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Abstract Is color a critical feature in emotional content ex-
traction and involuntary attentional orienting toward affective
stimuli? Here we used briefly presented emotional distractors
to investigate the extent to which color information can influ-
ence the time course of attentional bias in early visual cortex.
While participants performed a demanding visual foreground
task, complex unpleasant and neutral background images
were displayed in color or grayscale format for a short period
of 133 ms and were immediately masked. Such a short pre-
sentation poses a challenge for visual processing. In the visual
detection task, participants attended to flickering squares that
elicited the steady-state visual evoked potential (SSVEP),
allowing us to analyze the temporal dynamics of the compe-
tition for processing resources in early visual cortex.
Concurrently we measured the visual event-related potentials
(ERPs) evoked by the unpleasant and neutral background
scenes. The results showed (a) that the distraction effect was
greater with color than with grayscale images and (b) that it
lasted longer with colored unpleasant distractor images.
Furthermore, classical and mass-univariate ERP analyses in-
dicated that, when presented in color, emotional scenes elicit-
ed more pronounced early negativities (N1–EPN) relative to
neutral scenes, than when the scenes were presented in gray-
scale. Consistent with neural data, unpleasant scenes were
rated as beingmore emotionally negative and received slightly
higher arousal values when they were shown in color than
when they were presented in grayscale. Taken together, these
findings provide evidence for the modulatory role of picture
color on a cascade of coordinated perceptual processes: by

facilitating the higher-level extraction of emotional content,
color influences the duration of the attentional bias to briefly
presented affective scenes in lower-tier visual areas.
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One of the outstanding questions in the field of attention and
affective neuroscience concerns the search for visual features
that constitute the Bemotionality^ of a visual scene and facilitate
involuntary attentional orienting toward emotionally significant
contents. In this regard, color as a global visual feature might be
seen as one of the crucial factors in emotional perception, facil-
itating scene segregation and content extraction (Gegenfurtner
& Rieger, 2000; Hansen & Gegenfurtner, 2009). In the context
of affective processing, picture color may influence subjective
feelings of pleasantness/unpleasantness and enhance emotional
intensity conveyed by a visual scene (Kaya & Epps, 2004; Suk
& Irtel, 2010). Critically, color, amongst other perceptual stim-
ulus characteristics (e.g., luminance, contrast), contributes to
sensory-driven or Bbottom-up^ stimulus saliency, and thus
can involuntarily attract visual attention toward relevant por-
tions in a scene (Itti & Koch, 2000; Kuniecki, Pilarczyk, &
Wichary, 2015). Similarly, preferential attentional orienting
and efficient selecting of sensory information for further pro-
cessing can also be determined by the emotional or motivation-
al relevance of the visual stimulus (for a review, see Carretié,
2014; Pourtois, Schettino, & Vuilleumier, 2013). However, the
extent to which color information may contribute to the invol-
untary capture of attention with emotionally charged visual
scenes remains a matter of debate.

Previous event-related potential (ERP) research has consis-
tently indicated two electrophysiological markers sensitive to
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attentional orienting toward affectively laden visual material –
N1 and early posterior negativity (EPN) components, on the
one hand, and the late positive potential (LPP), on the other
hand (Sabatinelli, Keil, Frank, & Lang, 2013; Schupp et al.,
2000; Schupp, Junghöfer, Weike, & Hamm, 2004). Viewing
emotionally significant as compared to neutral images is re-
lated to differences in amplitude that begin around 120 ms,
peaking at a time latency of 140–160 ms (N1), followed by a
negative EPN deflection developing over occipito-temporal
electrodes ~200–300 ms after picture onset (Junghöfer,
Bradley, Elbert , & Lang, 2001; Schupp, Flaisch,
Stockburger, & Junghöfer, 2006; Wiens & Syrjänen, 2013).
These early negativities (Weinberg & Hajcak, 2010)—or the
N1-EPN complex, as we have previously referred to these two
components (Bekhtereva, Craddock, & Müller, 2015;
Bekhtereva & Müller, 2015; Schönwald & Müller, 2014)—
are seen as neural signature of affective content extraction at
early stages of processing, likely reflecting an attentional
orienting toward emotional material. By contrast, the LPP, a
centro-parietal component occurring ~300–500 ms poststim-
ulus, signifies allocation of attentional resources for a better,
more detailed evaluation of emotional content at a later stage
of visual processing (Sabatinelli et al., 2013; Schupp et al.,
2000). Despite the close link between attentional orienting
toward emotionally significant stimuli and perceptually salient
stimulus properties (Bradley, Hamby, Löw, & Lang, 2007; De
Cesarei & Codispoti, 2011; Delplanque, N’diaye, Scherer, &
Grandjean, 2007; Miskovic et al., 2015; Schettino, Keil,
Porcu, & Müller, 2016), there is mixed evidence regarding
whether picture color influences affective processing per se
(Cano, Class, & Polich, 2009; Codispoti, De Cesarei, &
Ferrari, 2011; Weymar, Löw, Melzig, & Hamm, 2009) and,
if so, at which stage of visual processing the influence of color
on affective content extraction might be most pronounced.
Although two previous studies by Weymar et al. (2009) and
Codispoti et al. (2011) revealed no evidence for an influence
of color on heightened visual cortical activity during affective
picture viewing, Cano et al. (2009) reported ERP emotional
modulations late in the processing stream (~300–500 ms) for
color but not grayscale pictures. The latter finding sparked off
a discussion on the contribution of color to affective outcomes
of the LPP, suggesting the critical impact of image color on
higher-order affective processing.

Previous findings with respect to the influence of picture
color on affective processing may have been incomplete by
the following potential reasons. First, confounding effects
may have been produced by uncontrolled perceptual stimulus
characteristics. Luminance (Miskovic et al., 2015; Schettino
et al., 2016), contrast (Kauffmann, Chauvin, Guyader, &
Peyrin, 2015), and spatial frequency composition of a visual
image (De Cesarei & Codispoti, 2011; Delplanque et al.,
2007) have recently been emphasized to modulate behavioral
and electrophysiological markers of emotional perception,

and were not fully controlled for in those studies. Second,
the impact of image color on emotional processing was almost
never studied under visually demanding conditions—for exam-
ple, with very brief image exposure durations. Neutral and af-
fective images were often shown using long presentation times
(1–6 s), and a short presentation (24 ms) used in one study by
Codispoti et al. (2011) was performed in the absence of a per-
ceptual mask, therefore inevitably producing confounding ef-
fects with visual persistence, or continuing visual processing
after the stimulus offset (Codispoti et al., 2011; Codispoti,
Mazzetti, & Bradley, 2009). Hence, it is not clear whether im-
age color may have an impact on emotional content processing
under perceptually challenging conditions, when only a
glimpse of a visual scene is available for perceptual process-
ing—that is, when visual information is presented only briefly
and is subsequently masked to prevent further elaborate pro-
cessing. It may be possible that when only the gist of a visual
scene can be recovered, color information may facilitate image
content identification andmodulate attentional orienting toward
affective visual cues early in the processing stream, since color
as a global stimulus property has been shown to be extracted at
early stages of natural scene processing (Gegenfurtner, 2003;
Goffaux et al., 2005) and inform scene recognition of briefly
shown images (Schyns & Oliva, 1994).

In recent years, we have run a number of studies to inves-
tigate the time course of attentional shifting toward distracting
task-irrelevant emotional scenes in early visual cortex while
subjects perform a demanding foreground attentional task
(Bekhtereva et al., 2015; Hindi Attar, Andersen, & Müller,
2010; Hindi Attar & Müller, 2012; Müller, Andersen, &
Hindi Attar, 2011; Müller, Andersen, & Keil, 2008;
Schönwald & Müller, 2014). This allows us to examine to
what extent and how quickly attention can be captured by
visual cues conveying emotionally significant information.
In our distraction paradigm, participants attend to randomly
flickering squares, while neutral or emotional images from the
International Affective Picture Set (IAPS; Lang, Bradley, &
Cuthbert, 2008) unpredictably appeared in the background.
Participants were instructed to detect and respond to periods
of coherent motion events of the flickering squares while
disregarding background distractors. The flickering visual
squares elicit a steady-state visual evoked potential
(SSVEP), a continuous neural oscillatory response that is gen-
erated mainly in early visual areas (Di Russo et al., 2007;
Müller et al., 2006) at the same temporal frequency as the
driving flickering stimulus (Norcia, Appelbaum, Ales,
Cottereau, & Rossion, 2015; Regan, 1989; Vialatte,
Maurice, Dauwels, & Cichocki, 2010). Because the SSVEP
continuously indexes neural activity related to flickering stim-
ulus processing and its amplitude is consistently shown to
increase when a stimulus is attended as compared to when it
is ignored, the SSVEP is a powerful tool for a direct measure
of attentional resource allocation over time, and, thus the
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neural time-course of visual resource competition between
attention and emotional stimuli (Hindi Attar et al., 2010;
Müller et al., 2011).

In our earlier studies, regardless of whether distracting
IAPS images were shown for several seconds or as briefly
as 133 ms in our distracting paradigm, we consistently dem-
onstrated a significant decrease in the SSVEP amplitude for
emotional relative to neutral background scenes between ~400
and 1,000 ms following the onset of an IAPS picture (Hindi
Attar et al., 2010; Müller et al., 2011; Schönwald & Müller,
2014). This reduction in SSVEP amplitude signified a greater
withdrawal of visual processing resources away from the
flickering foreground task toward emotional as opposed to
neutral contents. Of particular relevance is our recent experi-
ment with brief (i.e., 133 ms) presentations of neutral or emo-
tional IAPS images (Müller et al., 2011). Such a short presen-
tation allows only for one fixation but at the same time is
sufficient for emotional content extraction (Peyk, Schupp,
Keil, Elbert, & Junghöfer, 2009; Smith, Löw, Bradley, &
Lang, 2006) without further elaborative processing (Thorpe,
Fize, & Marlot, 1996), and our results suggested that such a
brief presentation triggers the attentional bias toward affective
images, which is not interrupted by masking the respective
image.

In the present study we used that design to investigate to
what extent color plays a crucial role in emotional content
extraction. Contrary to the previous study that faded the re-
spective IAPS images in to avoid an onset ERP in response to
the background images, here we presented them with a direct
onset after the phase-scrambled version of an image to elicit
and analyze the ERP concurrently with the SSVEP elicited by
the foreground task. From a methodological viewpoint, brief
presentation and masking accomplishes two necessary goals.
By masking a briefly shown emotional image, one may more
accurately capture its immediate impact on affective picture
processing and make it less confounded by extended atten-
tional engagement inherent to long exposure times (Larson,
Ruffalo, Nietert, & Davidson, 2005), while controlling the
time available for processing of the visual stimulus and reduc-
ing the effect of visual persistence (Codispoti et al., 2009;
Keysers & Perrett, 2002). A major methodological advantage
of the present study is that it concurrently measured the
SSVEP elicited by the flickering squares as well as the visual
ERP in response to image scenes, such as the N1–EPN com-
plex and LPP. By simultaneously assessing both neural mea-
sures, one can delineate the impact of color of distracting
emotional scenes on ongoing early visual processing as well
as correlates of higher-order affective content extraction (N1–
EPN or LPP components as neural indices of affective stimu-
lus processing). If color plays a crucial role for emotional
content extraction we expected that the distraction effect upon
the SSVEP amplitude would be greater for color images than
for grayscale images. In addition, we can infer at which stage

of visual processing (i.e., early, in the time range of N1–EPN;
or late, in the latency range of LPP) color may uniquely con-
tribute to the higher-order process of emotional content
encoding in our distraction paradigm. If color plays a crucial
role in early emotional content extraction, we expect a greater
N1–EPN effect (i.e., greater difference between neutral and
emotional images) for colored background images.

Since emotional and neutral image categories may differ on
a variety of low-level physical properties, we minimized such
differences by matching the means and standard deviations of
the luminance distributions between the two stimulus sets and
controlled for potential spatial frequency confounds across
experimental stimuli (see Stimuli section). Finally, we
complemented classical parametric analysis of the ERP com-
ponents (Keil et al., 2014) with nonparametric cluster-based
statistics (Groppe, Urbach, & Kutas, 2011), in order to more
accurately pinpoint the time range when the impact of picture
color on the modulation of the ERP response to affectively
laden scenes might be most pronounced.

Materials and method

Participants

Twenty-seven participants (18 female, 9 male) with a mean
age of 25 years (standard deviation [SD] = 5.12) with normal
or corrected to normal visual acuity participated in the exper-
iment. Six participants were excluded from the final sample:
five of them did not elicit a reliable SSVEP response, whereas
the data of one participant could not be properly saved due to
technical problems. All participants received class credits or
monetary compensation for their participation (€6 per hour)
and gave written informed consent prior to experimental re-
cordings. The experiment was conducted in compliance with
the Code of Ethics of the World Medical Association
(Declaration of Helsinki) and the guidelines of the local ethic
committee (University of Leipzig) for electroencephalography
(EEG) studies.

Stimuli

Task-relevant stimuli consisted of an array of 100 randomly
distributed moving yellow squares (each 0.6° × 0.6° of visual
angle), superimposed upon a neutral or unpleasant scene pre-
sented in grayscale or color. As a baseline measure and for
masking, we used scrambled versions of these images.
Scrambling of images was performed by applying a Fourier
transform in a three-step process: (a) amplitude and phase
components were obtained for each image; (b) the original
phase spectrum of each picture was displaced with random-
ized phase components while preserving the original ampli-
tude spectrum; (c) each new scrambled image was rebuilt with
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an inverse Fourier transform. This image-scrambling proce-
dure resulted in the outcome images with the same low-level
physical properties (spectral energy, luminance) as their intact
originals, but any semantic information was distorted.

A total of 45 unpleasant and 45 neutral picture scenes1

were selected from the IAPS (Lang et al., 2008) as well as
from the Emotional Picture Set (EmoPicS;Wessa et al., 2010).
Picture categories differed on normative ratings of valence
[neutral: M = 5.49 (SD = 0.77); unpleasant: M = 2.17 (SD =
0.62)] and arousal [neutral:M = 3.73 (SD = 0.84); unpleasant:
M = 6.24 (SD = 0.63)]. Image pictures were presented in color
as well as in grayscale versions and were resized to 300 × 400
pixels. Thus, the selected images comprised two valence cat-
egories (unpleasant vs. neutral) and two image scales (gray-
scale vs. color), resulting in four experimental conditions. To
ensure similar low-level physical properties between experi-
mental image categories, the mean (representative of the glob-
al luminance) and standard deviation (representative of root-
mean squared [RMS] contrast) of the luminance distribution
of every image were calculated on the intensity of pixels rang-
ing from 0 to 1 (normalized RGB or grayscale values, with
minimum 0 = black and maximum 1 = white). Subsequently,
all images were adjusted (for MATLAB code, see Bekhtereva
& Craddock, 2017) to have equal mean luminance (M = 0.43,
SD = 0.02) and mean RMS contrast (M = 0.28, SD = 0.02). A
2 × 2 mixed-design analysis of variance (ANOVA; with
Emotion [unpleasant/neutral] as a between-subjects factor
for two image sets and Color [grayscale/color] as a within-
subjects factor) was performed on luminance and contrast,
respectively. The results revealed no significant effect of emo-
tion (mean difference = –0.0006, CI 95% = [–0.008 0.006]; d
= –0.034, CI 95% = [–0.45 0.38]) or color (mean difference =
–0.003, CI 95% = [–0.005 0.00009]; d = –0.29, CI 95% = [–
0.71 0.13]), nor an Emotion × Color interaction (mean differ-
ence = –0.001, CI 95% = [–0.008 0.005]; d = –0.07, CI 95% =
[–0.49 0.35]), on luminance (ps > .07). Similarly, we found no
statistically significant difference in emotion (mean difference
= –0.007, CI 95% = [–0.015 0.002]; d = –0.34, CI 95% = [–
0.76 0.08]) or color (mean difference = –0.002, CI 95% = [–
0.008 0.003]; d = –0.14, CI 95% = [–0.56 0.28]), nor any
Emotion × Color interaction (mean difference = 0.009, CI
95% = [–0.001 0.02]; d = 0.27, CI 95% = [–0.15 0.69]) for
RMS contrast values (ps > .08). To additionally control for
potential spatial frequency confounds across experimental
stimuli, discrete wavelet transform analysis was performed

to ascertain that neither the color nor the grayscale images
differed in spatial-frequency content between the unpleasant
and neutral picture categories (Delplanque et al., 2007). To
this end, each image was decomposed into eight frequency
bands (300–150, 150–75, 75–38, 38–19, 19–9, 9–5, 5–2,
and <2 cycles per image [c·image−1]). Subsequently, the mean
energy in each frequency band was submitted to a 2 (emotion:
unpleasant vs. neutral images) by 8 (spatial frequency: 300–
150, 150–75, 75–38, 38–19, 19–9, 9–5, 5–2, vs. <2 c·im-
age−1) mixed-design ANOVA and was analyzed separately
for each grayscale picture and each layer of color (RGB).
The results demonstrated that the color and grayscale experi-
mental images did not show any statistically significant differ-
ences in wavelet energy between the unpleasant and neutral
images in any spatial frequency band (ps > .33 for the main
effect of emotion and the Emotion × Spatial Frequency inter-
action). The results for all frequency bands are presented in
Fig. 1.

Given the nonsignificant p values obtained from the statis-
tical testing of luminance, contrast, and spatial-frequency con-
tent between the experimental image categories, we addition-
ally turned to Bayesian inference testing (Dienes, 2014;
Gelman, Carlin, Stern, & Rubin, 2014) to estimate the degree
of evidence in favor of an absence of differences between the
low-level physical properties of the experimental images. We
calculated the Bayes factor for each model of interest: main
effect of emotion, main effect of color, both main effects, and
both main effects plus Emotion × Color interaction—that is,
the full model (Rouder, Morey, Verhagen, Swagman, &
Wagenmakers, 2017). Jeffrey–Zellner–Siow (JZS) priors were
used, based on the default prior scale for the function anovaBF
from the R package BayesFactor, version 0.9.12 (Morey,
Rouder, & Jamil, 2015). Experimental images were included
in all models as a random factor. The results for luminance,
contrast, and spatial-frequency image content are reported in
Tables 1 and 2. For luminance and RMS contrast, although
some models yielded inconclusive Bayes factors of ~0.7 (i.e.,
for the main effect of color for luminance and the main effect
of emotion for contrast), overall the results demonstrated rath-
er strong evidence in favor of the null hypothesis, with the
Bayes factors being less than 1/3 (Dienes, 2014). For spatial
frequencies, when we directly compared the full model and
the model with the main effect of spatial frequency alone, the
Bayes factor BF24 showed that the observed mean energy in
the red channel of the RGB spectrum was ~424 times more
probable when spatial frequency was the only factor, relative
to when it interacted with emotion. For the other channels—
green, blue, and gray—the likelihoods were even higher
(~4,491, ~5,823, ~3,111 times more probable, respectively).
Furthermore, the direct comparison between the models with
the main effect of emotion versus the main effect of spatial
frequency (BF21) indicated that the mean energy was at least
1.64 × 10128 times more likely when Spatial Frequency was

1 IAPS numbers. Neutral: 2037, 2102, 2190, 2191, 2221, 2235, 2240, 2272,
2372, 2393, 2396, 2435, 2441, 2442, 2480, 2485, 2512, 2560, 2570, 2749,
2840, 2850, 4100, 4542, 7140, 7500, 7546, 7550, 8010, 8090, 8130, 8162,
8232, 8250, 8330, 8371, 8620, 9210. Unpleasant: 1200, 1300, 2375.1, 2661,
2683, 2691, 2703, 2710, 2730, 2800, 2811, 3030, 3053, 3060, 3064, 3101,
3110, 3120, 3130, 3170, 3220, 3225, 3230, 3266, 3301, 3350, 3500, 3530,
6022, 6213, 6313, 6360, 6510, 6550, 6560, 8230, 9040, 9042, 9181, 9250,
9254, 9300, 9410, 9433, 9520. EmoPicS numbers. Neutral: 91, 100, 114, 124,
126, 135, 139.
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the only factor, versus the Emotion factor alone. Thus, this can
be interpreted as very strong evidence in support of the model
with only the main effect of spatial frequency.

Taken together, the results from both null hypothesis sig-
nificance testing and Bayesian inference analyses converged
on the conclusion that the luminance, RMS contrast, and
spatial-frequency content likely did not differ between the
unpleasant and neutral image categories.

Image resizing, conversion to a grayscale format, and lu-
minance and contrast adjustments, as well as the discrete
wavelet transform analysis, were done with the MATLAB
image-processing toolbox (The Mathworks, Inc., Natick,
Massachusetts).

Experimental procedure

Stimuli were presented foveally against a black background
on a 19-in. computer screen set at a resolution of 800 × 600
pixels, 16 bits per pixel color mode, and a refresh rate of 60

Hz, with a viewing distance of 80 cm. The size of each image
subtended 12.2° × 8° of visual angle. A centrally presented
yellow cross served as the fixation for the entire experiment.
Yellow squares were randomly allocated across centrally pre-
sented pictures and were shown at a flicker frequency of 15Hz
(presented Bon^ for two frames and Boff^ for two frames), to
elicit a steady-state visual evoked potential (SSVEP). As has
been demonstrated in previous studies employing the same
visual distraction paradigm (Bekhtereva et al., 2015;
Schönwald & Müller, 2014), a stimulation frequency of
15 Hz simultaneously permits the assessment of the visual
event-related potential (ERP) response elicited in response to
the presentation of a background scene and the analysis of the
SSVEP elicited by the presentation of flickering squares.

Each trial started with the onset of a scrambled version of a
background scene presented together with flickering yellow
squares and lasted for 4,533 ms, resulting in 68 cycles of
15Hz stimulation (Fig. 2). After each trial, a blank screen with
the fixation cross was presented for a time interval that varied

Table 1 Bayes factors (BF) and percentages of proportional errors (% pe) for the luminance and contrast models obtained by using JZS priors (see the
main text for details)

Model (Luminance) BF % pe Model (Contrast) BF % pe

[1] Col 0.73 ±1.21 [1] Col 0.27 ±7.6

[2] Emo 0.33 ±2.44 [2] Emo 0.71 ±1.68

[3] Col + Emo 0.25 ±3.01 [3] Col + Emo 0.17 ±1.89

[4] Col + Emo + Col × Emo 0.06 ±3.75 [4] Col + Emo + Col × Emo 0.17 ±2.87

Col: color; Emo: emotion

Fig. 1 Mean energy of wavelet coefficients for the (a) red, (b) blue, (c) green, and (d) gray channels, for unpleasant and neutral subsets of images in each
frequency band
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randomly between 1,150 and 1,650 ms. At a certain variable
time point during each trial, the scrambled image changed to
the intact version of the same image for a short time period
(see below) and was masked with the scrambled version by
fading out the concrete version. This fading-out procedure
was performed in order to avoid an abrupt offset of the back-
ground pictures that might elicit a visual evoked potential,
which in turn could interfere with both the SSVEP toward
the foreground task and the visual ERP in response to the
onset of the concrete picture presentation. The fading-out pro-
cedure was done in the following steps. Aweighted average of
the scrambled and original intact pictures was shown over a
sequence of four frames (one frame of the 60-Hz refresh rate
lasted 16.67 ms), with the weight for the intact picture de-
creasing by 20% per frame (i.e., frame1 = 80%, frame2 =
60%, frame3 = 40%, and frame4 = 20%). The offset of the
intact picture was defined at the time point when the weight
for the image was less than 50% (i.e., when frame3, with the
weight of 40%, was displayed). Thus, an intact picture with a
full 100% view was presented only for ~100 ms and remained
visible on the screen for 133 ms in total.

To exclude any anticipation effects of the image change,
the change from a scrambled to a concrete image occurred

randomly in an early (200–1,000 ms, 13% of trials), middle
(1,267–2,400 ms, 60% of trials), or late (2,467–4,333 ms,
27% of trials) time window after trial onset. Trials with early
and late image changes served as Bcatch trials^ and were ex-
cluded from further analysis (240 trials in total). For these
excluded trials a different set of images was selected from
the ones we used in the trials included in the data analysis.
Overall, the experiment consisted of 600 trials (ten experimen-
tal blocks of 60 trials each), with 360 trials that entered the
final data analysis (90 per experimental condition). Each scene
was presented twice throughout the experiment and random-
ized such that no repetition of the same image category oc-
curred within three consecutive trials.

In every refresh frame (i.e., every 16.67 ms) the yellow
squares moved randomly (up, down, left, or right) by 0.04°
of visual angle. The targets were defined as short intervals in
which 30% of the squares moved coherently in one of the four
cardinal directions for four frames of 15 Hz (i.e., for 266.68
ms). Participants were instructed to detect these coherent mo-
tion targets as quickly and accurately as possible by pressing
the space bar on the keyboard, and to disregard the back-
ground images as task-irrelevant. During each trial, between
zero and four coherent-motion targets could be presented.

Fig. 2 Schematic illustration of the stimulus design. Each trial lasted
for 4,533 ms and started with the presentation of a phase-scrambled
version of a grayscale/color scene. After a variable time interval, the
scrambled scene changed to its intact version for 133 ms and back
again to its scrambled form (mask) in four steps. Participants

attended to flickering and moving yellow squares superimposed
upon the background images and were instructed to respond to
coherent motion events of a subset of the squares (see the text).
Note that this example of an unpleasant image was taken from the
GAPED database (Dan-Glauser & Scherer, 2011)

Table 2 Bayes factors (BF) and percentages of proportional errors (% pe) of the models for the red, green, blue, and gray channels obtained by using
JZS priors (see the main text for details)

Model Model (Red) Model (Green) Model (Blue) Model (Gray)

BF % pe BF % pe BF % pe BF % pe

[1] Emo 0.10 ±1.57 0.10 ±0.84 0.10 ±1.4 0.10 ±1.25

[2] SPF 2.34×10187 ±0.4 2.47×10156 ±0.44 1.6×10127 ±0.43 3.18×10164 ±0.38

[3] Emo + SPF 2.98×10186 ±3.89 2.64×10155 ±1.24 1.7×10126 ±1.02 3.39×10163 ±1.12

[4] Emo + SPF + Emo × SPF 5.52×10184 ±1.05 5.49×10152 ±1.7 2.75×10123 ±1.05 1.02×10161 ±1.17

BF24 423.59 ±1.12 4,491.43 ±1.76 5,822.68 ±1.14 3,111.3 ±1.23

BF21 2.3×10188 ±1.62 2.6×10157 ±0.95 1.64×10128 ±1.46 3.27 ×10165 ±1.3

Col: color; Emo: emotion; BF24 = BF[2]/BF[4]; BF21 = BF[2]/BF[1]
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Importantly, to allow for analysis of the time course of the
behavioral data, target events were uniformly distributed
across each cycle of the 15-Hz flicker (i.e., 66.67 ms), such
that over the entire experiment three target events occurred in
each time window of 66.67 ms in every experimental condi-
tion. After each block (60 trials) participants received feed-
back about their behavioral performance (mean percentage of
target hits and mean reaction time) and were allowed to take a
break. All participants completed short training sessions (up to
three blocks) prior to the experimental session until they
achieved a target performance rate of ~60%, after which the
experimental recording started. For the practice session, a dif-
ferent set of images was chosen.

After the EEG experiment, participants were asked to view
the images used in the study in a randomized order and to rate
them on the scale of affective valence and arousal on the 9-
point Self-Assessment Manikin scale (SAM; Bradley & Lang,
1994).

EEG data recording and analysis

EEG was recorded from 64 Ag–AgCl scalp electrodes
mounted in an elastic cap using a BioSemi ActiveTwo ampli-
fier system (BioSemi; The Netherlands) following an extend-
ed version of the international 10–20 system at a sampling rate
of 256 Hz and were band-pass filtered online between 0.016
and 100 Hz. Two additional electrodes were used as the ref-
erence and ground (CMS Bcommon mode sense^ and DRL
Bdriven right leg^; see www.biosemi.com/faq/cms&drl.htm).
Lateral eye movements were monitored with a horizontal
electroocculogram (EOG), while vertical eye movements
and blinks were monitored with a bipolar montage
positioned below and above the right eye (vertical EOG).
Data preprocessing and analysis of the SSVEP and ERP
data were performed offline with in-house-written custom
scripts, using functions included in the EEGLAB version 9.
0.2.3b (Delorme & Makeig, 2004) and ERPLAB version 2.0.
0.0 (http://erpinfo.org/erplab) toolboxes running under
MATLAB (The Mathworks, Natick, MA).

SSVEP analysis

EEG epochs were extracted between 1,000 ms before and
2,000 ms after the onset of the concrete image. Epochs con-
taminated with eye blinks or eye movements exceeding 2 deg
of visual angle (about 20 μV) were rejected with in-house
automated routines and additionally verified by visual inspec-
tion. Subsequently, the SCADS algorithm (statistical
correction of artifacts in dense array studies; Junghöfer,
Elbert, Tucker, & Rockstroh, 2000) was performed on the
remaining epochs. This procedure corrects for artifacts such
as noisy electrodes using a combination of channel approxi-
mation and epoch exclusion based on statistical parameters of

the data. Epochs with more than ten contaminated electrodes
within a particular area of the electrode montage were exclud-
ed from further analysis. On average, ~13% of all trials were
rejected, with no differences between conditions. Data were
algebraically re-referenced to the average reference, linear
trends were removed, and as a final step, all epochs were
averaged for each individual and condition.

SSVEP amplitudes were extracted from the averaged
epochs by means of a Gabor filter (Gabor, 1946) centered at
15 Hz with a frequency resolution of ±1.5 Hz full width at half
maximum, resulting in a time resolution of ±147.1 ms (see
also Schönwald & Müller, 2014, for more details on Gabor
filters). To identify electrodes with maximum SSVEP ampli-
tudes for the statistical analysis, isocontour voltage maps were
quantified on the basis of the grand averages across all partic-
ipants, experimental conditions, and time points. Figure 9b
below displays that SSVEP amplitudes were maximal at eight
parieto-occipital electrodes: PO3, PO7, O1, Oz, Iz, PO4, PO8,
and O2. Taking into account some variations in the individual
topographical SSVEP amplitude distributions, for further sta-
tistical analysis, one electrode with the greatest amplitude was
selected from that cluster for each participant (the individual
best-electrode approach). For the statistical analysis, two-
tailed paired t tests were used. On the basis of our previous
studies with a similar design, to control for Type I error, a
statistical significance threshold was set as a point-level p <
.05 over ten consecutive data points; thus, only time intervals
with a minimum of ten consecutive significant sampling
points with p < .05 are reported (Andersen & Müller, 2010;
Bekhtereva et al., 2015; Schönwald & Müller, 2014). To test
the impact of color on the affective distraction effect with
scenes, we conducted a direct test between the grayscale and
color images. For this purpose, in the first step we tested for
differences in SSVEP amplitude reduction latencies between
the unpleasant and neutral conditions, separately for the color
and grayscale scenes. In the second step we calculated differ-
ence waves (unpleasant minus neutral) for the color and gray-
scale pictures and tested them against each other with running
paired t tests.

ERP analysis

Continuous EEG data were band-pass filtered (Kaiser-win-
dowed FIR, 0.5–14 Hz; Widmann, 2006). Subsequently,
epochs from 133ms before to 1,600ms after image onset were
extracted from the continuous EEG data. The mean of the
133 ms before picture onset (i.e., two full cycles of 15-Hz
stimulation) served as a baseline, and the mean was subtracted
from each data point in the ERP epochs. Prior to artifact re-
jection, trials with horizontal eye movements >20 μV (about
2° of visual angle) were removed. On average, 3.33% of trials
(i.e., 348 out of 360 trials for 21 participants) were rejected
from the analysis after artifact detection with SCADS
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(Junghöfer et al., 2000), with no differences between
conditions.

By means of visual inspection of the grand average ERPs,
we identified and further analyzed the P1, N1–EPN complex,
and LPP components that were elicited by presentation of the
complex background images. The following time windows
after concrete image onset and electrodes were chosen for
the statistical analysis:

& For the N1–EPN complex (see Fig. 5a in the Results), a
time window from 170 to 400 ms was taken at a cluster of
parieto-occipital sensors: I1, I2, O1, O2, PO3, PO4, PO7,
PO8, P7, P8, P9, and P10, based on a selection of
electrodes from the similarly designed earlier studies by
Schönwald and Müller (2014) and Bekhtereva et al.
(2015).

& For the LPP component (Fig. 6a in the Results), a time
window between 550 and 1,000 ms was selected from an
array of centro-parietal electrodes: CP1, CPz, CP2, P1, Pz,
and P2.

& Additionally, as can be seen in Fig. 5a for the N1 and EPN
waveforms, at around 120–170 ms the P1 component ex-
hibited a positive deflection and was quantified at occipital
electrodes O1/O2 (120–170 ms), where it was most
pronounced.

For all ERP components, the mean amplitude was calcu-
lated across the respective electrodes and time windows for
each condition. These values were subjected to a 2 × 2 repeat-
ed measures ANOVA comprising the factors Emotion (un-
pleasant vs. neutral) and Color (RGB vs. gray).

Mass-univariate ERP analysis

To further examine ERP differences between neutral and un-
pleasant valence categories for color and grayscale images, we
conducted within-subjects cluster-based permutation tests
based on a Bmaximum cluster-level mass^ statistic that is
quantified by grouping neighboring electrodes into clusters
and extracting a value for the cluster from its constituents
(Bullmore et al., 1999; Maris & Oostenveld, 2007). By con-
trast with the conventional approach for ERP analysis, in
which an ANOVA is conducted on a limited point measures
(i.e., mean amplitudes) averaged over a specified time win-
dow and electrode locations, this nonparametric technique is
powerful because it overcomes three major limitations of con-
ventional ERP analyses (Groppe et al., 2011). First, it is sen-
sitive to any unexpected effects outside of the time range of
analysis. Second, the method does not require a priori knowl-
edge of the timing and location of an effect. Third, it permits to
delineate locus and boundaries of the precise onset and offset
of the differences between ERPs of interest, taking into ac-
count the information across all channels and time points,

while, importantly, simultaneously correcting for multiple
comparisons.

An electrode’s spatial neighborhood was determined as all
electrodes within approximately 5.4 cm, resulting on average
in 7.3 neighbors per channel. The distribution of the null hy-
pothesis was estimated using 5,000 random within-subjects
permutations of the data. Any differences between conditions
were considered significant if they yielded the lowest signifi-
cant t-score threshold of –2.8469 (which corresponds to an
uncorrected p value of .01) for the comparison between neu-
tral and unpleasant color scenes and 2.8475 for the compari-
son between neutral and unpleasant grayscale scenes (corre-
sponding to a testwise α = .009965). Finally, the differences
between Bunpleasant–neutral^ difference scores between the
color and grayscale conditions were examined and deemed
reliable if they exceeded the lowest significant t-score thresh-
old of –2.8543 (corresponding to an uncorrected p value of .01
and a testwise α = .009803). All time points between 0 and
1,600 ms (410 time points at 256-Hz sampling rate) at all 64
scalp electrodes were included in our analysis, resulting in
total of 26,240 comparisons, and the test was two-tailed.
These cluster-based permutation tests were performed with
the Mass Univariate ERP toolbox (Groppe et al., 2011).

Behavioral data and SAM ratings analyses

Correct button presses in a time window between 250 and
1,000 ms after target onset were considered as hits. Later re-
sponses or no response were considered as misses. Onsets of
target events were uniformly distributed over the time window
from 800 ms before and 1,867 ms following the onset of an
intact background image. Hits were calculated across time
bins of 266.7 ms by averaging across four short bins of
66.67 ms, in order to keep every time bin identical to the
duration of the target event, which lasted 266.7 ms (see also
Bekhtereva et al., 2015; Hindi Attar et al., 2010; Schönwald &
Müller, 2014). This resulted in ten time windows of 266.7 ms
each. On the basis of the behavioral results obtained by our
previous studies, in which the same distraction paradigm was
used (see above), we focused further statistical calculations on
the time interval from 533 ms before to 1,334 ms after the
picture change (two time bins before and five after). All cal-
culations were performed in relation to the time bin in which
the onset of the target event occurred according to the uniform
distribution of events over time. A 2 × 2 × seven repeated
measures ANOVA with the within-subjects factors Emotion
(unpleasant vs. neutral), Color (RGB vs. grayscale), and Time
(Bins 1–7) was calculated. To further explore differences be-
tween the conditions with respect to time bins, we conducted
post-hoc t tests using the Holm–Bonferroni correction for
multiple comparisons. Mean arousal and valence SAM ratings
for unpleasant and neutral scenes for the color as well as the
grayscale versions of pictures were subjected to 2 × 2 repeated
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measures ANOVA, with Emotion (neutral vs. unpleasant) and
Color (gray vs. RGB) as within-subjects factors, followed by
paired t tests.

Statistical analyses

Statistical analyses were conducted using R version 3.0.2 (R
Development Core Team, 2012) and the packages stats (ver-
sion 3.3.2), ez (version 4.4-0; Lawrence, 2013), Rmisc (ver-
sion 1.5), BayesFactor (version 0.9.12; Morey et al., 2015),
and ggplot2 (version 2.21; Wickham, 2009). With repeated
measures ANOVA, Huynh–Feldt correction was applied
whenever Mauchly’s test showed violation of the sphericity
assumption, and generalized eta-squared (ηg

2) and Cohen’s d
(d) with its 95% confidence interval are reported as measures
of standardized effect size (Baguley, 2012; Bakeman, 2005;
Olejnik & Algina, 2003). Additionally, unstandardized effect
sizes and their 95% confidence intervals are reported for rel-
evant comparisons.

Results

SAM ratings

For valence, the 2 (emotion) × 2 (color) repeated measures
ANOVA showed significant main effects of emotion, F(1, 20)
= 328.17, p < .001, ηg

2 = .88; mean difference = –3.47, CI
95% = [–3.87 –3.07]; d = –3.95, CI 95% = [–5.03 –2.88], with
unpleasant picture scenes being rated as more negative than
neutral scenes, and color, F(1, 20) = 12.45, p = .002, ηg

2 =
.002; mean difference = 0.06, CI 95% = [0.026 0.1]; d = 0.77,
CI 95% = [0.12 1.42], with gray images overall having some-
what higher (more pleasant) valence ratings than their color
counterparts. A significant Emotion × Color interaction, F(1,
20) = 14.9, p = .001, ηg

2 = .005; mean difference = 0.19, CI
95% = [0.09 0.29]; d = 0.84, CI 95% = [0.19 1.49], and its
follow-up pairwise comparisons revealed that neutral images
were rated similarly for valence, regardless of whether they
were presented in color or grayscale (p = .33; mean difference
= 0.03, CI 95% = [–0.03 0.09]; d = 0.22, CI 95% = [–0.41
0.84]); however, emotionally aversive color images were per-
ceived as being slightlymore unpleasant (or less positive) than
when the same images were presented in grayscale (p < .001;
mean difference = –0.16, CI 95% = [–0.22 –0.09]; d = –1.19,
CI 95% = [–1.87 –0.52]); see Table 3 and Fig. 3b.

For arousal ratings, we also found significant main effects
of emotion, F(1, 20) = 134.44, p < .001, ηg

2 = .69; mean
difference = 3.64, CI 95% = [2.98 4.29]; d = 2.53 CI 95% =
[1.69 3.37], and color, F(1, 20) = 5.61; p = .03, ηg

2 = .001;
mean difference = 0.08, CI 95% = [0.009 0.15]; d = 0.52, CI
95% = [–0.12 1.15], with emotional scenes having overall
higher arousal values than neutral scenes, and color images

being generally rated as more arousing than the same images
in grayscale. Furthermore, a significant Emotion × Color in-
teraction, F(1, 20) = 5.04; p = .04, ηg

2 = .0009; mean differ-
ence = –0.15, CI 95% = [–0.29 –0.01]; d = –0.49, CI 95% = [–
1.12 0.14], with follow-up post-hoc t tests showed that neutral
images had the same arousal ratings, regardless of whether
they were presented in color or grayscale (p = .94; mean dif-
ference = 0.003, CI 95% = [–0.08 0.09]; d = 0.02, CI 95% = [–
0.61 0.64]); conversely, affectively negative color images had
slightly higher arousal values than when the same images
were presented in grayscale (p = .017; mean difference =
0.15, CI 95% = [0.04 0.26]; d = 0.63, CI 95% = [0 1.28]);
see Table 3 and Fig. 3a. Thus, the results for both valence and
arousal subjective ratings demonstrate interactive effects of
color information on the perception of emotional aversive
scenes.

Additionally, the results for averaged ratings in valence and
arousal for all experimental pictures are depicted in Fig. 4.
This figure suggests that amongst the emotionally unpleasant
pictures, the ones depicting assault or attack scenes, mutila-
tions, injuries, or dead bodies had higher arousal values and
more negative valence ratings when they were presented in
color than when they were shown in gray.

ERP results

P1 The 2 × 2 repeated measures ANOVA on mean amplitude
values revealed significant main effects of neither emotion
(mean difference = 0.03 μV, CI 95% = [–0.16 0.21]; d =
0.07, CI 95% = [–0.55 0.69], p = .75) nor color (mean differ-
ence = –0.03 μV, CI 95% = [–0.32 0.27]; d = –0.04, CI 95% =
[–0.66 0.58], p = .86), nor the interaction (mean difference =
0.42 μV, CI 95% = [–0.09 0.93]; d = 0.37, CI 95% = [–0.26 1],
p = .1). Furthermore, we calculated the Bayes factor for each
model of interest: main effect of emotion, main effect of color,
both main effects, and both main effects plus the Emotion ×
Color interaction—that is, the full model. Participants were
included in all models as a random factor. The results are
reported in Table 4. Overall, each model yielded a Bayes fac-
tor of less than 0.23, which qualifies as good evidence in favor

Table 3 Means (± standard errors of the means) for subjective arousal
and valence ratings for neutral and unpleasant images in the color and
grayscale formats

Color Emotion Arousal Valence

RGB Unpleasant 6.27 (±0.26) 2.12 (±0.12)

Neutral 2.56 (±0.26) 5.68 (±0.14)

Gray Unpleasant 6.12 (±0.27) 2.28 (±0.13)

neutral 2.56 (±0.26) 5.65 (±0.13)

Note that arousal and valence ratings can obtain values from 1 to 9, with 1
being the most negative valence and lowest arousal, and 9 being the most
positive valence and highest arousal
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of a null hypothesis (Dienes, 2014), confirming that the P1 is
unlikely to have been modulated by emotional category, im-
age color, or their interaction.

N1–EPN complex Figure 5a depicts grand average ERPs
elicited by task-irrelevant scenes, recorded from an occipito-
parietal cluster of 12 electrodes. All relevant comparisons be-
tween condition means are visualized in Fig. 5b.

The 2 × 2 repeated measures ANOVA on the mean ampli-
tude values of unpleasant and neutral contents for color versus
grayscale pictures revealed significant effects of emotion, F(1,
20) = 66.35, p < .001, ηg

2 = .03; mean difference = –0.88 μV,
CI 95% = [–1.10 –0.65]; d = –1.78, CI 95% = [–2.51 –1.04],
and color, F(1, 20) = 7.6, p = .01, ηg

2 = 0.004; mean difference
= 0.33 μV, CI 95% = [0.08 0.57]; d = 0.6, CI 95% = [–0.04
1.24], accompanied by an Emotion × Color interaction, F(1,
20) = 4.49, p = .047, ηg

2 = 0.001; mean difference = 0.41 μV,
CI 95% = [0.007 0.81]; d = 0.46, CI 95% = [–0.17 1.09].
Follow-up pairwise comparisons indicated that the difference
in amplitude between unpleasant color and unpleasant gray
images was not significant (mean difference = 0.12 μV, CI
95% = [–0.23 0.48]; d = 0.16, CI 95% = [–0.47 0.78], p =
.47), whereas all other comparisons were (ps < .01). More

specifically, differences between unpleasant and neutral pic-
tures in color weremore pronounced (mean difference = –1.08
μV, CI 95% = [–1.41 –0.75]; d = –1.5, CI 95% = [–2.21 –
0.79], p < .001) than when unpleasant versus neutral pictures
were presented in grayscale (mean difference = –0.67 μV, CI
95% = [–0.94 –0.40]; d = –1.13, CI 95% = [–1.80 –0.46], p <
.001) (see Table 5 and Fig. 5). Given that the EPN is often
presented as a difference wave (emotional minus neutral con-
dition), we additionally performed a paired t test on the differ-
ence values between the unpleasant and neutral conditions in
the N1–EPN time range. This test confirmed a more pro-
nounced (i.e., more negative) N1–EPN for color (M = –1.07,
SD = 0.71) than for grayscale (M = –0.67, SD = 0.59) scenes
(mean difference = –0.41 μV, CI 95% = [–0.81 –0.007]; d = –
0.46 CI 95% = [–1.09 0.17]), t(20) = –2.12, p = .047, indicat-
ing a greater difference between emotional and neutral color
images than between grayscale versions of the identical
images.

LPP Figure 6 displays grand average ERPs recorded from a
centro-parietal cluster of six electrodes and visualizes compar-
isons between the condition means.

Fig. 3 SAM ratings. Averaged subjective arousal (a) and valence (b)
ratings of intact scenes. Both valence and arousal ratings were influenced
by the color information of an image: whereas neutral scenes had the
same arousal and valence ratings, regardless of whether they were
presented in color or grayscale format, emotionally aversive color
images were judged as being slightly more arousing and more
unpleasant than when the images were shown in grayscale. Each

condition includes a scatterplot of the individual mean ratings (light and
dark gray dots). Error bars represent 95% confidence intervals and
correspond to the within-subjects variability after the between-
subjects variability was removed using the Cousineau–Morey
method (Morey, 2008). Significant differences corresponding to
p values <.001 and <.05 are marked with *** and *, respectively;
n.s.: not significant
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The 2 × 2 repeated measures ANOVA on mean amplitude
values revealed neither significant main effects of emotion
(mean difference = 0.13 μV, CI 95% = [–0.01 0.28]; d =
0.42, CI 95% = [–0.21 1.05], p = .067) and color (mean dif-
ference = –0.03 μV, CI 95% = [–0.17 0.11]; d = –0.09, CI 95%

= [–0.71 0.54], p = .69), nor an Emotion × Color interaction
(mean difference = –0.08 μV, CI 95% = [–0.37 0.22]; d = –
0.12, CI 95% = [–0.75 0.50], p = .58) (Fig. 6b). Additionally,
the results of a Bayesian analysis for the LPP amplitudes are
reported in Table 6. More specifically, the models with the
main effect of color as well as the Color × Emotion interac-
tion, with Bayes factors of 0.24 and 0.09, indicated rather
strong evidence in favor of a null hypothesis (i.e., neither the
factor of Color nor interactive effects between the color infor-
mation and emotional category of a briefly shown image con-
tributed to reliable variations in amplitude of the LPP re-
sponse). However, the model with the main effect of emotion
yielded an inconclusive Bayes factor of 1.16, thus providing
neither reliable evidence in favor of the Bnull^ effect nor any
support for the alternative hypothesis (i.e., that emotion ex-
plains variations in LPP amplitude). In sum, the results with

Fig. 4 Averaged image ratings of valence (a) and arousal (b) for
each of the 45 neutral and 45 unpleasant experimental images.
Both the valence and arousal image ratings are influenced by
color information. Moreover, when the images were colored,
unpleasant pictures received more variable ratings than neutral

ones. Note that the ratings are sorted in descending order from
the left of the panels; the neutral images BNeutral Boy,^ BBoys
Playing,^ BGuitar,^ BHandicraft,^ BOffice,^ BWaiter,^ BFactory,^
and BShoeshop^ were taken from the EmoPics database (Wessa
et al., 2010)

Table 4 Bayes factors (BF) and percentages of proportional errors (%
pe) for each model of interest obtained by using JZS priors

Model BF % pe

[1] Col 0.225 ±0.91

[2] Emo 0.227 ±1.16

[3] Col + Emo 0.05 ±5.7

[4] Col + Emo + Col × Emo 0.06 ±11.46

Col: color; Emo: emotion
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regard to the influence of emotional content on LPP amplitude
variations during brief presentation of color and grayscale
images were inconclusive, providing reliable support neither
in favor of nor against the null hypothesis.

ERP results of the mass univariate analysis

The results of a point-by-point cluster-based permutation test
on neural activity elicited by color unpleasant pictures differed
reliably from those of a similar test on color neutral scenes,
beginning at approximately 180 ms and lasted until 375 ms
after image onset. The maximum cluster-level mass analysis
returned a very broadly distributed cluster that encompassed
central, frontal, and occipito-parietal electrodes and reflected
this differential emotion effect (Fig. 7a). Similarly, significant
differences in neural activitywith the presentation of unpleasant
relative to neutral grayscale scenes were most pronounced be-
tween 195 and 363 ms, and the maximum differences were
localized across a broad cluster of central, frontal, and
occipito-parietal sensors (see Fig. 7b). The cortical maps
depicted in Fig. 7a and b are similar to the topographical distri-
bution of typical N1 and EPN components (Bekhtereva et al.,
2015; Schettino et al., 2016), and the frontal and occipital

electrode clusters showing significant differences between un-
pleasant and neutral conditions are likely to represent opposite
ends of a dipole. Furthermore, not only did we not observe
statistically significant differences in any later time windows,
time-point-by-time-point visual inspection of the topographical
distribution between unpleasant and neutral images in either the
color or the grayscale condition did not indicate any ongoing
centro-parietal positivity typical for an LPP.

Importantly, the cluster-based permutation test revealed a
timewindow for the interactive effects of color information on
neural activity elicited by aversive relative to neutral scenes.
Specifically, the neural activity differences for the emotional
effect (unpleasant vs. neutral) between color and grayscale
scenes were focused within the time range of 175 to 285 ms
after image onset at occipito-parietal sites (Fig. 7c), which are
commonly found to be activated during enhanced processing
of emotionally salient material (Schupp et al., 2006).

Taken together, these nonparametric permutation tests fur-
ther corroborated the results of the classical parametric ERP
analysis (see above) andmore accurately pinpointed the precise
time course as well as the topographical localization of the
interactive effects between color and affective image content.

SSVEP results

In line with what was previously observed with a brief pre-
sentation of emotional and neutral distractor images using the
same paradigm (Müller et al., 2011), for color images in the
present study, the differential effect between unpleasant and
neutral pictures began around 410ms and lasted until ~835ms
(ps < .05). For grayscale images, the first time point with
significantly greater SSVEP amplitude reduction for unpleas-
ant as compared to neutral scenes occurred slightly earlier, at

Fig. 5 ERPwaveforms and results of statistical analyses for the N1–EPN
complex. (a) Grand average ERPs (N = 21) recorded from an array of 12
parieto-occipital electrodes. The gray area box indicates the selected time
window in which amplitude values were extracted for the N1–EPN (170–
400 ms). Positive is plotted upward. (b) Mean amplitude values in
microvolts for intact neutral and unpleasant images presented in color
(right panel) and grayscale (left panel); each condition includes a

scatterplot of the individual mean ratings (light and dark gray dots).
When neutral and unpleasant scenes were presented in color, they
elicited a larger N1–EPN than when neutral and aversive pictures were
shown in grayscale. Error bars represent 95% CIs and correspond to the
within-subjects variability after between-subjects variability was removed
using the Cousineau–Morey method (Morey, 2008). Significant changes
corresponding to p values <.001 are marked with ***

Table 5 Means (± standard errors of the means) of amplitude values (in
μV) of the N1–EPN

Color Emotion N1–EPN

RGB Unpleasant 5.15 (±0.57)

Neutral 6.22 (±0.56)

Gray Unpleasant 5.02 (±0.50)

Neutral 5.69 (±0.50)
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~360 ms, and lasted a shorter time, ending already at ~472 ms
(ps < .05). The respective time courses for these effects are
depicted in Fig. 8. These affective SSVEP modulations for
color and grayscale scenes cannot be due to differences in
the respective baselines (i.e., during the presentation of the
scrambled version of the picture, before its change to the intact
version), since no differences were found with running t tests
in the time window preceding the onset of a concrete picture
(–1,000 to 0).

To further test for the impact of color information on the
duration of SSVEP affective distraction effects with briefly
presented scenes, we calculated the difference amplitudes be-
tween emotional and neutral stimuli (unpleasant minus neu-
tral) and tested them directly between the color and grayscale
pictures. Figure 9 depicts the difference curves indicating the
effects of emotion for color and grayscale images. A negative
amplitude value signifies greater SSVEP amplitude with a
neutral background image at a particular time point. The direct
comparison of these SSVEP difference curves revealed a sig-
nificant difference that did not occur until 550 ms and lasted
until 930 ms (ps < .05). Thus, although the SSVEP amplitude
differences for unpleasant versus neutral contents decreased at
approximately the same latency for both color and grayscale
images (Fig. 9), the SSVEP amplitude reduction for unpleas-
ant versus neutral color images lasted for a significantly longer

time than the reduction for unpleasant versus neutral grayscale
images (black horizontal line on the x-axis in Fig. 9).

Target detection rates

Figure 10 depicts the time courses of target detection rates
(i.e., hit rates) before and after picture change for trials with
a change to unpleasant and neutral scenes presented in color or
grayscale. Note that hits were calculated time-locked to the
target onsets. Therefore, peaks around time point zero and for
all other windows correspond to responses that, on average,
occurred about 600 ms later.

We found significant main effects of time [F(3.72, 74.4) =
17.91, p < .001, ηg

2 = .22] and color [F(1, 20) = 24.79, p <
.001, ηg

2 = .02], a significant Time × Emotion interaction
[F(4.92, 98.4) = 4.34, p = .001, ηg

2 = .02], and, most impor-
tantly, a significant three-way Color × Emotion × Time inter-
action [F(4.74, 94.8) = 2.43, p = .042, ηg

2 = .01], which sug-
gested that hit rates differed with respect to color and emo-
tional image content in a specific time window. For the sake of
brevity, we will focus here only on the most crucial compar-
isons and effects that occurred in the time window of inter-
est—that is, after the change from a scrambled to an intact
image (see Table 7 for more detailed statistics for all of the
comparisons, as well as unstandardized effect sizes and their
95% CIs provided where possible), based on the timing of the
behavioral costs consistently obtained in our previous studies
utilizing the same distraction paradigm (Bekhtereva et al.,
2015; Hindi Attar et al., 2010; Müller et al., 2011).

Detection rates for coherent-motion events that started
shortly before and immediately during the change to a con-
crete image (−267 to 0 ms and 1 to 267 ms) dropped consid-
erably, regardless of emotional valence (main effect of color;
see Table 7). Most importantly, in the later time window,

Fig. 6 LPP waveforms and results of statistical analyses for the LPP
component. (a) Grand average ERPs (N = 21) recorded from an array
of six centro-parietal electrodes (see the Method section). The gray box
indicates the selected time window in which amplitude values were
extracted for the LPP (550–1,000 ms). Positive is plotted upward. (b)
Mean amplitude values in microvolts for intact neutral and unpleasant
images in color (right panel) and grayscale (left panel); each condition

includes a scatterplot of the individual mean ratings (light and dark gray
dots). There were no significant differences in LPP amplitude
between unpleasant and neutral pictures in color or grayscale
format. Error bars represent 95% CIs and correspond to the within-
subjects variability after between-subjects variability was removed
using the Cousineau–Morey method (Morey, 2008). n.s.: not
significant

Table 6 Bayes factors (BF) and percentages of proportional errors (%
pe) for each model of interest obtained by using JZS priors

Model BF % pe

[1] Col 0.24 ±1.59

[2] Emo 1.16 ±1.06

[3] Col + Emo 0.28 ±2.75

[4] Col + Emo + Col × Emo 0.09 ±2.11
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between 268 and 534 ms after the image onset, hit rates dif-
fered between the color and grayscale scenes as a function of
emotional content (significant Emotion × Color interaction;
see Table 7 and Fig. 10). In particular, hit rates for unpleasant
relative to neutral scenes were significantly reduced from 268
to 534 ms with color images (mean difference = –17.9%, CI
95% = [–26.02 –9.7]; d = –1, CI 95% = [–1.66 –0.33], p =
.001), but not with grayscale images (mean difference = –
4.37%, CI 95% = [–12.56 3.83]; d = –0.24, CI 95% = [–
0.87 0.38], p = .29). Thus, the pronounced drop in hit rates
for unpleasant relative to neutral intact images occurred only
with pictures shown in the color format and lasted for ~270
ms. These differences in accuracy reduction for negative rel-
ative to neutral color scenes during that time range were sub-
stantial, constituting an ~18% drop, on average.

Additionally, between 535 and 800 ms following the image
onset, target detection accuracy was slightly decreased (by
~7%) with unpleasant grayscale relative to unpleasant color
images (a significant Emotion × Color interaction; mean dif-
ference = –7.54%, CI 95% = [–12.17 –2.9]; d = –0.74, CI 95%
= [–1.39 –0.1], p = .017), but no significant differences were
observed between grayscale and color neutral scenes (mean
difference = 0%, CI 95% = [–5.09 5.09]; d = 0, CI 95% = [–
0.62 0.62]) or in the other comparisons (ps > .46).

Discussion

The purpose of the present study was to identify to what extent
color influences attention allocation toward task-irrelevant,

Fig. 7 Results of mass-univariate ERP analysis: Difference waveforms
of grand average ERPs (a: unpleasant–neutral color; b: unpleasant–
neutral gray; c: unpleasant–neutral color minus unpleasant–neutral
gray) from 64 electrodes are depicted. The light gray boxes indicate the

time windows in which cluster-based permutation t tests identified
differences between the conditions (depicted in white on the
topographical maps on the right panel, and mainly localized at parieto-
occipital electrodes)
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briefly presented emotional scenes during a concurrent visual
detection task. In our distraction paradigm, the short presen-
tation of the background images provided a perceptual chal-
lenge that allowed for studying the role of color in the

facilitation of scene identification by analyzing the time
course of SSVEP amplitudes which were elicited by the flick-
ering squares that formed the foreground task. Color relative
to grayscale background images resulted in not only a longer

Fig. 8 Gabor-filtered SSVEP time courses: Grand averages of SSVEP
amplitudes for color (a) and grayscale (b) images. Note that the first long
vertical gray line, at time point zero, indicates the onset of the picture
(change from the scrambled version of an image to the intact one). The
second vertical line shows the offset of the intact picture. The black

horizontal lines on the x-axis show the onsets of significant (ps < .05)
SSVEP differential amplitude effects between unpleasant and neutral
background images. The shaded areas represent 95% confidence
intervals when between-subjects variability was removed using the
Cousineau–Morey method (Morey, 2008)

Fig. 9 Difference curves for SSVEP amplitudes and the SSVEP
topography. (a) Grand average SSVEP amplitude differences for
unpleasant minus neutral gray pictures (black line) and unpleasant
minus neutral color pictures (color line). The vertical line at time point
zero indicates the onset of the picture (change from the scrambled version
of an image to the intact one). The black horizontal line on the x-axis
marks the significant (ps < .05) tim e window during which differences
between the SSVEP emotional effects for color relative to grayscale

images were most pronounced (from ~550 to ~930 ms). The shaded
areas represent 95% confidence intervals when between-subjects
variability was removed using the Cousineau–Morey method (Morey,
2008). (b) Topographical distribution of grand average of 15-Hz
SSVEP amplitudes across all participants and conditions for the entire
analysis epoch. The bold electrodes indicate the cluster of eight posterior
electrodes from which the individual best electrode was chosen for the
statistical analysis (see the main text for more details)
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distraction effect (i.e., a greater SSVEP amplitude reduction
for unpleasant images) but also a larger amplitude difference
than that observed in grayscale images. Importantly, all im-
ages were immediately masked, preventing further
postpresentation processing since the mask overrides informa-
tion stored in sensory memory. However, the short presenta-
tion was still sufficient for the initial image content categori-
zation (Larson et al., 2005; Thorpe et al., 1996) that triggers
shifting of attentional resources away from the foreground
stimuli toward the background images. This shifting process
was not interrupted by the mask (Müller et al., 2011).We were
also interested in establishing at which stage of visual

processing color shows differential effects of emotional va-
lence. To this end, we analyzed the P1, N1–EPN complex,
and LPP elicited by the background images. We found differ-
ences between unpleasant and neutral images for both colored
and grayscale images in the N1–EPN range only. The emo-
tional effects for N1–EPN were significantly greater for the
colored version of the respective images.

Our present results replicated a number of findings from
our previous research. First, similar to our previous experi-
ment that presented color versions of background IAPS im-
ages for 133 ms (Müller et al., 2011), we found that SSVEP
amplitude reductions were significantly greater with

Fig. 10 Behavioral data: Time courses of target detection rates in
percentages for seven consecutive time windows (two before and five
after the image change), averaged across all participants when gray
unpleasant (black solid line), gray neutral (black dotted line), color
neutral (color dotted line), or color unpleasant (color solid line) pictures

were presented in the background. The change from a scrambled to a
concrete image for 133 ms occurred at the end of the time bin −267/0.
Error bars represent 95% confidence intervals and correspond to the
within-subjects variability when between-subjects variability was
removed using the Cousineau–Morey method (Morey, 2008)

Table 7 Statistical values for each time bin resulting from the repeated measures ANOVA comprising the factors Color (gray vs. RGB) and Emotion
(unpleasant vs. neutral)

Time Window (ms)

Effect –533/–268 –267/0 1/267 268/534 535/800 801/1,067 1,068/1,334

Color F(1, 20) = 5.05
p = .036, ηg

2 = .06
mean difference

= 4.76%
CI 95% = [1.17

8.35]

F(1, 20) = 7.42
p = .013, ηg

2 = .03
mean difference

= 7.14%
CI 95% = [1.28

13]

F(1, 20) = 8.47
p = .009, ηg

2 = .04
mean difference =

7.94%
CI 95% = [2.8

13.06]

n.s. (p = .72)
mean difference =

0.79%
CI 95% = [–4.73

6.32]

F(1, 20) = 5.22
p = .033, ηg

2 = .05
mean difference

= 3.77%
CI 95% = [0.27

7.27]

n.s. (p = .055)
mean difference

= 4.56%
CI 95% = [0.04

9.09]

n.s. (p = .17)
mean difference

= 4.56%
CI 95% = [–1.35

10.47]

Emotion F(1, 20) = 5.99
p = .024, ηg

2 = .05
mean difference

= 4.37%
CI 95% = [1.16

7.57]

n.s. (p = .64)
mean difference

= 1.19%
CI 95% = [–4.59

6.97]

n.s. (p = .8)
mean difference =

–0.79%
CI 95% = [–6.38

4.79]

F(1, 20) = 17.09
p < 0.001, ηg

2 = .14
mean difference =

–11.11%
CI 95% = [–17.03

–5.19]

n.s. (p = .72)
mean difference

= 0.6%
CI 95% = [–2.86

4.06]

n.s. (p = .47)
mean difference

= 1.39%
CI 95% = [–2.78

5.56]

n.s. (p = .42)
mean difference

= 2.18%
CI 95% = [–3.14

7.5]

Color ×
Emotion

n.s. (p = .15) n.s. (p = .27) n.s. (p = 1) F(1, 20) = 5.59
p = .028, ηg

2 = .06
F(1, 20) = 5.22
p = .033, ηg

2 = .05
n.s. (p = .44) n.s. (p = .83)

n.s. = nonsignificant
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affectively laden relative to neutral scenes for both color and
grayscale images. Critically, our present findings revealed that
picture color influenced the duration of attentional bias in
visual processing triggered by the brief presentation of emo-
tional scenes. Although the onset latency of the SSVEP affec-
tive biases to unpleasant scenes were similar for color and
grayscale images, colored unpleasant scenes withdrew more
attentional resources than did neutral scenes for a significantly
longer time period of ~400ms, as compared to the short visual
distraction effect (~100ms) generated by their grayscale coun-
terparts. The emotional effect per se did not differ between
color and grayscale images until ~550ms, when the emotional
effect for color was fully pronounced and after the emotional
effect had finished for gray images (see Figs. 8 and 9).

Second, the affective SSVEP bias for color and grayscale
scenes was preceded by the N1–EPNmodulation (Bekhtereva
et al., 2015; Schönwald & Müller, 2014). Similar to the
SSVEP distraction effect, the N1-EPN effect was significantly
greater for colored than for grayscale images. Additional com-
plementary nonparametric analyses further revealed that these
differences in the emotional effect between color and gray-
scale scenes was reliably observed between ~175 and
~285 ms following picture presentation at parieto-occipital
electrode sites, consistent with the well-known topographical
distribution of networks engaged in the visual processing of
emotional contents. Thus, it seems highly plausible—given
the latency of the effects on SSVEP amplitudes—that biasing
of attentional resources in early visual areas in favor of back-
ground images relies on re-entrant mechanisms from higher
cortical areas (Keil et al., 2009).

In line with SSVEP and N1–EPN results, affective evalu-
ation of picture scenes was also influenced by color, corrobo-
rating the view that some physical attributes of emotional
stimuli are associated with arousal and valence image charac-
teristics in important ways (Olofsson, Nordin, Sequeira, &
Polich, 2008). Participants systematically judged unpleasant
scenes presented in color as slightly more negative and more
arousing than the grayscale versions of the same images, sug-
gesting that color information may have contributed to the
perceived emotional intensity of emotional distractors.
Although the effects for unpleasant scenes were marginal in
terms of mean absolute differences between color and gray-
scale conditions, namely 0.16 for valence and 0.15 for arousal
ratings (on a 1 to 9 scale), they were nonetheless systematic
across participants and statistically significant. However, par-
ticipants were allowed to view the images as long as they
wanted during the SAM ratings session, and it is possible that
the SAM rating differences would be more pronounced when
presenting the images for only 133 ms as in the EEG experi-
ment. On the other hand, our findings and their unstandard-
ized effect sizes are consistent with work showing slightly
higher arousal (mean difference = 0.37) and unpleasant va-
lence (mean difference = 0.14) ratings for chromatic relative to

achromatic aversive scenes during varied on-screen image
presentation duration without using visual masks (6,000 vs.
24 ms; see Codispoti et al., 2011).

Behavioral data also yielded interesting findings. Overall,
consistent with our previous studies, we found the typical
pattern of a reduction in target detection accuracy with picture
onset for both grayscale and for color images, concurrent with
the drop in SSVEP amplitudes. This drop did not differ be-
tween unpleasant and neutral images. In our previous study
(Hindi Attar et al., 2010) we referred to the initial drop in both
the behavioral and SSVEP measures as a semantic effect. In
other words, the onset of a concrete object (image) produces a
strong capture of attention (Yantis & Jonides, 1984)—that is, a
shift of attentional resources toward the concrete background
image. However, we found a significantly greater decrease in
hit rates for unpleasant relative to neutral scenes in the time
interval between ~270 and 530 ms following image onset for
color background images only. Thus, the behavioral emotion-
al distraction effect is in line with the observed SSVEP atten-
tional bias with unpleasant relative to neutral color scenes.
Although the reduction in target detection rate was shorter
(~260 ms) than the SSVEP attentional bias with unpleasant
versus neutral color scenes (~400 ms), we would note that the
temporal resolution of our behavioral response was not high
enough to expect exact correspondence between the neural
and behavioral time-courses. However, although we found a
short time window of SSVEP differential effects for grayscale
images, this was not mirrored in behavioral performance (at
least from a statistical point of view). Additionally, hit rates
were slightly reduced for unpleasant grayscale relative to un-
pleasant color scenes between ~530 and 800 ms after image
onset. Despite being statistically significant, these differences
were marginal and constituted ~7% of differences between the
two conditions in percentage range (on a scale from 1% to
100% of possible correct responses in each bin), as opposed
to substantial differences in hit rates for negative relative to
neutral color scenes (~18%).

Contrary to previous studies using brief image exposure
duration (Codispoti et al., 2011) and short image exposure
duration with visual masking (Codispoti et al., 2009), we
found neither a color effect nor any conclusive evidence in
favor or against the influence of an emotional content on the
neural response in the time range of the LPP (500 ms and
later). How can these findings be explained? First, in our ex-
perimental design, as opposed to a passive viewing paradigm
used by Codispoti and colleagues (Codispoti et al., 2011;
Codispoti et al., 2009), participants were explicitly instructed
to ignore the background emotional/neutral images and to
focus on the foreground task. Second, the LPP may signify
sustained attention toward affective images, indicating their
detailed in-depth processing (see Hajcak, MacNamara, &
Olvet, 2010, for an overview). However, in the present study,
in addition to being ignored as task-irrelevant, a background
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image stayed on the screen for only 133ms, being subsequent-
ly masked. The short presentation of emotional distractors in
our design may have triggered only initial affective content
extraction, with the immediate masking preventing elabora-
tive processing, thus perhaps accounting for the absence of
conclusive evidence for the reliable modulations of the LPP.
Unlike the present study, our previous experiment utilizing the
same distraction paradigm displayed emotional images for
much longer—for example, for ~2–3 s (Schönwald &
Müller, 2014). In that study, we observed a larger (i.e., more
positive) LPP amplitude for unpleasant than for neutral IAPS
distractors between 700 and 1,000 ms following the onset of a
concrete image, reflecting a more detailed processing and
sustained allocation of attention toward emotional back-
ground pictures (Hajcak, MacNamara, Foti, Ferri, & Keil,
2013; Sabatinelli et al., 2013; Schupp et al., 2000) even under
conditions of competition, most likely because the image was
still on the screen. Therefore, competition for attentional re-
sources as suggested by the biased competition model
(Desimone & Duncan, 1995) in line with the presentation of
a mask might have prevented the deployment of an LPP in our
study. On the other hand, the present LPP findings with regard
to color versus grayscale images are consistent with previous
research indicating that the LPP, unlike early ERP components
(Bradley et al., 2007), is not susceptible to bottom-up percep-
tual features such as color (Codispoti et al., 2011), picture size
(De Cesarei & Codispoti, 2006), complexity (Bradley et al.,
2007), or spatial frequencies (De Cesarei & Codispoti, 2011).

Conclusions

The present study offers the first electrophysiological evi-
dence for the close interaction between color as a global visual
feature and preferential attentional processing of distracting
emotional scenes during a visual detection task. First, the per-
ceptual processing of color is tightly interwoven in the higher-
order process of emotional content identification. The results
of classical and cluster-based nonparametric ERP analyses
revealed that when the background images were shown in
color as opposed to grayscale, unpleasant relative to neutral
scenes elicited a more pronounced negative deflection in the
time range of the N1–EPN complex. This modulatory impact
of color on emotional content extraction was most expressed
between 175 and 285 ms following picture presentation at
parietal and occipital sensors that likely reflect the recruitment
of neural networks associated with emotional content extrac-
tion. Second, color influenced the duration of the ongoing
visual attentional bias in early visual cortex in favor of task-
irrelevant emotional scenes. The reduction in SSVEP ampli-
tudes toward unpleasant relative to neutral scenes presented in
color lasted ~400 ms longer than the corresponding reduction
with grayscale images. The present findings emphasize the
modulatory role of color on a cascade of coordinated

perceptual processes: following enhanced affective content
encoding for color relative to grayscale images, attentional
resources were withdrawn away from the foreground task
for a longer time period when unpleasant scenes were shown
in color as opposed to grayscale format.
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