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Abstract

Threatening stimuli seem to capture attention more swiftly than neutral stimuli. This attention

bias has been observed under different experimental conditions and with different types of

stimuli. It remains unclear whether this adaptive behaviour reflects the function of automatic

or controlled attention mechanisms. Additionally, the spatiotemporal dynamics of its neural

correlates are largely unknown. The present study investigates these issues using an Emo-

tional Flanker Task synchronized with EEG recordings. A group of 32 healthy participants

saw response-relevant images (emotional scenes from IAPS or line drawings of objects)

flanked by response-irrelevant distracters (i.e., emotional scenes flanked by line drawings

or vice versa). We assessed behavioural and ERP responses drawn from four task condi-

tions (Threat-Central, Neutral-Central, Threat-Peripheral, and Neutral-Peripheral) and sub-

jected these responses to repeated-measures ANOVA models. When presented as

response-relevant targets, threatening images attracted faster and more accurate

responses. They did not affect response accuracy to targets when presented as response-

irrelevant flankers. However, response times were significantly slower when threatening

images flanked objects than when neutral images were shown as flankers. This result repli-

cated the well-known Emotional Flanker Effect. Behavioural responses to response-rele-

vant threatening targets were accompanied by significant modulations of ERP activity

across all time-windows and regions of interest and displayed some meaningful correla-

tions. The Emotional Flanker Effect was accompanied by a modulation over parietal and

central-parietal regions within a time-window between 550-690ms. Such a modulation sug-

gests that the attentional disruption to targets caused by response-irrelevant threatening

flankers appears to reflect less neural resources available, which are seemingly drawn

away by distracting threatening flankers. The observed spatiotemporal dynamics seem to
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concur with understanding of the important adaptive role attributed to threat-related atten-

tion bias.

1. Introduction

When attention is drawn by co-occurring threatening and non-threatening stimuli, it biases

towards the former. This processing bias, which has been previously called the threat or anger

superiority effect [1–3] is considered a fast-adaptive mechanism to avoid risks or danger [4, 5].

Such a response appears to enable a rapid discrimination of dangerous stimuli embedded in

rich sensory environments [6, 7]. The threat-related attentional bias has been observed experi-

mentally with a wide variety of tasks and stimuli [1, 8–13]. Yet, the spatiotemporal dynamics

of the neurocognitive mechanisms underpinning this adaptive response remain unclear.

Using fMRI, Cisler & Koster [14] showed that early visual processing of threatening stimuli

was supported by activation over occipital-parietal areas and the amygdala, while engagement/

disengagement of attention has been associated with activation of the prefrontal cortex. Behav-

ioral studies have indicated that the disengagement of attention from threatening faces

requires more time and executive resources than from non-threatening faces [15, 16]. These

findings have been supported by studies using Event Related Potentials (ERP). Modulations of

early (e.g., N200, N2pc, P1, N1) as well as late ERP components (e.g., P3, LPP) have been

reported during threat-related attentional processing [9, 17–21]. A recent ERP study which

used real-life scenes from the International Affective Picture System (IAPS) and faces sug-

gested that processing threats triggers early posterior visual components (around 170 ms for

faces and 220–230 ms for IAPS images) and may lead to later activation of anterior attentional

mechanisms [22]. Taken together, these results suggest that the threat-related attentional bias

may reflect the orchestrated dynamic of different attentional mechanisms and that an ERP

analysis may contribute valuable information about its neural correlates [23].

From a behavioural perspective, a task derived from Biased-Competition Models seems

appropriate to investigate the interplay of attentional mechanisms involved in the attentional

bias to threats [16, 24, 25]. This model proposes that stimuli compete for limited resources

responsible for selecting the most relevant information that can hold adaptive value [26]. The

competition biases attention towards salient information, as relevant stimuli are selected for

later analysis and multidimensional integration (i.e. space, time, location) [26]. By presenting

two simultaneous stimuli and therefore in direct competition, such tasks can provide evidence

of attentional bias towards response relevant or irrelevant information [13, 16]. The methodol-

ogy used by the Flanker Task [27] seems appropriate to investigate such hypotheses [28, 29].

This task is sensitive to evaluate attentional mechanisms (e.g. orienting, engagement/dis-

engagement, conflict monitoring) [30] and it has been used to investigate the threat-related

attentional bias [6, 25]. Threatening flankers would elicit activation of early exogenous atten-

tional processes (i.e., orienting attention towards salient information [31], while targets would

trigger late endogenous processes (i.e., engagement and disengagement, conflict monitoring).

Therefore, such a task promotes competition and in doing so, it can help unveiling the neural

sources of attentional bias.

Such a proposal has been recently supported by a study designed to address this hypothesis

[27]. Parra et al. [27] demonstrated the constancy of the threat-related attentional bias in three

experiments that manipulated temporal and perceptual aspects of the task. They consisted of

varying the stimulus presentation time and presenting IAPS images as targets and flankers
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(Experiment 1 and 2), and IAPS images and objects as targets and flankers (Experiment 3).

The authors investigated if the nature of the information competing for attention could play a

role. In all the experiments the authors observed the threat-related attentional bias. However,

reducing perceptual interference by making the stimuli competing for attention more distinct

(Experiment 3) allowed assessing the threat-related attentional bias under less conflicting con-

ditions, therefore demonstrating the existence of this response beyond the classical congruency

paradigms (IAPS images vs IAPS images). Following this observation, we chose Parra et al.’s

[27] Experiment 3 for the present study, as we are interested in the threat-related attentional

bias uncontaminated by congruency effects. Using the Emotional Flanker Task, Parra and col-

laborators [27] demonstrated that when emotional and non-emotional stimuli compete for

attention, the former attracts more resources (yielding faster responses) when presented as a

response-relevant target and slows-down responses to non-IAPS targets (i.e., objects) when

presented as a response-irrelevant flanker. Although this evidence provides support to the

above-mentioned hypothesis, it still holds limited value to unveil the temporal dynamics sup-

porting the attentional mechanisms associated to the threat-related attentional bias. Combined

with the ERP analysis, the Emotional Flanker Task may provide a more reliable approach to

investigate such contributions.

The spatiotemporal dynamics of the neurocognitive mechanisms underpinning this adap-

tive response are still not well understood. For instance Carretié, 2014 [32] could not include

such studies in a meta-analysis of the relevant literature because they did not reach the 8-study

threshold set for such analysis. We reviewed the literature produced over the last 10 years

searching for studies that relied on the use of EEG-ERP tools and incorporated paradigms that

allow: i) assessing Biased-Competition Models of attention during emotional stimuli process-

ing under congruent/incongruent stimuli presentation; ii) exploring the influence of overt/

covert attention mechanisms, and iii) included EEG/ERP analysis. Out of 32 publications pro-

duced in this period reporting on attention bias to threat (see S1 Table in S1 File for a detail

report of the outcomes form the literature review), we found that 25 reported on outcomes

that can advance our understanding of Biased-Competition Models. Of these, 14 investigated

the interplay of covert/overt attention mechanisms and only three informed about congruency

effects.

Publications contributing evidence on covert/overt attention mechanisms, which are the

most relevant to the present study, reported the use of a variety of stimuli including IAPS

Images [33–38], Chinese proverbs [37], other affective pictures like sports or body expressions

[39, 40], arousing or aversive sounds with images [13, 41, 42], manipulated photos of partici-

pants [43], or faces [44, 45]. As it had been previously noted by [32], the majority of the

reviewed studies found evidence of greater exogenous attention to emotional than to neutral

distractors. Common to all these studies, modulations of early physiological activity (e.g.,

steady-state visual evoked potentials, P1, P2) underpinned more exogenously driven attention

functions, while late modulations (e.g. LPP) were informative of more endogenous control of

attention, and this was true regardless of the stimuli nature. Only one of these studies [44]

used a task that resembled the flanker paradigm. The other studies investigated competition

for attention relying on aspects of the same stimuli (foreground vs. background), overlapped

images, co-occurring images and sounds, or different attention functions (e.g., Stroop inhibi-

tion). As we argued above, the Emotional Flaker Task presents two simultaneous stimuli

which allow direct competition in conditions like those we encounter in real life (e.g., while

navigating in crowded spaces). To our knowledge, such a task has not been used before to

investigate the neurocognitive underpinning of the attention bias to threat. Furthermore, Car-

retié, 2014 [32] suggested that behavioural paradigms that explore such an attention bias by

means of tasks that entail non-perceptual competition (e.g., object categorization as in our
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current task) are necessary. Considering the scarcity and variability across relevant studies

encountered in the literature, we anticipate that this task would shed new light on the role of

controlled and automatic attention mechanisms in the attention bias to threat and their neuro-

cognitive drivers.

We followed a component-free approach to unveil the neural correlates of this effect. This

approach avoids selection biases of time-windows and electrodes from electroencephalo-

graphic (EEG) recordings when contrasting the experimental conditions. Such an approach

has been recommended for new tasks or tasks that have not been previously subjected to ERP

studies [46]. It allows identifying relevant spatiotemporal aspects of the ERP activity linked to

the task avoiding both selection bias and Type I error (i.e., via permutation analyses [47]). We

aim to provide behavioural and electrophysiological evidence to support our hypothesis that

the threat-related attentional bias found with the Emotional Flanker Task can be accounted

for by a competition of attentional mechanisms operating at different spatiotemporal dynam-

ics. Based on previous EEG-ERP studies which have investigated similar hypotheses [21], we

predict that an automatic (i.e., exogenous) component of the threat-related bias would be likely

linked to early ERP modulations. For instance, activity occurring in the rage of the P1 compo-

nent could be associated with the process of orienting attention [48]. Such an early activity has

been reported over parietal-occipital electrodes [49]. In the context of the Emotional Flanker

Task, P1-like modulations may reveal early influences of stimulus saliency on responses to tar-

gets with threating flankers, which may lead to an attentional disengagement from the target

[16]. Such an interference would have behavioural implications (i.e., the flanker effect).

The influence of other attention orienting functions such as shifting and engagement,

which are necessary to monitor conflict and allocate attentional resources [16], would likely

emerge during later time windows as these would be driven by top-down mechanisms (i.e.,

endogenous). Previous ERP studies have reported that N2 and LPP components elicited over

anterior regions (i.e., frontal-central) are associated with such attention functions [50, 51]. In

the context of the Emotional Flaker Task, modulations occurring during a time window com-

patible with N2 would likely index identification of mismatches between threatening and neu-

tral targets and flankers competing for attention [52]. Later modulations (e.g., LPP) would

support functions such as goal maintenance, inhibitory control [53], integration of contextual

information, and emotional indexing [54], which are under more influence of top-down con-

trol mechanisms driven by frontal regions.

We predict that if the effect induced by Threatening Flankers does reflect interference

occurring during the orienting stages of disengaging attention, early ERP modulation should

be observed over the posterior attentional network [50, 55]. Moreover, we predict that if the

responses to central targets do reflect the function linked to shifting and engaging attention,

late ERP modulations should be observed [51, 56].

2. Methods

2.1. Participants

Thirty-two healthy undergraduate students participated in the experiment (17 men, 15

women). Their mean age was 20.2 years old (SD = 2.7) with a mean educational level of 13.9

years (SD = 2.3). This paper builds upon data from the research project: “Emotional processing

and its modulation in people reinserted from the Colombian armed conflict, belonging to the

high council of the presidency of the Republic of Colombia, Antioquia region” approved by

the Ethics Committee of the research unit of the University of Antioquia (File No. 09-010-213,

April 16, 2009). This study was conducted in accordance with the ethical standards stated in

the Declaration of Helsinki [57]. All participants signed the informed consent approved by the
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Ethics Committee of the University of Antioquia. The participants were free of psychiatric or

neurological disorders and did not report use of psychoactive substances.

2.2 Assessment

2.2.2 The Emotional Flanker Task. This task is the one reported in Parra et al. [27]

(Experiment 3), which was adapted from the model originally proposed by Eriksen and Erik-

sen [58] and Horstmann et al., [25]. The task was programed in E-Prime (Psychology Software

Tools, Pittsburg, USA). The key conditions of the Emotional Flanker Task are defined based

on the content and position of emotionally relevant stimuli. Line drawings (i.e., objects) are

used to pose competition for attention without overlap in the emotional dimension. The ratio-

nale for this selection was previously explained by Parra et al. [27] and outlined in the Intro-

duction. From this perspective, our design includes: 1) Neutral images as Target and Flanker:

1.A - Target Neutral/Flanker Object, 1.B - Target Object/Flanker Neutral; 2) Threat as Target

and Flanker: 2.A - Target Threat/Flanker Object, 2.B - Target Object/Flanker Threat. Note that

the Emotional Flanker Task used in the present study does not address congruency effects, as

Targets and Flankers were always from different dimensions (IAPS images or Objects).

The task did not include trials where Target and Flanker could be both either IAPS images

or Objects (see Parra et al. [27]–Experiments 1 and 2– for a version of the task that assesses the

Congruency effect). When the target was an IAPS image the Flankers were Objects, and vice

versa. Sixty threatening images and sixty neutral images were chosen from the IAPS normative

database using the valence and arousal provided by Lang et al. [59] (threatening stimuli:

Valence M = 2.7, SD = 0.7, Arousal M = 6.0, SD = 0.8; neutral stimuli: Valence M = 5.9,

SD = 1.1, Arousal M = 3.4, SD = 0.9). According to Bradley & Lang 9-point scale [60], valence

scores for negative images are low (e.g.,< 4) and increase for neutral and positive images. In

addition to the IAPS images, thirty living (e.g., cat) and thirty non-living (e.g., broom) objects

were selected from the International Picture Naming Project database [61], all with naming

frequency above 80%. The experiment was divided in 4 blocks, each consisting of 60 trials

using the layout presented in Fig 1 (240 trials in total). IAPS images belonging to each valence

were presented twice, one as targets and one as flankers. Living and non-living images were

presented four times each, flanking neutral and threating IAPS images, and flanked by neutral

Fig 1. Emotional Flanker Task design. (A) Trial sequence of the Emotional Flanker Task. (B) Examples of test display used in each experimental condition. Note. We

used the affective ratings of IAPS images [62] and for the objects the International Picture Naming Project database [61] to select the stimuli for this task.

https://doi.org/10.1371/journal.pone.0249407.g001

PLOS ONE Attentional bias during emotional processing

PLOS ONE | https://doi.org/10.1371/journal.pone.0249407 April 2, 2021 5 / 20

https://doi.org/10.1371/journal.pone.0249407.g001
https://doi.org/10.1371/journal.pone.0249407


and threatening IAPS images [62]. The trial sequence is shown in Fig 1. The duration of the

task was approximately 20 minutes.

At the beginning of each trial, a fixation cross was presented for 1000 ms, followed by a test

display presented for 1500 ms. Participants were requested to press one of two previously allo-

cated keys of a standard keyboard as quickly and accurately as possible depending on whether

the central image showed a “Neutral Scene/Non-living Object” (key “v” with a green sticker)

or a “Threatening Scene/Living Object” (key “n” with a red sticker). There was then an inter-

trial interval of 2000 ms during which responses were still recorded (see Fig 1).

As our key hypotheses concerned effects driven by real-life emotional images (i.e., IAPS),

we followed a 2x2 design: at Central Position–Threat/Neutral as Target (TC-2.A/NC-1.A) and

at Peripheral Position–Threat/Neutral as Flanker (TP-2.B/NP-1.B). The living/non-living cate-

gories of objects were response irrelevant and were only used to add attentional demands and

increase competition. This explains why we did not dichotomize the objects but only the emo-

tional dimension (i.e., neutral vs threat). In fact, Parra et al. [27] reported that the effect of

Object Category (i.e. Living vs. non-Living) proved non-significant [F (1, 28) = 1.34, p = .256;

η2 = 0.21, β = 0.20] and had no impact on the key interaction reported. That led them to col-

lapse responses across these stimuli and refer to them as “Object”. We followed the same

approach. Trials and blocks were fully randomized across participants. We computed accuracy

and response time when threatening and neutral stimuli were presented either as Targets or as

Flankers.

2.3. EEG recording

The Flanker task was synchronized with EEG recording. A 64 electrodes NeuroScan Ltd. sys-

tem with a 10–10 configuration easy-cap was used for acquisition. The signal was recorded

with the software Scan 4.5 using a sampling rate of 1000 Hz. Impedance was kept below 10 kΩ.

The assessment was conducted within a Faraday chamber with dimmed lights. Participants

were seated 60 cm away from a 17” standard PC monitor where stimuli were presented. The

total duration of the testing session was approximately 1 hour.

2.4. Testing procedures

The assessment was carried out in a single session. After completing the Emotional Flanker

Task, we carried out an emotional screening procedure using a task that asked participants to

rate in the two evaluated dimensions (threat and neutral) each IAPS image previously seen

using a 5-point Likert scale. This procedure was undertaken to ensure that the perceived

valence matched the one reported by Lang et al. [59].

2.5. Signal processing

EEG data were analysed with the toolbox EEGLAB version 2019–0 under Matlab 2019a. The

data were downsampled to 250 Hz and filtered with a high-pass filter of 0.1 Hz. It was then re-

referenced from mastoid electrodes to the average. Next, we performed an independent com-

ponent analysis (ICA) as implemented in EEGLAB. We rejected components informing high

frontopolar activity, which are associated with oculomotor artifacts; as well as other non-ocu-

lar signals based on neurophysiological criteria. Following recommendations by Luck [63], we

eliminated slow drifts and high-frequency noise prior to running ICA. We used runica (it calls

runica.m) and jader (it calls the function jader.m) which are a part of the default EEGLAB.

The maximum number of rejected independent components was 5%. A maximum of two tri-

als per condition were discarded during further visual artefact rejection after ICA. Then, we

applied a low-pass filter at 30 Hz and epoched the data. Blocks were epoched (Threat as
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Targets, Threat as Flankers, Neutral as Targets, and Neutral as Flankers) with a time window

between -200 ms pre- and 800 ms after-stimuli presentation. A baseline correction using the

-200 to 0 ms window was applied. Only correct trials entered the ERP analysis. The average

number of trials useful for analysis was always above 80% (see Fig 2 for accuracy data).

2.6. ERP analysis

The Emotional Flanker Task has not been previously used in ERP studies. This would make it

difficult to rely on specific ERP components to investigate the electrophysiological correlates

of the attentional bias to threat found with such a test. As Kappenman and Luck [64] acknowl-

edge, using the same time windows from previous studies can be difficult for experiments

involving new tasks or experimental manipulations, or for experiments involving populations

or age groups that have not been studied in the same context. An approach that the authors

suggested to deal with both the selection of time windows and regions of interest (ROIs) is to

perform separate statistical tests for each time point at each electrode, combined with a correc-

tion for multiple comparisons [65]. We followed this approach.

With this approach, we searched for significant differences across conditions with a combi-

nation of the Monte Carlo test and non-parametric bootstrapping running 1000 permutations,

using the implementation available at the EEGLAB toolbox: statcond(). We focused on the key

contrasts which have previously revealed the Flaker Effect [27] (Threatening Target vs Neutral

Target / Threatening Flanker vs Neutral Flanker). Then, we generated a Monte-Carlo approxi-

mation histogram of the permutation distribution and compared it with the estimated permu-

tation p-value, which is the proportion of random partitions where the observed test statistic is

larger than the value from the permutation distribution. Data with a p-value smaller than the

selected critical alpha-level (0.01) were considered significantly different.

Permutations were calculated following a component-free approach across the entire array

of electrodes for every datapoint. However, a problem of using such permutations is that they

show every separation between both signals, which is not necessarily an effect (commonly

known as overfitting). To avoid this, we set some criteria for selecting time windows and

ROIs: a) we ignored windows where consecutive significant differences lasted less than 40ms,

as most of its activity could be spurious (again, overfitting); b) in active (statistically

Fig 2. Accuracy and reaction time of Flanker Task. Mean accuracy data (A) and response time (B) across the two experimental factors, Emotion-type and Emotion-

position (Error bars represent 95% CI; � = p< 0.05).

https://doi.org/10.1371/journal.pone.0249407.g002
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significant) regions with several electrodes, we selected the ones with time windows meeting

the above criterion. Removed electrodes may be considered boundaries of the activity and not

directly relevant; and c) we ignored activity of single electrodes if no neighbour showed the

same activity, as it was considered correlated to larger ROIs at the same window.

Following this procedure, we formed four ROIs: i) parietal and centro-parietal regions (P1,

P2, P3 and PZ, CP1, CP2, CP3 and CPZ) with significant differences appearing within 300–

400 ms (our earliest significant time window); ii) parietal and central-parietal regions (P1, P3

and PZ, CP3, CP1 and CPZ) with significant differences appearing within a late time window

(550–690 ms); iii) parietal and parietal-occipital regions (P1, P3, and P5, PO3, PO5, PO7 and

POZ) with significant differences appearing also within a late time window (500–700 ms); and

iv) frontal regions (FP1, FP2 and FPZ) with significant differences appearing within a late time

window (500–700 ms).

2.7. Statistical analysis

Parra et al. [27] previously reported that the Object Category (i.e. Living vs. non-Living) did

not drive significant effects (see description above). We therefore followed the same methodo-

logical approach proposed by these authors and collapsed responses across these stimuli and

referred to them as “Object” in the following analysis. We implemented a two-way repeated-

measures ANOVA model. The first repeated measure was Emotion position (2 levels: Target

vs. Flanker) and the second was Emotion type (2 levels: Neutral or Threatening) (see Fig 1 for

more details of the task design). The interaction between Emotion position and Emotion type

enables investigating the impact of the identity of images presented as Flankers on the

responses to images presented as Targets when these images hold different emotional proper-

ties. For main effects and the interaction, we report effect size as informed by eta-square (η2)

(0.1 = small, 0.24 = medium, and 0.31 large) and power (β). To further investigate significant

main effects and interactions, Bonferroni corrected post-hoc analyses were carried out using

paired sample t-tests. For post-hoc analyses the effect size was calculated using Cohen-d
(0.2 = small, 0.5 = medium, and 0.8 large).

For the ERP analysis, we selected the average activity for each of the four ROI and their cor-

responding time windows identified following a component-free approach. Such an approach

allowed us to identify the spatiotemporal distribution of significant differences among the

experimental conditions that reveal the attention bias to threat, namely Target Threatening vs

Target Neutral and Flanker Threatening vs Flanker Neutral. To explore if such electrophysio-

logical responses dissociated across the two experimental factors: Emotion position and Emo-

tion type, we subjected these data to the same ANOVA models described above for the

behavioural responses. Unless otherwise stated, the assumption of homogeneity of variance

was met. The statistical threshold was set to p = 0.05. Additionally, we checked the number of

ERP trials used for the analysis of each condition and performed a chi-square (X2) analysis to

identify differences. We failed to find significant differences in the frequency distribution of

trials across the four experimental conditions (see, S2 Table in S1 File). Finally, we performed

a Pearson correlation analysis to identify if there was any association between behavioural vari-

ables and ERPs for each condition (see, S3–S6 Tables in S1 File).

3. Results

3.1. Behavioral data from Emotional Flanker Task

3.1.1. Accuracy. The repeated-measures ANOVA model revealed a main effect of Emo-

tion type [F(1,31) = 12.34, p< 0.001, η2 = 0.53, β = 0.93]. Threatening images received more

correct responses than Neutral Images [t = 3.51, p = 0.001, d = 0.47]. Emotion position also
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yielded a significant effect [F(1,31) = 5.63, p = 0.02, η2 = 0.39, β = 0.63]. Target objects (with

flanking IAPS images) attracted more correct responses than Target IAPS images (with flank-

ing objects) [t = 2.37, p = 0.024, d = 0.39]. The Emotion type x Emotion position interaction

was significant [F(1,31) = 21.20, p< 0.001, η2 = 0.64, β = 0.99]. This reflected an emotion-

related discrepancy when IAPS images were presented as targets, whereby Threatening images

attracted more correct responses than Neutral images [t = 4.46, p<0.001, d = 0.82]. Such a dis-

crepancy was not observed when IAPS images were presented as flankers [t = 0.78, p = n.s.,

d = 0.07].

3.1.2. Response time. The repeated-measures ANOVA model revealed a main effect of

Emotion type [F(1,31) = 4.56, p = 0.04, η2 = 0.36, β = 0.54]. Threatening images yielded faster

responses than Neutral Images [t = 2.14, p = 0.04, d = 0.14]. Emotion position also yielded a

significant effect [F(1,31) = 14.67, p< 0.001, η2 = 0.57, β = 0.96]. Target objects (with flanking

IAPS images) attracted faster responses than target IAPS images (with flanking objects)

[t = 3.83, p = 0.001, d = 0.31]. Crucially, the Emotion type x Emotion position interaction was

significant [F(1,31) = 28.57, p< 0.001, η2 = 0.69, β = 0.99]. This indicates that Threatening

images presented as Targets were identified faster than Neutral images [t = 4.11, p<0.001,

d = 0.45]. However, when Threatening images were presented as flankers, they slowed the

detection of Target objects more significantly than when Flankers were Neutral images

[t = 3.24, p = 0.003, d = 0.16].

In summary, images with threatening content were detected more accurately and faster

than Neutral images when they appeared as targets. Emotion does not tend to differentially

affect accuracy when IAPS images flank non-emotional targets (i.e., objects). However, emo-

tion does differentially affect response times when IAPS images flank object targets; whereby

threatening but not neural images significantly reduced the speed at which such targets are

detected.

It has been suggested that brightness differences of IAPS images can influence the evalua-

tion of affective pictures [66]. To rule out the contribution of brightness to the effects described

above, we ran an additional ANCOVA analysis in which we entered the luminance of the

IAPS images used in the Emotional Flanker Task as a covariate. We present these results in

Table 1. Luminance differed across emotional valences (i.e., Threatening images were darker

than Neutral images as reported previsouly). However, luminance explained neither the dis-

crepancy yielded by Threat Flanker–Neutral Flanker nor the one observed with Threat Tar-

get–Neutral Target. Such discrepancies drove the significant Emotion type x Emotion position

interaction described above. Moreover, the emotional screening task performed after the Emo-

tional Flanker Task confirmed that the perceived valence of IAPS images matched that

Table 1. Effects of IAPS images luminance on the discrepancies yielding the significant interaction reported in the behavioral analysis of response time data.

Mean SD t p-value

Luminance Threatening 117.4 30.4 24.79 <0.001

Luminance Neutral 90.2 35.0

Response Time Accuracy

Discrepancy F p-value F p-value

TC-NC Luminance 3.91 0.048 6.06 0.010

Emotion 39.20 <0.001 50.39 <0.001

TP-NP Luminance 2.16 0.142 0.00 0.980

Emotion 6.73 0.010 0.35 0.553

Note. Luminance was calculated using Matlab (see: https://www.mathworks.com/help/matlab/ref/rgb2gray.html#buiz8mj-9).

https://doi.org/10.1371/journal.pone.0249407.t001
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reported by Lang et al. [59] (see S7 Table in S1 File). Therefore, perceptual factors cannot be

the drivers of the effects described above.

3.2. ERP data from the Emotional Flanker Task

3.2.1. ROI-1 (parietal and central-parietal regions) in a time window (300 – 400ms).

The repeated-measures ANOVA model revealed non-significant effects of Emotion type [F
(1.31) = 3.33, p = 0.08, η2 = 0.10, β = 0.42] or Emotion position [F(1,31) = 1.79, p = 0.19, η2 =

0.05, β = 0.25]. The Emotion type did significantly interact with Emotion position [F(1.31) =

6.08, p = 0.02, η2 = 1.16, β = 0.67]. A post hoc analysis shows that threatening images as targets

yielded larger positive amplitudes than neutral images as targets [t = 2.4, p = 0.02, d = 0.49].

Such a discrepancy was not observed when images were presented as Flankers [t = -0.33,

p = 0.74, d = -0.05].

3.2.2. ROI-2 (parietal and central-parietal regions) in a time window (550 – 690ms).

The repeated-measures ANOVA model revealed a non-significant main effect of Emotion

type [F(1.31) = 2.71, p = 0.11, η2 = 0.08, β = 0.36] or Emotion position [F(1.31) = 0.21,

p = 0.65, η2 = 0.01, β = 0.07]. The Emotion type x Emotion position interaction was significant

[F(1.31) = 14.68, p = 0.00, η2 = 0.32, β = 0.96]. A post hoc analysis shows that threatening

images as targets yielded larger negative amplitudes than neutral images as targets [t = 3.3,

p = 0.00, d = 0.59] with the inverted pattern observed when images were presented as flankers

(neutral images elicited larger negative responses than threatening images; t = -2.8, p = 0.01, d
= -0.29).

3.2.3. ROI-3 (parietal and parietal-occipital regions) in a time window (500 – 700ms).

The repeated-measures ANOVA model revealed significant main effects of Emotion type [F
(1.31) = 6.47, p = 0.02, η2 = 0.17, β = 0.69] and Emotion position [F(1.31) = 12.84, p = 0.00, η2

= 0.29, β = 0.93]. The Emotion type x Emotion position interaction was significant [F(1.31) =

12.00, p = 0.00, η2 = 0.28, β = 0.92]. A post hoc analysis shows that threatening images as targets

yielded larger negative amplitudes than neutral images as targets [t = 3.2, p = 0.00, d = 0.54].

Such an effect was not found for images presented as flankers [t = -1.79, p = 0.08, d = -0.12].

3.2.4. ROI-4 (frontal regions) in a time window (500 – 700ms). The repeated-measures

ANOVA model revealed a non-significant main effect of Emotion type [F(1.31) = 3.09,

p = 0.09, η2 = 0.09, β = 0.40] or Emotion position [F(1.31) = 1.40, p = 0.25, η2 = 0.04, β = 0.21].

The Emotion type x Emotion position interaction was significant [F(1.31) = 6.47, p = 0.02, η2

= 0.17, β = 0.69]. The post hoc analysis shows that threatening images as targets yielded larger

amplitudes than neutral images as targets [t = 2.5, p = 0.02, d = 0.51]. The contrast between

images presented as flankers was non-significant [t = -0.96, p = 0.34, d = -0.12]. In Fig 3 we

show scalp distribution observed around 300-400ms and 500-700ms across conditions, and in

Fig 4 ERPs recorded in the four ROIs.

Finally, a correlation analysis informed that the amplitude of the activity elicited over parie-

tal and central-parietal regions in the 300 – 400ms time window significantly correlated with

reaction time data from the Threat-Central condition, whereby larger amplitudes were associ-

ated to slower RT (r = 0.49, p = 0.00) (see S3 Table in S1 File). No other associations were iden-

tified (for the full set of correlations see S3–S6 Tables in S1 File).

In summary, these ERP analyses revealed a discrepancy for Threatening images presented

as target relative to Neutral images presented as target, which was evidenced over extended

brain regions and time windows (all ROIs and time windows that proved significant in our

component-free approach). Interestingly, a pattern compatible with the behavioural dissocia-

tion previously reported using the flanker task was only found over parietal and central-parie-

tal regions in a late time window (550 – 690ms). Our results also reveal that
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Fig 3. Scalp distribution during the Emotional Flanker Task. ERP activity observed around 300-400ms and 500-700ms across conditions.

https://doi.org/10.1371/journal.pone.0249407.g003

Fig 4. ERP recorded during the Emotional Flanker Task. Parietal and parietal-central early modulation (ROI1); parietal and parietal-central intermediate

modulation (ROI2); parietal and parietal-occipital (ROI3) and frontal (ROI4) late modulation for Threatening and Neutral Emotion type as Target and Emotion

position as Flanker.

https://doi.org/10.1371/journal.pone.0249407.g004
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electrophysiological activity correlates with behavioural responses seemingly linked to endoge-

nous attention resources deployed to process response relevant stimuli.

4. Discussion

The aim of the present study was to investigate whether combined behavioural and ERP evi-

dence would shed new light on the spatiotemporal dynamics of the threat-related attentional

bias observed with the Emotional Flanker Task. The literature review undertaken to support

the rationale of this study confirmed the relevance of further exploring hypotheses linked to

Biased-Competition Models of attention combining behavioural responses drawn from tasks

akin to the flanker paradigm with the analysis of electrophysiological responses. Our key find-

ings were: i) Threatening images presented as targets were detected faster and more accurately

than Neutral images; however, the same images presented as flankers significantly slowed

responses to targets; ii) The behavioural discrepancy observed for responses to Threatening

Targets relative to Neutral Targets was accompanied by significant ERP discrepancies over

extended brain regions involving frontal, central, parietal, and occipital regions, which

expanded from 300ms to 700ms; iii) Contrary to our predictions, ERP discrepancies for

Threatening Flankers relative to Neutral Flankers were only observed over parietal and cen-

tral-parietal regions in a late time window. We now discuss each of these findings.

The flanker effect reported by Horstmann et al. [24] relying on the methodology devised by

Ericksen and Ericksen [39] is linked to the emotional saliency of threat-related flankers, which

increases the response time to stimuli presented as targets [3, 67]. Here, we corroborated such

an effect with an Emotional Flanker Task [27] and sought evidence of the neural underpin-

nings of such a threat-related attentional bias. The behavioural results suggest that the atten-

tional bias elicited by the Emotional Flanker Task may reflect competitive interaction between

automatic (posterior) and controlled (anterior) attentional mechanisms. According with Pes-

soa et al. [68], flanker images are processed with an independent visual-spatial network if the

instructions of the task emphasize on the competition. Zhou and Liu [69] proposed that emo-

tion processing can be influenced by both controlled and automatic attentional mechanisms.

The saliency of emotional information can render the attentional orienting process less reliant

on top-down modulation and more driven by perceptual features of images appearing in the

visual field. As we discuss below, our behavioural and electrophysiological data seem to be par-

tially in line with this suggestion. Parra et al. [27] showed that the attentional bias found with

the Emotional Flanker Task is apparent during both subliminal and supraliminal stimuli pre-

sentation. Using supraliminal stimulus presentation, here we replicated these findings and

demonstrated that the saliency of threat-related response-irrelevant stimuli suffices to interfere

with controlled attention mechanisms supporting the processing of response-relevant targets.

Additionally, we found faster and more accurate responses during Threatening Target trials

[3, 15, 67–71] and significant modulations of ERP activity over frontal, central, parietal, and

occipital regions. These findings support the controlled nature of the mechanisms sub-serving

responses to response-relevant targets. These modulations spanned over the entire segment of

the time window, which revealed significant differences across key experimental conditions;

thus, suggesting a wide recruitment of neural resources to support such functions. Moreover, a

significant correlation between behavioural and electrophysiological activity for the Threat-

Central condition was found. It indicates that larger amplitudes in the intermediate stages of

the information processing (intermediate ERPs) are accompanied by slower behavioural

responses, seemingly denoting a more in-depth analysis of incoming stimuli. A similar associa-

tion has been described by Bar-Haim et al., 2005 [72]. The authors interpreted this effect as an

increased attention to threatening stimuli, rather than a general slow-down in execution. This
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suggests that the Threat-Central images capture higher attentional resources in the presence of

competitive distracters.

Controlled activity seems to be also underpinned by late ERP activity widely spreading

from central and central parietal regions (as denoted by activations found during the late time

window over these regions) to frontal and parietal-occipital regions. Activity occurring within

a similar time window (300–700ms, e.g., LPP component) has been linked to the encoding of

emotional and motivational aspects of images in rich sensory contexts [73–75] and more spe-

cifically, to the local attentional bias induced by appetitive motivation [76]. In the context of

this study, the ERP activity showed significant modulations for Threatening Targets relative to

Neutral Targets during the two late time windows. This evidence leads us to suggest that

within these time windows, the attentional system engages a wider network to perform a more

in-depth analysis of the stimulus to confirm the presence of threats and to generate the corre-

sponding response [77]. The fact that such activity recruited a more extended network involv-

ing occipital, parietal, central, and frontal regions is in line with this view (see also Carboni

et al., 2017 [78]). This seems to be indexed by activity elicited over parietal and central-parietal

regions within our earlier significant time window (300–400ms). Previous studies have

reported that early ERP activity appears to index controlled processes responsible for identify-

ing mismatches between targets and contextual arrays [52]. Processes responsible of identify-

ing emotional saliency of the stimulus and of resolving cognitive conflicts appear to share

these temporal properties [21, 79, 80]. There remains some debate regarding whether such an

early activity would be informing about automatic or controlled mechanisms of attention [39].

On the other hand, in support to a potential automatic nature of the mechanisms sub-serv-

ing the interference effect observed during Threatening Flanker trials, we found slower

responses to response-relevant targets when they were flanked by response-irrelevant Threat-

ening images. However, our prediction that ERP modulations during early time widows

would underpin such an effect was not supported by our data. We predicted that if the effect

induced by Threatening Flankers does reflect automatic interference occurring during the ori-

enting stages of disengaging attention, early modulation of relevant ERP activity (e.g., a P1-like

component) would be observed [42, 37]. Instead, we found that ERP discrepancies over parie-

tal and central-parietal regions in a late-time window seemingly accounted for such a beha-

vioural pattern.

Threat-related stimuli seem to activate two complementary processes supported by the

attentional network. Parra et al. [27] suggested that the fast-adaptive response to threat-related

flankers is triggered by automatic mechanisms that can then activate top-down functions

responsible for sustaining attention. The results presented here reveal that under the current

stimulation conditions (i.e., supraliminal), the disengagement, shifting, and engagement of

attention driven by threat-related flankers are seemingly underpinned by top-down processes.

This does not rule out the possibility that such mechanisms are exogenously initiated (i.e.,

automatically) and endogenously kept (see Yiend, 2009 [16]). As noted before, people may be

intrinsically motivated to attend to the relevant stimulus and try to get a glimpse of a nominally

irrelevant, but somehow interesting (arousing) stimulus when time constraints allow to do so

[25]. This is consistent with emotion related re-allocation of low-level attentional resources

occurring after emotional cue extraction, which may not reflect a time-fixed shifting process

[22]. Similar to the results reported by (Hickey, McDonald, & Theeuwes, 2006 [81]), our own

results also demonstrate that participants tend to shift their attention to the target only after

focusing on the more salient but task-irrelevant distractor. This pattern of results is in line

with theories of attention in which stimulus-driven control plays an integral role. In the con-

text of our paradigm, such endogenously driven processes could have been further facilitated

by both the time allowed to process the stimuli (1000 ms) and the little interference posed by
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response relevant targets (i.e., line drawing of objects). This could explain why the timing of

the behavioural and associated physiological responses linked to the emotional flanker effect

was beyond our prediction, denoting later exogenous attentional effects compatible with those

reported earlier (e.g., N2pc over parietal areas; [32, 81]). Future studies will need to investigate

if the spatio-temporal dynamics here observed for the attentional bias to threat in the context

of the Emotion Flanker Task holds when: i) response-irrelevant emotional IAPS stimuli pre-

sented as flankers compete with response-relevant emotional IAPS presented as targets; and ii)

such a competition occurs under more constrained processing times (i.e., subliminal stimulus

presentation).

We may suggest that the modulation observed within our earlier significant time window

over central-parietal regions when Threatening targets were presented, and the modulation

observed over the same regions within a late time window when Threatening flakers appeared

may be indexing similar mechanisms. The former would be linked to endogenous processes

quickly triggered to uptake information presented in the focus of attention, whereas the latter

would reflect processes in charge of widely scanning the environment searching for potential

threats when they are imminent, and the circumstances allow to do so. From this perspective,

the attentional bias to threat could be a process exogenously triggered and endogenously kept

[16].

The fact that we have observed such an attentional bias to threat under subliminal stimulus

presentation conditions (200 ms) suggests that triggering such an adaptive response does not

need long exposures. An alternative account could be that the sources of neural activity trig-

gering the threat-related bias to response-irrelevant stimuli (e.g., fight-or-flight response) are

too deep in the brain to be recorded via scalp EEG (e.g., amygdala, see [32, 82–84]). This fits

well the suggestion about the automatic nature of this subtle yet adaptive response [83]. Of

note, Carretié, 2014 [32] found that in 30.91% of the reviewed studies [17] neural activity, but

not behavioural activity (which was also recorded), detected the attention bias toward emo-

tional distractors. In line with recommendations from Carretié, 2014 [32] and from our own

results, further studies using subliminal stimulus presentation and relying on ERP or fMRI

methods will be need to investigate the temporal and spatial (i.e., cortical and subcortical can-

didates) dynamics of the attention bias to emotion.

It is striking that the function of such a sophisticated attentional system can be disrupted if

response-irrelevant threat-related subliminal or supraliminal stimuli appear in the visual field

outside the focus of attention [27, 85]. The saliency of threat-related flankers triggers seemingly

automatic attentional mechanisms that appear to be involved in monitoring contextual infor-

mation. Such mechanisms likely operate at a low detection threshold, which makes them

highly sensitive to salient information that poses a potential threat [86]. Based on our current

data, we can argue that early controlled attentional processes would allocate resources when-

ever the information presented in the focus of attention is arousing or potentially threatening.

This would be followed by mechanisms responsible for extracting information and discrimi-

nating among stimuli that will engage a wider network. If during such processing an imminent

threat appears in the environment, a wider attentional scanning would be launched. This fur-

ther exploration would be neurally and behaviourally costly as it will hamper central attention

by leaving less resources available, which will result in slower and less accurate responses.

There are some limitations to the present study which we would like to acknowledge. First,

although we have previously found that response-key mappings would unlikely explain the

patterns of results reported with the Emotional Flanker Task [27], future studies can imple-

ment counterbalancing procedures to further rule out the contribution of this factor. Second,

although we took care of controlling the luminance level of IAPS images, such an approach

was not used to select the stimuli but to explore their potential influence. Future studies will be
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needed to investigate the extent to which psychophysical properties of IAPS images (e.g., lumi-

nance, contrast, spatial frequency) could drive effects similar to those reported here, which

have been long attributed to their emotional valences (see Lakens, Fockenberg, Lemmens,

Ham, & Midden, 2013 [66]). Third, although Parra, Sanchez, Valencia, & Trujillo, 2017 [27]

reported no effects of object category (i.e., living vs. non-living) on behavioural responses,

future studies may add such stimuli to the screening test used within this paradigm to explore

their true neutral value and also assess the extent to which such valance holds within the con-

text of the Emotional Flanker Task (see for example Schneider, Veenstra, van Harreveld,

Schwarz, & Koole, 2016 [87]). Finally, more research will be needed to further unveil the spa-

tio-temporal dynamics of exogenous and endogenous attention processes supporting the

adaptive response here investigated (i.e., attention bias to threat). To that aim, versions of the

task enabling the assessment of congruency effects explored under subliminal stimulus presen-

tation would add to the array of evidence so far accrued with this novel methodology.

5. Conclusions

The results presented in this study lead us to suggest that the attentional mechanisms involved

in adaptive responses to threat-related stimuli seem to operate under different spatiotemporal

dynamics. The saliency of threatening stimuli will bias attention whether they fall within or

outside the focus of attention. The attention system spares resources that can be quickly

deployed towards threat-relevant stimuli. Such a monitoring system operates through con-

trolled processes responsible for extracting information from endogenously attended stimuli

(i.e., targets) and spares resources to explore salient environmental signals through a feed-for-

ward dynamic mechanism with potential survival value. This functional dynamic associated to

threat detection grants our attentional system with an important evolutionary function [16,

88] and offers a valuable framework to further investigate the extent to which disruption of

such processes could account for abnormal behaviours in developmental or neuropsychiatric

disorders.
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Parra.

References
1. Fox E. & Damjanovic L. The eyes are sufficient to produce a threat superiority effect. Emotion. 2006; 6:

534–539. https://doi.org/10.1037/1528-3542.6.3.534 PMID: 16938095

2. Hansen C.H. & Hansen R.D. Finding the face in the crowd: an anger superiority effect. J Pers Soc Psy-

chol. 1988; 54: 917–924. https://doi.org/10.1037//0022-3514.54.6.917 PMID: 3397866

3. Ohman A., Lundqvist D. & Esteves F. The face in the crowd revisited: a threat advantage with schematic

stimuli. J Pers Soc Psychol. 2001; 80: 381–396. https://doi.org/10.1037/0022-3514.80.3.381 PMID:

11300573

4. Blanchette I. Snakes, spiders, guns, and syringes: how specific are evolutionary constraints on the

detection of threatening stimuli?. Q J Exp Psychol. 2006; 59: 1484–1504.

5. Fox E., Griggs L. & Mouchlianitis E. The detection of fear-relevant stimuli: are guns noticed as quickly

as snakes?. Emotion. 2007; 7: 691–696. https://doi.org/10.1037/1528-3542.7.4.691 PMID: 18039035

6. Barratt D. & Bundesen C. Attentional capture by emotional faces is contingent on attentional control set-

tings. Cogn Emot. 2012; 26: 1223–1237. https://doi.org/10.1080/02699931.2011.645279 PMID:

22416914

7. LeDoux J. The emotional brain. Vol 384. New York: Simon & Schuster; 1996.

8. de Oca B.M. & Black A.A. Bullets versus burgers: is it threat or relevance that captures attention?. Am J

Psychol. 2013; 126: 287–300. https://doi.org/10.5406/amerjpsyc.126.3.0287 PMID: 24027943

9. Kappenman E.S., MacNamara A. & Proudfit G.H. Electrocortical evidence for rapid allocation of atten-

tion to threat in the dot-probe task. Soc Cogn Affect Neurosci. 2015; 10: 577–583. https://doi.org/10.

1093/scan/nsu098 PMID: 25062842

10. Koster E.H., Crombez G., Van Damme S., Verschuere B. & De Houwer J. Does imminent threat capture

and hold attention?. Emotion. 2004; 4: 312–317. https://doi.org/10.1037/1528-3542.4.3.312 PMID:

15456400

11. Mermillod M., Vermeulen N., Lundqvist D. & Niedenthal P.M. Neural computation as a tool to differenti-

ate perceptual from emotional processes: the case of anger superiority effect. Cognition. 2009; 110:

346–357. https://doi.org/10.1016/j.cognition.2008.11.009 PMID: 19128799

12. Ohman A. & Dimberg U. Facial expressions as conditioned stimuli for electrodermal responses: a case

of "preparedness"?. J Pers Soc Psychol. 1978; 36: 1251–1258. https://doi.org/10.1037//0022-3514.36.

11.1251 PMID: 745035

13. Boylan M.R., Kelly M.N., Thigpen N.N. & Keil A. Attention to a threat-related feature does not interfere

with concurrent attentive feature selection. Psychophysiology. 2019; 56: 1–29.

14. Cisler J.M. & Koster E.H. Mechanisms of attentional biases towards threat in anxiety disorders: An inte-

grative review. Clin Psychol Rev. 2010; 30: 203–216. https://doi.org/10.1016/j.cpr.2009.11.003 PMID:

20005616

15. Hahn S., Carlson C., Singer S. & Gronlund S.D. Aging and visual search: automatic and controlled

attentional bias to threat faces. Acta Psychol (Amst). 2006; 123: 312–336. https://doi.org/10.1016/j.

actpsy.2006.01.008 PMID: 16524554

16. Yiend J. The effects of emotion on attention: A review of attentional processing of emotional information.

Cognition Emotion. 2009; 24: 3–47.

17. Kanske P. & Kotz S.A. Modulation of early conflict processing: N200 responses to emotional words in a

flanker task. Neuropsychologia. 2010; 48: 3661–3664. https://doi.org/10.1016/j.neuropsychologia.

2010.07.021 PMID: 20654636

PLOS ONE Attentional bias during emotional processing

PLOS ONE | https://doi.org/10.1371/journal.pone.0249407 April 2, 2021 16 / 20

https://doi.org/10.1037/1528-3542.6.3.534
http://www.ncbi.nlm.nih.gov/pubmed/16938095
https://doi.org/10.1037//0022-3514.54.6.917
http://www.ncbi.nlm.nih.gov/pubmed/3397866
https://doi.org/10.1037/0022-3514.80.3.381
http://www.ncbi.nlm.nih.gov/pubmed/11300573
https://doi.org/10.1037/1528-3542.7.4.691
http://www.ncbi.nlm.nih.gov/pubmed/18039035
https://doi.org/10.1080/02699931.2011.645279
http://www.ncbi.nlm.nih.gov/pubmed/22416914
https://doi.org/10.5406/amerjpsyc.126.3.0287
http://www.ncbi.nlm.nih.gov/pubmed/24027943
https://doi.org/10.1093/scan/nsu098
https://doi.org/10.1093/scan/nsu098
http://www.ncbi.nlm.nih.gov/pubmed/25062842
https://doi.org/10.1037/1528-3542.4.3.312
http://www.ncbi.nlm.nih.gov/pubmed/15456400
https://doi.org/10.1016/j.cognition.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19128799
https://doi.org/10.1037//0022-3514.36.11.1251
https://doi.org/10.1037//0022-3514.36.11.1251
http://www.ncbi.nlm.nih.gov/pubmed/745035
https://doi.org/10.1016/j.cpr.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/20005616
https://doi.org/10.1016/j.actpsy.2006.01.008
https://doi.org/10.1016/j.actpsy.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16524554
https://doi.org/10.1016/j.neuropsychologia.2010.07.021
https://doi.org/10.1016/j.neuropsychologia.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20654636
https://doi.org/10.1371/journal.pone.0249407


18. Li W., et al. Positive and negative emotions modulate attention allocation in color-flanker task process-

ing: Evidence from event related potentials. Motivation and Emotion. 2014; 38: 451–461.

19. Rigoulot S., et al. Peripherally presented emotional scenes: a spatiotemporal analysis of early ERP

responses. Brain Topogr. 2008; 20: 216–223. https://doi.org/10.1007/s10548-008-0050-9 PMID:

18335307
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