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Abstract

The study of brain oscillations associated with emotional picture processing has revealed conflicting findings. Although
many studies observed a decrease in power in the alpha- and lower beta band, some studies observed an increase.
Accordingly, the main aim of the present research series was to further elucidate whether emotional stimulus processing is
related to an increase or decrease in alpha/beta power. In Study 1, participants (N = 16) viewed briefly presented (150 ms)
high-arousing erotic and low-arousing people pictures. Picture presentation included a passive viewing condition and an
active picture categorization task. Study 2 (N = 16) replicated Study 1 with negative valence stimuli (mutilations). In Study 3
(N =18), stimulus materials of Study 1 and 2 were used. The main finding is that high-arousing pictures (erotica and
mutilations) are associated with a decrease of power in the alpha/beta band across studies and task conditions. The effect
peaked in occipitoparietal sensors between 400 and 800 ms after stimulus onset. Furthermore, a late (>1000 ms) alpha/beta
power increase to mutilation pictures was observed, possibly reflecting top-down inhibitory control processes. Overall,
these findings suggest that brain oscillations in the alpha/beta-band may serve as a useful measure of emotional stimulus

processing.
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Introduction

Evidence has accumulated in the past 2 decades that brain
oscillations in the alpha and lower beta range (~8-30 Hz) provide
windows into attention and memory processes in humans.
Responses to stimuli or task demands in the alpha and lower
beta band can be reflected by both, increases or decreased in
power, denoted as event-related desynchronization (ERD) or
synchronization (ERS). The various accounts considering the
functional significance of ERD/ERS share the notion that power
increases relate to a state of inhibition of neural networks
whereas ERD reflects the release from inhibition (Klimesch
et al. 2007; Foxe and Snyder 2011; Hanslmayr et al. 2012;
Klimesch 2012; Frey et al. 2015; Sadaghiani and Kleinschmidt
2016). Three experiments are reported here aiming to further

elucidate whether emotional stimulus processing is reliably
and consistently related to ERD/ERS responses.

The majority of studies investigating emotional stimulus
processing observed that emotional compared with neutral
stimulus processing is associated with an ERD response in the
alpha and lower beta range. These studies examined different
emotional stimulus materials including pictures from the
International Affective Picture Series (de Cesarei and Codispoti
2011; Cui et al. 2013; Meng et al. 2016, Ferrari, Mastria, and
Codispoti, 2020), and facial expression (Knyazev et al. 2008;
Balconi and Mazza 2009; Popov et al. 2012a, 2013; Schneider
et al. 2018). However, even although many studies reported that
emotional stimulus processing is associated with decreased
power in the alpha and lower beta range, there is considerable
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variability in findings in terms of onset latency (e.g., ~200 vs.
800 ms) and topography (anterior vs. centroparietal vs. occipital).
Differences in findings across studies can be in part attributed
to different experimental protocols, e.g. duration of stimulus
presentation, and methodological differences, e.g. evoked versus
induced event-related oscillations, and different scaling of
responses (decibel, percentage, and absolute). To address some
of these methodological issues, Schubring and Schupp (2019)
presented erotica and romantic stimuli varying in arousal
with brief presentation times focusing on induced event-
related oscillations. A robust ERD response to erotic images was
observed for decibel and absolute power and various baseline
measures addressing the concern that low baseline activity may
prevent the detection of alpha-ERD (Basar and Glintekin 2012).
Overall, the finding of an ERD response to emotional stimuli has
been observed across the range of emotional stimulus materials
used in affective neuroscience research.

However, the finding that emotional stimulus processing
is associated with an ERD response is challenged by results
from studies which reported an increase rather than decrease
in alpha power for emotionally significant stimuli. Some dis-
crepancies may be accounted for by methodological differences.
For instance, several studies reported increased alpha/beta
power to unpleasant compared with neutral or positive images
analyzing event-related spectral perturbations including evoked
and induced oscillations in an earlier time window (0-400 ms),
(Guntekin and Basar 2007; Giintekin and Basar 2010; Giintekin
and Tiilay 2014; Mennella et al. 2017). Thus, it is likely that these
responses indicate evoked rather than induced oscillations.
However, analyzing event-related spectral perturbations, several
studies report increased power in the alpha and/or lower beta
range in later time windows (>500 ms) to emotionally arousing
(pleasant and unpleasant compared with neutral IAPS pictures
(Aftanas et al. 2002, 2004), particularly apparent for aversive
stimulus materials (Uusberg et al. 2013). Thus, further research
is needed to resolve conflicting evidence on the issue whether
emotional stimulus processing is associated with ERS or ERD
responses indicating inhibitory or release from inhibitory neural
states respectively.

Here, we present 3 experiments aiming to determine whether
emotional stimulus processing is associated with an ERD or
ERS response in the alpha and lower beta range. Providing a
conceptual replication of our previous study (Schubring and
Schupp 2019), Study 1 explored the processing of high arousing
pleasant that is, erotica, compared with control pictures in a
free viewing paradigm as well as an explicit categorization task
demanding working memory capacity (see also Hajcak et al.
2007; Schupp et al. 2007). Study 2 aimed to demonstrate gener-
ality of findings across stimulus valence examining mutilations
as a high arousing negative picture category. Erotica and mutila-
tions were selected as high-arousing pleasant and unpleasant
picture categories based on an array of studies showing that
these picture contents prompt largest modulations in emotional
response measures including physiological arousal (e.g., skin
conductance) and defensive reflex activity, fMRI-BOLD signal
changes in inferotemporal cortex and amygdala, and ERP com-
ponents (e.g., Bradley et al. 2001; Sabatinelli et al. 2005; Schupp
et al. 2004). Finally, Study 3 presented both, erotic and mutilation
images, alongside to less arousing control stimuli. This design
was chosen to follow-up new findings from Study 2 showing that
aversive images prompted a late ERS response subsequent to the
earlier ERD. In all 3 studies, power analysis focused on induced
oscillations which are not phase-locked to the stimulus event.

Thus, the contribution of stimulus-evoked oscillations reflecting
ERP components such as the late positive potential was mini-
mized. In addition, although previous research often focused on
the specific frequency bands, that is, alpha activity, we investi-
gated a broader frequency range, that is, 1-40 Hz, including both
alpha- and beta-band activity. Furthermore, in order to increase
interpretability of emotional modulation effects, all 3 studies
included the replication of a cognitive task manipulation, that
is, alpha/beta power decrease to target stimuli, which served
as a within-study check that the cognitive task manipulation
was successful. Finally, the stability of emotional modulation
effects was explored as a function of stimulus repetition. Overall,
our primary aim was to examine the hypothesis that emotional
stimulus processing (pleasant and unpleasant) is associated
with power decreases in the alpha and lower beta range during
free viewing and an explicit categorization task.

Study 1

The main aim of Study 1 was to provide a conceptual
replication of our previous research observing robust power
decreases for high-arousing erotic compared with less arousing
romantic stimuli across different scaling and baseline measures
(Schubring and Schupp 2019). This research examined picture
processing in free viewing conditions as well as an explicit
categorization task, that is, asking participants to press a button
when the target stimuli (either erotic or romantic images in
different blocks) appeared on the screen. The present research
presented pictures of couples either in erotic or everyday
situations and used a different explicit categorization task.
Specifically, rather than pressing a button to the target stimuli,
participants were asked to count the target stimuli. On the one
hand, this task rules out possible confounds by motor responses,
on the other hand, the task taxes working memory resources as
the target count has to be kept in mind across trials (Polich 2007;
Schupp et al. 2007). Overall, we predicted to replicate decreased
alpha- and lower beta-band power for erotic stimuli for both,
free viewing and active task conditions.

Study 1: Materials and Methods

Participants

Sixteen healthy volunteers (8 men/8 women) with a mean age
of 25.7 years (SD =7.2) were recruited on the campus of the Uni-
versity of Konstanz. All participants had normal or corrected-
to-normal vision. Sample size was determined based on
previous research on emotional modulation of brain oscillations
(Schubring and Schupp 2019). Power estimation indicated that
a large sized effect can be detected with « =0.05, and a power
of 0.9 with a sample size of N =15 (Faul et al. 2007). Participants
received monetary compensation or course credit for partic-
ipation. The ethical committee of the University of Konstanz
approved the experimental procedure in accordance with the
regulations of the Declaration of Helsinki. All participants
provided informed consent.

Stimuli

The stimuli comprised 2 picture categories, that is, “erotic” and
“neutral”, which were selected from the International Affective
Picture System (IAPS; Lang, Bradley, and Cuthbert, 2008) and
public domain pictures available on the Internet. The erotic pic-
ture series comprised 20 color images of nude couples in erotic,
interacting poses (“erotic”) with 8 pictures drawn from the IAPS



library (4658, 4659, 4664, 4672, 4680, 4693, 4694, and 4695). The
neutral control category included 20 images of dressed couples
in neutral, noninteracting situations, which were selected to
promote the comparability of the 2 picture categories in terms of
picture composition and categorical homogeneity. Additionally,
the pictures were normalized in terms of mean color and lumi-
nosity. Each picture was equally often presented both normally
and as a mirror image with flipped left-right axis to prevent a
bias in lateralization.

Self-report data on valence and arousal were obtained
at the end of the experiment using the self-assessment
manikin (Bradley and Lang, 1994). Replicating previous findings
(Schubring and Schupp 2019), erotic (M =5.46, SD =2.20) images
were evaluated as more arousing than neutral images (M = 3.06,
SD=1.35, t(15)=5.06, P=0.001) and there were no significant
differences in valence for the 2 categories (erotic: M =5.87,
SD =1.84; neutral: M=5.86, SD=0.88; t(15) =0.04,P= 0.97).

Experimental Conditions

The experiment consisted of 2 conditions: Passive and active
picture viewing. Order of active and passive viewing conditions
was balanced across participants.

Passive Viewing Condition. In the passive viewing condition, par-
ticipants viewed the pictures in random order without explicit
task instruction. Each picture was shown 8 times for 150 ms
which resulted in a total of 320 trials. The trials were separated
with an intertrial-interval (ITI) of 3500-4200 ms. To ensure a sim-
ilar procedure as in the active task condition, the passive condi-
tion was divided into 5 blocks with 48-80 trials each, separated
by a short break of approximately 1 min.

Active Task Condition. In the active task condition, participants
viewed the pictures in random order while silently counting the
occurrences of 1 of the 2 picture categories. The presentation
was divided into 10 blocks with 48-80 trials each. After each
block, the experimenter asked for the number of target images
counted. Afterwards, the target category changed, with half of
the participants starting with “erotic” as target category and the
other half with “neutral”.

Presentation times and intertrial intervals were identical
to the passive condition. Each picture was shown 8 times as
a nontarget and 8 times as a target, which resulted in a total
of 640 trials. The order of presentation both for targets and
pictures was randomized with restrictions to minimize priming
effects because of preceding trials (Flaisch et al. 2016). All
possible orders of target and nontarget pictures were realized
equally often, i.e, the 4 possible orders (target-target, target—
nontarget, nontarget-target, and nontarget-nontarget) each
made up approximately 25% (minimum 24%-maximum 26%) of
all transitions. Furthermore, the entire picture set was presented
before the picture series was presented again in a different order.
A different picture presentation order was generated for each
participant.

Participants would receive an additional 1€ bonus for each
correctly counted block and 0.50€ for each block with a+—1
margin of error as incentive. On average, the majority of blocks
were counted correctly or within a+ —1 margin of error with
comparable task performance for both picture categories (neu-
tral targets: M=289%, SD=14%; erotic targets: 88%, SD=18%;
t(15)=0.29, P=0.77).
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EEG Data Acquisition and Main Analysis

Brain and ocular scalp potential fields were measured with a
257 lead geodesic sensor net, on-line bandpass filtered from 0.01
to 100 Hz, and sampled at 1000 Hz using Netstation acquisition
software and Electrical Geodesics (EGI; Eugene, OR) amplifiers.
Data were recorded continuously with the vertex sensor as the
reference electrode. Stimulus synchronized epochs lasting from
1000 ms before until 2000 ms after picture onset were extracted.
Heart and eye-blink artifacts were corrected by independent
component analysis. Trials containing movement artifacts and
noisy channels were rejected based on visual inspection of
variance. For each participant, trials and channels with extreme
variance were removed. On average, 94.4% (SD=1.9%) of the
channels were used per participant. Removed EEG channels
were interpolated by the mean of their neighboring sensors.
The mean waveforms were calculated using on average 93.8%
(SD=2.5%) of the trials. After artifact correction, data were con-
verted to an average reference. EEG data analysis was conducted
using the open-source signal processing toolbox FieldTrip (Oost-
enveld et al. 2011) and in-house functions using MATLAB 9.3.0
R2017b (MathWorks Inc., Natick, MA).

Frequency Analysis. Based on the results from Schubring and
Schupp (2019), EEG frequency analysis focused on induced brain
activity in the alpha/beta band. Accordingly, in a first step, the
ERP average of each condition was computed and subtracted
from the single trials comprising this condition. In a second step,
a fast fourier transform was calculated for single trial data in the
frequency range from 1 to 30 Hz. Specifically, a sliding window of
200 ms was multiplied by a Hanning taper resulting in a spectral
resolution of 5 Hz and a time resolution of +100 ms. The sliding
window advanced in 24 ms and 1 Hz increments to estimate
changes in power over time and frequency. For each condition,
single-trial power estimates were then averaged across trials
and expressed as a decibel change from prestimulus baseline
(—300 ms to 0 ms).

Statistics. To determine the main effects of emotion (erotic vs.
neutral) and task (target vs. nontarget), data from each time
point (0-2000 ms), sensor, and frequency bin (1-30 Hz) of the
respective picture/task condition were submitted separately to
a dependent sample t-test. The interaction of task by emotion
was examined with the contrast (Eroticrarget—Neutraltarget) Vs.
(EroticNontarget—Neutralnontarget). To account for the multiple
comparisons problem, a cluster-based permutation test (Maris
and Oostenveld 2007) was performed. In short, this procedure
clusters adjacent t-values (in time, frequency, and sensor space)
to a single summed cluster test statistic. Clusters were formed
when they had at least 2 neighbors that reached a cluster-
forming threshold of P <0.05. These clusters were then tested
against a Monte Carlo approximation of the test statistic, which
was formed by randomly shuffling the data for 1000 permuta-
tions and reporting the proportion of random shuffles that were
bigger than the actual observed cluster test statistic as a cluster
P value.

Furthermore, exploratory follow-up tests were conducted to
reproduce the effects separately in each condition and test
for interactions between conditions using the main effects of
emotion and task as a region of interest. Toward this end, for
each condition, all sensors, time points, and frequencies forming
a significant cluster effect were summed up and submitted to a
dependent sample t-test.
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Figure 1. Illustration of the emotional ERD. Emotional pictures elicit a stronger ERD than neutral pictures in Study 1, 2, and 3. (A, B, C, and D): Top left: time-frequency
plot of t-values, averaged across sensors of the respective cluster (see top right). Only time-frequency bins which are part of the cluster are displayed. Opaqueness
represents the percentage of sensors showing the effect, e.g., nearly opaque time-frequency bins indicate that only few sensors contribute to this effect. Top right:
topography of t-values averaged across the significant time points and frequency bins (see top left). The size of the marked sensors is displayed proportional to their
contribution to the cluster. Bottom left: time course of the respective ERD cluster. Values were averaged over the respective sensors (see top right) and frequencies (see
top left). Colored shaded areas signify standard errors. Gray shaded areas signify the extent of the cluster. Bottom right: bar plot from the respective cluster averaged
across time, sensors, and frequency, separately for the different task conditions. Error bars signify standard errors. Asterisks indicate the significance of exploratory

post-hoc subgroup comparisons: ***P <0.001, **P < 0.01, *P < 0.05.

Study 1: Results

Emotion Main Effect for Erotic Pictures

A first analysis determined emotional modulation effects com-
bined across passive viewing and active task conditions. As
shown in Figure 1A (top left), erotic compared with control pic-
tures elicited an overall stronger ERD response (P = 0.004), which
was most pronounced in the alpha and lower beta band (~8-
22 Hz). The effect was found over extended posterior and central
regions (Fig. 1A top right). Although the peak of the overall ERD
in both conditions was around 500 ms (Fig. 1A bottom left),
the difference between conditions was sustained longer and
observed in a time window lasting from approximately 400 to
1100 ms.

Exploratory post-hoc tests within this cluster (Fig. 1A bottom
right) reproduced the effect separately for passive (t(15)=4.15,
P <0.001), active/nontarget (t(15) = 3.60, P =0.003) and active/tar-
get conditions (t(15) =3.63, P=0.002).

Target ERD

Serving as a manipulation check, target and nontarget picture
conditions were compared. As expected, combined across erotic
and neutral pictures, target as compared with nontarget picture
processing was associated with a stronger ERD. The effect was
most in the alpha and lower beta band (~9-15 Hz) pronounced
over extended central sensor regions from approximately
500-800 ms (see Fig. 2 top).

Emotion x Target Interaction
No significant cluster effect for an emotion x target interaction
was found in Study 1.

Study 2

Study 1 replicated the main findings from Schubring and Schupp
(2019) in reporting distinct effects of emotional arousal and task
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Figure 2. Illustration of the target ERD. Target pictures elicit a stronger ERD than nontarget pictures in Study 1, 2, and 3.

relevance, that is, a decrease of alpha- and lower beta power
to erotic and target stimuli, in free viewing and active task
conditions. Relying on the same experimental protocol, the main
aim of Study 2 was to extend the results of Study 1 to unpleas-
ant stimulus materials. Thus, rather than presenting high-
arousing positive images, the stimulus categories comprised

high-arousing mutilation and neutral control stimuli. Given
that these picture contents have produced conflicting findings
in previous research with strong ERD (de Cesarei and Codispoti
2011) and ERS responses in the alpha-band (Uusberg et al. 2013),
the main aim was to determine whether mutilation pictures
elicit an ERD or an ERS response.
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Study 2: Materials and Methods

Participants

Sixteen participants (8 women, 8 men) between 18 and 30 years
of age (M=22.4, SD=3.3) participated in the study. All partic-
ipants had normal or corrected-to-normal vision. Participants
received monetary compensation or course credit for partici-
pation. The ethical committee of the University of Konstanz
approved the experimental procedure in accordance with the
regulations of the Declaration of Helsinki. All participants pro-
vided informed consent.

Stimulus Materials

Participants viewed 20 pictures from the IAPS (Lang et al. 2008).
The 2 picture categories consisted of 10 picture contents show-
ing scenes of mutilation and injury (mutilation category: 3010,
3030, 3051, 3061, 3069, 3071, 3101, 3120, 3225, and 3550), and 10
pictures showing individual people in everyday life situations
(people category: 2019, 2102, 2104, 2190, 2200, 2221, 2372, 2383,
2850, and 5410). Stimulus selection was based on previous stud-
ies showing that images of mutilation compared with people
are associated with pronounced differences across various emo-
tional response measures (Bradley et al. 2001; Sabatinelli et al.
2005; Schupp et al. 2007). As expected, mutilation pictures were
rated as significantly more unpleasant compared with pictures
of people (valence M=3.09 and 5.93, SD=0.85 and 0.42, respec-
tively; t(15)=16.5, P <0.001). Furthermore, mutilation pictures
were rated as more arousing compared with pictures of people
(M=5.56 and 2.80, SD=1.36 and 1.25, respectively; t(15)=7.60,
P <0.001).

Experimental Conditions and EEG Data Acquisition and Analysis
Active and passive task conditions, experimental methodology,
EEG data collection, and analysis were the same as in Study 1.

Regarding task performance, most blocks were counted
correctly or within a +1 margin of error (94%). However,
performance was better for the neutral people (correct M =99%,
SD=5%) compared with the mutilation category (M=90%,
SD =16%; t(15) = 2.4, P =0.029).

Study 2: Results

Emotion Main Effects for Mutilation Pictures

As shown in Figures 1C and 3A, emotional modulation in
the alpha/lower beta band varied across time. Specifically,
although mutilation pictures initially resulted in an ERD, the
effect reversed direction later in time leading to an increased
synchronization.

Combined across active and passive task conditions, mutila-
tion pictures compared with images depicting people in neutral
situations elicited a significant ERD response (P=0.044) in the
alpha- and lower beta-band (~8-18 Hz) over posterior regions
between approximately400-800 ms (Fig. 1C). Furthermore,
exploratory post-hoc tests within this cluster reproduced the
effect separately for the passive (t(15)=2.34, P=0.034) and
active/target conditions (t(15)=—3.78, P=0.002). However, as
shown in Figure 1C (bottom right), the effect of a larger ERD
response to mutilation images only approached significance for
the active/nontarget condition (t(15)=-1.77, P=0.097; Fig. 1C
bottom right).

The later mutilation ERS was highly significant (P <0.001)
and centered in the upper alpha and lower beta band (~10-
20 Hz) appearing over anterior and posterior regions around

approximately 1100-1600 ms (Fig. 3A). In addition, exploratory
post-hoc testing reproduced the effect within each conditions
(passive t(15)=3.55, P=0.003; active/nontarget t(15)=7.98,
P <0.001; active/target t(15) = 3.02, P =0.009).

Target ERD

Combined across mutilation and neutral conditions, target as
compared with nontarget picture processing was associated
with a stronger ERD response (P < 0.001) in the alpha/lower beta
band (~8-16 Hz) over central sensor sites in a time window from
approximately 400 to 900 ms (see Fig. 2 middle).

Emotion x Target Interaction

As in Study 1, the interaction of task by emotion was examined
with a contrast comparing the emotional modulation (muti-
lation—neutral) separately for target and nontarget stimuli.
As shown in Figure 4 (top panels), a significant interaction
effect (P=0.027) was observed in the alpha/low beta range
(~8-18 Hz) over central regions. The interaction appeared
between approximately 900 and 1200 ms, subsequent to ERD
emotion and task effects, and preceding the emotional ERS
effect. Exploratory follow-up testing revealed a significant
event-related synchronization to mutilation pictures when
they were nontargets (t(15)=5.97, P <0.001), contrasting to
an desynchronization when they were targets (t(15)=—2.35,
P=0.033; Fig. 4 top right).

Study 3

Study 2 provided further support for the notion that unpleasant
picture processing is associated with a power decrease in the
alpha- and lower beta band between 400 and 800 ms after
stimulus onset. Thus, an ERD response is observed for arousing
stimuli with positive (Study 1) and negative (Study 2) stimulus
valence. However, an unexpected finding was that mutilation
picture elicited an ERS response between 1100 and 1600 ms.
To replicate this finding and to directly compare differences
among positive and negative valenced stimulus materials, Study
3 presented the stimulus materials of Study 1 (erotic vs. everyday
couples) and Study 2 (mutilation vs. neutral people).

Study 3: Materials and Methods

Participants

Eighteen participants (15 women) with a mean age of 23.1 years
(SD=1.9) participated in the study. All participants had nor-
mal or corrected-to-normal vision. Participants received course
credit for participation. The ethical committee of the University
of Konstanz approved the experimental procedure in accor-
dance with the regulations of the Declaration of Helsinki. All
participants provided informed consent.

Stimulus Materials

Stimulus materials comprised 3 categories of pictures. For the
erotic and mutilation categories, 10 exemplars were selected
used in Study 1 and 2. Similarly, for the neutral picture category
(n=10), half the exemplars were selected from the neutral cate-
gories of Study 1 and 2, respectively. As expected, stimulus cate-
gories differed in arousal ratings with both erotic and mutilation
pictures rated as more arousing compared with the neutral
category (erotic: M=5.88, SD=1.47, neutral: M=2.26, SD=0.97,
mutilation: M=6.55, SD=1.08; erotic vs. neutral: (t(17)=11.8,
P <0.001; erotic vs. mutilation: t(17) = 1.60, P = 0.13, mutilation vs.
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this effect. Top right: topography of t-values averaged across the significant time points and frequency bins (see top left). The size of the marked sensors is displayed
proportional to their contribution to the cluster. Bottom left: time course of the respective ERD cluster. Values were averaged over the respective sensors (see top
right) and frequencies (see top left). Colored shaded areas signify standard errors. Grey shaded areas signify the extent of the cluster. Bottom right: bar plot from the
respective cluster averaged across time, sensors, and frequency, separately for the different task conditions. Error bars signify standard errors. Asterisks indicate the
significance of exploratory post-hoc subgroup comparisons: ***P <0.001, **P < 0.01, *P < 0.05.

neutral: t(17) =23.0, P <0.001). Regarding valence, a decrease in
pleasantness was observed from erotic to neutral to mutilation
pictures (erotic: M=6.57, SD=1.08, neutral: M=5.24, SD=0.29,
mutilation: M=2.09, SD=0.62; erotic vs. neutral: t(17)=5.25,
P <0.001, erotic vs. mutilation: t(17) =24.9, P <0.001, mutilation
vs. neutral: t(17) =30.9, P < 0.001).

Experimental Conditions and EEG Data Acquisition and Analysis

The experiment consisted of the active task condition. Method-
ology was similar as in Study 1 and 2, with the difference
that the picture stream comprised 3 rather than 2 stimulus
categories, and, consequently, participants asked to count in
separate blocks either erotica, mutilation, or neutral pictures.
Specifically, the picture stream was divided into 15 blocks with
48-80 trials each with a short pause after the eighth block.
Picture presentation time was again 150 ms, however, to reduce
the length of the study, the intertrial interval was shortened to
2500-3200 ms. Overall, the study comprised 900 trials. The order
of presentation was randomized with restrictions to minimize
priming effects because of preceding trials (Flaisch et al. 2016).
All possible orders of picture categories were realized equally
often, i.e., the 9 possible orders (3 picture categories x 3 picture
categories) each made up approximately 11% (minimum 10%—
maximum 12.5%) of all transitions. Additionally, no picture cate-
gory could occur more than 6 times in succession. Furthermore,
the entire picture set was presented before the picture series was
presented again in a different order.

Similar to Study 1 and 2, the majority of blocks were counted
correctly or within +1 margin of error (neutral target: M =92%,
SD =14%,; erotic target: M=92%, SD=15%; mutilation target:
M=86%, SD=27%) which did not differ significantly between
groups (F(2,54) =0.46, P=0.63).

EEG data collection and analysis were the same as in Study 1
and 2, except for an extended time window (0-2750 ms) for the
frequency analysis.

Study 3: Results

Erotic ERD

Replicating the results of Study 1, erotic picture processing
induced a significantly (P= 0.013) larger ERD response com-
pared with control pictures in the alpha and lower beta band
(~8-15 Hz). The effect appeared over extended centroparietal
regions in a time window lasting from ~ 500 to 1000 ms (see
Fig. 1B). Exploratory post-hoc analyses reproduced the effect
separately for nontarget (t(17) =5.81, P <0.001) and target con-
ditions (t(17) = 3.68, P = 0.002).

Furthermore, a slight resynchronization/ERS after the
emotional ERD effect was observed in a later time window
around approximately 2000-2500 ms (Fig. 1B bottom left).
However, the effect approached significance only in an
exploratory post-hoc analysis of this time window and cluster
(P=0.086).

Mutilation ERD and ERS

As shown in Figure 1D and Figure 3B, the findings of significant
ERD and ERS modulation in earlier (ERD) and later (ERS) time
windows for mutilation pictures was replicated.

Regarding the early effect, a significant ERD response
(P = 0.024) to mutilation compared with neutral pictures
was observed in the beta-frequency range (~16-23 Hz) over
centroparietooccipital sensor regions, peaking between approxi-
mately 300 to 600 ms. Exploratory post-hoc analysis reproduced
the ERD effect for nontarget (t(17) =5.82, P <0.001) and target
conditions (t(17) =2.47, P=0.024).

Regarding the later effect, a significantly increased (P = 0.002)
synchronization was induced by mutilation compared with neu-
tral pictures in the alpha/low beta-frequency range (~8-15 Hz)
over posterior sensor regions in a time window from approxi-
mately 1800 to 2600 ms. Exploratory post-hoc testing reproduced
the effect within each condition (nontarget t(17) =5.63, P < 0.001;
target t(17) =2.37, P=0.030).
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Figure 4. Illustration of the emotion x target interaction for Study 2 (top), Study 3 for mutilation pictures (middle) and Study 3 for erotic pictures (bottom). Target
pictures show an emotional ERD whereas nontarget pictures show a mutilation ERS (Study 2) or no emotional modulation (Study 3).

Target ERD

Combined across erotic and neutral target conditions, target
as compared with nontarget picture processing was associated
with a stronger ERD, peaking in the alpha/lower beta band over
central regions around 500-800 ms (see Fig. 2 bottom).

Emotion x Target Interaction

When comparing the emotional difference for target and non-
target task conditions, an emotion x target interaction was
found separately for mutilation (P=0.035; Fig. 4 middle) and
erotic (P=0.024; Fig. 4 bottom) picture conditions indicating a
stronger emotional ERD for targets than for nontargets. Both
interactions were largely similar, peaking in the upper alpha-
and lower beta-range (~9-15 Hz) over extended posterior-central
sensor areas around 1000-1400 ms. No significant 3-way inter-
action of Emotion x Target x Valence was found.

Study 1-3: Effects of Stimulus Repetition

A recent study observed that the alpha power decrease associ-
ated with the processing of high arousing pleasant and unpleas-
ant pictures was stable across stimulus repetitions (Ferrari et al.

2020). Building upon these findings, emotional modulation of
erotica and mutilation pictures was examined as a function of
stimulus repetition, separately for passive viewing and active
task conditions. Specifically, alpha/beta power activity within
significant clusters (see Fig. 1) were extracted for single trials,
task conditions, and participants. To achieve equal trial numbers
for each analysis, passive and active task conditions were inter-
polated to 100 trials for each participant and condition. Finally, to
assess the interaction of emotion by stimulus repetition, a linear
regression analysis was conducted based on the ERD difference
between emotional and neutral pictures across trials. The main
findingis that the emotional modulation appeared stable across
stimulus repetition. Specifically, across emotional stimulus cat-
egories, that is, erotica and mutilation, task condition, that is,
passive viewing and active categorization task, and studies, the
interaction of emotion by stimulus repetition was not significant
(Ibs| <0.0025, |ts| < 0.84, Ps > 0.40). Furthermore, there was some
evidence for effects of stimulus repetition, which differed across
studies, task conditions, and emotion categories (see Fig.5).
Specifically, in Study 1, the ERD diminished with repetition of
stimuli for both erotica (b=0.0056, t(98)=3.65, P <0.001) and
neutral images (b=0.0053, t(98)=2.96, P=0.004). In contrast,



in Study 3 examining active task conditions, the overall ERD
increased with stimulus repetition for all picture categories
(bs < —0.0043, ts > 3.89, Ps < 0.001). However, no significant main
effect of stimulus repetition was observed in Study 1 for the
active task condition and in Study 2 for neither passive nor active
task conditions (|bs| < 0.0031, |ts| < 1.60, Ps > 0.11).

General Discussion

The main aim of the present research series was to examine the
hypothesis that the processing of high-arousing pleasant and
unpleasant pictures is associated with power decreases in the
alpha and lower beta range. Toward this end, a research series
was conducted building on conceptual replication of the effect
including experimental paradigms relying on potent emotional
stimulus materials, that is, erotica and mutilations, and passive
and active task instructions as means to provide strong mea-
surements and control of error variance (Anderson and Maxwell
2016; Smith and Little 2018). Across studies, the processing of
highly pleasant and unpleasant pictures (erotica and mutila-
tions) was consistently associated with a decrease of power
in the alpha- and lower beta band. The effect was broadly
distributed with a focus on occipitoparietal sensors extending
to central sites and most pronounced between 400 and 800 ms
after stimulus onset. Furthermore, the effect was seen across
conditions and observed in the context of passive viewing and
an explicit categorization task assuring active processing of the
pictures and appeared stable across stimulus repetition. In sum,
evidence accumulates that high-arousing emotional stimulus
processing is reliably associated with power decreases in the
alpha and lower beta range. Furthermore, a new finding emerged
as our data indicate a late ERS response to mutilation pic-
tures, possibly indicating an inhibited state of neural networks
involved in perceptual stimulus processing.

A main aim of the present study series was to resolve
conflicting findings on power increases and decreases elicited
by emotional stimulus processing. Specifically, although the
majority of studies reported power decreases when processing
emotionally arousing stimuli (de Cesarei and Codispoti 2011,
Knyazev et al. 2008; Balconi et al. 2009; Popov et al. 2012b, 2013;
Cui et al. 2013; Meng et al. 2016; Furl et al. 2017; Schneider et al.
2018. Ferrari et al. 2020), some studies observed an increase in
power in the alpha- and lower beta band, in particular when
processing aversive images (Aftanas et al. 2002, 2004; Uusberg
et al. 2013; Mennella et al. 2017). In Study 1 and 2, we replicated
our previous findings that highly arousing pleasant pictures,
that is, erotica, elicit a larger ERD compared with low-arousing
control stimuli (Schubring and Schupp 2019). Extending these
findings to unpleasant picture contents, a power decrease in
the alpha- and lower beta band was observed in Study 2 and 3
when participants viewed mutilation pictures. These findings
suggest that the processing of emotionally arousing pictures is
associated with an ERD rather than ERS in the alpha- and lower
beta band.

This conclusion is further supported when considering the
various conceptual replications of this research series. To secure
reproducibility of findings, Study 1 provided a conceptual repli-
cation of our previous research using a different set of pic-
ture stimuli, an active task posing working memory demands,
and different interstimulus intervals. Study 2 used the same
experimental paradigm as Study 1 providing a conceptual exten-
sion of the findings to unpleasant stimulus contents. Finally,
Study 3 focused on active picture processing examining both
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high-arousing pleasant and unpleasant pictures within 1 study.
These 3 studies revealed significant main effects of emotion
with an ERD rather than ERS response to emotionally arousing
images (pleasant and unpleasant), distributed over broad poste-
rior sensor regions, and most apparent between 400 and 800 ms.
Furthermore, exploratory follow-up testing revealed significant
power decreases to emotionally arousing pictures in 9 out of 10
simple effect analyses, adding to the robustness of the findings.
One exception regarded mutilation picture processing in the
active task condition focusing on nontarget stimuli. Again, a
power decrease to mutilation pictures was observed, however,
the effect only approached significance (t(15) = —1.77, P=0.097).
Collectively, conceptual replication of the main findings across
studies and conditions provides strong support that the pro-
cessing of emotionally arousing pictures is associated with a
decrease in power in the alpha- and lower beta band during
initial perceptual stimulus processing.

The analysis of stimulus repetition and possible affective
habituation effects provides further insights into the modu-
lation of alpha/beta power by emotional stimulus processing.
A recent study observed that the alpha power decrease to
high-arousing emotional stimuli was stable across stimulus
repetition (Ferrari et al. 2020). This study involved massive
repetitions (80 repeats) and the assessment of long-term
habituation effects by repeating the session after a 24 h delay.
Here, with a more modest number of repetitions, that is,
24 (Study 1 and 2), we replicated the findings regarding the
passive viewing condition. Furthermore, analysis of the active
task condition revealed a similar pattern of finding, that is, a
stable effect of decreased alpha/beta power to high-arousing
emotional stimuli across stimulus repetition. Overall, evidence
accumulates that emotional modulation of the ERD is sustained
across stimulus repetition.

The current findings may be discussed from a functional
perspective on the meaning of ERD and a conceptual model on
how emotional stimuli are represented in memory. Hanslmayr
et al. (2012) suggested that memory processes are facilitated by
neural desynchronization in the alpha/beta range. Specifically,
increasing richness and amount of information represented in
the brain is associated with power decreases. The information
via desynchronization hypothesis can be related to the network
model of emotion which assumes that emotional and neutral
memory representations differ in terms of number of elements
and strength of interconnectivity (Lang, 1993). Accordingly, we
hypothesized that the richer memory representation of emo-
tionally significant stimulus contents leads to power decreases
in the alpha- and lower beta-frequency band. On the one hand,
the present findings are consistent with this reasoning regard-
ing the direction of power modulation, that is, a power decrease
to erotica and mutilations across studies. However, on the other
hand, there was variability of effects within and across erotic
and mutilation picture categories regarding the boundaries of
frequency bands, topography, and timing points toward differ-
ences. For instance, the latency of the effect differed for erotic
and mutilation pictures, appearing earlier in time and less sus-
tained for mutilation pictures. Furthermore, although the topog-
raphy of the effect included occipital and parietal sensors for
erotica and mutilations, the effect appeared with broader distri-
bution including central sensor sites for erotic pictures, possibly
reflecting overall stronger effects for this category. In addition,
although erotic picture modulations were observed in Study 1
and 3 in highly overlapping frequency bands ranging from 8 to
25 Hz, processing of mutilation pictures revealed a more variable
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Figure 5. Emotional modulation of alpha/beta power appeared stable across stimulus repetition in Studies 1-3. Single trial values were extracted based on the ERD
main effects (see Fig. 1). Each colored dot represents the single trial alpha/beta-frequency activity, interpolated to 100 trials, and averaged across participants. Colored
lines represent the linear regression with colored shaded areas representing the 95% confidence interval.

pattern of modulation within the alpha- and lower beta band in
Studies 2 (8-18 Hz) and 3 (15-25 Hz). Assuming that alpha/beta
oscillations measured on the macroscopic level reflects syn-
chronized firing of local cell ensembles (Hanslmayr et al. 2012),
one may speculate that emotional stimulus categories differ in
memory composition, that is, stimulus-meaning-response units
and the temporal dynamics of network activation. Thus, future
research needs to investigate the topography and latency of

alpha/beta power decreases as a function of different pleasant
and unpleasant picture contents, different exposure times, and
optimized designs for source analysis, that is, combining EEG
and functional neuroimaging.

A new and surprising finding of the present research regards
the observation that the ERD to mutilation pictures is followed
by a significant increase in power. This late effect, observed
between 1 and 1.5 s in Study 2 and 1.5 and 2.5 s in Study



3, may reflect resynchronization in the alpha- and lower beta
band. Increases in the alpha-band have been discussed within
cognitive research as a functional correlate of an inhibited state
of neural networks. Examples for task conditions resulting in
alpha power increases include the processing of task-irrelevant
distractor stimuli in selective attention tasks (Foxe and Sny-
der 2011), increasing working memory load during encoding
and retention, active forgetting of items (Bauml et al. 2008;
Waldhauser et al. 2012), and the withholding of responses within
a motor task (Hummel et al. 2002; Klimesch et al. 2007). Accord-
ingly, one may speculate that the late ERS elicited by mutilation
pictures may indicate a state of inhibition in neural networks
activated during initial perceptual stimulus processing asso-
ciated with an ERD response. Consistent with this reasoning,
ERD and ERS show a similar and highly overlapping posterior
topography. Interestingly, the ERS was observed to mutilations
but not erotic images. One hypothesis to account for the asym-
metry builds on the hypothesis that the ERS reflects top-down
inhibitory control processes, which, given the nature of the
picture categories, may be more engaged during aversive pic-
ture viewing. Overall, the new finding of a late ERS response
to mutilation pictures needs to be followed up by research
examining a broader range of emotional stimulus categories in
particular regarding unpleasant contexts (e.g., attack, disgust,
and violence; de Cesarei and Codispoti 2011).

Emotion-attention relationships have been assessed in pre-
vious research mainly with regard to event-relation components
(e.g., Schupp et al. 2007; Ferrari et al. 2008; Weymar et al. 2011;
Schindler and Straube 2020). Focusing on induced brain oscilla-
tions, the issue was examined in the present research series by
including an active task condition directing attention to stim-
uli categories varying in emotional intensity. Previous findings
regarding the main effect task were replicated (Yordanova et al.
2001; Bernat et al. 2007), with target compared with nontarget
stimuli being associated with decreased power in the alpha-
and lower beta band over occipitoparietocentral sensor sites in
a time window from approximately 500 to 800 ms. However,
although emotion and task effects overlapped in topography
and were most pronounced between 500 and 800 ms, there
was no interaction of emotion and task within the first second
after stimulus onset. These findings replicate and extend the
findings from Schubring and Schupp (2019) which also observed
that task and emotion effects occurred independently from each
other. However, although some evidence for emotion-attention
interactions were observed between 1 and 1.5 s, the pattern
of results provides little evidence for the potentiation of emo-
tion processing when the stimuli were targets and the focus
of attention. Rather, the interaction appeared to be driven by
nontarget stimuli returning to baseline earlier than targets in the
case of erotica and even showing an earlier ERS for mutilation
pictures. Thus, perceptual stimulus processing indexed by brain
oscillations provided no evidence for an interaction of emotion
and attention within the first second after image presentation,
but rather prolonged processing specifically for emotional target
stimuli after the first second.

Summary

Three studies assessed induced frequency modulations by emo-
tional stimuli in the context of an experimental design varying
emotional picture contents, that is, erotica and mutilation, and
task conditions, that is, free viewing and explicit categorization
task. The main finding is that high arousing pleasant (erotica)
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and unpleasant (mutilation) compared with low-arousing con-
trol stimuli decrease alpha- and beta-power across task contexts
(free viewing and categorization task) during initial perceptual
stimulus processing. Furthermore, a late (>1 s) increase in alpha-
and lower beta power was seen specifically for mutilation pic-
tures, possibly reflecting top-down inhibitory control processes.
Overall, these findings suggest that brain oscillations in the
alpha- and lower beta-band may serve as a useful measure of
emotional stimulus processing.
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