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ARTICLE INFO ABSTRACT

Keywords: Unexpected and task-irrelevant sounds can impair performance in a task. It has been shown that highly arousing
A“en_ﬁon emotional distractor sounds impaired performance less compared to moderately arousing neutral distractor
Emotion sounds. The present study tests whether these differential emotion-related distraction effects are directly related
Xf:ial to an enhancement of arousal evoked by processing of emotional distractor sounds.

Pupil We disentangled costs of orienting of attention and benefits of increased arousal levels during the presentation

of highly arousing emotional and moderately arousing neutral novel sounds that were embedded in a sequence of
repeated standard sounds. We used sound-related pupil dilation responses as a marker of arousal and RTs as a
marker of distraction in a visual categorization task in 57 healthy young adults. Multilevel analyses revealed
increased RT and increased pupil dilation in response to novel vs. standard sounds. Emotional novel sounds
reduced distraction effects on the behavioral level and increased pupil dilation responses compared to neutral
novel sounds. Bayes Factors revealed strong evidence against an inverse proportional relationship between
behavioral distraction effects and sound-related pupil dilation responses for emotional sounds. Given that the
activity of the locus coeruleus has been linked to both changes in pupil diameter and arousal, it may embody an
indirect relationship as a common antecedent by the release of norepinephrine into brain networks involved in
attention control and control of the pupil. The present study provides new insights into the relation of changes in
arousal and attentional distraction during the processing of emotional task-irrelevant novel sounds.

Locus coeruleus
Norepinephrine
Distraction effects

1. Introduction capacity limited processes (Naatdanen, 1992) that can result in impaired

performance in a task (distraction effect, e.g., Escera, Alho, Winkler, &

A sudden cry can capture our attention, impair performance in a task
at hand and increase the level of arousal to prepare us for a fight or flight
reaction. The orienting of attention and the increase in arousal are two
aspects of the orienting response, reflecting costs of attention distraction
and benefits of arousal increase (Naatanen, 1992; Sokolov, 1963). The
present study investigates the direct relation of distraction costs and
arousal benefits by the co-registration of performance and pupil size in a
well-established distraction paradigm.

The involuntary capture of attention by unexpected stimuli occur-
ring outside the current focus of attention enables the detection of
potentially relevant events in the environment (e.g., a ringing smart-
phone). The involved orienting and evaluation mechanisms include
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Naatdanen, 1998; Schroger & Wolff, 1998). The underlying mechanisms
have been described by a three-stage model of involuntary attention (e.
g., Escera & Corral, 2007; Schroger, 1997). In the first stage a predictive
model of the acoustic environment is created automatically. Unexpected
sounds (e.g., new sounds) violate the prediction (Winkler, Denham, &
Nelken, 2009; Winkler & Schroger, 2015; but see, May & Tiitinen,
2010). This can trigger an orienting of attention and further evaluation
of the unexpected sound. If no adaptation of behavior is required,
attention is reoriented to the task at hand. When applying an oddball
paradigm including frequently repeated standard sounds and rare,
randomly presented distractor or oddball sounds (also termed novel or
deviant sounds), distractor sounds frequently cause prolonged reaction
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times (RTs) in a task not related to the sound sequence or to the deviant
feature (auditory task, Berti, Roeber, & Schroger, 2004; Horvath, Win-
kler, & Bendixen, 2008; Muller-Gass & Schroger, 2007; visual task,
Escera et al., 1998; Parmentier, Elford, Escera, Andrés, & San Miguel,
2008).

Nonetheless, some studies reported reduced distraction effects or
even improved performance when task-irrelevant emotional informa-
tion was presented (Lindstrom & Bohlin, 2011; Lorenzino & Caudek,
2015; Max, Widmann, Kotz, Schroger, & Wetzel, 2015). These reduced
distraction or facilitation effects have been thought to be caused by an
increased level of arousal caused by the emotional content of the dis-
tractor event (Max et al., 2015). This explanation is in line with the
models by Naatanen (1992) and Sokolov (1963) postulating that the
orienting response includes costs of orienting and benefits of enhanced
arousal (see also Hoyer, Elshafei, Hemmerlin, Bouet, & Bidet-Caulet,
2021). However, a direct relation between distraction effects and
distractor-related changes in the arousal level was not yet evidenced in
the context of emotional and novel sounds and will be investigated in the
present study. Nonetheless, previous studies in the visual domain
investigated this relationship already by means of emotional attentional
blink tasks (McHugo, Olatunji, & Zald, 2013) and demonstrated that
attention capture by distractors are modulated by state levels of arousal,
in particular highly emotional stimuli facilitated the task performance
(e.g., threat of shock, (Kim & Anderson, 2020; Kim, Lee, & Anderson,
2021; Lee, Itti, & Mather, 2012; Sutherland & Mather, 2015).

We used changes in pupil diameter as a marker of novel and
emotional sound-related increase in arousal. Several studies confirmed
that novel oddball sounds (Bonmassar, Widmann, & Wetzel, 2020; Liao,
Kidani, Yoneya, Kashino, & Furukawa, 2016; Liao, Yoneya, Kidani,
Kashino, & Furukawa, 2016; Wetzel, Buttelmann, Schieler, & Widmann,
2016; Widmann, Schroger, & Wetzel, 2018) and emotional events
(Bradley, Miccoli, Escrig, & Lang, 2008; Bradley, Sapigao, & Lang, 2017;
Hess & Polt, 1960) cause a transient dilation of the pupil. In recent
oddball studies, emotionally negative novel sounds, that were inter-
spersed in a sequence of repeated standard sounds, evoked stronger
pupil dilation than emotionally neutral novel sounds (Bonmassar et al.,
2020; Widmann et al., 2018). Additional evidence for emotional arousal
being linked to an increase in pupil dilation is the simultaneous use of
skin conductance responses and heart rate as a marker of emotional
arousal. Recent studies observed a simultaneous increase in skin
conductance responses and heart rate as well as pupil dilation responses
to emotional stimuli (Bradley et al., 2008, 2017; Wang et al., 2018).

In sum, cumulative evidence supports a model postulating that
distraction effects include costs of orienting and benefits of arousal. To
test this hypothesis, we applied a well-established auditory-visual
oddball paradigm, including emotional highly arousing and neutral
moderately arousing environmental novel sounds while participants
focused on a visual categorization task. We expected first task-irrelevant
novel sounds to prolong RTs compared to standard sounds (distraction
effect; Escera, 1998; Schroger & Wolff, 1998) and increase PDRs (Mur-
phy, Robertson, Balsters, & O'connell, 2011; Widmann et al., 2018).
Second, we expected reduced distraction effects in response to
emotional novel sounds compared to neutral novel sounds (Max et al.,
2015) but increased amplitudes of the PDRs to emotional vs. neutral
novel sounds (Bonmassar et al., 2020). Third, we hypothesized a direct
relationship between emotion-related distraction effects and emotion-
related PDRs. That is, we expected concomitant shorter RTs and
higher PDRs in trials with emotional but not for neutral novel sounds.
Importantly, the relationship between RT and PDR needs to be analyzed
at both within- and between-participant level to disentangle effects of
the average PDR (e.g., participants with higher average PDR show
smaller distraction effects) from effects at single trial level (e.g., smaller
distraction effects occur in trials with larger PDR). This was achieved by
means of adequate centering strategies in a linear mixed-effects models
(for an example of different levels of analysis see LoTemplio, Silcox,
Federmeier, & Payne, 2021). That is, we expected shorter RTs in trials
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with higher PDR for emotional but not for neutral novel sounds. More-
over, the present experimental approach includes ethically harmless
stimuli and has no potential to cause anxiety, fear or threat. Thus, this
paradigm can be applied in developmental studies even with young
children as well as with patients, enabling insights in the relation be-
tween attentional distraction and arousal in developmental and clinical
samples.

2. Method
2.1. Participants

61 participants took part in the experiment. Four participants were
excluded for the following reasons: pupil data available from one eye
only, reaction times deviating more than two standard deviations from
the average (two participants) and an accidental double participation in
the experiment. The data of 57 healthy adults (M,ge = 25 years, range
18-36, 31 females, 5 left-handed) were used in the study. Participation
was rewarded by money (10€/hour). All participants gave written
informed consent. Participants confirmed a normal or corrected-to-
normal vision, normal hearing, no medication with effects on the ner-
vous system, and no history of attention-related disorders. Handedness
was measured with an abbreviated German version of the Oldfield
Handedness Inventory (Oldfield, 1971). The project was approved by
the local ethics committee.

2.2, Stimuli

2.2.1. Auditory stimuli

A total of 48 environmental novel sounds’ were collected from the
database of a previous study (Max et al., 2015). Max and colleagues
selected a set of 210 auditory stimuli, collected from the International
Affective Digitized Sounds study (IADS, Bradley & Lang, 2007), and
from other data bases as described by Max et al. (2015).

In the present study, sounds were allocated to three categories: 24
highly arousing emotionally negative sounds (for example an ambu-
lance siren), 24 moderately arousing neutral sounds (for example
toasting glasses), and 3 moderately arousing neutral sounds used as
standard sounds (for example a musical instrument). Descriptive sta-
tistic and independent samples t-test are reported in Table 1 and Table 2.
Sounds had a duration of 500 ms including faded ends of 5 ms. They
were presented at a loudness of 54.5 dB SPL (measured with PAA3
PHONIC Handheld audio analyzer, Phonic Corporation, Taipei,
Taiwan). Loudness of sounds was equalized with root mean square
normalization.

Table 1
Descriptive statistics of the categories of sounds used in the experiment.
Sound Valence Arousal
Number Mean SD Mean SD
Standard 3 5.66 0.21 4.43 0.40
Emotional 24 2.59 0.57 6.68 0.45
Neutral 24 5.21 0.46 4.81 0.37

Sounds had been rated on a 9-point scale for valence (1 = unpleasant — 5 =
neutral — 9 = pleasant) and arousal (1 = calm — 9 = arousing).

1 All sounds used in the present study were environmental sounds. In the
following we will omit the specification “environmental” and we will term the
sounds as “standard”, “emotional novel” and “neutral novel” in order to
improve readability.



C. Bonmassar et al.

Cognition 237 (2023) 105470

Table 2
Independent t-tests of the categories of sounds used in the experiment.
Condition Valence Arousal
t df p d BFyo t daf p d BFyo
emotional vs. neutral -17.36 46 < 0.001 -5.012 2.845 x 10'® 15.56 46 < 0.001 4.493 4.358 x 10'°
emotional vs. standard —9.003 25 < 0.001 —5.513 1.747 x 10° 8.103 25 < 0.001 4.962 282,390.711
neutral vs. standard —1.666 25 0.108 —1.020 1.098 1.631 25 0.115 0.999 1.061

Statistically significant results are marked in bold.

2.2.2. Visual stimuli

Three different target categories were presented in separate blocks:
(a) princesses vs. knights (Fig. 1), (b) cats vs. hens, (c) butterflies vs. fish.
For each target figure two versions were presented (slightly differing in
shape, color and direction). All versions of the target figures were pre-
sented with equal probability (e.g. 25% princess with a pink dress, 25%
princess with a blue dress, 25% knights with gray armor, 25% knight
with blue armor) in a pseudorandomized order, that is, we implemented
some constrictions to avoid biases which would appear in a complete
randomized order. For example, the first two trials of each block were
standard trials and we implemented two standard trials following a
novel sound. For each target category, a different scene was used as a
background. Princesses and knights were presented in front of a palace
(left side) and a fortress (right side), cats and hens were presented in
front of a basket (left side) and a hen-roost (right side), and butterflies
and fishes were presented with a flowering shrub (left side) and a pond

(right side). The background landscapes' pictures were displayed at the
center of a screen with a size of 960 x 720 px, 267 x 200 mm, (24.3° x
18.3° visual angle from a viewing distance of 620 mm). Picture mean
luminance without targets or feedback was 51.2 cd/m? on a gray
background screen with a mean luminance of 2.9 cd/m? (princess/
knights 50.3 cd/m? cat/hen 55.1 cd/m?, butterfly/fish 48.2 cd/m?).
The different versions of the targets and background scenes were pre-
sented to apply exactly the same paradigm to children in a future study
(not reported here).

2.2.3. Apparatus and software

The auditory stimuli were presented via loudspeakers (Bose Com-
panion 2 series III Multimedia speaker system) located at the left and the
right of the screen. The visual stimuli were presented on a VIEWPixx/
EEG display (VPixx Technologies Inc.) with a resolution of 1920 x 1080
(23,6-in. diagonal display size) and a refresh rate of 120 Hz. Responses
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Fig. 1. Trial structure. In every trial, a sound was presented for 500 ms. 100 ms after sound offset, each sound was followed by the target (e.g. princess). The target
was presented for 500 ms. Participants were instructed to press the left button when a princess appeared and the right button when a knight appeared. The response
time window was 2000 ms after target onset. Correct responses within the response time window were directly followed by a feedback motion, which consisted of
two images with a duration of 150 and 450 ms (total feedback duration 600 ms). The visual background was presented during the entire trial.
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to the target were given pressing a button on a response box (RTbox)
located in the front of the screen (Li, Liang, Kleiner, & Lu, 2010). The
experimental stimulation was presented via Psychtoolbox (Version
3.0.15, Kleiner, Brainard, & Pelli, 2007) using Octave (Linux, Version
4.0.0).

2.3. Procedure

The experiment was conducted in an acoustically attenuated and
electromagnetically shielded cabin. Illuminance of the cabin was held
constant at a level of 48.9 Ix (measured with MAVOLUX 5032B USB,
GOSSEN Foto- and Lichtmesstechnik GmbH, Niirnberg, Germany).
Participants sat in front of a screen, having their right and left index
finger on the RTbox buttons. Each experimental block started with a
five-point eye-tracker calibration and validation procedure.

2.3.1. Task and feedback

Participants were instructed to press the left button when a princess
(or cat or butterfly) appeared on the screen and the right button when a
knight (or hen or fish) appeared (see Fig. 1). They were asked to respond
to the target stimuli as fast and correctly as possible and to ignore the
sounds. Correct responses were followed by feedback, that is, the target
moved toward the left or right side. For example, the princess moved to
the palace on the left side and the knight moved to the fortress on the
right side (Fig. 1). The feedback motion consisted of two images with a
duration of 150 and 450 ms.

2.3.2. Trial and block structure

Each sound was presented with a fixed stimulus onset asynchrony
(SOA) of 3300 ms (Fig. 1). 100 ms after sound offset, each sound was
followed by a visual target. The target was presented for 500 ms. After
target onset, participants had a 2 s time window to respond. The feed-
back was presented with a duration of 600 ms directly after the
response, but not earlier than 200 ms after target offset. A total of six
blocks were presented, each consisting of 40 trials. Two blocks included
princesses and knights as target figure, two blocks of cats and hens and
two blocks of butterflies and fish. The order of blocks containing
different scenes were balanced across participants. Blocks containing the
same scene were always presented one after another. Each block lasted
about 2 min.

2.3.3. Sound sequence

The sound sequence included standard sounds (80%), emotional
(10%) and neutral (10%) novel sounds. These probabilities of sound
type presentation were equal over each block. That is, each of the six
blocks included 32 standard sounds, 4 emotional novel sounds and 4
neutral novel sounds. In total, 192 standard sounds, 24 emotional novel
sounds and 24 neutral novel sounds were presented. The sound sequence
was unique for each participant. This ensured that potential changes in
brightness were not systematically related to the occurrence of different
sound types. For each scene (princesses vs. knights, cats vs. hens, but-
terflies vs. fish) a different standard sound was presented. This pre-
vented potential effects of specific stimulus features of a single standard
sound on performance. The assignment of standard sounds to the scene
was counter-balanced across participants. The sound sequence was
pseudo-randomized so that each novel was preceded by at least two
standard sounds. Each novel was presented only once in total.

2.3.4. Training blocks

To familiarize participants with each of the three different scenes in
the experimental block, three short training blocks including 8 trials
each (6 standard sounds, 1 emotional and 1 neutral novel sounds) were
performed. Sounds presented in the training blocks were not presented
in the experimental blocks. If >50% of the trials was answered incor-
rectly, the training was repeated. Because the experiment was designed
to be suitable for children, all participants of the present study
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2.4. Data analysis

The first two standard trials per block are required for the formation
of a predictive model of the upcoming stimuli (Bendixen, Roeber, &
Schroger, 2007). Because the two standard trials immediately following
an oddball sound can be affected by previous distractor sound process-
ing (Wetzel, 2015), these were removed from all analyses. Only corre-
sponding identical trials from the behavioral and pupil data, including a
correct response, were used for analysis. Trials with incorrect or missing
responses were excluded from pupil data analysis and trials with missing
pupil data or blinks which could not be interpolated (see below) were
also excluded from RT analysis.

2.5. Pupil data processing

The pupil diameter of both eyes was recorded with an infrared
EyeLink Portable Duo eye-tracker (SR Research Ltd., Mississauga,
Ontario, Canada). The eye tracking was set up in remote mode at a
sampling rate of 500 Hz.

The eye-tracker automatically reports the number of pixels below a
specific threshold as belonging to the pupil (in case area is recorded or in
case diameter is recorded, as here, a transformation of area to diameter
by: (256 * \/ (A in pixel + r)). By maintaining constant distance between
the participant and the eye-tracker, the number of pixels actually reflects
a meaningful and valid physical unit which can be converted to other
meaningful units by simple linear transformations (e.g., mm; as
described in several publications, for example Hayes & Petrov, 2016;
Klingner, Kumar, & Hanrahan, 2008). We converted the eye tracker
pupil diameter digital counts to mm as suggested by Steinhauer, Brad-
ley, Siegle, Roecklein, and Dix (2022). Pupil size analysis was imple-
mented with MATLAB software. Eye saccade and blink information were
provided by the eye tracker. Partial blinks were detected during post-
processing from the smoothed velocity times series by an additional
custom function, i.e., pupil diameter changes exceeding 20 mm/s
including a 50 ms pre-blink and a 100 ms post-blink interval (Merritt,
Keegan, & Mercer, 1994). We applied Kret and Sjak-Shie's (2019) dy-
namic offset algorithm to average data from both eyes. Isolated data
segments between blinks or missing data shorter than 10 ms were
considered as missing data. Subsequently, segments with blinks or
missing data shorter than 1 s were interpolated with linear interpolation,
longer segments were removed from the continuous data. Data were
segmented in epochs of 2 s of duration (including a — 0.2 to O s pre-
stimulus interval), baseline corrected by subtracting the mean ampli-
tude of the baseline period (—0.2 to 0.2 s) from each epoch. Typically,
the pupil is not able to contract or dilate any earlier than 200 ms after
stimulus onset (Mathot, Fabius, Van Heusden, & Van der Stigchel,
2018). Thus, baseline correction was extended to range from —0.2 to 0.2
s, which allows for a wider span of baseline activity. The mean PDRs
were computed in a time window around the peak between 1.3 and 1.5 s
for each trial and each participant. In addition, for each trial, the average
pupil size in the baseline period was computed.

2.6. Behavioral data (reaction times, RTs)

Incorrect responses, responses faster than 100 ms after target onset
and missing responses (or responses given later than 2 s after target
onset) were excluded from RT and pupil analysis. Participants deviating
>2 standard deviations from the average reaction times were excluded
from the analysis. A total mean of 132 trials per participant (SD = 5.19;
max = 140; min = 109) were used for analysis.
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2.7. Statistical analysis

2.7.1. Analysis of condition effects

A paired samples t-test and Bayesian paired samples t-test were
performed to compare PDR amplitudes in response to standard sounds,
emotional novel and neutral novel sounds in the selected analysis mean
amplitude time window (1.3-1.5 s). The same analysis was performed
for the RTs in trials including standard sounds, emotional novel, and
neutral novel sounds. All t-tests and Bayesian t-tests were performed
using the R packages stats (v4.0.3, R Core Team, 2019) and BayesFactor
(v0.9.12-4.2, R. D. Morey, Rouder, Pratte, & Speckman, 2011; Morey &
Rouder, 2011; Rouder, Speckman, Sun, Morey, & Iverson, 2009).

2.7.2. Analysis of statistical associations

We analyzed the relationship between RT and PDR both at trial and
participant level with Linear mixed effect models (LMMs) to account for
the dependencies between trials within participants. Trials were treated
as primary unit of investigation (level 1) nested within participants
(level 2). All models were estimated with the Maximum Likelihood
method using the R packages lme4 (v1.1-27, Bates, Machler, Bolker, &
Walker, 2015), and lmerTest (v3.1-3, Kuznetsova, Brockhoff, & Chris-
tensen, 2017). As measures of goodness-of-fit model, we computed
marginal and conditional R? (Nakagawa & Schielzeth, 2013), that is, the
proportion of the total variability explained by the fixed effects and by
all fixed and random effects together, respectively. Please note that
relatively low values for R? are not uncommon due to the considerable
variability of RTs between trials. Degrees of freedom for statistical tests
were approximated using Satterthwaite's approximation. Bayes Factors
were approximated from differences in the Bayesian Information Cri-
terion, that is, BFpy = exp(B% 524 (Raftery, 1995). Specifically,
we followed the logic of a “Type III” analysis of variance and computed
the Bayes Factors from the comparison of the full model versus the full
model excluding the respective effect.

We explored a range of conceivable models in which RT was modeled
as a function of the various candidate predictors. To systemize the search
for the best model, we applied a best subset selection and selected the
best-fitting model using the Bayesian information criterion (BIC; Burn-
ham & Anderson, 2004; Schwarz, 1978, Table 3). The set of candidate
predictors contained various predictors at trial- and participant-level.
Following from the experimental design, we always included Novelty
(Standard vs. Distractor) and Emotionality (Neutral novel sound vs.
Emotional novel sound) of the presented sounds as predictors. We
applied a contrast coding such that the coefficient of Novelty (0 for
standard, 1 for novels irrespective of the emotional content) is an esti-
mate of the predicted difference in RT between standards and neutral
novels whereas the coefficient of Emotionality (0 for standard sounds
and neutral novels, 1 for emotional novels) reflects the predicted dif-
ference in RT between emotional and neutral novels. We included a
random intercept (i.e., varying average RT) and a random slope for the
predictor Novelty across participants (i.e., varying distraction effects). A
random slope for Emotionality was not supported by the data and
resulted in a singular fit.>

We considered several potential relationships between pupil diam-
eter and RTs: Both pupil diameter within the baseline period (baseline

2 Initially, we intended to use the predictor Condition (Standard vs.
Emotional novel sound vs. Neutral novel sound). However, a random slope of
Condition results in 2 separate random slopes for the differences between
emotional novels vs. standards and neutral novels vs. standards, respectively.
Both for RT and PDR as dependent variable, this resulted in a singular model
due to the high correlation of these random slopes — indicating that a single
random slope across both novel types was more appropriate. Re-parameteri-
zation into the separate predictors Novelty and Emotionality enabled a model
with a common random slope (i.e., individual distraction effects) across both
types of novel sounds.
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PD) and during the pupil dilation response (PDR) were used as potential
predictors (LoTemplio et al., 2021; Murphy et al., 2011). The baseline
PD was included in the selection process of the best model only to
improve the model estimates (Alday, 2019) by controlling for potential
confounding due to differences in baseline PD. This approach is com-
parable to an ANCOVA approach where covariates are included -
although they are not of substantive interest — to control for confound-
ing. We did not interpret the resulting baseline effects as this would have
gone beyond the scope of the manuscript (however, for possible inter-
pretation see Supplementary material).

We considered that baseline PD and PDR can vary from trial to trial
but there may also be systematic differences between participants and
both these sources of variation could affect response times differentially.
To give an intuition why this can happen: When the raw PDR takes a
“large” value (e.g., relative to the grand mean) it remains unclear what
“large” exactly implies, because large values could be due to the
respective participant generally showing large PDRs or due to the spe-
cific trial showing a large PDR. If the raw baseline PD or PDR values
were used as predictors, the trial and participant level effects of these
predictors would be confounded and uninterpretable.

An established way to disentangle trial level from participant level
variance is to create two variables: a trial level variable which is
centered around the mean within participants and a participant level
variable which represents the mean of each participant centered around
the grand mean of all participants (Enders & Tofighi, 2007). The former
variable represents the effect of fast fluctuations on trial level (e.g., do
participants respond faster in trials with a larger PDR relative to the
participant's individual average?). The later variable represents the ef-
fect of interindividual differences which are stable over the course of the
experimental session (e.g., do participants with a generally larger PDR
have larger behavioral distraction effects?). Both baseline PD and PDR
were treated this way to separate the two sources of variation. We refer
to the trial-level variables by the index “trial” (e.g., PDRyia1) and to the
participant-level variables by the index “participant” (e.g.,
PDRparticipant)~

The least complex model under consideration contained Novelty,
Emotionality, PDRyi, and Baselineyiy as simple effects. The most
complex model could include Novelty, Emotionality, linear, and
quadratic effects of PDR and baseline PDR both at trial level and
participant® level as well as their interactions with Novelty and
Emotionality. Between these models, all possible alternative models
were considered in the model space with two restrictions: (1) Any model
containing a quadratic effect or interaction should also include the
respective lower order (“simple”) effect. (2) Any interaction including
either Novelty or Emotionality should always be accompanied by an
interaction with the respective other predictor because potential dif-
ferences between the sound types are of genuine substantive interest to
our study. All model effects specified based on the BIC selection are
listed in Table 4. Except for a moderate skewness (2.29) in the level-1
residuals due to very slow responses in some single trials, all model
assumptions were respected. We decided to keep these rare trials in the
dataset because their removal would not have changed the results in any
meaningful way given the large number of trials available for the model

% Theoretically, the participant-level PDR/Baseline could be computed from
the average across all sound types or separately for each sound Type. The
correlations between the values from these approaches were very high (all rs >
0.80) and the choice between these methods did therefore not change the re-
sults in any meaningful way. For the sake of comprehensibility, we only report
the results when averaging PDR/Baseline across all sound types.



Table 3
Overview of the 10 best BIC-selected models.

BIC model selection

1st best Model 2nd best Model

3rd best Model

4th best Model

5th best Model

6th best Model

7th best Model

8th best Model

9th best Model

10th best Model

Intercept X X
Baseline, X X
(Baselineiz)? X

Baselineparticipant
(Basehneparticioant)z

Novelty

Emotionality

PDRirial

PDRyarticipant

Baselineyia x Novelty

Baselineyi, x Emotionality
Baselineparticipant X Novelty
Baselineparticipant X Emotionality
Novelty x (Baselinea)?

Novelty x (Baselineparicioant)
Novelty X PDRyrial

Novelty x PDRparticipant
Emotionality x (Baselineya)?
Emotionality x (Baselineparticioant)’
Emotionality X PDRyrial
Emotionality x PDRparticipant

Df 12.00 11.00
loglik —43,851.65 —43,858.42
BIC 87,810.46 87,815.06
delta 4.61
weight 0.62 0.06

PR XX
PR XX

>

11.00
—43,858.55
87,815.33
4.87

0.05

Ee o I I

13.00
—43,849.99
87,816.08
5.62

0.04

PO X XX

13.00
—43,850.11
87,816.30
5.84

0.03

PR XX

X

13.00
—43,850.19
87,816.46
6.00

0.03

PO X R X

13.00
—43,850.34
87,816.76
6.31

0.03

Fe iR o T

13.00
—43,850.69
87,817.47
7.01

0.02

Ee o T A

13.00
—43,851.20
87,818.48
8.02

0.01

>

fo o I B

13.00
—43,851.25
87,818.59
8.13

0.01

The parameters or predictors that are included in the model are marked with a “X”.
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Table 4
Coefficients for the mixed-effects model.
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RT-PDR-model

Dependent Predictor/Fixed effect Estimate SE df t-value P BF Results‘description
variable
Reaction times Intercept 406.040 5.144 57.683 78.941 <0.001 - mean (predicted) standard PDRs
Novelty 22.859 2.963 109.884 7.714 <0.001 ?077 novel RTs minus standard RTs
Emotionality —10.947 3.077 7444833 -3.558 <0.001 6.4 emotional RTs minus neutral RTs
Baselinegia) —2.954 4.140 7465.697 -0.713 0.475 1
Baselineyia x Novelty  35.670 8335 7468218 4280  <0.001 107.9  JastestRTs tonovel sounds when the baseline is smaller
than average
Baseliney;,
A€ nCurial X 9.101 10525 7492.214 0.865  0.387  0.02
Emotionality
(Baselinega)? 17.239 4609 7500540 3.740  <0.001 12.4 fastest RTs when the baseline is at average within each
participant
PDRyyial 12.506 5.000 7477.175  2.501 0.013 2.6 at a trial level, slower RTs for trials with larger PDRs
PDRparticipant —189.637 47.221 57.174 —-4.016 <0.001 11.3 participants with generally larger PDRs showed faster RTs
Random effects Variance SD Corr
Participant Intercept 1424.1 37.74
Novelty 153.4 12.39 0.37
Residuals 6261.0 79.13

Statistically significant results are marked in bold.

RT = reaction time; SE = standard error; df = degree of freedom; SD = standard deviation; Corr = correlation; PDR = pupil dilation response; BF = Bayes Factor.

(7554)."
3. Results
3.1. PDR

Tests of the three a-priori hypotheses were conducted using Bon-
ferroni adjusted alpha levels of 0.016 per test (0.05/3). The analysis of
the pupil dilation responses in the time window selected showed an
effect of novel sounds (emotional vs. standard sounds: t(56) = 11.2,p <
.001, BF;9 =1.01 x 10'%; neutral vs. standard sounds: #(56) = 7.90,p <
.001, BF;9 = 9.04 x 107, see Fig. 2 and Fig. 3, Panel B), resulting from
larger amplitudes for novel sounds compared to standard sounds. An
effect of emotional sounds (emotional vs. neutral sounds: t(56) = 5.86, p
< .001, BFi9p = 5.77 x 10* resulted from larger amplitudes for
emotional novel sounds compared to neutral novel sounds.

3.2. RTs

Tests of the three a-priori hypotheses were conducted using Bon-
ferroni adjusted alpha levels of 0.016 per test (0.05/3). The analysis of
the reaction times showed an effect of novel sounds (emotional vs.
standard sounds: ¢(56) = 4.79, p < .001, BFj9p = 1.5 x 10%; neutral vs.
standard sounds: t(56) = 7.58, p < .001, BFjp = 2.8 x 107, see Fig. 3,
Panel A), resulting from slower reaction times for novel sounds
compared to standard sounds. An effect of emotional sounds (emotional
vs. neutral sounds: t{(56) = —3.92, p < .001, BF;p = 98.24) resulted from
faster reaction times for emotional novel sounds compared to neutral
novel sounds.

4 We investigated the potential impact of the misspecified level-1-residual
distribution by comparing our model with normal level-1 distribution with a
model with an exgaussian distribution which can account for the considerable
skewness of RTs at trial-level using brms (Biirkner, 2017, 2018; Carpenter et al.,
2016) which utilizes a Bayesian estimation algorithm. The exgaussian model fit
the data substantially better, but this did not affect any substantive conclusion,
because none of the parameters changed its sign or effect size fundamentally.

3.3. RT-PDR-model

The best-fitting BIC-selected model contained the predictors Novelty,
Emotionality, Baselinep,®° Baselineyia X Novelty, Baselineyiy x
Emotionality*, (Baselinetrial)z, PDRyial and PDRparticipant: The effects of
the predictors Novelty and Emotionality showed that participants
responded significantly slower to novel than to standard sounds but
significantly faster to emotional novels compared to neutral novel
sounds (Fig. 3, Panel A; Table 4, Novelty and Emotionality effects) —
resembling the results of the confirmatory analyses above. In addition,
we found dissociable relationships between PDR and RT at trial and
participant level. At trial level, slower RTs were predicted for trials with
larger PDR (Fig. 4, Panel A; Table 4, effect PDRyyq)), but participants
with generally larger PDRs tended to respond faster (Fig. 4, Panel B;
Table 4, effect PDRparticipant)- The model also revealed effects of the
baseline PD on RTs and distraction effects that are described in detail in
the Supplement material.

With respect to our research questions, the existence of an interac-
tion of pupil dilation and behavioral distraction effects (either at trial or
participant level) was of major interest. Therefore, we computed addi-
tional Bayes Factors comparing the BIC-selected model with models in
which we added such interactions. At trial level, there was strong evi-
dence against the inclusion of the terms PDRyia) x Novelty and PDRyyig
x Emotionality into the BIC-model (BF = 0.002). At participant level,
there was strong evidence against the inclusion of the terms PDRartici-
pant X Novelty and PDRparticipant X Emotionality (BF = 0.006). That is,
the model did not support an interaction of these factors neither on the
trial level nor on the participants level.

4. Discussion

This study investigated the direct relations of emotion-related
distraction effects on performance in a primary task and increased
levels of arousal evoked by processing of such emotional distractor
sounds. Novel sounds, compared to standard sounds, prolonged RTs in a
visual categorization task and evoked a transient dilation of the pupil.
On the behavioral level, distraction effects were reduced in response to
emotional compared to neutral novel sounds while the pupil dilated

5 These terms were added manually following the substantive restrictions
outlined above. This change did not affect size or hypothesis test of any other
effect in the model.
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Fig. 2. Grand-average pupil dilation responses (PDRs) for emotional novel sounds, neutral novel sounds, and standard sounds. Sound onset is at time point zero.

Shading indicates the 95% confidence interval. The gray window indicates the time window used for analysis. Novel sounds evoked statistically significantly
increased PDRs compared to standard sounds. Emotional novel sounds evoked statistically significantly increased PDRs compared to neutral novel sounds.
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Fig. 3. Panel A: Mean reaction time (RT) for standard, neutral novel and emotional novel sounds. Novel sounds evoked increased RTs compared to standard sounds,
demonstrating a distraction effect. Emotional novel sounds caused reduced RTs compared to neutral novel sounds, indicating a facilitation effect. Panel B: Mean pupil
dilation response for standard, neutral novel and emotional novel sounds. Novel sounds evoked larger PDRs compared to standard sounds. Emotional novel sounds
evoked larger PDR compared to neutral novel sounds, indicating an increase in arousal. Panel C: Mean distraction effects (RT novel minus RT standard sound) and
pupil dilation differences between PDR to novel and standard sound. This plot displays the hypothesized relationship between faster reaction times and larger pupil
dilations to emotional novel sounds. This relation has been disconfirmed by the multilevel analysis. The plots show 95% confidence interval.
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Fig. 4. Panel A: The relationship between performance (reaction times, RT) and pupil dilation response (PDR) at trial level. Larger pupil dilations in a trial were
associated with slower reaction times. Panel B: The relationship between performance (standard reaction times, RT) and pupil dilation response (PDR) at participant

level. Participants with larger pupil dilations showed faster average response times.

even more in response to emotional novel sounds vs. neutral novel
sounds. However, mixed-model effects could not provide any evidence
for a correlation between performance and transient changes in pupil
diameter that was specific to a sound's novelty or emotional content.
This result was confirmed by Bayes Factors.

Novel sounds impaired performance in a subsequent categorization
task compared to standard sounds. This result is consistent with current
models of distraction of attention (Corbetta & Shulman, 2002; Escera &
Corral, 2007; Naatanen, 1992; Posner, 1980, 2016; Sokolov, 1963).
New, salient, and task-irrelevant events can involuntarily capture
attention and can impair performance. This distraction effect (difference
between RTs to distractor and RTs to standard sounds) has been
observed in the auditory, visual, and tactile modality (Akatsuka et al.,
2007; Escera, 1998; Schroger & Wolff, 1998) and has been replicated
many times (Berti & Schroger, 2001, 2004; Hoyer et al., 2021; Par-
mentier, 2014; Wetzel, Scharf, & Widmann, 2019). Task-irrelevant
emotional novel sounds significantly decreased distraction effects
compared to neutral novel sounds. Our results indicate that task-
irrelevant emotional stimuli facilitated processing and improved
behavioral performance in a subsequent task (Lindstrom & Bohlin,
2011; Lorenzino & Caudek, 2015; Max et al., 2015; Phelps, Ling, &
Carrasco, 2006; Zeelenberg & Bocanegra, 2010). Similar effects have
been observed in the visual modality as well (e.g., Kim et al., 2021; Kim
& Anderson, 2020; Lee et al., 2012; Sutherland & Mather, 2015).

Emotional stimuli innately achieve prioritized processing due to
their high motivational relevance (Mather, Clewett, Sakaki, & Harley,
20165 Schupp, Junghofer, Weike, & Hamm, 2003). However, previous
studies also observed that emotional information can capture higher
attentional resources than less salient stimuli resulting in impaired
performance (for example, Kanske, 2012; Most, Chun, Widders, Haven,
& Zald, 2005; Pereira et al., 2006; Pessoa, 2008; for a review on visual
emotional stimuli, see Bradley, Keil, & Lang, 2012). Opposite results on
modulations of emotional information on performance and attentional
capacities may be explained due to differences between experimental
designs, sensory stimulus presentation, task relevance and task assign-
ment. For example, stimuli presented in the same modality interfere
more with each other than stimuli presented in different modalities (e.g.,
Duncan, Martens, & Ward, 1997; Schupp et al., 2008; Soto-Faraco &
Spence, 2002). Thus, emotional distraction effects may be reduced by
presenting the task-irrelevant emotional stimulus in a different modality
compared to the target (reduced response times De Houwer, Hermans,
Rothermund, & Wentura, 2002; Jiang, Vagnini, Clark, & Zhang, 2007;

Scott, O'Donnell, Leuthold, & Sereno, 2009; improved identification of
visual targets Brosch, Sander, & Scherer, 2007, Brosch, Grandjean,
Sander, & Scherer, 2008; Zeelenberg & Bocanegra, 2010).

On a psychophysiological level, we observed a larger transient pupil
dilation response (PDR) to novel sounds compared to standard sounds.
This finding is in line with our hypothesis and with previous studies
(Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 2010; Marois, Pozzi, &
Vachon, 2020; Murphy et al., 2011) and has been discussed to reflect a
transient increase in arousal (Joshi, Li, Kalwani, & Gold, 2016; Joshi &
Gold, 2020; Krebs, Park, Bombeke, & Boehler, 2018; Murphy, O'Connell,
O'Sullivan, Robertson, & Balsters, 2014; for a review see, Eckstein,
Guerra-Carrillo, Miller Singley, & Bunge, 2017; Poe et al., 2020; Zek-
veld, Koelewijn, & Kramer, 2018). Moreover, larger pupil dilation was
observed in response to emotional novel sounds compared to neutral
novel sounds (as e.g., Bonmassar et al., 2020; Partala & Surakka, 2003;
Widmann et al., 2018). Thus, our study could replicate effects of unex-
pected, task-irrelevant, and emotionally arousing sounds on both per-
formance and pupil size from previous studies. A dilation of the pupil is
likely to be modulated by the increased activity of LC-NE system (Poe
et al., 2020), which primarily modulates the level of arousal (Aston-
Jones & Cohen, 2005; Corbetta, Patel, & Shulman, 2008; Poe et al.,
2020) and is discussed to be involved in the processing of emotion (for
review see Nieuwenhuis, De Geus, & Aston-Jones, 2011; Ranganath &
Rainer, 2003; Sara & Bouret, 2012). The bias in favor of infrequent,
salient and high-priority information is modulated by the norepineph-
rine release of the locus coeruleus (Joshi & Gold, 2020; Mather et al.,
2016; Poe et al., 2020) and is represented by the pupil dilation (Mege-
mont, McBurney-Lin, & Yang, 2022). In fact, animal studies evidenced a
causal relation between stimulations of LC neurons and the subsequent
pupil dilation for both tonic and phasic LC activity (for tonic see Gil-
zenrat et al., 2010; Hayat et al., 2020; Joshi & Gold, 2020; Liu,
Rodenkirch, Moskowitz, Schriver, & Wang, 2017, for phasic see Gil-
zenrat et al., 2010; Joshi et al., 2016; Joshi & Gold, 2020; Reimer et al.,
2016; Sara & Bouret, 2012).

It is worth mentioning that the pupil can also partly reflect the ac-
tivity of structures other than the LC such as the superior colliculus (SC,
for review see Wang & Munoz, 2015) and the anterior cingulate cortex
(ACCQ). Activity in such brain areas is coordinated with pupil fluctuations
that are associated with certain aspects of cognitive processing,
including attention and orienting to salient stimuli (Joshi et al., 2016;
Wang & Munoz, 2015). However, LC and SC might subserve comple-
mentary functions (for review see Einhauser, 2017), for example, the SC
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is part of a coeruleo-cortical pathway that modulates attentional func-
tions (Wang & Munoz, 2015). All these multiple pathways may help to
explain the more variable timing of pupil-related modulations of
neuronal activity.

Even though emotional novel sounds evoked larger PDRs and
reduced distraction effects separately, the applied multilevel model did
not support a correlation between both effects neither on the trial nor on
the participant level. The lack of a correlation was confirmed by the
computation of Bayes Factors, which showed that the data provide
strong evidence against such interactions. That is, emotional novel
sounds evoking larger PDRs did not show systematically larger behav-
ioral facilitation effects and participants showing larger average PDRs in
response to emotional distractor sounds did not show correspondingly
larger behavioral facilitation effects. Based on these results, we suggest
that the emotion-related facilitation effect on the behavioral level and
the increase in arousal reflected by the PDR do most likely not reflect the
operation of identical processes. They are presumably caused by at least
partly independent mechanisms. This does not exclude common pre-
cursor processes. It can be speculated that one of the involved processes
does not show proportional behavior, for example due to all-or-nothing
effects or ceiling or floor effects. Taken together, we propose that our
behavioral and psychophysiological results indicate the operation of
possibly related, but not identical mechanisms contributing to emotion-
related decreased effects of distraction.

Even though we did not find an emotion-specific correlation between
reduced distraction effects and increased PDR, our exploratory analysis
showed two opposite relationships between RTs and PDRs at the trial
and the participant level, independent of the sound type presented. On a
participant level, participants with larger mean PDR, responded faster to
target stimuli. Behaviorally relevant stimuli can dilate the pupil (e.g.,
Beatty, 1982; Murphy et al., 2014). The negative correlation could
indicate that participants with increased PDR have continuously and
more effectively used the sounds as a temporal cue for both the occur-
rence and the timing of the upcoming target (Hackley, 2009; Hackley &
Valle-Inclan, 2003) and effectively prepared for the onset of the to-be-
categorized stimulus (Volosin, Grimm, & Horvath, 2016; Wetzel,
Schroger, & Widmann, 2013). This can result in faster responses
compared to participants who were less engaged in the task. Strauch and
colleagues suggested that pupil dilation might be interpreted as a
readout of all three attentional subsystems, alerting, orienting and ex-
ecutive attention as suggested by Petersen and Posner (2012). Following
this suggestion, the negative correlation at participant level could also
reflect higher-level attentional factors related to the executive functions:
Participants with larger PDR employed more attentional resources
because they were more engaged in performing the task. In both cases,
the negative correlation between RTs and PDRs might reflect
participant-level aspects of task engagement (see e.g. also Hopstaken,
van der Linden, Bakker, & Kompier, 2015).

At the trial level, we observed a positive correlation between RTs and
PDRs, that is, in trials with slower reaction times we observed larger
PDRs in the same trial irrespective of sound type (as previously reported
by Murphy et al., 2011). Again, following the suggestion by Strauch,
Wang, Einhauser, Van der Stigchel, and Naber (2022), this positive
correlation could reflect intermediate-level factors related to alerting
and orienting of attention (Petersen & Posner, 2012): at a trial level,
pupil dilation indicates orienting and distraction of attention in response
to stimuli occurring in the surrounding. Interestingly, as we did not
observe an interaction effect of trial-level PDR and novelty, the relation
slower RT-larger PDR apparently might also hold for standard trials. We
suggest that attentional orienting and enhanced stimulus processing
observable in distracting novel trial at larger scales might also occur in
standard trials at smaller scales, for example in relation to increased
phasic NE release, potentially due to attentional orienting toward sound
stimulation and spontaneous fluctuations of the LC activity (Jepma &
Nieuwenhuis, 2011), resulting in enhanced processing of the current
sound (and vice versa; Aston-Jones & Cohen, 2005) also in standard
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trials. The enhanced processing of the task-irrelevant standard and novel
sounds can impair subsequent target stimulus-related processes, result-
ing in increased RT at trial-level.

Since PDR and RT on a trial level consider deviations relative to the
participants' individual averages whereas participant level RT and PDR
consider deviations of the participants individual averages from the
grand average, these correlations represent differentiable sources of
variance and the relationships can point in different directions (Enders
& Tofighi, 2007; see also LoTemplio et al., 2021 for the relation of P3b
and RT in an oddball task). More generally, the trial-to-trial fluctuation
of activity could reflect brain processes specific to that stimulus-driven
behavior, whereas a difference between participants could reflect a
general individual response bias to incoming stimuli. Our results
demonstrate that the centering strategies, common in multilevel models,
can also be applied effectively to disentangle enduring and transient
effects in experimental settings.

5. Conclusion

Our findings indicate that task-irrelevant and unexpected novel
sounds impair performance in a categorization task and distraction ef-
fects are reduced in response to emotional compared to neutral novel
sounds. Transient changes in pupil size are larger in response to novel
sounds compared to standard sounds and this increase is larger for
emotional than for neutral novel sounds. Our frequentist and Bayesian
results disconfirm our hypothesis of a direct relation between reduced
distraction effects on the behavioral level and increased arousal re-
flected by larger PDR to emotional novel sounds. We suggest that both
performance and pupil diameter reflect partly distinct processes. Given
that the PDR has been discussed to indirectly reflect the activity of the
locus coeruleus, the LC-NE system may embody a common antecedent
for both effects, spreading norepinephrine to cortical areas involved in
attention control and control of the pupil. In addition, the observed
emotion-unspecific correlations between performance (RT) and levels of
arousal (PDR), that differ on the trial and the participants level, provide
new insights into the underlying mechanisms of potential fluctuation of
the LC-NE system, aspects of individual task engagement and their ef-
fects on performance.

At last, the present paradigm makes use of ethically harmless stimuli
which do not cause anxiety, fear or threat. Thus, it can be applied in the
research of a relation between attentional distraction and arousal in
developmental and clinical studies.

Author notes

We thank Dunja Kunke and Tjerk Dercksen for proofreading and
Carolin Albrecht for her assistance in investigating the cause for the
singular model fits. We are grateful for support in data acquisition by
Dunja Kunke and Gabriele Schoeps. We thank all participants for sup-
port. The project was funded by the DFG (WE 5026/1-2), the Center for
Behavioral Brain Sciences Magdeburg funded by the European Regional
Development Fund (ZS/2016/04/78120), and the Leibniz Association
(P58/2017).

CRediT authorship contribution statement

Carolina Bonmassar: Conceptualization, Methodology, Software,
Formal analysis, Investigation, Data curation, Writing — original draft,
Writing — review & editing. Florian Scharf: Methodology, Formal
analysis, Project administration, Writing — original draft. Andreas
Widmann: Software, Writing — original draft. Nicole Wetzel: Concep-
tualization, Resources, Writing — original draft, Writing — review &
editing, Funding acquisition.



C. Bonmassar et al.
Declaration of Competing Interest

None.
For reprints: Carolina Bonmassar, Carolina.Bonmassar@lin-mag
deburg.de

Data availability

Data will be made available on request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cognition.2023.105470.

References

Akatsuka, K., Wasaka, T., Nakata, H., Kida, T., Hoshiyama, M., Tamura, Y., & Kakigi, R.
(2007). Objective examination for two-point stimulation using a somatosensory
oddball paradigm: An MEG study. Clinical Neurophysiology, 118(2), 403-411.
https://doi.org/10.1016/j.clinph.2006.09.030

Alday, P. M. (2019). How much baseline correction do we need in ERP research?
Extended GLM model can replace baseline correction while lifting its limits.
Psychophysiology, 56(12), Article e13451. https://doi.org/10.1111/psyp.13451

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus coeruleus-
norepinephrine function: Adaptive gain and optimal performance. Annual Review of
Neuroscience, 28, 403-450. https://doi.org/10.1146/annurev.
neuro.28.061604.135709

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects
models using Ime4. Journal of Statistical Software, 67(1), 1-48. https://doi.org/
10.18637/jss.v067.i101

Beatty, J. (1982). Task-evoked pupillary responses, processing load, and the structure of
processing resources. In Psychological bulletin (pp. 276-292). American Psychological
Association. https://doi.org/10.1037/0033-2909.91.2.276. Vol. 91, Issue 2.

Bendixen, A., Roeber, U., & Schroger, E. (2007). Regularity extraction and application in
dynamic auditory stimulus sequences. Journal of Cognitive Neuroscience, 19(10),
1664-1677. https://doi.org/10.1162/jocn.2007.19.10.1664

Berti, S., Roeber, U., & Schroger, E. (2004). Bottom-up influences on working memory:
Behavioral and electrophysiological distraction varies with distractor strength.
Experimental Psychology, 51(4), 249-257. https://doi.org/10.1027/1618-
3169.51.4.249

Berti, S., & Schroger, E. (2001). A comparison of auditory and visual distraction effects:
Behavioral and event-related indices. Cognitive Brain Research, 10(3), 265-273.
https://doi.org/10.1016/50926-6410(00)00044-6

Berti, S., & Schroger, E. (2004). Distraction effects in vision: Behavioral and event-related
potential indices. NeuroReport, 15(4), 665-669. https://doi.org/10.1097/00001756-
200403220-00018

Bonmassar, C., Widmann, A., & Wetzel, N. (2020). The impact of novelty and emotion on
attention-related neuronal and pupil responses in children. Developmental Cognitive
Neuroscience, 42(August 2019), Article 100766. https://doi.org/10.1016/j.
dcn.2020.100766

Bradley, M. M., Keil, A., & Lang, P. J. (2012). Orienting and emotional perception:
Facilitation, attenuation, and interference. Frontiers in Psychology, 3(NOV), 1-6.
https://doi.org/10.3389/fpsyg.2012.00493

Bradley, M. M., & Lang, P. J. (2007). The international affective digitized sounds (; IADS-2):
Affective ratings of sounds and instruction manual. Gainesville, FL: University of Florida
(Tech. Rep. B-3.).

Bradley, M. M., Miccoli, L., Escrig, M. A., & Lang, P. J. (2008). The pupil as a measure of
emotional arousal and autonomic activation. Psychophysiology, 45(4), 602-607.
https://doi.org/10.1111/j.1469-8986.2008.00654.x

Bradley, M. M., Sapigao, R. G., & Lang, P. J. (2017). Sympathetic ANS modulation of
pupil diameter in emotional scene perception: Effects of hedonic content, brightness,
and contrast. Psychophysiology, 54(10), 1419-1435. https://doi.org/10.1111/
psyp.12890

Brosch, T., Grandjean, D., Sander, D., & Scherer, K. R. (2008). Behold the voice of wrath:
Cross-modal modulation of visual attention by anger prosody. Cognition, 106(3),
1497-1503. https://doi.org/10.1016/j.cognition.2007.05.011

Brosch, T., Sander, D., & Scherer, K. R. (2007). That baby caught my eye... Attention
capture by infant faces. Emotion, 7 3, 685-689.

Burnham, K. P., & Anderson, D. R. (2004). Multimodel inference: Understanding AIC and
BIC in model selection. Sociological Methods & Research, 33(2), 261-304. https://doi.
0rg/10.1177/0049124104268644

Corbetta, M., Patel, G., & Shulman, G. L. (2008). The reorienting system of the human
brain: From environment to theory of mind. Neuron, 58(3), 306-324. https://doi.
0rg/10.1016/j.neuron.2008.04.017

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven
attention in the brain. Nature Reviews Neuroscience, 3(3), 201-215. https://doi.org/
10.1038/nrn755

De Houwer, J., Hermans, D., Rothermund, K., & Wentura, D. (2002). Affective priming of
semantic categorisation responses. Cognition and Emotion, 16(5), 643-666. https://
doi.org/10.1080/02699930143000419

11

Cognition 237 (2023) 105470

Duncan, J., Martens, S., & Ward, R. (1997). Restricted attentional capacity within but not
between sensory modalities. Nature, 387(6635), 808-810. https://doi.org/10.1038/
42947

Eckstein, M. K., Guerra-Carrillo, B., Miller Singley, A. T., & Bunge, S. A. (2017). Beyond
eye gaze: What else can eyetracking reveal about cognition and cognitive
development? Developmental Cognitive Neuroscience, 25, 69-91. https://doi.org/
10.1016/j.dcn.2016.11.001

Einhduser, W. (2017). The pupil as marker of cognitive processes. Cognitive Science and
Technology, 141-169. https://doi.org/10.1007/978-981-10-0213-7_7

Enders, C. K., & Tofighi, D. (2007). Centering predictor variables in cross-sectional
multilevel models: A new look at an old issue. Psychological Methods, 12(2), 121-138.
https://doi.org/10.1037/1082-989X.12.2.121

Escera, C. (1998). Neural mechanisms of involuntary attention (pp. 590-604).

Escera, C., Alho, K., Winkler, 1., & Naatanen, R. (1998). Neural mechanisms of
involuntary attention to acoustic novelty and change. Journal of Cognitive
Neuroscience, 10(5), 590-604. https://doi.org/10.1162/089892998562997

Escera, C., & Corral, M. J. (2007). Role of mismatch negativity and novelty-P3 in
involuntary auditory attention. Journal of Psychophysiology, 21(3-4), 251-264.
https://doi.org/10.1027/0269-8803.21.34.251

Gilzenrat, M. S., Nieuwenhuis, S., Jepma, M., & Cohen, J. D. (2010). Pupil diameter
tracks changes in control state predicted by the adaptive gain theory of locus
coeruleus function. Cognitive, Affective, & Behavioral Neuroscience, 10(2), 252-269.
https://doi.org/10.3758/CABN.10.2.252.Pupil

Hackley, S. A. (2009). The speeding of voluntary reaction by a warning signal:
Presidential address, 2006. Psychophysiology, 46(2), 225-233. https://doi.org/
10.1111/j.1469-8986.2008.00716.x

Hackley, S. A., & Valle-Inclan, F. (2003). Which stages of processing are speeded by a
warning signal? Biological Psychology, 64(1), 27-45. https://doi.org/10.1016/50301-
0511(03)00101-7

Hayat, H., Regev, N., Matosevich, N., Sales, A., Paredes-Rodriguez, E., Krom, A. J.,
Bergman, L., Li, Y., Lavigne, M., Kremer, E. J., Yizhar, O., Pickering, A. E., & Nir, Y.
(2020). Locus coeruleus norepinephrine activity mediates sensory-evoked
awakenings from sleep. https://www.science.org.

Hayes, T. R., & Petrov, A. A. (2016). Mapping and correcting the influence of gaze
position on pupil size measurements. Behavior Research Methods, 48(2), 510-527.
https://doi.org/10.3758/513428-015-0588-x

Hess, E. H., & Polt, J. M. (1960). Pupil size as related to interest value of visual stimuli.
Science, 132(3423). https://doi.org/10.1126/science.132.3423.349, 349 LP - 350.

Hopstaken, J. F., van der Linden, D., Bakker, A. B., & Kompier, M. A. J. (2015). The
window of my eyes: Task disengagement and mental fatigue covary with pupil
dynamics. Biological Psychology, 110, 100-106. https://doi.org/10.1016/j.
biopsycho.2015.06.013

Horvath, J., Winkler, 1., & Bendixen, A. (2008). Do N1/MMN, P3a, and RON form a
strongly coupled chain reflecting the three stages of auditory distraction? Biological
Psychology, 79(2), 139-147. https://doi.org/10.1016/j.biopsycho.2008.04.001

Hoyer, R. S., Elshafei, H., Hemmerlin, J., Bouet, R., & Bidet-Caulet, A. (2021). Why are
children so distractible? Development of attention and motor control from childhood
to adulthood. Child Development, 1-22. https://doi.org/10.1111/cdev.13561

Jepma, M., & Nieuwenhuis, S. (2011). Pupil diameter predicts changes in the
Exploration-exploitation trade-off: Evidence for the adaptive gain theory. Journal of
Cognitive Neuroscience, 23(7), 1587-1596. https://doi.org/10.1162/
jocn.2010.21548

Jiang, Y., Vagnini, V., Clark, J., & Zhang, Q. (2007). Reduced sensitivity of older adults to
affective mismatches. TheScientificWorldJournal, 7(February), 641-648. https://doi.
org/10.1100/tsw.2007.115

Joshi, S., & Gold, J. I. (2020). Pupil size as a window on neural substrates of cognition.
Trends in Cognitive Sciences, 24(6), 466-480. https://doi.org/10.1016/j.
tics.2020.03.005

Joshi, S., Li, Y., Kalwani, R. M., & Gold, J. 1. (2016). Relationships between pupil
diameter and neuronal activity in the locus Coeruleus, colliculi, and cingulate cortex.
Neuron, 89(1), 221-234. https://doi.org/10.1016/j.neuron.2015.11.028

Kanske, P. (2012). On the influence of emotion on conflict processing. Frontiers in
Integrative Neuroscience, 6(JULY 2012), 2010-2013. https://doi.org/10.3389/
fnint.2012.00042

Kim, A. J., & Anderson, B. A. (2020). Arousal-biased competition explains reduced
distraction by reward cues under threat. ENeuro, 7(4), 1-12. https://doi.org/
10.1523/ENEURO.0099-20.2020

Kim, A. J., Lee, D. S., & Anderson, B. A. (2021). The influence of threat on the efficiency
of goal-directed attentional control. Psychological Research, 85(3), 980-986. https://
doi.org/10.1007/s00426-020-01321-4

Kleiner, M., Brainard, D., & Pelli, D. (2007). What’s new in psychtoolbox-3? Perception
(ECVP Abstract Supplement) (p. 14).

Klingner, J., Kumar, R., & Hanrahan, P. (2008). Measuring the task-evoked pupillary
response with a remote eye tracker. In Proceedings of the 2008 symposium on eye
tracking research &amp; applications (pp. 69-72). https://doi.org/10.1145/
1344471.1344489

Krebs, R. M., Park, H. R. P., Bombeke, K., & Boehler, C. N. (2018). Modulation of locus
coeruleus activity by novel oddball stimuli. Brain Imaging and Behavior, 12(2),
577-584. https://doi.org/10.1007/s11682-017-9700-4

Kret, M. E., & Sjak-Shie, E. E. (2019). Preprocessing pupil size data: Guidelines and code.
Behavior Research Methods. https://doi.org/10.3758/513428-018-1075-y

Kuznetsova, A., Brockhoff, P., & Christensen, R. (2017). ImerTest package: Tests in linear
mixed effects models. Journal of Statistical Software, 82, 1-26.

Lee, T. H., Itti, L., & Mather, M. (2012). Evidence for arousal-biased competition in
perceptual learning. Frontiers in Psychology, 3(JUL), 1-9. https://doi.org/10.3389/
fpsyg.2012.00241


mailto:Carolina.Bonmassar@lin-magdeburg.de
mailto:Carolina.Bonmassar@lin-magdeburg.de
https://doi.org/10.1016/j.cognition.2023.105470
https://doi.org/10.1016/j.cognition.2023.105470
https://doi.org/10.1016/j.clinph.2006.09.030
https://doi.org/10.1111/psyp.13451
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1037/0033-2909.91.2.276
https://doi.org/10.1162/jocn.2007.19.10.1664
https://doi.org/10.1027/1618-3169.51.4.249
https://doi.org/10.1027/1618-3169.51.4.249
https://doi.org/10.1016/S0926-6410(00)00044-6
https://doi.org/10.1097/00001756-200403220-00018
https://doi.org/10.1097/00001756-200403220-00018
https://doi.org/10.1016/j.dcn.2020.100766
https://doi.org/10.1016/j.dcn.2020.100766
https://doi.org/10.3389/fpsyg.2012.00493
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0060
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0060
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0060
https://doi.org/10.1111/j.1469-8986.2008.00654.x
https://doi.org/10.1111/psyp.12890
https://doi.org/10.1111/psyp.12890
https://doi.org/10.1016/j.cognition.2007.05.011
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0080
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0080
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1038/nrn755
https://doi.org/10.1038/nrn755
https://doi.org/10.1080/02699930143000419
https://doi.org/10.1080/02699930143000419
https://doi.org/10.1038/42947
https://doi.org/10.1038/42947
https://doi.org/10.1016/j.dcn.2016.11.001
https://doi.org/10.1016/j.dcn.2016.11.001
https://doi.org/10.1007/978-981-10-0213-7_7
https://doi.org/10.1037/1082-989X.12.2.121
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0125
https://doi.org/10.1162/089892998562997
https://doi.org/10.1027/0269-8803.21.34.251
https://doi.org/10.3758/CABN.10.2.252.Pupil
https://doi.org/10.1111/j.1469-8986.2008.00716.x
https://doi.org/10.1111/j.1469-8986.2008.00716.x
https://doi.org/10.1016/S0301-0511(03)00101-7
https://doi.org/10.1016/S0301-0511(03)00101-7
https://www.science.org
https://doi.org/10.3758/s13428-015-0588-x
https://doi.org/10.1126/science.132.3423.349
https://doi.org/10.1016/j.biopsycho.2015.06.013
https://doi.org/10.1016/j.biopsycho.2015.06.013
https://doi.org/10.1016/j.biopsycho.2008.04.001
https://doi.org/10.1111/cdev.13561
https://doi.org/10.1162/jocn.2010.21548
https://doi.org/10.1162/jocn.2010.21548
https://doi.org/10.1100/tsw.2007.115
https://doi.org/10.1100/tsw.2007.115
https://doi.org/10.1016/j.tics.2020.03.005
https://doi.org/10.1016/j.tics.2020.03.005
https://doi.org/10.1016/j.neuron.2015.11.028
https://doi.org/10.3389/fnint.2012.00042
https://doi.org/10.3389/fnint.2012.00042
https://doi.org/10.1523/ENEURO.0099-20.2020
https://doi.org/10.1523/ENEURO.0099-20.2020
https://doi.org/10.1007/s00426-020-01321-4
https://doi.org/10.1007/s00426-020-01321-4
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0220
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0220
https://doi.org/10.1145/1344471.1344489
https://doi.org/10.1145/1344471.1344489
https://doi.org/10.1007/s11682-017-9700-4
https://doi.org/10.3758/s13428-018-1075-y
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0240
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0240
https://doi.org/10.3389/fpsyg.2012.00241
https://doi.org/10.3389/fpsyg.2012.00241

C. Bonmassar et al.

Li, X., Liang, Z., Kleiner, M., & Lu, Z.-L. (2010). RTbox: A device for highly accurate
response time measurements. Behavior Research Methods, 42(1), 212-225. https://
doi.org/10.3758/BRM.42.1.212

Liao, H. I, Kidani, S., Yoneya, M., Kashino, M., & Furukawa, S. (2016). Correspondences
among pupillary dilation response, subjective salience of sounds, and loudness.
Psychonomic Bulletin and Review, 23(2), 412-425. https://doi.org/10.3758/s13423-
015-0898-0

Liao, H. I., Yoneya, M., Kidani, S., Kashino, M., & Furukawa, S. (2016). Human pupillary
dilation response to deviant auditory stimuli: Effects of stimulus properties and
voluntary attention. Frontiers in Neuroscience, 10(FEB). https://doi.org/10.3389/
fnins.2016.00043

Lindstrom, B. R., & Bohlin, G. (2011). Emotion processing facilitates working memory
performance. Cognition and Emotion, 25(7), 1196-1204. https://doi.org/10.1080/
02699931.2010.527703

Liu, Y., Rodenkirch, C., Moskowitz, N., Schriver, B., & Wang, Q. (2017). Dynamic
lateralization of pupil dilation evoked by locus Coeruleus activation results from
sympathetic, not parasympathetic, Contributions. Cell Reports, 20(13), 3099-3112.
https://doi.org/10.1016/j.celrep.2017.08.094

Lorenzino, M., & Caudek, C. (2015). Task-irrelevant emotion facilitates face
discrimination learning. Vision Research, 108, 56-66. https://doi.org/10.1016/].
visres.2015.01.007

LoTemplio, S., Silcox, J., Federmeier, K. D., & Payne, B. R. (2021). Inter- and intra-
individual coupling between pupillary, electrophysiological, and behavioral
responses in a visual oddball task. Psychophysiology, 58(4), 1-14. https://doi.org/
10.1111/psyp.13758

Marois, A., Pozzi, A., & Vachon, F. (2020). Assessing the role of stimulus novelty in the
elicitation of the pupillary dilation response to irrelevant sound. Auditory Perception
& Cognition, 00(00), 1-17. https://doi.org/10.1080/25742442.2020.1820290

Mather, M., Clewett, D., Sakaki, M., & Harley, C. W. (2016). Norepinephrine ignites local
hotspots of neuronal excitation: How arousal amplifies selectivity in perception and
memory. Behavioral and Brain Sciences, 39. https://doi.org/10.1017/
S0140525X15000667

Mathot, S., Fabius, J., Van Heusden, E., & Van der Stigchel, S. (2018). Safe and sensible
preprocessing and baseline correction of pupil-size data. Behavior Research Methods,
50(1), 94-106. https://doi.org/10.3758/5s13428-017-1007-2

Max, C., Widmann, A., Kotz, S. A., Schroger, E., & Wetzel, N. (2015). Distraction by
emotional sounds: Disentangling arousal benefits and orienting costs. Emotion, 15(4),
428-437. https://doi.org/10.1037/a0039041

May, P. J. C., & Tiitinen, H. (2010). Mismatch negativity (MMN), the deviance-elicited
auditory deflection, explained. Psychophysiology, 47(1), 66-122. https://doi.org/
10.1111/j.1469-8986.2009.00856.x

McHugo, M., Olatunji, B. O., & Zald, D. H. (2013). The emotional attentional blink: What
we know so far. Running title: The emotional attentional blink. Frontiers in Human
Neuroscience, 7(APR 2013), 1-9. https://doi.org/10.3389/fnhum.2013.00151

Megemont, M, McBurney-Lin, J, & Yang, H (2022). Pupil diameter is not an accurate
real-time readout of locus coeruleus activity. Elife, 11, Article e70510. https://doi.
org/10.7554/eLife.70510

Merritt, S. L., Keegan, A. P., & Mercer, P. W. (1994). Artifact Management in
Pupillometry. Nursing Research, 43(1). https://journals.lww.com/nursingresear
chonline/Fulltext/1994/01000/Artifact Management_in_Pupillometry.12.aspx.

Morey, R. D., & Rouder, J. N. (2011). Bayes factor approaches for testing interval null
hypotheses. In Psychological methods (pp. 406-419). American Psychological
Association. https://doi.org/10.1037/a0024377. Vol. 16, Issue 4.

Morey, R. D., Rouder, J. N., Pratte, M. S., & Speckman, P. L. (2011). Using MCMC chain
outputs to efficiently estimate Bayes factors. Journal of Mathematical Psychology, 55,
368-378.

Most, S. B., Chun, M. M., Widders, D. M., Haven, N., & Zald, D. H. (2005). Attentional
rubbernecking: Cognitive control and personality in emotion-induced blindness. 12(4) pp.
654-661).

Muller-Gass, A., & Schroger, E. (2007). Perceptual and cognitive task difficulty has
differential effects on auditory distraction. Brain Research, 1136, 169-177. https://
doi.org/10.1016/j.brainres.2006.12.020

Murphy, P. R., O’Connell, R. G., O’Sullivan, M., Robertson, I. H., & Balsters, J. H. (2014).
Pupil diameter covaries with BOLD activity in human locus coeruleus. Human Brain
Mapping, 35(8), 4140-4154. https://doi.org/10.1002/hbm.22466

Murphy, P. R., Robertson, I. H., Balsters, J. H., & O’connell, R. G. (2011). Pupillometry
and P3 index the locus coeruleus-noradrenergic arousal function in humans.
Psychophysiology, 48(11), 1532-1543. https://doi.org/10.1111/j.1469-
8986.2011.01226.x

Naatdnen, R. (1992). Attention and brain function.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R2
from generalized linear mixed-effects models. Methods in Ecology and Evolution, 4(2),
133-142. https://doi.org/10.1111/j.2041-210x.2012.00261.x

Nieuwenhuis, S., De Geus, E. J., & Aston-Jones, G. (2011). The anatomical and functional
relationship between the P3 and autonomic components of the orienting response.
Psychophysiology, 48(2), 162-175. https://doi.org/10.1111/j.1469-
8986.2010.01057.x

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia, 9(1), 97-113. https://doi.org/10.1016/0028-3932(71)
90067-4

Parmentier, F. B. R. (2014). The cognitive determinants of behavioral distraction by
deviant auditory stimuli: A review. Psychological Research, 78(3), 321-338. https://
doi.org/10.1007/5s00426-013-0534-4

Parmentier, F. B. R., Elford, G., Escera, C., Andrés, P., & San Miguel, I. (2008). The
cognitive locus of distraction by acoustic novelty in the cross-modal oddball task.
Cognition, 106(1), 408-432. https://doi.org/10.1016/j.cognition.2007.03.008

12

Cognition 237 (2023) 105470

Partala, T., & Surakka, V. (2003). Pupil size variation as an indication of affective
processing. International Journal of Human Computer Studies, 59(1-2), 185-198.
https://doi.org/10.1016/51071-5819(03)00017-X

Pereira, M. G., Volchan, E., de Souza, G. G. L., Oliveira, L., Campagnoli, R. R.,
Pinheiro, W. M., & Pessoa, L. (2006). Sustained and transient modulation of
performance induced by emotional picture viewing. Emotion, 6(4), 622-634.

Pessoa, L. (2008). On the relationship between emotion and cognition.. 9(2). www.nature.
com/reviews/neuro.

Petersen, S. E., & Posner, M. 1. (2012). The attention system of the human brain: 20 years
after. Annual Review of Neuroscience, 35, 73-89. https://doi.org/10.1146/annurev-
neuro-062111-150525

Phelps, E. A, Ling, S., & Carrasco, M. (2006). Emotion facilitates perception and
potentiates the perceptual benefits of attention. Psychological Science, 17(4),
292-299. https://doi.org/10.1111/j.1467-9280.2006.01701.x

Poe, G. R., Foote, S., Eschenko, O., Johansen, J. P., Bouret, S., Aston-Jones, G., ...
Sara, S. J. (2020). Locus coeruleus: A new look at the blue spot. Nature Reviews
Neuroscience, 21(11), 644-659. https://doi.org/10.1038/s41583-020-0360-9

Posner, M. 1. (1980). Orienting of attention. Quarterly Journal of Experimental Psychology,
32(1), 3-25. https://doi.org/10.1080/00335558008248231

Posner, M. L. (2016). Orienting of attention: Then and now. Quarterly Journal of
Experimental Psychology, 69(10), 1864-1875. https://doi.org/10.1080/
17470218.2014.937446

R Core Team. (2019). R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing. URL https://www.R-project.org/.
URL.

Raftery, A. E. (1995). Bayesian model selection in social research. Sociological
Methodology, 25, 111-163. https://doi.org/10.2307/271063

Ranganath, C., & Rainer, G. (2003). Cognitive neuroscience: Neural mechanisms for
detecting and remembering novel events. Nature Reviews Neuroscience, 4(3),
193-202. https://doi.org/10.1038/nrn1052

Reimer, J., McGinley, M. J., Liu, Y., Rodenkirch, C., Wang, Q., McCormick, D. A., &
Tolias, A. S. (2016). Pupil fluctuations track rapid changes in adrenergic and
cholinergic activity in cortex. Nature Communications, 7(May), 1-7. https://doi.org/
10.1038/ncomms13289

Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., & Iverson, G. J. (2009). Bayesian t
tests for accepting and rejecting the null hypothesis. Psychonomic Bulletin & Review,
16, 225-237.

Sara, S. J., & Bouret, S. (2012). Orienting and reorienting: The locus Coeruleus mediates
cognition through arousal. Neuron, 76(1), 130-141. https://doi.org/10.1016/j.
neuron.2012.09.011

Schroger, E. (1997). On the detection of auditory deviations: A pre-attentive activation
model. Psychophysiology, 34(3), 245-257. https://doi.org/10.1111/j.1469-
8986.1997.tb02395.x

Schroger, E., & Wolff, C. (1998). Attentional orienting and reorienting is indicated by
human event-related brain potentials. Cognitive Brain Research, 7(1), 71-87. https://
doi.org/10.1016/50926-6410(98)00013-5

Schupp, H. T., Junghofer, M., Weike, A. I., & Hamm, A. O. (2003). Attention and
emotion: An ERP analysis of facilitated emotional stimulus processing. NeuroReport,
14(8), 1107-1110. https://doi.org/10.1097/00001756-200306110-00002

Schupp, H. T., Stockburger, J., Bublatzky, F., Junghofer, M., Weike, A. I., & Hamm, A. O.
(2008). The selective processing of emotional visual stimuli while detecting auditory
targets: An ERP analysis. Brain Research, 1230, 168-176. https://doi.org/10.1016/j.
brainres.2008.07.024

Schwarz, G. (1978). Estimating the dimension of a model. The Annals of Statistics, 6(2),
461-464. https://doi.org/10.1214/a0s/1176344136

Scott, G. G., O’Donnell, P. J., Leuthold, H., & Sereno, S. C. (2009). Early emotion word
processing: Evidence from event-related potentials. Biological Psychology, 80(1),
95-104. https://doi.org/10.1016/j.biopsycho.2008.03.010

Sokolov, E. N. (1963). Higher nervous functions: The orienting reflex. Annual Review of
Physiology, 25(1), 545-580. https://doi.org/10.1146/annurev.
ph.25.030163.002553

Soto-Faraco, S., & Spence, C. (2002). Modality-specific auditory and visual temporal
processing deficits. The Quarterly Journal of Experimental Psychology Section A, 55(1),
23-40. https://doi.org/10.1080/02724980143000136

Steinhauer, S. R., Bradley, M. M., Siegle, G. J., Roecklein, K. A., & Dix, A. (2022).
Publication guidelines and recommendations for pupillary measurement in
psychophysiological studies. Psychophysiology, 59(4), 1-36. https://doi.org/
10.1111/psyp.14035

Strauch, C., Wang, C.-A., Einhauser, W., Van der Stigchel, S., & Naber, M. (2022).
Pupillometry as an integrated readout of distinct attentional networks. Trends in
Neurosciences, 1-13. https://doi.org/10.1016/j.tins.2022.05.003

Sutherland, M., & Mather, M. (2015). Negative arousal increases the effects of stimulus
salience in older adults. Experimental Aging Research, 41(3). https://doi.org/
10.1080/0361073X.2015.1021644

Volosin, M., Grimm, S., & Horvath, J. (2016). Exploiting temporal predictability: Event-
related potential correlates of task-supportive temporal cue processing in auditory
distraction. Brain Research, 1639, 120-131. https://doi.org/10.1016/j.
brainres.2016.02.044

Wang, C. A., Baird, T., Huang, J., Coutinho, J. D., Brien, D. C., & Munoz, D. P. (2018).
Arousal effects on pupil size, heart rate, and skin conductance in an emotional face
task. Frontiers in Neurology, 9(December), 1-13. https://doi.org/10.3389/
fneur.2018.01029

Wang, C. A., & Munoz, D. P. (2015). A circuit for pupil orienting responses: Implications
for cognitive modulation of pupil size. Current Opinion in Neurobiology, 33, 134-140.
https://doi.org/10.1016/j.conb.2015.03.018


https://doi.org/10.3758/BRM.42.1.212
https://doi.org/10.3758/BRM.42.1.212
https://doi.org/10.3758/s13423-015-0898-0
https://doi.org/10.3758/s13423-015-0898-0
https://doi.org/10.3389/fnins.2016.00043
https://doi.org/10.3389/fnins.2016.00043
https://doi.org/10.1080/02699931.2010.527703
https://doi.org/10.1080/02699931.2010.527703
https://doi.org/10.1016/j.celrep.2017.08.094
https://doi.org/10.1016/j.visres.2015.01.007
https://doi.org/10.1016/j.visres.2015.01.007
https://doi.org/10.1111/psyp.13758
https://doi.org/10.1111/psyp.13758
https://doi.org/10.1080/25742442.2020.1820290
https://doi.org/10.1017/S0140525X15000667
https://doi.org/10.1017/S0140525X15000667
https://doi.org/10.3758/s13428-017-1007-2
https://doi.org/10.1037/a0039041
https://doi.org/10.1111/j.1469-8986.2009.00856.x
https://doi.org/10.1111/j.1469-8986.2009.00856.x
https://doi.org/10.3389/fnhum.2013.00151
https://doi.org/10.7554/eLife.70510
https://doi.org/10.7554/eLife.70510
https://journals.lww.com/nursingresearchonline/Fulltext/1994/01000/Artifact_Management_in_Pupillometry.12.aspx
https://journals.lww.com/nursingresearchonline/Fulltext/1994/01000/Artifact_Management_in_Pupillometry.12.aspx
https://doi.org/10.1037/a0024377
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0325
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0325
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0325
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0330
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0330
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0330
https://doi.org/10.1016/j.brainres.2006.12.020
https://doi.org/10.1016/j.brainres.2006.12.020
https://doi.org/10.1002/hbm.22466
https://doi.org/10.1111/j.1469-8986.2011.01226.x
https://doi.org/10.1111/j.1469-8986.2011.01226.x
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0350
https://doi.org/10.1111/j.2041-210x.2012.00261.x
https://doi.org/10.1111/j.1469-8986.2010.01057.x
https://doi.org/10.1111/j.1469-8986.2010.01057.x
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1007/s00426-013-0534-4
https://doi.org/10.1007/s00426-013-0534-4
https://doi.org/10.1016/j.cognition.2007.03.008
https://doi.org/10.1016/S1071-5819(03)00017-X
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0385
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0385
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0385
http://www.nature.com/reviews/neuro
http://www.nature.com/reviews/neuro
https://doi.org/10.1146/annurev-neuro-062111-150525
https://doi.org/10.1146/annurev-neuro-062111-150525
https://doi.org/10.1111/j.1467-9280.2006.01701.x
https://doi.org/10.1038/s41583-020-0360-9
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1080/17470218.2014.937446
https://doi.org/10.1080/17470218.2014.937446
https://www.R-project.org/
https://doi.org/10.2307/271063
https://doi.org/10.1038/nrn1052
https://doi.org/10.1038/ncomms13289
https://doi.org/10.1038/ncomms13289
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0440
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0440
http://refhub.elsevier.com/S0010-0277(23)00104-X/rf0440
https://doi.org/10.1016/j.neuron.2012.09.011
https://doi.org/10.1016/j.neuron.2012.09.011
https://doi.org/10.1111/j.1469-8986.1997.tb02395.x
https://doi.org/10.1111/j.1469-8986.1997.tb02395.x
https://doi.org/10.1016/S0926-6410(98)00013-5
https://doi.org/10.1016/S0926-6410(98)00013-5
https://doi.org/10.1097/00001756-200306110-00002
https://doi.org/10.1016/j.brainres.2008.07.024
https://doi.org/10.1016/j.brainres.2008.07.024
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.1016/j.biopsycho.2008.03.010
https://doi.org/10.1146/annurev.ph.25.030163.002553
https://doi.org/10.1146/annurev.ph.25.030163.002553
https://doi.org/10.1080/02724980143000136
https://doi.org/10.1111/psyp.14035
https://doi.org/10.1111/psyp.14035
https://doi.org/10.1016/j.tins.2022.05.003
https://doi.org/10.1080/0361073X.2015.1021644
https://doi.org/10.1080/0361073X.2015.1021644
https://doi.org/10.1016/j.brainres.2016.02.044
https://doi.org/10.1016/j.brainres.2016.02.044
https://doi.org/10.3389/fneur.2018.01029
https://doi.org/10.3389/fneur.2018.01029
https://doi.org/10.1016/j.conb.2015.03.018

C. Bonmassar et al.

Wetzel, N. (2015). Effects of the short-term learned significance of task-irrelevant sounds
on involuntary attention in children and adults. International Journal of
Psychophysiology, 98(1), 17-26. https://doi.org/10.1016/].ijpsycho.2015.06.003

Wetzel, N., Buttelmann, D., Schieler, A., & Widmann, A. (2016). Infant and adult pupil
dilation in response to unexpected sounds. Developmental Psychobiology, 58(3),
382-392. https://doi.org/10.1002/dev.21377

Wetzel, N., Scharf, F., & Widmann, A. (2019). Can’t ignore—Distraction by task-
irrelevant sounds in early and middle childhood. Child Development, 90(6),
€819-e830. https://doi.org/10.1111/cdev.13109

Wetzel, N., Schroger, E., & Widmann, A. (2013). The dissociation between the P3a event-
related potential and behavioral distraction. Psychophysiology, 50(9), 920-930.
https://doi.org/10.1111/psyp.12072

Widmann, A., Schroger, E., & Wetzel, N. (2018). Emotion lies in the eye of the listener:
Emotional arousal to novel sounds is reflected in the sympathetic contribution to the

13

Cognition 237 (2023) 105470

pupil dilation response and the P3. Biological Psychology, 133(January 2017), 10-17.
https://doi.org/10.1016/j.biopsycho.2018.01.010

Winkler, 1., Denham, S. L., & Nelken, I. (2009). Modeling the auditory scene: Predictive
regularity representations and perceptual objects. Trends in Cognitive Sciences, 13
(12), 532-540. https://doi.org/10.1016/j.tics.2009.09.003

Winkler, L., & Schroger, E. (2015). Auditory perceptual objects as generative models:
Setting the stage for communication by sound. Brain and Language, 148, 1-22.
https://doi.org/10.1016/j.bandl.2015.05.003

Zeelenberg, R., & Bocanegra, B. R. (2010). Auditory emotional cues enhance visual
perception. Cognition, 115(1), 202-206. https://doi.org/10.1016/j.
cognition.2009.12.004

Zekveld, A. A., Koelewijn, T., & Kramer, S. E. (2018). The pupil dilation response to
auditory stimuli: Current state of knowledge. Trends in Hearing, 22, 1-25. https://
doi.org/10.1177/2331216518777174


https://doi.org/10.1016/j.ijpsycho.2015.06.003
https://doi.org/10.1002/dev.21377
https://doi.org/10.1111/cdev.13109
https://doi.org/10.1111/psyp.12072
https://doi.org/10.1016/j.biopsycho.2018.01.010
https://doi.org/10.1016/j.tics.2009.09.003
https://doi.org/10.1016/j.bandl.2015.05.003
https://doi.org/10.1016/j.cognition.2009.12.004
https://doi.org/10.1016/j.cognition.2009.12.004
https://doi.org/10.1177/2331216518777174
https://doi.org/10.1177/2331216518777174

	On the relationship of arousal and attentional distraction by emotional novel sounds
	1 Introduction
	2 Method
	2.1 Participants
	2.2 Stimuli
	2.2.1 Auditory stimuli
	2.2.2 Visual stimuli
	2.2.3 Apparatus and software

	2.3 Procedure
	2.3.1 Task and feedback
	2.3.2 Trial and block structure
	2.3.3 Sound sequence
	2.3.4 Training blocks

	2.4 Data analysis
	2.5 Pupil data processing
	2.6 Behavioral data (reaction times, RTs)
	2.7 Statistical analysis
	2.7.1 Analysis of condition effects
	2.7.2 Analysis of statistical associations


	3 Results
	3.1 PDR
	3.2 RTs
	3.3 RT-PDR-model

	4 Discussion
	5 Conclusion
	Author notes
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References


