detection rates were calculated as
time-locked to the onset of the target events
and, as a consequence, correspond to button
presses that occurred about 600ms later, on
average. Error bars depict 95% confidence
intervals and correspond to the within-
subjects variability (Morey, 2008).
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4 or 6 Hz rate, SSVEP amplitudes elicited by the foreground task at 15 Hz
dropped significantly more when unpleasant as opposed to neutral dis-
tracters were displayed, resulting in a consistent emotion-driven atten-
tional effect. As noted earlier, this reveals a more substantial deployment
of attentional resources from the foreground task following a change
from neutral to unpleasant background images. Hence, it unequivocally
demonstrates that the direction of the SSVEP emotional modulation eli-
cited by RSVP streams is irrelevant for biasing a neural competition for
processing resources in favor of emotionally arousing content.

Importantly, we found that the onset of the shift of attentional re-
sources from the foreground task toward RSVP streams of emotional
distracters did not occur until ~470ms following the onset of a change in
emotional valence. Identically to our previous studies, the reduction in
15 Hz SSVEP amplitude lasted for several hundred milliseconds, sub-
siding around 1300ms. It is remarkable that irrespective of whether a
single (Bekhtereva and Müller, 2017a; Müller et al., 2011; Sch€onwald
and Müller, 2014), or multiple images are presented as task-irrelevant,
the observed attentional deployment effects evolve relatively late
(~500ms after picture/change onset), given that attentional capture by
emotional stimuli is frequently shown to occur much faster (Carretie,
2014; Globisch et al., 1999; Pessoa, 2005).

We recently argued that this slow biasing of attention, as measured
with SSVEPs, might represent reentrant feedback mechanisms from
higher cortical areas involved in the decoding of emotional content
(Bekhtereva et al., 2015; Bekhtereva and Müller, 2015; Keil et al., 2009).
It is well established that affective content extraction for faces compared
to IAPS scenes occurs at different speeds, as indexed by the modulations
of the face-selective N170 component at ~170ms following a face onset
and the N1-EPN ERP complex developing around ~200–360ms after a
scene presentation (Aldunate et al., 2018; Olofsson et al., 2008; Schupp
et al., 2012). Notably, we have recently demonstrated that a greater
reduction of SSVEP amplitude elicited by the foreground task, signifying
a larger withdrawal of attentional resources from the task toward a
background emotional relative to a neutral image, occurred significantly
later (i.e., by ~370ms) when IAPS scenes compared to faces were pre-
sented in the background (Bekhtereva et al., 2015). In turn, this finding
strongly suggested that temporal dynamics of an attentional shift toward
affective images in early visual cortex relies on or follows the
higher-order process of affective content identification. In corroboration
9

with that evidence, in the present study, the onset of the differential
SSVEP modulation in response to unpleasant relative to neutral back-
ground RSVPs was observed at ~220–270ms and was followed by the
attentional resource shift as indexed by the modulation of the
task-related 15 Hz SSVEP at about 470ms, thus further strengthening the
idea that SSVEP modulations with distracting emotional RSVPs are
temporally linked to cortical emotional cue extraction as reflected in a
typical N1-EPN complex latency (see above).

As discussed above, a biphasic process may explain the temporal
pattern of our results. After the change to an emotional image category, a
sensory gain mechanism first enhances the neural representation of
emotional images in early visual areas, presumably via reentrant feed-
back projections from high-order cortical and subcortical networks
involved in the processing of emotional image content (Amaral et al.,
2003; Keil et al., 2009). The sensory gain in early visual areas via
reverberating activity in a complex occipito-parieto-temporo-frontal
network was recently demonstrated in fear learning using steady-state
responses (Yuan et al., 2018). Following that initial sensory gain pro-
cess, competitive interactions (Desimone and Duncan, 1995) between the
spatially overlapping stimuli come into play triggering the shift of
attentional resources away from the foreground task towards emotional
background images. This explanation would be highly compatible with a
framework in which additive influences and competitive interactions
may occur between neural networks that guide top-down (voluntary)
attention and motivated (emotional) attention in early visual processing
areas (Pourtois et al., 2013).

Surprisingly, target detection accuracy did not reveal any reliable
costs as a function of emotional valence of background images. Instead,
an overall slight decrease in hit rates was observed in the late “post-
change” time interval from ~1000 to ~1200 and from ~1400 to
~2000ms for 6 Hz RSVPs relative to image streams presented at 4 Hz.
One possibility is that it may perceptually have been slightly easier to
distinguish the coherent target motion of flickering at 15 Hz RDKs when
4 Hz streams were shown in the background relative to the 6 Hz streams.
However, despite being statistically significant, these differences in hit
rates for 4 and 6Hz in that time window were minimal and constituted
only about 6–10 percentage points (Fig. 6). Moreover, in comparison
with the consistently observed substantial drop by ~20–30% in hit rate
percentage points, which was seen in our earlier studies shortly after the
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onset of a concrete background image regardless of emotional valence
(Bekhtereva and Müller, 2017a; Hindi Attar et al., 2010; Müller et al.,
2011), the present differences seem negligible. Furthermore, a lack of
target performance costs associated with a change from neutral to
emotional RSVPs may likely be explained by the differences introduced
in the current experimental design. Here, instead of displaying a single
background distracter-image, we showed a continuous stream of multiple
scenes that could rapidly change from neutral to a stream of emotional
scenes. Therefore, it is likely that visual masking effects arising from
showing a new image every presentation cycle (every ~167 or 250ms)
may have prevented image content from a more in-depth visual analysis
that might be necessary to produce a substantial valence-dependent
interference with target accuracy.

Our earlier research utilizing the same distraction paradigm could
provide support for that line of interpretation. Unlike the current
experiment, our previous studies displayed distracting emotional scenes
for a much longer time. For example, a presentation of a phase-scrambled
picture was followed by an onset of an intact neutral or emotional
distracter-image that remained on the screen for ~2–3 s (Sch€onwald and
Müller, 2014). Importantly, in that study, in addition to the deployment
of attentional resources from the foreground task in favor of emotional
distracters as indexed by the SSVEP modulation, we also observed robust
amplitude modulations of the late positive potential (LPP). This ERP
component with an enhanced positivity starting at around 500–800ms
following the onset of an intact emotional relative to neutral image serves
as a neural signature of a more fine-detailed analysis of affective content
during later stages of processing as well as sustained allocation of
attention to emotional vs. neutral scenes (Hajcak et al., 2013; Liu et al.,
2012). Likely, the LPP reflects a combination of top-down and bottom-up
processes as demonstrated by stronger functional connectivity between
prefrontal and occipital cortical areas (Moratti et al., 2011).

Consistent with this idea of a potentially weaker interference with
behavioral accuracy due to a short picture exposure time in our current
distraction paradigm are the findings from our recent experiment in
which a background distracter-image appeared on the screen as briefly as
~130ms, being subsequently masked (Bekhtereva and Müller, 2017a).
Notably, in that experiment, no reliable LPP modulation was observed
with background images, and, although target accuracy was briefly
decreased between ~270 and 530ms following the short presentation of
an intact unpleasant relative to neutral picture, this drop in performance
was more short-lived in comparison with the similar experiments when
images stayed on the screen for a more extended period of time (Hindi
Attar et al., 2010; Sch€onwald and Müller, 2014). Thus, it is conceivable
that behavioral costs with distracting emotional scenes might be related
to later, more elaborated processing stages of image content, whereas the
perceptual shift in early visual processing resources as reflected in SSVEP
modulations might be triggered by initial stages of emotional cue
extraction (i.e., modulation of N1-EPN components).

Valence ratings would fit with the line of arguing above: in the post-
experimental procedure, participants evaluated unpleasant images as
slightly more negative when an image was displayed for 250ms as
compared with ~167ms. As we have previously mentioned (Bekhtereva
et al., 2018), presentation duration might influence the subjectively
perceived emotional intensity of complex scenes (see also Codispoti et al.,
2009). Nevertheless, the observed marginal absolute differences as 0.13
on average in valence ratings for unpleasant pictures (on a scale from 1 to
9) between 250 and ~167ms exposure times cannot warrant a mean-
ingful interpretation of this effect. More importantly, however, even with
a picture presentation as short as ~167 and 250ms followed by a mask,
unpleasant scenes were evaluated as more negative than neutral visual
scenes, thereby further supporting rapid affective content extraction with
complex visual scenes.

5. Conclusions

The current study provides the first simultaneous timepoint-by-
10
timepoint assessment of the neural dynamics of sensory facilitation and
attentional deployment in response to rapidly presented task-irrelevant
emotional images during a sustained visual detection task. The results
indicate two important points. First, our findings critically demonstrate
that the SSVEP attenuation with affective images presented at 6 Hz is not
a result of fundamentally distinct processing mechanisms rendering the
neutral image category more superior in capturing attention and thus
leading to the larger SSVEP amplitudes with neutral relative to emotional
image content. Instead, it was affective distracter-images as opposed to
their neutral counterparts that received preferential attentional pro-
cessing and led to the greater deployment of visual processing resources
from the foreground detection task, irrespective of whether they were
presented at 6 or 4 Hz rate. This suggests that the directionality of
valence-driven SSVEP amplitude modulation, that is, an increase or
decrease in response to affective relative to neutral images may be less
important than the presence of differential amplitude effects between the
two valence categories per se. Second, we observed a biphasic process of
first sustained sensory facilitation and a later occurring attentional
deployment in favor of affective distracters, indicating that the rela-
tionship between sensory amplification and attentional bias with
emotionally arousing scenes in early visual cortex is not a time-invariant
reciprocal process. Thus, while detecting and processing emotional dis-
tracters can be fast, the resulting changes in attention are slower.
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Appendix A

IAPS numbers of neutral pictures:
1122,1350,1645,1945,2036,2038,2191,2206,2273,2357,2377,

2445,2525,2745,5120,5130,5201,5500,5530,5535,7001,7010,7011,
7026,7030,7038,7041,7062,7081,7130,7136,7160,7161,7165,7300,
7491,7495,7512,7513,7546,7547,7560,7595,7632,8250,8325.

EmoPicS numbers of neutral pictures:
119,121,123,127,128,139,141,148,161,162,176,191,352,375.
IAPS numbers of unpleasant pictures:
1111,1113,1202,1220,2730,2981,3001,3019,3064,3103,3110,

3150,3190,3195,3212,3213,3250,3261,6021,6210,9002,9008,9031,
9075,9140,9163,9181,9342,9420,9471,9495,9570,9571,9590,9594,
9596,9600,9623,9635,9810,9901,9902,9911,9920,9930,9940.

EmoPicS numbers of unpleasant pictures:
216,232,233,234,235,236,240,241,243,248,321,325,326,327.
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