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ARTICLE INFO ABSTRACT

Keywords: Rapid attentional orienting toward relevant stimuli and efficient disengagement from irrelevant stimuli are
A'ftention critical for survival. Here, we examined the roles of memory processes, emotional arousal and acute stress in
Disengagement attentional disengagement. To this end, 64 healthy participants encoded negative and neutral facial expressions
::(Zstsionality and, after being exposed to a stress or control manipulation, performed an attention task in which they had to
Memory disengage from these previously encoded as well as novel face stimuli. During the attention task, electroen-

EEG cephalography (EEG) and pupillometry data were recorded. Our results showed overall faster reaction times after
acute stress and when participants had to disengage from emotionally negative or old facial expressions. Further,
pupil dilations were larger in response to neutral faces. During disengagement, our EEG data revealed a reduced
N2pc amplitude when participants disengaged from neutral compared to negative facial expressions when these
were not presented before, as well as earlier onset latencies for the N400f (for disengagement from negative and
old faces), the N2pc, and the LPP (for disengagement from negative faces). In addition, early visual processing of
negative faces, as reflected in the P1 amplitude, was enhanced specifically in stressed participants. Our findings
indicate that attentional disengagement is improved for negative and familiar stimuli and that stress facilitates
not only attentional disengagement but also emotional processing in general. Together, these processes may

represent important mechanisms enabling efficient performance and rapid threat detection.

1. Introduction

Attention is a crucial cognitive ability, allowing us to select, process
and respond to relevant information in the environment. Two processes
appear to be particularly relevant for efficient attentional processing:
orienting and disengagement. Attentional orienting involves voluntary
visual selection, a process that depends on intraparietal and superior
frontal cortices, as well as rapid detection of relevant stimuli, which
activates the right temporoparietal and inferior frontal cortices (Cor-
betta et al., 2000; Corbetta and Shulman, 2002). In contrast, attentional
disengagement refers to the ability to redirect attention away from a
specific stimulus. Lesion studies identified the parietal lobe as a crucial
brain structure involved in attentional disengagement (Posner et al.,
1984; Posner and Petersen, 1990). In addition, prefrontal brain regions
may play a role in task goal dependent disengagement, involving
controlled, top-down processes (Eimer and Kiss, 2010; Petersen and
Posner, 2012). Factors that are known to guide our attentional orienting
and that are strongly interacting with each other are the emotional state
of the individual, as well as the emotionality of and prior experience

with the stimuli themselves. Specifically, the processing of emotional
stimuli, especially under stress, as well as the processing of previously
encountered stimuli that are stored in our memory, is prioritized (for
examples see Ohman et al., 2001; Weymar et al., 2012; Goldfarb et al.,
2016). Yet, it is to our knowledge still unknown whether and how this
prioritized processing affects attentional disengagement away from
these stimuli.

The prioritized processing of emotional stimuli is evident by their
rapid detection in the environment, a highly preserved mechanism that
has been shown for evolutionary relevant threatening stimuli (Ohman
et al., 2001) as well as for socially relevant stimuli such as emotional
faces (Bradley et al., 1997). This attentional bias toward emotional
stimuli is driven by exogenous, bottom-up processes that occur auto-
matically (Ohman et al., 2001). Time-sensitive electroencephalography
(EEG) recordings suggest that enhanced attentional orienting toward
salient stimuli can occur within the first 100 ms of stimulus presentation
(Carretie et al., 2004; Carretie, 2014). Functional magnetic resonance
imaging (FMRI) studies further suggest that the amygdala is a crucial
brain region that directly - or indirectly via prefrontal cortex regions -
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enhances attentional processing of emotional stimuli (Vuilleumier et al.,
2004; Vuilleumier, 2005; Pourtois et al., 2013). These modulatory in-
fluences of the amygdala are likely driven by rapid noradrenergic
mechanisms (van Stegeren et al., 2005). A delay in attentional disen-
gagement from emotional stimuli has mainly been observed in high
trait-anxious participants (Fox et al., 2002) and in individuals suffering
from anxiety disorders (Cisler and Koster, 2010) and disorders such as
depression or posttraumatic stress disorder (PTSD; Disner et al., 2011; El
Khoury-Malhame et al., 2011; Koster et al., 2011; but see Carlson and
Reinke, 2014). Due to facilitated processing of emotional stimuli, as
indicated by enhanced early event-related potentials (ERPs; Carretie,
2014), we expect more efficient disengagement from emotional stimuli
in our sample of healthy participants.

Similar to emotional stimuli, also the processing of previously
encountered stimuli that are stored in our memory is prioritized. Spe-
cifically, successful retrieval of previously learned stimulus locations has
been shown to facilitate attentional orienting. This effect was mediated
by the hippocampus and attention-related frontoparietal brain regions,
which may act as a control network to optimize perceptual processing
(Summerfield et al., 2006; Stokes et al., 2012). The influence of memory
on attentional orienting has been shown across different tasks and
memory systems (Hutchinson and Turk-Browne, 2012; Rosen et al.,
2016). For instance, in a modified visual search task, both cognitive,
hippocampus-dependent and habitual, striatum-dependent memory
systems were shown to facilitate attention (Goldfarb et al., 2016).
Whereas previous research focused mainly on the role of memory in
attentional orienting, its influence on attentional disengagement re-
mains unclear. Given that memories can rapidly optimize perceptual
processing, an effect that is comparable to the effects of emotional
stimuli, we hypothesize that disengagement from previously seen
stimuli is enhanced. However, since the underlying neural mechanisms
likely differ from these observed for emotional stimuli (Hutchinson
et al,, 2009; Hutchinson and Turk-Browne, 2012), we expect that
memory, compared to stimulus emotionality, has a more pronounced
effect when attentional mechanisms become synchronized with other
networks, such as memory networks (e.g. at the time of the N400f; Kutas
and Federmeier, 2011).

In addition to characteristics of the attended stimuli, being in a
stressful state promotes the prioritized processing of emotional stimuli.
Stress is known to induce changes in cognition, including altered
learning and memory processes (Lupien et al., 2009; Joels et al., 2011;
Schwabe et al., 2012; Wirz et al., 2018), as well as impaired higher
cognitive functions, including cognitive inhibition, working memory
and cognitive flexibility (Arnsten, 2009, 2015). Accordingly, stress has
been shown to disrupt top-down guided attentional control (Liston et al.,
2009; Sanger et al., 2014). In contrast, attention toward and processing
of emotional stimuli is thought to be facilitated under stress, which is
directly linked to the preferential recruitment of the salience network, a
network that includes the amygdala and the ventral attention network
(Hermans et al., 2011, 2014). Stress was shown to amplify sensory
processing of emotional faces in early visual cortex and face-sensitive
brain regions (van Marle et al., 2009). In addition, stress was associ-
ated with an extended period of heightened attentional vigilance (van
Marle et al.,, 2010) and was shown to facilitate attention to rapidly
presented stimuli (Schwabe and Wolf, 2010). In line with these findings,
an EEG study revealed stress-induced increases in the late positive po-
tential (LPP) in response to emotional pictures (Weymar et al., 2012).
Because previous research supports the notion that the LPP reflects more
elaborate perceptual processing of motivationally salient stimuli
(Cuthbert et al., 2000), these results suggest greater motivational
attention allocation toward emotional stimuli under stress. Previous
studies also revealed a positive association between the magnitude of
the LPP in response to negative pictures and later memory performance
(Palomba et al., 1997; Dolcos and Cabeza, 2002; Weymar et al., 2012).
The LPP may therefore also be involved in retrieving information from
memory, thereby influencing subsequent motivational attention
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processes. Similar to the effects of stimulus emotionality and memory, it
is currently not known how stress influences attentional disengagement.
Given that stress promotes attentional vigilance (Hermans et al., 2014),
we hypothesize that attentional disengagement is facilitated in response
to stress.

The primary goal of the present experiment was to investigate the
influence of prior exposure to (and thus memory for) emotional and
neutral stimuli on attentional disengagement and how this disengage-
ment may be modulated by acute stress. For this purpose, participants
were asked to memorize negative (angry and fearful) and neutral facial
expressions. After being exposed to a control condition or an experi-
mental stressor, participants performed an attention task that probed
disengagement from the previously learned compared to new facial
expressions. Due to its excellent temporal resolution, EEG is ideally
suited to investigate temporal differences in the influence of emotion-
ality and prior exposure on disengagement and is a highly valuable
addition to reaction time (RT) data. Therefore, EEG data were recorded
while participants performed the attention task. Since the pupillary
response is controlled by the locus coeruleus-noradrenaline system,
which is critical for attentional control processes and reflects attentional
effort (Kahneman, 1973; Gilzenrat et al., 2010; Goldinger and Papesh,
2012), we additionally measured pupil dilation. Although this study
focused primarily on attentional disengagement, we were also interested
in the effects of stress, stimulus emotionality and prior exposure on early
visual processing.

Since emotional stimuli and stress activate regions of the salience
network, which promotes attentional vigilance, we expect enhanced
attentional orienting toward and processing of emotional stimuli,
especially under stress. Due to this enhanced processing, we further
expect more efficient disengagement from emotional stimuli, in partic-
ular after participants experienced a stressful event. Similar to
emotional stimuli, processing of familiar stimuli is prioritized and ex-
pected to facilitate attentional disengagement. In contrast to the effects
of stress and stimulus emotionality, we expect the neural effects un-
derlying enhanced disengagement from familiar stimuli to be most
prominent when attention networks synchronize with memory networks
(N400f).

2. Materials and methods
2.1. Participants and experimental design

A total of 74 healthy, young, normal-weight Caucasian volunteers
from European ancestry participated in this experiment (mean age =
24.62 years, SD = 3.28 years; mean body-mass index [BMI] = 22.41 kg/
m2, SD = 1.92). Exclusion criteria were assessed in a standardized
interview and included medication or drug intake and any past or cur-
rent neurological or psychiatric disorders. To control for factors influ-
encing the responsivity of the hypothalamus-pituitary-adrenal (HPA)
axis to stress as well as the glucocorticoid metabolism, smokers and
participants with a BMI < 18 kg/m? or > 25 kg/m?, as well as women
taking hormonal contraceptives, were excluded and women were only
tested outside their menstrual cycle phase (Kirschbaum et al., 1999;
Rohleder and Kirschbaum, 2006; Rutters et al., 2010; Herbison et al.,
2016). Participants gave written informed consent and received a
moderate monetary compensation of 35 € for their participation. The
study was approved by the ethical review board of the University of
Hamburg and was performed in accordance with the Declaration of
Helsinki.

In order to examine the influence of memory and emotionality of
facial stimuli on attention and its modulation by stress, we used a 2 x 2
x 2 mixed design with the between-subjects factor treatment (control vs.
stress) and the within-subject factors prior exposure (old vs. new face)
and emotionality (negative vs. neutral face). Participants were randomly
assigned to the stress or control condition and all testing took place in
the afternoon in order to control for the diurnal rhythm of cortisol. Ten
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participants had to be excluded from the analyses because of poor per-
formance (N = 3; one participant with 58% false alarms and two par-
ticipants with 43% and 53% misses, respectively, in the recognition
task) or too much noise in the EEG data (N = 7), leaving a total of 64
participants for the analyses (control group: 15 men, 16 women; stress
group: 18 men, 15 women).

2.2. Stress and control manipulation

In the stress condition, participants underwent the Socially Evalu-
ated Cold Pressor Test (SECPT; Schwabe et al., 2008a), a commonly used
laboratory stressor that reliably leads to increases in subjective stress
levels, as well as autonomic nervous system and HPA axis activity
(Schwabe and Schachinger, 2018). During the SECPT, participants were
asked to immerse their non-dominant hand for 3 min into ice water
(0-2°), while being videotaped and evaluated by a non-reinforcing
experimenter. In the control condition, the water was lukewarm
(35-37 °C) and participants were neither videotaped nor evaluated.

To assess the effectiveness of the stress induction, subjective and
physiological stress measures were taken at several time points
throughout the experiment. Subjective changes in mood were evaluated
by means of a German mood questionnaire (MDBF; subscales: depressed
vs. elevated, restless vs. calm, sleepy vs. awake; high scores indicate
elevated mood, calmness and wakefulness; Steyer et al., 1994) and a
questionnaire in which participants rated how difficult, unpleasant,
stressful and painful they had experienced the SECPT or control
manipulation on a scale from 0 (‘not at all’) to 100 (‘very much’). Blood
pressure and pulse were measured using a Dinamap system (Critikon,
Tampa, USA) before (—45, min, —20 min), during (0 min) and after
(+15 min, +30 min, +45 min, +60 min, +75 min, +90 min) the
experimental manipulation. Furthermore, saliva samples were collected
before (—45 min, —20 min) and after (+15 min, +30 min, +45 min,
+60 min, +75 min, +90 min) the stress or control manipulation using
Salivette® collection devices (Sarstedt, Niimbrecht, Germany). Saliva
samples were stored at —18 °C until the free fraction of cortisol was
determined using a commercially available luminescence immunoassay
(IBL, Hamburg, Germany).

2.3. Experimental tasks

2.3.1. Stimulus material

A total of 240 stimuli of Caucasian faces with negative and
neutral expressions were taken from the Chicago Face Database (CFD; Ma
et al., 2015), the Radboud Face Database (RaFD; Langner et al., 2010)
and the Karolinska Directed Emotional Faces database (KDEF; Lundqvist
et al., 1998). Face stimuli were counter-balanced for sex and negative
facial expressions consisted of an equal number of fearful and angry faces,
since these show similar valence and arousal ratings and are known to
elicit similar attentional biases (Vuilleumier, 2002; Mogg et al., 2007).
Importantly, only one expression from each of the 200 faces was used. In
addition, we only selected faces depicted from the front and that had no
facial accessories or hair, which may obscure the internal features of the
face. Face stimuli were scaled uniformly and aligned with roughly the
same position of the eyes and nose. At the beginning of the experiment, it
was randomly decided which negative and neutral facial expression was
used for the face memorization, recognition and line orientation tasks. In
all tasks, facial expressions were presented in greyscale and edited in
Matlab (version R2015a, MathWorks, Natick, USA) to achieve the same
average luminance and presented in the middle of the screen against a
grey background that was equiluminant to the average of all stimuli.

2.3.2. Face encoding task

In order to investigate how memory and emotionality of facial ex-
pressions may modulate attention, participants first viewed 40 negative
and 40 neutral facial expressions and were explicitly instructed to
memorize them for a subsequent memory test. Each face stimulus was
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shown two times for 4 s each, distributed over two runs. During the first
run, participants were asked to rate the valence of the face stimuli
(“negative”, “rather negative”, “rather neutral”, or “neutral”), whereas
during the second run, participants passively viewed them. As expected,
the majority of face stimuli was rated in accordance with their category
(92% of negative facial expressions were rated as negative or rather
negative, 88% of neutral facial expressions as neutral or rather neutral).
Memory for the facial expressions was assessed by means of a forced
choice recognition test, in which participants viewed all 80 old, as well
as 40 new (20 negative, 20 neutral) faces and indicated by button press
whether they thought it was an old or a new face. Memory for the
encoded faces was tested in a recognition test 60 min after encoding.

2.3.3. Line orientation task

In order to investigate attentional disengagement from emotional
and old or new stimuli, participants performed 2 blocks a 80 trials of the
line orientation task (LOT, Fig. 1), a frequently employed target-
distractor task (Carretie, 2014). In this task, participants viewed either
a previously memorized or a new face (in total 80 old and 80 new faces,
with 40 negative and 40 neutral faces per category) for 700 ms. Then a
line on both sides of the face was added for 200 ms, after which par-
ticipants viewed only the face again for another 700 ms. In addition,
each block contained another 20 trials (10 negative, 10 neutral faces) in
which no lines were presented, with the purpose of preventing an overly
strong readiness potential in the EEG which may overshadow our ERPs
of interest. Between trials there were jittered fixation periods of 3-3.5s,
resulting in a total task duration of 16 min. Participants were instructed
to indicate by button press as fast as possible whether the two lines that
appeared next to the face had the same or a different orientation. They
were also asked to look at the fixation cross between trials and to keep
their eyes fixated during stimulus presentation. RT was measured as a
behavioral index of exogenous attention to the distracting faces,
showing the extent of disruption in the ongoing task. Matlab and the

Line orientation task

0.7s

02s R

0.7s

Fig. 1. Line orientation task (LOT). Participants were presented with a neutral
or negative facial expression that had either been presented during an encoding
task before (“old”) or not (“new”). Two lines appeared next to the face and
participants had to indicate as fast as possible whether these lines have the
same or a different orientation.
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Psychophysics Toolbox (version 3.0.12; Brainard, 1997; Pelli, 1997)
were used for stimulus presentation and response recordings. Stimuli
were presented on a Dell U2412M 24" screen with a resolution of 1920
x 1200 px and a refresh rate of 60 Hz. Participants were seated 60 cm
from the screen, the facial stimuli were 567 x 425 px large (visual angle
of 14.44 x 10.95°) and the lines appeared with a distance of 19 px from
the face tilted by 45° (113 x 6.99 px large, visual angle of 3.82 x 0.17°).

2.4. Experimental procedure

After participants had given written informed consent, they per-
formed the face encoding task. Next, the EEG and eye tracker recordings
were prepared and participants read the instructions for the LOT. Sixty
minutes after the face encoding task, memory for the encoded faces was
assessed by means of a forced choice recognition test, in which partici-
pants had to indicate for each face stimulus whether it had been pre-
sented before or not. Participants then underwent the stress or control
manipulation. Approximately 20 min after the onset of the stress or
control manipulation, participants performed the LOT.

2.5. Behavioral and physiological data analyses

Physiological and subjective stress parameters, as well as picture
ratings and recognition performance were analyzed using mixed-design
analyses of variance (ANOVAs) with treatment (stress vs. control) as
between-subjects factor and stimulus emotionality (negative vs. neutral)
as within-subject factor. RT data of the LOT were analyzed with prior
exposure to the faces (old vs. new) as an additional within-subject factor.
Our memory analyses focused on hits and false alarms and we addi-
tionally calculated the sensitivity index d-prime (d’), using hits and false
alarms according to signal detection theory (Wickens, 2002), because
this measure corrects for individual response biases. Differences in
memory performance for negative and neutral faces were investigated
by means of paired-samples t-tests.

All statistical analyses were performed using SPSS Statistics software
(version 22; IBM, USA). All reported p-values are two-tailed and either
Cohen’s d or partial eta squared are reported as indicators of the effect
size. In case of violation of the sphericity assumption, Greenhouse-
Geisser correction was applied. For all analyses of our behavioral and
physiological data, statistical significance was defined by an alpha of p
< .05 and a large effect size (Cohen’s d > 0.6, partial eta squared >
0.06). Effects at trend level were defined by p < .10 and a medium effect
size (Cohen’s d > 0.4, partial eta squared > 0.05).

2.6. EEG acquisition and analyses

EEG was recorded from 64 active electrodes arranged according to
the international 10-20 system. Four facial electrodes recorded elec-
trooculograms (EOGs) generated by blinks and eye movements. A Bio-
semi Active-Two amplifier system was used with a sampling rate of
2048 Hz (Biosemi, Amsterdam, The Netherlands). Common mode sense
and driven right leg electrodes served as recording reference and
ground, respectively. EEG data were preprocessed offline using the Brain
Vision Analyzer software (Brain Products, Gilching, Germany). After the
EEG signal was downsampled to 512 Hz, the data were high-pass filtered
at 0.01 Hz. To remove artifacts from electrical lines, a 50 Hz notch filter
was applied. We then visually inspected the EEG data to discard any
extreme artifacts, e.g. caused by movement. Bad channels were replaced
by means of topographic interpolation. Blinks and eye movements were
removed with the method developed by Gratton et al. (1983). In case
ocular artifacts were not satisfactorily removed, an independent
component based approach was used instead. EEG data were then
re-referenced to the average of all electrodes and segmented into epochs
from —200 to 1.600 ms with respect to face onset. Subsequently, epochs
were baseline corrected relative to the 200 ms preceding the face
stimulus. Trials were rejected if there was a voltage step higher than 50
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pV between sample points, or a voltage difference of more than 100 pV
or a signal lower than 0.1 pV within a trial was detected. Trials for each
stimulus combination (old negative, old neutral, new negative, new
neutral) were then averaged.

Event-related potentials (ERPs) are highly useful to investigate
distinct processing stages. Since our main goal was to investigate
disengagement, we were particularly interested in attention-related
ERPs in response to the presentation of the lines next to the face stim-
ulus. Specifically, we were interested in the N2pc, an ERP component
which is known to capture attentional shifting and which represents the
time course of attentional orienting (Eimer, 1996; Brosch et al., 2011;
Luck, 2012). The N2pc was calculated as the mean amplitude in the time
window between 200 and 400 ms post line onset at parietal electrodes
(P9, P10), where the N2pc was most pronounced. Another ERP
component of interest was the N400f, which is associated with face
recognition and that arises at frontal electrode sites at a time when
exogenous attention becomes synchronized with a broader and multi-
modal network (Kutas and Federmeier, 2011). The N400f was calculated
as the mean amplitude in the time window between 300 and 500 ms post
line onset at fronto-central electrodes (Fz, FCz, F1, F2, FC1, FC2).
Another highly relevant ERP component is the LPP, which reflects sus-
tained endogenous attention and is known to increase during processing
of emotional stimuli (MacNamara and Hajcak, 2009; Weinberg and
Hajcak, 2011; Carretie et al., 2013). The LPP was calculated as the mean
amplitude in the time window between 400 and 900 ms post line onset
at centro-parietal electrodes (Pz, CPz, P1, P2, CP1, CP2).

Since the processing of emotional stimuli — especially under stress —
and the processing of information stored in memory is prioritized, these
factors likely influence the time it takes for distinct attentional pro-
cessing stages to be initiated. In order to investigate the timing of
distinct processing stages and when attention may differentiate between
our stimulus conditions and experimental groups, it is crucial to inves-
tigate onset latencies of our ERPs of interest. For this purpose, we used a
jackknife approach and measured fractional area latency, a combination
which has been shown to yield the best results when measuring and
statistically comparing ERP latencies (Kiesel et al., 2008). Due to the
jackknife approach, the signal-to noise ratio is much higher, which is
particularly important for complex factorial designs such as the present,
in which the number of trials is naturally restricted (e.g. participants can
only memorize a certain number of faces). While this approach increases
statistical power, it has also been shown to yield appropriate Type I error
rates (Ulrich and Miller, 2001). Since onset latency measures are easily
distorted by high-frequency noise, a low-pass filter with a
half-amplitude cutoff of 10 Hz and a slope of 24 dB/octave was applied
to our averaged EEG data (Luck, 2014). As recommended by Ulrich and
Miller (2001), we calculated the grand averages for each stimulus
combination (old negative, old neutral, new negative, new neutral),
separately for the stress and control groups, each time omitting one
participant from the respective group. The jackknifed averages were
then imported into ERPLAB (version 7.0.0; Lopez-Calderon and Luck,
2014) as part of the Matlab-based EEGLAB toolbox (version 14.1.2;
Delorme and Makeig, 2004), where we then calculated the 50% area
latency, the most reliable fraction for measuring area latency (Luck,
2014). Estimates of the latencies of the individual participants were then
retrieved as described by Smulders (2010). The advantage of this
approach is that no additional adjustments are required when
computing the statistical tests.

Since we were also interested in the neural correlates of facial pro-
cessing, we performed explorative analyses of ERP components in
response to the faces. We were particularly interested in early visual
processing components, namely the P1 and the face-sensitive N170,
which have been associated with automatic attention and that have been
shown to increase during processing of emotional stimuli (Carretie,
2014; Hinojosa et al., 2015). The P1 was calculated as the mean
amplitude in the time window between 50 and 120 ms post face onset at
occipito-parietal electrodes (01, 02, PO7, PO8), the N170 as the mean
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amplitude in the time window between 120 and 200 ms post face onset
at parietal electrodes (P9, P10). In addition, we investigated the N400f
(mean amplitude in the time window between 300 and 500 ms post face
onset at fronto-central electrodes [Fz, FCz, F1, F2, FC1, FC2]), which has
received increasing attention with respect to facial recognition (Kutas
and Federmeier, 2011).

For all statistical analyses, mixed-design ANOVAs with treatment
(stress vs. control) as between-subjects factor and stimulus emotionality
(negative vs. neutral), prior exposure (old vs. new) and electrode site as
within-subject factors were used to investigate modulatory effects by
stimulus condition and/or experimental group.

2.7. Eye tracking acquisition and analyses

An EyeLink 1000 Plus (SR Research, Ottawa, Canada) eye tracker
with desktop mount was used to monitor the pupil size of the right eye
and to ensure that participants’ gaze remained fixated on the middle of
the screen during the LOT. To reduce EEG noise and to guarantee a
constant distance between the participants’ eyes and the screen, a chin
rest was used. All eye tracker operations were integrated and executed in
Matlab and data were acquired with a sampling rate of 1000 Hz. Before
the LOT and between the two blocks, the eye tracker was calibrated
using a 9-point calibration and validation procedure. Pupil data were
preprocessed as described by Urai et al. (2017). Missing data detected by
the EyeLink software (version 5.12) were linearly interpolated. Through
deconvolution, effects of blinks and saccades on the pupil response were
estimated and removed using linear regression. The residual pupil time
series were z-scored per run. Trials were then epoched and
baseline-corrected by subtracting the mean pupil size in the 2 s before
stimulus onset. Pupil responses were defined as the mean pupil size
during 1-3 s post face onset, a time window which takes into account the
delay of the pupil response (de Gee et al., 2014). A mixed-design ANOVA
with treatment (stress vs. control) as between-subjects factor and stim-
ulus emotionality (negative vs. neutral) and prior exposure (old vs. new)
as within-subject factors was used to investigate stimulus effects on
pupil dilation.

3. Results
3.1. Memory performance

Participants performed very well on the forced-choice recognition
test 60 min after picture encoding and recognized on average 90 + 7% of
all facial stimuli. The sensitivity index d’ was larger for neutral
compared to negative faces (Table 1; t(1, 63y = 5.006, p < .001, Cohens d
= 0.626), owing to a significantly larger false alarm rate for negative
(mean = 25, SD = 14) compared to neutral faces (mean = 17, SD = 13;
ta, 63) = 5.131, p < .001, Cohens d = 0.641), likely because the
enhanced subjective feeling of recollection for negative facial expression
impedes memory accuracy (Sharot et al., 2004). Although participants
had not been exposed to the control or stress manipulation yet, false
alarm rates for neutral faces tended to be larger for participants who
later underwent the stress manipulation (t, 62) = 1.992, p = .051,

Table 1
Memory performance in the recognition test 60 min after encoding.
Control Stress
Neutral Negative Neutral Negative
Hits 36.097 + 35.968 + 35.939 + 36.000 £+ .519
.585 .535 .567
False 2.774 £ .442 4.484 + .504 4.000 + .428 5.636 + .488%**

alarms #

Data represent mean percentages + SEM.
Emotionality (Neutral vs. Negative) ***P < .001.
Treatment (Control vs. Stress) #p = .051.
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Cohens d = 0.499).
3.2. Subjective, autonomic and endocrine stress response

The successful stress induction by the SECPT was verified by changes
in subjective mood, blood pressure and salivary cortisol. Compared to
the control procedure, the SECPT was rated as significantly more diffi-
cult, unpleasant, painful, and stressful (all F(1, 62) > 47.657, p < .001, nf,
> 0.435). Participants’ mood decreased and they became increasingly
restless after the stressor compared to the control condition (time x
treatment: both F4, 57y > 2.521, p < .051, ng > 0.150). Independent of
treatment, participants became increasingly tired during the experiment
(time: F4, 57y = 25.663, p < .001, 13 = 0.643).

In response to the SECPT, compared to the control procedure, ac-
tivity of the autonomic nervous system rapidly increased, as indicated
by a significant rise in systolic and diastolic blood pressure, and pulse
(Fig. 2A-C; time x treatment: all F(g, s4) > 6.167, p < .001, nZ > 0.477).
Finally, exposure to the SECPT, as opposed to the control procedure, led
to significant increases in salivary cortisol concentrations, providing
evidence for a stress-induced activation of the HPA-axis (time x treat-
ment: F7, 56) = 5.787, p < .001, Tl% = 0.420). As shown in Fig. 2D, peak
cortisol concentrations were reached approximately 25 min after the
SECPT, when participants performed the LOT.

3.3. Faster attentional disengagement from old and negative stimuli

3.3.1. Reaction times

In line with an emotional modulation of attention, RTs in the LOT
significantly differed depending on the emotionality of the facial ex-
pressions (Table 2; F(1, 62y = 332.703, p < .001, ng = 0.843). Specifically,
when participants had to respond to lines which appeared next to
negative facial expressions, RTs — indicators for the disengagement from
these stimuli — were about 40 ms faster than when the lines appeared
next to neutral facial expressions. RTs also tended to be faster when lines
appeared next to faces that had been presented before (Table 2; F(1, 62) =
3.940,p =.052, ng = 0.060). This finding suggests faster disengagement
from old faces and is in accordance with more efficient and effortless
processing of previously seen stimuli (Natu and O’Toole, 2011). When
controlling for memory performance by entering d’ as a covariate, this
effect was no longer significant (time: F;, ¢1) = 0.041, p = .840, nlz, =
0.001; time x memory: F1, 61y = 0.490, p = .486, ng = 0.008; memory:
Fa, 61y < 0.001, p = .997, ng < 0.001), suggesting that this effect was
indeed driven by the memory for the previously encoded stimului.
Importantly, however, the effect of emotionality on RT was unaffected
by this covariate and remained significant (F(1, ¢1) = 9.888, p = .003, nf,
= 0.139; time x memory: F1, ¢1) = 1.744, p = .192, n% = 0.028), sug-
gesting that stimulus emotionality and memory had separable effects on
attentional disengagement.

Overall, stress tended to accelerate RTs (Table 2; F(1, g2y = 3.625,p =
.062, ng = 0.055), irrespective of whether the presented faces were
negative or neutral, old or new (all F(1, 62y < 1.244, all p > .269, all qg <
0.020). This finding is in line with stress-induced improvements in se-
lective attention and increases in processing efficiency (Schwabe and
Wolf, 2010; Cornelisse et al., 2011). Although stress-induced cortisol
increases did not correlate with RT (r = 0.021, p = .907), correlations
between RT and autonomic stress parameters indicated negative asso-
ciations for systolic and diastolic blood pressure, measured as the area
under the curve with respect to the ground (Pruessner et al., 2003; RT
and systolic blood pressure: r = —0.434, p = .013; RT and diastolic blood
pressure: r = —0.455, p = .009; Fig. 3). These negative correlations
suggest that stronger autonomic stress responses were associated with
faster responses in the LOT.

3.3.2. Event-related potential amplitudes and onset latencies
In order to gain insights into distinct attentional processing stages
and to investigate the neural correlates of our RT findings, we measured
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Fig. 2. Physiological response to the stress and control manipulation. Compared to the control manipulation, exposure to the Socially Evaluated Cold Pressor Test
(SECPT) led to significant increases in (A) systolic blood pressure (BP), (B) diastolic BP, (C) pulse, and (D) salivary cortisol concentrations. LOT line orientation task

***p < .001 * p < .05, error bars represent SEM.

Table 2
Reaction times in the line orientation task.
Control Stress
Neutral Negative Neutral Negative
New 722.319 + 685.408 + 697.422 + 662.430 + 8.571
8.883 8.843 8.609
old 718.249 + 676.785 + 699.708 + 656.583 + 7.764***
8.549 8.010 8.286 #

Data represent mean percentages + SEM.
Emotionality (Neutral vs. Negative) ***P < .001.
Prior exposure (New vs. Old) #p = .052.
Treatment (Stress vs. Control)+P = .062.

the mean amplitude and fractional onset latency of relevant ERP com-
ponents during the LOT and investigated how these neural measures
were affected by stimulus emotionality, memory, and stress. In line with
the importance of attentional shifting in disengagement and a faster RT
in response to lines presented next to negative faces, the amplitude of
the N2pc was significantly enhanced when lines appeared next to
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negative compared to neutral faces (F, 62y = 19.767, p < .001, Th% =
0.242). In addition, an emotionality x prior exposure interaction (F(,
62) = 5.924, p = .018, ng = 0.087) suggested that this influence of face
emotionality was significant for new (F(1, 62) = 24.243, p < .001, nf, =
0.281) but not for old faces (F(1, 62) = 2.048,p = .157, ng =0.032; Fig. 4),
possibly because attentional disengagement is already more efficient for
both negative and neutral faces when they are old, as suggested by our
RT data. Stress, however, had no influence on the N2pc amplitude,
neither alone, nor in interaction with stimulus emotionality or prior
exposure to the faces (all F(1, ¢2) < 2.258, all p > .138, all Thz) < 0.035).

In accordance with the importance of ERP onset latency as a means
to measure when attention differentiates between stimulus conditions,
our data revealed significant differences in fractional onset latencies.
Specifically, 50% area latency data for the N2pc showed that the N2pc
was initiated significantly earlier when attention was disengaged from
negative compared to neutral faces (F, ¢2) = 34.224, p < .001, ﬂ% =
0.356; Fig. 4). Whereas no differences in the amplitudes of the N400f or
LPP were observed (all F(1, 62y < 2.048, p > .157, ng < 0.032), earlier
onset latencies for negative compared to neutral faces were also shown
for the N400f (F(1, 62) = 97.199, p < .001, ng =0.611; Fig. 5) and the LPP
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Fig. 3. Correlation between reaction times (RT) in the line orientation task and blood pressure (BP). Increases in systolic and diastolic BP were negatively correlated
with RT, indicating that larger increases in blood pressure were associated with faster behavioral responses.
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(Fa, 62)=27.113,p < .001, ng = 0.304; Fig. 5). This suggests that faster
disengagement from negative facial expressions also facilitates later
attentional processes that are presumably under top-down control. In
addition, onset latency of the N400f was significantly earlier for old
compared to new faces (F(, ¢2) = 4.430, p = .039, ng = 0.067; Fig. 5),
likely because attentional shifting is facilitated when faces are familiar,
an effect that is again in line with our RT findings. Exposure to stress had
no influence on these ERP latencies (all F(1, 62y < 2.890, all p > .094, all
ng < 0.045), although an emotionality x treatment interaction at trend
level (F(1, 62) = 3.835, p = .055, nﬁ = 0.058) suggested such an influence
for the N400f. However, post-hoc comparisons revealed significantly
earlier latencies for negative compared to neutral facial expressions in
both the control (F(, 30) = 109.108, p < .001, nf, = 0.784) and stress
condition (F(y, 32) = 23.763, p < .001, ng = 0.426). RT and LPP onset
latency were positively correlated, independent of stimulus emotion-
ality (RT and LOT onset latency neutral face: r = .304, p = .015; RT and
LOT onset latency negative face: r = 0.472, p < .001; RT neutral face and
LOT onset latency negative face: r = 0.419, p = .001; RT negative face
and LOT onset latency neutral face: r = 0.325, p = .009). Thus, longer
RTs were associated with a later onset of the LPP (r = 0.419, p = .001;
Fig. 6), an ERP component which evolves around the time when par-
ticipants made their response (mean LPP onset latency = 635 ms, mean
RT = 690 ms).

In line with our RT and electrophysiological data, which showed
facilitated disengagement from negative faces, pupil dilation was
enhanced in response to neutral faces (F(1, 62) = 3.962, p = .051, ng =
0.060; Fig. 7), which might suggest enhanced attentional effort that is
required to disengage from neutral facial expressions. Stress exposure, in
contrast, did neither alone, nor in interaction with stimulus emotion-
ality, influence pupil dilation (all F, 62y < 3.096, all p > .083, all r]g <
0.043).

3.4. Early visual processing of faces is modulated by stimulus emotionality
and stress

In addition to the influence of stimulus emotionality and stress on
attentional disengagement from facial expressions, we were interested in
the actual processing of neutral vs. negative faces before the
lines appeared. Corroborating research showing rapid responding
to emotional faces (Vuilleumier et al., 2001), amplitudes of early
ERP components were significantly increased for negative
compared to neutral facial expressions. Specifically, this was shown for
the P1 (F(1, 62) = 4.478,p=.038, ng =0.067; Fig. 8) and the face-sensitive
N170 ERP components (F(1, 62) = 45.985, p < .001, ng = 0.426; Fig. 4).
This very early modulation supports the notion that detection of facial
expression — whether it is negative or neutral — does not depend on the
identification of the face (Eimer and Holmes, 2002). Even more inter-
estingly, an emotionality x treatment interaction(F;, ¢2) = 5.641, p =
.021, ﬂ% = 0.083) showed that an enhanced P1 amplitude for negative vs.
neutral faces was only observed in stressed participants (F(1, 32) = 9.485,
p =.004, nﬁ = 0.229; Fig. 8) but not in the control condition (F1, 30) =
0.036, p =.850, nlz, =0.001), suggesting enhanced early visual processing
of negative facial expressions under stress. Prior exposure to the faces
neither had an effect on early ERP components (P1 and N170: both F(1, ¢2)
<0.922,p = .341, ng = 0.015), nor on the N400f component (F(1, 62) =
0.832, p = .365, Th% = 0.013), which has been associated with facial
recognition (Kutas and Federmeier, 2011).

4. Discussion

The capacity of our attentional resources is limited and it is therefore
crucial to efficiently select which information to attend to and which to
ignore. In the present experiment, we investigated how prior exposure to
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Fig. 5. Electroencephalographic (EEG) data at fronto-central electrodes. Onset latencies of the (A) N400f as well as the (B) LPP were significantly earlier when
participants disengaged from negative compared to neutral faces. Shaded error bars represent SEM.
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Fig. 6. Correlation between reaction time (RT) in the line orientation task and
latency of the late positive potential (LPP) at centro-parietal electrodes. A
positive correlation indicates that a longer LPP latency is associated with a
slower response.

emotional and neutral information affects attentional disengagement,
and whether putative emotion and memory effects on attentional
disengagement are modulated by acute stress. Our results show facili-
tated attentional disengagement from negative (vs. neutral) and previ-
ously seen (vs. new) stimuli, which may be due to more efficient
perceptual processing, allowing faster reorientation toward the task. In
addition, stress was associated with faster attentional disengagement
and overall enhanced early visual processing of negative stimuli,
mechanisms which may be highly relevant under acute threat. These
results are in line with research showing that stress as well as memory
and stimulus emotionality influence attention toward and processing of
visual stimuli (Vuilleumier, 2005; Yiend, 2010; Hutchinson and

Turk-Browne, 2012; Hermans et al., 2014).

Whereas recent research has made progress regarding the role of
memory in attentional orienting (Hutchinson and Turk-Browne, 2012),
whether and how prior stimulus exposure may affect attentional
disengagement from these stimuli has not yet been investigated. Our
behavioral and neural data are the first to suggest that disengagement
from facial expressions is facilitated when participants were previously
exposed to the faces. RT tended to be faster when participants had to
disengage from old faces and our EEG data revealed an earlier onset
latency of the N400f. The N400f has been associated with familiarity of
faces (Eimer, 2000; Curran and Hancock, 2007) and occurred about 386
ms after the lines appeared next to an old face, approximately 302 ms
before a response was made. No effects of prior stimulus exposure were
observed for the onset latency of earlier (N2pc) or later (LPP) compo-
nents, supporting the notion that the N400f is specialized for face fa-
miliarity and that this ERP may not only be relevant for orienting toward
but also for the disengagement from familiar faces. Interestingly, we did
not observe an N400f effect during facial processing (before the lines
appeared). This is in line with an earlier study (Caharel et al., 2002), in
which faces were only passively viewed. In contrast, N400f effects did
occur in experiments that required active evaluation of the faces (e.g.
detection of face identification or profession; Bentin and Deouell, 2000;
Eimer, 2000). This suggests that an active task may be required for this
ERP component to occur and in our experiment in particular it suggests
that the N400f may be a relevant indicator of the active disengagement
from familiar facial expressions.

The neural mechanisms of memory-guided attention are not clear yet
and two different routes have been proposed: an indirect route through
which memory systems influence attention networks and a route
through which memories directly influence perceptual representations,
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Fig. 7. Pupil dilation in response to facial expressions. Neutral compared to negative facial expressions led to larger dilation of the pupil, possibly indicating
enhanced cognitive effort that is needed for attentional disengagement. Shaded error bars represent SD.
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thereby changing their competition for attention (Hutchinson and
Turk-Browne, 2012). It has been shown that memory-guided attention
involves interactions between memory-related brain regions such as the
hippocampus and a frontoparietal network involved in visual orienting
(Summerfield et al., 2006). Another study showed a modulation of
long-term memories on preparatory activity in the visual cortex in
addition to activations in the hippocampus and a dorsal frontoparietal
attention network (Stokes et al., 2012), suggesting that memories may
influence both perceptual as well as attentional mechanisms. Although
we did not find evidence for an influence of prior exposure to the faces
on their perceptual representations (before the lines were presented), we
observed an earlier onset of the N400f when participants had to

disengage from old faces, pointing to an interactive communication
between memory and attention networks.

In addition to the role of memory in attentional disengagement, we
also obtained evidence for facilitated attentional disengagement from
negative compared to neutral facial expressions. In addition to faster
RTs, we observed enhanced N2pc amplitudes as well as earlier N2pc
onset latencies. The N2pc seems to be a valuable marker of early
disengagement processes, because of its essential role in rapid atten-
tional shifting (Brosch et al., 2011; Luck, 2012). In addition, both
attentional disengagement and the N2pc have been argued to involve
top-down as well as bottom-up processes (Eimer and Kiss, 2010).
Therefore, these results suggest faster attentional disengagement from
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negative compared to neutral stimuli. Interestingly, the
emotion-induced increase in N2pc amplitude was only observed when
the presented facial expression was unknown to participants. In
contrast, both negative and neutral facial expressions led to comparable
N2pc amplitudes when the face had been presented before. This early
interaction between stimulus emotionality and prior exposure was
neither observed for the onset latency of the N2pc, nor in our RT data or
for later ERP components (N400f, LPP). Similar to the interpretation of
stronger activations in fMRI experiments (Poldrack, 2015), an enhanced
amplitude of the N2pc component may reflect either more or less
cognitive effort that is required for attentional disengagement. Thus, an
augmented N2pc amplitude for new faces with a neutral expression
likely reflects more cognitive effort that is required for attentional
disengagement. This is further supported by our pupillometry data,
which showed larger pupil dilation in response to neutral compared to
negative facial expressions, an indication for more effortful attentional
control that is required to disengage from these faces (van der Wel and
van Steenbergen, 2018). Although the disengagement from both nega-
tive and old facial expressions appears to require less effort, the time
course of the modulatory influences of emotion and memory seem to
differ. Attentional disengagement was modulated by emotionality as
early as 278 ms (N2pc) after stimulus presentation, but its modulation
by prior exposure did not occur before around 372 ms (N400f) post
stimulus onset. These temporal differences of around 100 ms seem very
plausible, because although attentional orienting effects seem generally
similar for salient stimuli and stimuli retrieved from episodic memory,
different brain regions are involved in these modulatory influences
(Hutchinson et al., 2009). The additional time is likely required for
attention and memory networks to synchronize (Kutas and Federmeier,
2011).

An earlier onset latency of the LPP when participants had to disen-
gage from negative faces further supports the enhanced efficiency of
processing negative compared to neutral faces at a later, more cognitive
stage of processing. It is also in line with the notion that the LPP reflects
sustained motivational attention allocation (Cuthbert et al., 2000), since
the participant’s goal is to redirect attention toward the task, which they
manage to do more efficiently when they have to disengage from a
negative face, as is shown in our RT data. Importantly, this is supported
by a positive association between RT and the LPP onset latency. Since
processing of negative faces seems to be more efficient, participants may
be able to more effectively reallocate their attention toward the task
based on their motivation to make a quick response. Since the LPP re-
flects a long-lasting and highly integrated cascade of different cognitive
processes, we cannot disentangle the exact cognitive process that is
influenced by the emotionality of the face. However, our findings do
suggest more efficient, likely motivationally driven, sustained attention
allocation toward the task when participants had to disengage from
negative faces.

Several studies have suggested that only rapid, bottom-up atten-
tional processes are influenced by stimulus emotionality and that top-
down inhibition processes take place when these stimuli are not rele-
vant for task goals (Holmes et al., 2006; Eimer and Holmes, 2007; Eimer
et al., 2009). We showed here that when participants had some time to
explore the faces (700 ms) before the actual task (responding to the
orientation of the lines), emotionality of and prior exposure to the faces
did influence and actually facilitate attentional disengagement. The
majority of studies investigating the effects of emotional distractors on
attentional disengagement showed a delay in disengagement that was
explained by their enhanced ability to automatically capture attention
(Carretie, 2014). Our study suggests that attentional disengagement is
facilitated rather than impaired when distractors have a negative
valence. One possibility may be that the processing of the lines, which
appeared very close to the faces, was actually enhanced. Support for this
view comes from a study which showed that discrimination of the
orientation of a bar was improved when the bar replaced a fearful
compared to a neutral face (Pourtois et al., 2004). The most likely
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explanation for these apparent contradictory results, however, concerns
differences in the stimulus onset asynchrony (SOA) of the targets and
distractors. Specifically, whereas previous studies showed target and
distractor stimuli at the same time (visual search tasks; Fox et al., 2002;
Carretie et al., 2013) or with a relatively short SOA (Posner cuing task, e.
g. 133 ms; Carlson and Reinke, 2014), we used an SOA of 700 ms due to
our experimental demands (participants needed time to be able to
recollect the old faces). This issue has also directly been addressed in a
visual search task (Theeuwes et al., 2000; Theeuwes, 2010). Specifically,
the authors argued that when the distractor is presented some time
before the search display, top-down control can ensure that attention is
directed toward the target and disengagement should not be delayed.
They tested different SOAs (from 50 to 300 ms) and their results suggest
that the distractor only interfered with target search for the early SOAs
(<100 ms). Our data suggest that at even longer SOAs, disengagement
may be facilitated. Therefore, whereas emotional stimuli automatically
and rapidly capture attention, their fast and efficient processing (Vuil-
leumier, 2005) can also be beneficial and actually facilitate attentional
disengagement.

Evidence for prioritized processing of emotional information was
provided by larger P1 and N170 amplitudes in response to negative
compared to neutral facial expressions, which is thought to reflect early
processing in visual cortices and face processing areas (Carretie et al.,
2013). Interestingly, although stress did not interact with stimulus
emotionality or prior exposure effects on attentional disengagement, an
enhanced P1 amplitude in response to negative facial expressions was
only observed in stressed participants. This finding fits very well with
research showing increased stress-induced activation of the salience
network, including the amygdala, leading to enhanced attentional vig-
ilance (van Marle et al., 2010; Hermans et al., 2011). Interestingly, this
reconfiguration of neural networks seemed to depend on noradrenaline,
because only beta-adrenergic receptor blockade but not cortisol syn-
thesis inhibition reduced this effect (Hermans et al., 2011). The amyg-
dala receives early visual inputs (LeDoux, 2000) and interacts with
attention-related brain regions (Vuilleumier, 2002). Stress and salient
emotional stimuli both increase noradrenergic activation of the amyg-
dala, thereby facilitating rapid attention toward and processing of these
stimuli (van Stegeren et al., 2005; Hermans et al., 2014). The effect of
enhanced early visual processing (P1) in response to stress for negative
but not for neutral faces is in line with stress effects on other cognitive
domains, such as memory. Specifically, several studies have shown
memory-enhancing effects of stress only for emotionally arousing but
not for neutral material (Quirarte et al., 1997; Elzinga et al., 2005; Payne
et al., 2007; Roozendaal et al., 2007; Schwabe et al., 2008b). Norad-
renergic activation may also be a driving force leading to generally
faster disengagement in stressed participants; a first hint at this possi-
bility is provided by the negative correlations between RT and systolic as
well as diastolic blood pressure increases. This finding is also in line with
a study suggesting a stress-induced enhancement of attentional pro-
cessing in the attentional blink paradigm (Schwabe and Wolf, 2010).
Similarly to the present results, stress did also not interact with stimulus
emotionality in this study.

To conclude, our results show that memories may not only guide
attentional orienting but also facilitate attentional disengagement.
Further, we show that emotionally arousing stimuli may aid attentional
disengagement, which might be owing to enhanced processing effi-
ciency. Moreover, acute stress facilitated attentional disengagement in
general and enhanced the prioritized processing of negative facial ex-
pressions. Both rapid attentional orienting toward and efficient disen-
gagement from emotionally salient and previously seen but irrelevant
information are highly relevant for survival, in particular during
stressful encounters. Deficits in these attentional processes have been
linked to several psychiatric disorders and several therapeutic in-
terventions have been developed to modify specifically biases in atten-
tional processes (Hakamata et al., 2010; Browning et al., 2012; Kuckertz
et al., 2014; Mogg and Bradley, 2016). Rapid attentional orienting
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promotes threat detection, whereas disengagement from irrelevant in-
formation aids efficient processing of relevant information. Our study
provides first evidence that these processes may be facilitated under
acute stress as well as for emotionally arousing and familiar stimuli.
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