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Abstract

In times of emotional arousal, it is hypothesized that neural processes are triggered to
“heighten” our senses to better respond to threatening stimuli. Some studies have tested
this by exposing participants to emotional sounds to determine their impacts on visual
acuity but have found mixed results. Previous studies have not investigated interactions
between arousal induced by emotional sounds and visual acuity. Participants (N = 42)
performed an orientation detection task while presented in silence or with sounds that
varied in valence. Results displayed comparable accuracy across conditions but
significantly faster response times during the presentation of negative sounds on the
opposite side of the Gabor patch compared to neutral sounds irrespective of spatial
location. Additionally, pupil size was significantly greater in the negative condition than
in the neutral condition. These findings delineate how changes in arousal due to

environmental factors can lead to changes in human performance.
Keywords

Emotional enhancement, visual perception, physiological arousal, attention, task

performance



Summary for Lay Audience

From athletes in professional sports to airline pilots, people are constantly exposed to
emotional situations and have to perform at a high level. Although the impact of how
emotional visual stimuli impact visual task performance is well understood, how
emotional auditory stimuli impact visual task performance is unclear. Some studies find
that emotional auditory stimuli can enhance task performance while other studies find
that it disrupts performance or may have no effect at all. Furthermore, two factors that
may affect these effects are when and where the auditory stimuli are presented in relation
to the visual task stimuli. Moreover, physiological arousal may act as a mechanism by
which these effects take place.

This study aims to explore how emotional auditory stimuli influence visual task
performance using realistic sounds. Participants were recruited to complete a visual
perception task in the presence of task-irrelevant emotional sounds. In the visual
perception task, participants had to indicate whether a visual stimulus was tilted left or
right by pressing the “F” or “J” key on the keyboard. To measure how physiological
arousal was affected by emotional sounds, an eye tracker was used to record pupil

dilation throughout the entire experiment.

Response times were faster in the presence of emotional sounds, especially when the
emotional sounds were presented on the opposite side of the visual target stimulus.
Accuracy was comparable between exposure to emotional and non-emotional sounds.
Pupil dilation was larger for emotional sounds compared to non-emotional sounds
confirming that emotional sounds lead to greater physiological arousal compared to non-
emotional sounds. Sounds led to an overall reduction in response time compared to
silence. However, emotional sounds led to a more prolonged enhancement in response
time compared to non-emotional sounds. A similar trend was seen for pupil dilation.
Overall, emotional sounds led to an enhancement in performance compared to non-
emotional sounds and physiological arousal may act as a mechanism by which this

occurs.



Co-Authorship Statement

Brian Wu completed all experimental and written work for this thesis project. This
included study design, participant recruitment, data collection and analysis, and writing

the written work.

Dr. Derek Mitchell contributed to all aspects of this thesis project including the
formulation of the research question, experiment design, data analysis, interpretation, and

editing of the written work.



Acknowledgements

This research benefitted from the OurBrainsCAN registry that was funded by the Canada
First Research Excellence Fund awarded to BrainsCAN at Western University.

| would like to thank my supervisor, Dr. Derek Mitchell for his continuous guidance and
unwavering support over the last 2 years. In particular, I am grateful for him always
being open to my questions and never failing to provide me with insightful advice and
feedback.

| would like to thank my advisory committee, including Dr. Blake Butler and Dr. Bruce
Morton for their insightful suggestions and comments during our meetings. | am also
grateful to Dr. Stephen Van Hedger for providing me guidance in creating and matching
the properties of auditory stimuli.

| would like to thank my current and former lab mates, Shannon Compton, Mary Ritchie
for providing a fun social lab environment and providing me with insight and guidance
whenever needed. | would also like to thank our undergraduate volunteers, Anisha
Regmi, Salina Edwards, Carly Smith, Nathan Hostetler, Madelyne Park, and Aaron
Muller for their help and enthusiasm. In particular, 1 would like to thank Anisha and
Salina for their help during the data collection process. | would not have been able to
complete this project without them.

Finally, I would like to thank my family and friends for their continued support and
advice. | truly appreciate everyone for giving me feedback, guidance, and advice
whenever needed!



Table of Contents

N o1 = Tod PP I
SUMMArY FOr LAY AUGIENCE .......oiviiiieiiiiii e ii
COo-AUthOrship SEATEMENT.........ccviiieie et e e e nnes iv
ACKNOWIBAGEMENTS ...t e st e e et e reesteebeaneenres %
LISE OF FIQUIES ...ttt ettt st ene e beenbeeneenrees viil
LiSt OF APPENUICES ...ttt bbbttt bbb IX
L0 =T o) OSSPSR 1
L INEFOTUCTION ...ttt bbbttt et e bbbt neene et e 1
2 Attention, Emotion, and PerfOrManCe ...........eeoiiciiiiiiciiiii et 2
3 UNIMOUAI EFFECLS ...ttt nte e e e nne e 3
3.1 Unimodal Distraction Effects in Emotional Visual Paradigms .............ccccccevvennne. 3
3.2 Unimodal Enhancement Effects in Visual Paradigms............ccccooevveveeiciieveeenee, 3

4 CrosS-MOGal EFFECES.......eiiiei et nr et nnees 5
4.1 Cross-modal Enhancement Effects in Visual Paradigms..........ccccoooveniniinnienennn, 5
4.2 Cross-modal Distraction and Null Effects in Visual Paradigms.............ccccccevennee. 6
4.3 Mechanisms of Cross-Modal Emotional Enhancement............ccccooovvenviininniennnnn, 6

5 Neural Structures in Emotional Paradigms...........ccccooiiiiiiiiiiiiciee e, 7
6 Arousal and PUPITIOMELIY .........ooviiiic et 9
7 Factors Affecting Emotional Enhancement Effects...........cccoovviiiivciicie i 11
7.1 Spatial Location and Visual Performance...........c.ccoovveviniieiene s 11
7.2 Stimulus Timing and Visual Performance............ccocvvveiiinnene e 13

B CUIMTENT STUAY ..ottt e e e sa e e e e s b e e beesreeanes 13
(@1 0T o] (=T PSPPSR 15
O IMIBENOUS. ...t st e ettt e er e nae e aeene e reeaeeneenreas 15
9.1 PArtICIPANTS ... ettt bbbttt bbbttt 15

Vi



0.2 S MU e ettt e e aaaaaan 16

0.3 PIOCEAUIE ...ttt b ettt 16

9.4 Orientation Detection Threshold TasK..........c.ccooviiiiiiieieniceeee 17

9.5 Emotional Orientation Detection TasK ..........ccccvvrereiinineininee e 18

0.6 Data ANAIYSES .....occvveeieiieiieee et ra e 19

10 RESUIES ...t 21
10.1 RESPONSE THME ..ottt bbbt 21

L0.2 ACCUIACY .eeeivvriiiiiiieeiieesiee ettt et e st st e et e e as e et e e b e e e nbb e e e ba e e enbeaeantes 22

10.3 PUPHIOMELIY ...t 23

10.4 Quantifying the sound versus no-sound advantage ..........cccocevvererceereereenne 25

10.4.1 RESPONSE THME ..ottt sttt 25

L0.4.2 ACCUIACY ...vvvieiiiiie ittt sttt st e bt e et e e e e e nnbeeennes 26

10.4.3 PUPIHTOMELIY ...t nne s 27

(08 FoT 0] (=] S S TSSO PRSPPI 28
11 DIHSCUSSTON .tttk b ettt et e e bbbt nn s 28
11.1 Limitations and Future DIreCtiONS .........ccovrerieiriiiiiireeesee e 32

11.2 CONCIUSIONS. ...ttt et 33
RETEIENCES ...ttt bbbttt 34
AAPPENAICES. ..ttt bbbkt bbb b bRt b e bbbt 46
LG OO U P PP P PPPOPPT 51

Vil



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

List of Figures

Orientation Detection TASKS .........cuiiiiiiiiiiiiiiiie e 18
Response TiMES RESUILS........coooi e 21
ACCUIACY RESUILS......cceiiieeeee e e e e e 22
Pupillometry Time Series Graph ... 23
Pupillometry RESUIS .......oooeeeeeeeeeeeeee 24
Baseline Response Time RESUILS. .........coiiiiiiiiiiiiiiicec e 25
Baseline Pupillometry RESUIS. ........coooeiiiiiie e, 26
Timing X Congruence Baseline Response Time Results...........cccccceeeeeeeriinnn, 48
Duration and Valence ldentification ReSUltS............ccoooeiiiiiiii, 49

Viii



List of Appendices

Appendix A. Sound Information Chart ............ccooiiiiiiiiiii e 46
Appendix B. Baseline ACCUraCy RESUILS ..........coeiiiiiiiiiiiiei e 47
Appendix C. Baseline Corrected Response Time, Timing X Congruence...................... 48
Appendix D. Duration on Valence Identification RESUIS ..............ccuveieiiiiieriiiiiiiiieeeee, 49
Appendix E. Research Ethics and Approval Number.............ccccoiiiiiiiiiiiiiiiiis 50



Chapter 1

1 Introduction

Imagine you’re an airline pilot. It’s your first flight and everything is going well. You’re
about to start descending to the landing area when all of a sudden you hear a scream
coming from the passenger area. You turn your head back for a millisecond to see what’s
going on. A woman in the back is giving birth. You quickly turn your head back and do
your best to ignore the pained screams and the on-going encouragements of the flight
attendant to “PUSH” in the background to land the plane safely. After 25 minutes, the
plane gently lands on the runway, and you hear gasps of joy coming from the back. You
turn around and see a new mother holding her baby son. In emotional situations,
performance matters. Every flight, airline pilots have to ignore the emotional stimuli in
their environment to ensure that the passengers of the flight get to their destination safely
and on time. However, how emotional stimuli such as cries of pain or shrieks of joy,

impact behaviour and human performance is not always clear.

The onset of emotional stimuli have been shown to inhibit human performance in some
contexts but enhance it in others. The impact of emotional stimuli on performance has
commonly been studied in the laboratory by exposing participants to task-irrelevant
emotional visual stimuli while performing a visual task. In these studies, they commonly
find that emotional stimuli impair performance which may be due to the emotional
stimuli drawing attention away from the task-relevant stimuli. On the other hand,

emotional stimuli may also enhance performance by increasing arousal and attention.

Although the findings on how task-irrelevant visual stimuli impact performance on visual
tasks are well documented, the literature on how task-irrelevant auditory stimuli impact
visual task performance is mixed. For example, some studies report enhancement effects
(e.q., faster responses or higher accuracy), others show distraction effects (slower
response times or reduced accuracy) or no effects at all. Additionally, little is known

about how the level of physiological arousal induced by emotional sounds and visual task



performance. Thus, this thesis will explore how emotional sounds impact arousal and

whether they result in enhancement or distraction effects on visual performance.

2 Attention, Emotion, and Performance

Attention can be thought of as the process by which stimuli are selected for further
processing and is thought to be one critical determinant of the speed and accuracy of task
performance (Posner, 2005; Prinzmetal et al., 2005). One current dominant model of
attention is the biased competition model (Desimone & Duncan, 1995). This model
postulates that attention is the result of multiple stimuli in the visual field competing for
neural representation. Which stimuli end up receiving neural representation depends on
bottom-up and top-down processes. Bottom-up processes refer to those processes that
bias stimuli based on their low-level visual features such as size, color, and contrast
(Beck & Kastner, 2009). Emotional qualities of a stimulus are also sometimes referred to
as a bottom-up feature (Blair & Mitchell, 2008; Pessoa & Ungerleider, 2004). In contrast,
top-down processes enhance the representation of stimuli that are task-relevant at the
expense of the competing stimuli (Reynolds et al., 1999). Additionally, competition can
also occur when two stimuli of the same modality are presented close in time to one
another. This can be seen in studies investigating the attentional blink which find that the
presentation of two stimuli with a short inter-stimulus interval results in the second

stimulus not being perceived (Broadbent & Broadbent, 1987; Raymond et al., 1992).

In the context of visual performance, the biased competition model suggests that task-
irrelevant visual stimuli may result in distraction effects by inhibiting the representation
of the task-relevant visual stimuli. Moreover, this distraction effect may be accentuated
when the task-irrelevant visual stimuli are emotional due to bidirectional interactions
between the amygdala and the ventral visual stream (Blair & Mitchell, 2008).
Furthermore, emotional stimuli may have a particular advantage in attention compared to
non-emotional stimuli. Pessoa and Ungerleider (2004) propose a model in which
representations of emotional stimuli are enhanced due to input from the amygdala into
the ventral visual stream. In line with the model, studies find strong connections between

the amygdala and the ventral visual cortex (Amaral et al., 2003; Vuilleumier, 2005) and



activity in both regions is increased during exposure to emotional stimuli (Pessoa et al.,
2002).

3 Unimodal Effects

3.1 Unimodal Distraction Effects in Emotional Visual Paradigms

In the visual domain, distraction effects are observed when task-irrelevant emotional
visual stimuli are presented during an ongoing visual task (Mitchell et al., 2008). These
distraction effects can be seen through slower response times and impaired accuracy. For
example, Vuilleumier et al., (2001) also found prolonged response times when
participants were exposed to task-irrelevant fearful expressions during a same-different
house judgement task. Similarly, increased response times were also found after exposure
to task-irrelevant emotional images in an object feature detection task (Mitchell et al.,
2008). Additionally, task-irrelevant emotional sounds presented during a delay interval
have been found to impair accuracy in a delayed response working memory task (Dolcos
& McCarthy, 2006), particularly under conditions of high cognitive load (Tavares et al.,
2016). Studies investigating the emotional attentional blink by presenting an emotional
word or image before or after a target stimulus during a rapid series visual presentation
(RSVP) task have also found distraction effects on visual processing. These studies find
that the emotional stimulus reduces the perception of the target stimulus and leads to
prolonged attentional blinks (MacLeod et al., 2017; Mathewson et al., 2008; Most et al.,
2005). These findings could be explained by the task-irrelevant emotional stimuli having
preferential access to resources and taking attention away from target stimuli of the same
modality (Anderson & Phelps, 2001; Vuilleumier, 2005).

3.2 Unimodal Enhancement Effects in Visual Paradigms

As discussed in the previous section, many studies have found that emotional visual
stimuli can impair visual performance by inhibiting representations of non-emotional
target stimuli (Mitchell & Greening, 2012). However, emotional visual stimuli can also
improve visual performance in certain contexts. For example, when the emotional visual

stimulus is task-relevant, enhancement effects in visual task performance are observed.



Enhancement effects can be seen in visual search paradigms (Barbot & Carrasco, 2018),
stimulus-detection tasks (Padmala & Pessoa, 2008), and long-term memory tasks
(Bradley et al., 1992; Christianson, 1992). Padmala and Pessoa, (2008) found that
participants displayed increased accuracy at target detection when the target stimuli were
paired with electric shocks via classical conditioning. Additionally, Schwabe et al.,
(2011) found reduced attentional blinks when the target stimulus in a rapid serial visual
presentation task was emotional. Whether or not emotional visual stimuli lead to
distraction or enhancement effects depends on the task relevance of the emotional stimuli

and when the stimuli are presented.

In certain contexts, task-irrelevant emotional stimuli have also been shown to enhance
task performance as long as the emotional stimuli aren’t in competition with the target
stimuli. Zsido et al., (2022) found that participants were faster to identify ascending
numbers when exposed to threatening images during the task. Similarly, other studies
have shown that the presentation of fearful faces before task-relevant stimuli can lead to
faster (Olatunji et al., 2011) and more accurate target identification (Becker, 2010) and
increased contrast sensitivity (Phelps et al., 2006; Barbot & Carrasco, 2018). These
findings are aligned with an “arousal stimulation effect” (Zsido, Bernath, et al., 2020;
Zsido, Matuz, et al., 2020) in which the arousal elicited by the threatening images
facilitated visual search performance. Taken together, this suggests that emotional stimuli
may facilitate visual performance through increasing arousal and increasing attention

towards target stimuli.

Along the same lines, the timing of the emotional visual stimuli can be modified to
reduce competition with the target stimuli. Bocanegra and Zeelenberg, (2009)
investigated this by presenting participants with task-irrelevant emotional cues at short
and medium inter-stimulus intervals during an orientation detection task. They found that
accuracy was impaired when the emotional stimulus was presented at short and medium
inter-stimulus intervals but was enhanced when presented at long inter-stimulus intervals.
These findings suggest that as long as emotional visual stimuli do not divert attention

away from the target task, emotional stimuli lead to improvements in performance.



4 Cross-modal Effects

4.1  Cross-modal Enhancement Effects in Visual Paradigms

In unimodal paradigms, emotional visual stimuli are thought to lead to enhancement
effects on visual performance based on whether or not they divert attention away from
the target stimuli. However, in cross-modal paradigms, stimulus competition is thought to
be reduced (Desimone & Duncan, 1995).

Some studies suggest that the presentation of a non-emotional auditory cue can improve
visual performance through multisensory integration (Gleiss & Kayser, 2013; Huang et
al., 2011; Jaekl & Soto-Faraco, 2010) or faster response times (Lippert et al., 2007).
These effects are thought to occur due to multisensory integration of the perception of the
visual stimulus with the perception of the auditory stimulus (Jaekl & Soto-Faraco, 2010).
These effects are considered to be driven by feedback connections from multisensory
neurons in the cortex and superior colliculus to sensory cortical areas (Kayser &
Logothetis, 2007) and audiovisual interactions within the magnocellular and

parvocellular systems (Jaekl & Soto-Faraco, 2010).

Emotional auditory stimuli may lead to even greater enhancements in visual performance
than neutral auditory stimuli by elevating arousal and increasing the salience of visual
stimuli (Sutherland & Mather, 2018). Aligned with this, several studies have found that
the presentation of a task-irrelevant emotional auditory stimulus can lead to enhancement
effects on visual performance. Max et al., (2015) found that participants were faster to
categorize visual stimuli while negative sounds were presented compared to neutral
sounds. Similarly, Kryklywy and Mitchell (2014) found increased accuracy in a visual
localization task when negative sounds were presented concurrently compared to neutral
sounds. However, this effect was only seen when the task involved activation of the
ventral visual stream and not when the task involved activation of the dorsal visual
stream. Additionally, negative auditory stimuli consisting of spoken emotional words
(e.g., rape, torture) have also been shown to increase accuracy in a two-alternative-
forced-choice identification task in which participants had to choose between two words:

a previously presented target word or a foil word (Zeelenberg & Bocanegra, 2010).



Furthermore, Lee et al., (2014) found that participants displayed higher contrast

sensitivity when exposed to fear-conditioned-arousing tones.

Along the same lines, Sutherland and Mather (2018) found that arousal independent of

valence correlated with identification of salient stimuli. These effects may occur due to

arousal increasing the activity in the locus coeruleus norepinephrine system (Howells et
al., 2012) which increases the attention placed on task-relevant stimuli and decreases

attention on task-irrelevant stimuli (Mather et al., 2016).

4.2  Cross-modal Distraction and Null Effects in Visual Paradigms

Although there is a large body of work suggesting that emotional auditory stimuli
enhance visual performance, some studies suggest that emotional auditory stimuli have
distraction effects (Hjartstrom et al., 2019) or no effects on visual performance
(Parmentier et al., 2020).

In an emoji oddball task, negative tones can lead to slower response times during a visual
categorization task compared to neutral tones (Hjartstrom et al., 2019). In contrast, the
presentation of disgusting words during a cross-modal oddball task led to no significant
differences in a digit parity and semantic categorization task compared to neutral words
(Parmentier et al., 2020).

In both these studies, the experimenters utilized an oddball task to measure visual
performance. In oddball tasks, “oddball” stimuli have been consistently shown to lead to
distraction effects compared to “standard” stimuli (Andrés et al., 2006; Escera et al.,
2002). This suggests that if emotional auditory stimuli did result in an enhancement in
visual performance, this enhancement effect may be nullified due to the inherent
distraction effects of deviant sounds in oddball tasks. Therefore, oddball tasks may be
biased to show null effects of auditory stimuli regardless of whether the auditory stimuli

possess an enhancement effect or not.

4.3 Mechanisms of Cross-Modal Emotional Enhancement

During visual tasks, the task-relevant visual stimuli are represented as neural

representations in the temporal cortex. In unimodal emotional tasks, emotional task-



irrelevant visual stimuli may impair performance by acting as a representational
competitor to the task-relevant visual stimulus. Additionally, amygdala activation in
response to emotional task-irrelevant stimuli may lead to disruption in top-down attention
through connections to prefrontal areas. Furthermore, amygdala activation may
strengthen emotional representations in the ventral visual stream and bias competition
towards the emotional stimuli in the temporal cortex. This would result in impairments in
visual performance due to reduced sensory representations of the task-relevant visual
stimuli. However, in contexts, in which the emotional visual stimuli are relevant to the
task, visual performance would improve due to reciprocal connections from the amygdala

enhancing the sensory representation of the emotional stimulus (Blair & Mitchell, 2008).

In cross-modal tasks in which an emotional task-irrelevant auditory stimulus is presented,
the emotional task-irrelevant auditory stimulus would not act as a representational
competitor to the task-relevant visual stimulus due to it being a separate modality. This
would result in a strong sensory representation of the task-relevant visual stimulus and
improvement in visual task performance. Additionally, the emotional task-irrelevant
auditory stimulus would also highly activate the amygdala and locus coeruleus, which

would enhance visual task performance through connections to visual areas.

5 Neural Structures in Emotional Paradigms

Prior evidence suggests that emotional stimuli receive preferential access to processing
resources (Mitchell & Greening, 2012). At a neural level, two brain regions that are
particularly important are the amygdala and the locus coeruleus (LC).

The amygdala is a region of grey matter located in the medial temporal lobe and has been
implicated in a wide range of emotional processes such as fear conditioning (Maren,
2001), emotional memory (Canli et al., 2000), and emotional face processing (Hariri et
al., 2002). Importantly, the amygdala also plays a role in emotional attention. Vuilleumier
et al., (2004) exposed healthy patients and patients with amygdala lesions to fearful and
neutral faces while undergoing fMRI. They found that the healthy controls displayed
activation in the fusiform and occipital cortex upon showing of fearful faces. Individuals

with amygdala damage did not show an emotion-related enhancement in these areas



despite having undamaged visual areas. Additionally, the amygdala has connections to
visual cortical areas such as the primary visual cortex, prefrontal areas involved in
executive control (Amaral et al., 2003), and reciprocal connections between the temporal
cortex (Amaral et al., 1992). Based on this connectivity, it is thought that the amygdala
can potentiate the representation of emotional stimuli in sensory areas. Indeed, Morris et
al., (1998) found that activity in the amygdala predicted emotion-specific activation in the
extrastriate cortex, an area implicated in visual processing. Together, this suggests that
the amygdala may enhance representations of emotional stimuli in sensory processing
areas (LeDoux & Armony, 1999; Whalen et al., 1998).

Another region of importance is the LC. The LC is a structure in the pons of the
brainstem and has been implicated in modulating levels of arousal through the release of
norepinephrine (NE) (Aston-Jones & Cohen, 2005). The LC displays both phasic and
tonic firing patterns. High phasic and moderate tonic firing patterns are associated with
increased focus and high task performance (Aston-Jones & Cohen, 2005). In contrast,
low phasic and high tonic firing patterns are associated with increased distractibility and
reactivity to task-irrelevant stimuli (Aston-Jones et al., 1996). LC activity is triggered in
response to target-relevant stimuli (Aston-Jones et al., 1994), emotional stimuli
(Sterpenich et al., 2006), and environmental stressors (Abercrombie & Jacobs, 1987) and
has been reliably found to modulate levels of arousal (Aston-Jones & Bloom, 1981) and
visual attention (Ghosh & Maunsell, 2022). The LC is extensively connected to multiple
brain regions such as the cerebral cortex, hippocampus, and cerebellum (Foote, Bloom, &
Aston-Jones, 1983). Importantly, the LC also contains connections to the amygdala (Van
Bockstaele et al., 1999), the occipital cortex (Waterhouse et al., 1983) and the
dorsolateral PFC (Arnsten & Goldman-Rakic, 1984), a region involved in enhancing

neural coding of task-relevant stimuli (Grueschow et al., 2020).

In studies of visual attention, research on cats (McLean & Waterhouse, 1994) and rats
(Waterhouse et al., 1990) have found that injections of NE can enhance receptive field
properties of visually responsive neurons in the primary visual cortex. Furthermore,
phasic LC activity has been found to enhance the coding of salient stimuli in the sensory

cortex suggesting that the LC may increase sensory representations through connections



to the primary visual cortex and the cerebral cortex (Vazey et al., 2018). Moreover,
optogenetic excitation of the LC in monkeys has been found to increase sensory
discrimination of attended Gabor patches (Ghosh & Maunsell, 2022). This demonstrates
that not only does LC activity lead to greater sensory representations but LC activity
leads to greater visual task performance as well. Overall, these studies suggest that
activation of the LC may enhance visual performance through increasing sensory
representations via connections to early visual areas and the dorsolateral PFC. This effect
may be amplified in emotional paradigms in which the LC is highly activated (Sterpenich
et al., 2006).

Taken together, emotional enhancement of visual performance can be caused by two
interconnected pathways involving the amygdala and LC. After exposure to emotional
stimuli, the amygdala and LC would be activated to a high degree. This activation would
lead to the increased representation of visual stimuli through two pathways: the amygdala
pathway and the LC pathway. In the amygdala pathway, activation of the amygdala
enhances representations of visual stimuli through excitatory connections to the ventral
visual stream. This pathway is modulated by reciprocal connections from the prefrontal
cortex to the amygdala and early visual areas. The LC pathway impacts visual
representations directly through noradrenergic projections to early visual areas and the
dorsolateral PFC. The relative impact of this pathway can be measured by pupil dilation
as prior work has shown it to be a strong proxy for LC activity (Clewett et al., 2018;
Murphy, O’Connell, et al., 2014). Through both these pathways, exposure to emotional
stimuli leads to the amplification of awareness and attention to visual stimuli.
Importantly, however, there is significant overlap between these pathways due to

reciprocal connections between the amygdala, LC, and the prefrontal cortex.

6 Arousal and Pupillometry

In recent years, pupillometry has become a popular method of quantifying physiological
arousal likely due to the development of eye-tracking systems with automated
pupillometry (Wang et al., 2018). Several studies have used pupillometry as an index of
physiological arousal (Murphy, Vandekerckhove, et al., 2014; Urai et al., 2017) and



emotional arousal (Babiker et al., 2013, 2015; Bradley et al., 2008; Krejtz et al.,2020.;
Nakakoga et al., 2020; Partala et al., 2000; Partala & Surakka, 2003). Bradley et al.,
(2008) found that pupil size increased upon viewing highly arousing emotional images
compared to less arousing emotional images. Additionally, pupil size co-varied with the
galvanic skin response (GSR) suggesting that pupil dilation is a reliable indicator of
increased sympathetic activity. Furthermore, multiple studies have found that exposure to
negative emotional sounds leads to greater pupil dilation compared to neutral sounds
(Babiker et al., 2013, 2015; Nakakoga et al., 2020; Partala et al., 2000; Partala &
Surakka, 2003). Taken together, these findings suggest that pupil dilation may be a strong

measure of arousal.

Pupil dilation has also been shown to be indicative of LC activity. Murphy et al., (2014)
had participants complete a two-stimulus oddball task while in a MRI scanner. An eye-
tracker was also collecting pupil diameter continuously at rest and during the task. They
found that pupil dilation was correlated to the BOLD activity of the LC at rest and during
task performance. Similarly, Clewett et al., (2018) found the same correlation when
participants completed a monetary incentive encoding task inside a MRI scanner while
their pupil diameter was recorded through an eye-tracker. Moreover, Sterpenich et al.,
(2006) had participants perform a memory task using negative and neutral faces as targets
while undergoing eye-tracking and fMRI. They found that pupil size linearly modulated
LC activity. Together, these studies suggest that pupil dilation may act as an indirect

measure of LC activity.

The amygdala has recently become a region of interest in relation to pupil dilation due to
its two-way excitatory connection with the LC (Samuels & Szabadi, 2008). Kuniecki et
al., (2018) found that pupil dilation correlated with BOLD activity of the amygdala when
participants were presented with negative images but not neutral images. In contrast,
Leuchs et al., (2017) found that pupil dilation did not correlate with BOLD activity of the
amygdala during fear conditioning. Furthermore, Dal Monte et al., (2015) compared the
pupil dilation response between rhesus monkeys with amygdala lesions and controls
during an oculomotor saccade task while viewing emotional facial expressions. They

found that lesions to the amygdala did not lead to significant changes in pupil dilation.
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This suggests that the amygdala may not be necessary for pupil dilation to occur. Taken
together, the role of the amygdala in the pupil dilation response is currently mixed and

future research is needed to clarify its involvement.
7 Factors Affecting Emotional Enhancement Effects

7.1  Spatial Location and Visual Performance

In the visual domain, the presentation of a task-irrelevant visual stimulus in the same
spatial location as a target stimulus has been shown to improve visual task performance
even without a change in head or eye position (Fernandez-Duque & Posner, 1997; Posner
et al., 1980). Interestingly, these visual orienting effects have also been observed when
the task-irrelevant stimulus is auditory. In cross-modal tasks, the spatial location of a
task-irrelevant auditory cue could prime participants to respond in a certain location,
leading to enhanced visual task performance. Aligned with this hypothesis, several
studies show that the spatial location of a task-irrelevant cue leads to enhanced response
time and accuracy for targets on the same side as the task-irrelevant cue. In a study by
Mcdonald and Ward (2000), participants were exposed to a 70ms noise burst through
either a left or right speaker before they performed a go/no-go task in which they
responded to either a left or right target stimulus. They found that participants were faster
when the sound was presented on the same side as the target stimulus but only when the
stimulus onset asynchrony was short (100-300ms). The spatial location of a sound has
also been found to influence accuracy. Mcdonald et al., (2000) presented participants
with a tone through either a left or right speaker before performing a signal detection task
in which the target stimulus was on the left or right side. They found that participants
were more accurate when the tone was presented on the same side as the target stimulus.
Furthermore, Leo et al (2011) sought to investigate this spatial cueing effect with more
complex sounds. They exposed participants to bidirectional sounds that appeared to be
coming towards them (looming), staying in place (static), or going away from them
(receding) while they had to indicate the orientation of Gabor patches on the left and
right. They found that participants displayed greater orientation detection when the sound

was presented on the same side as the Gabor patch. However, this effect only existed for
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sounds that were looming. This may be because looming stimuli act as warning signals
and elicit greater arousal compared to static and receding stimuli (Bach et al., 2009).
Overall, these findings suggest that the spatial location of an auditory cue may facilitate

visual performance if the cue is presented on the same side as a visual target stimulus.

Interestingly, when the spatial location of emotional sounds is being studied, they seem to
find different results. Zimmer et al., (2016) presented participants with disgusting,
fearful, and neutral sounds on the left or right headphone channel. After the sound
presentation, participants were presented with an arrow on either the left or right side of
the fixation cross and would have to indicate whether the arrow was pointing up or down.
They found that participants displayed faster response times when the fearful sounds
were spatially congruent with the visual target compared too when the fearful sounds
were presented spatially incongruent with the target. Interestingly, they found the
opposite result for disgusting sounds in which participants were faster when the target
was spatially incongruent compared to spatially congruent. In a later study by Zimmer et
al., (2019), the same paradigm was used except participants had to indicate whether a
schematic face (presented on the left or right of fixation) was happy or unhappy. This
study replicated the effects of disgusting sounds and showed that this effect persisted
regardless of the interstimulus-interval (IS1) between the sound and the target cue.
However, spatially congruent neutral sounds enhanced response time but only at short

ISIs and actually impaired response time at longer ISIs.

Taken together, these results suggest that when non-emotional sounds are spatially
congruent with a visual target stimulus, they may facilitate visual task performance by
orienting attention towards the spatial location of the visual target stimulus. However,
when the sound is disgusting in emotional content, this results in faster response times
when targets are presented spatially incongruent with the sound. Importantly, the
opposite effect is observed for fearful sounds. Thus, future work is needed to disentangle

these effects.
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7.2 Stimulus Timing and Visual Performance

Another important factor that influences visual performance in cross-modal paradigms is
stimulus timing. In the presentation of emotional auditory stimuli, the time between the
onset of the emotional stimulus and the target stimuli plays an important role in whether
enhancement effects or distraction effects are observed.

As discussed previously, Bocanegra and Zeelenberg (2009) found that when emotional
stimuli were presented at short and medium-inter-stimulus intervals, participants
displayed impaired accuracy during a visual orientation detection task. However, when
the emotional stimuli were presented at long inter-stimulus intervals, this effect reversed
and participants displayed increased accuracy compared to non-emotional stimuli. These
results could be because when emotional stimuli are presented at longer inter-stimulus,
there is less competition between the emotional stimuli and the task-relevant stimuli
while still having the added arousal elicited by the emotional stimuli. In contrast,
Bekhtereva et al., (2019) exposed participants to neutral or unpleasant images in an
RSVP paradigm while they performed a visual target identification task and underwent
EEG and found that sensory facilitation may occur before an attentional bias to emotional
information. In sum, these findings suggest that emotional stimuli may offer an

enhancement effect if presented close in time to the target stimuli.

8 Current Study

The effect of emotional stimuli on visual task performance is complex. In unimodal
emotional paradigms, the effects are better understood. However, in cross-modal
emotional paradigms, the results are mixed. Some studies demonstrate emotional
enhancement effects (Kryklywy & Mitchell, 2014; Max et al., 2015; Zeelenberg &
Bocanegra, 2010) while others show distraction effects (Hjartstrom et al., 2019) or no
effects at all (Parmentier et al., 2020). Although the reason for these inconsistencies is
unclear, it appears that whether emotional enhancement or distraction emerges may
depend on a number of factors including the timing of the visual target stimulus
(Bekhtereva et al., 2019; Bocanegra & Zeelenberg, 2009), and spatial congruence

between the visual and auditory stimuli (Zimmer et al., 2016, 2019). Furthermore,
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although previous studies have investigated how auditory cues can affect visual
performance (Kryklywy & Mitchell, 2014; Lee et al., 2014; Sutherland & Mather, 2018;
Zeelenberg & Bocanegra, 2010), to our knowledge, no studies have directly compared
emotional and neutral sound-related enhancement effects relative to both each other and

to a silence condition.

This study aimed to determine the impact of emotional sounds on visual task
performance as a function of the relative timing and spatial location of auditory and
visual cues. To test whether emotional sounds led to an enhancement in performance
compared to non-emotional sounds, participants completed an orientation detection task
in the presence of negative or neutral sounds. To investigate timing effects, visual target
stimuli were presented at 4 different time points (250ms, 1675ms, 3100ms, and 4525ms
following task-irrelevant stimulus onset) throughout the presentation of the emotional
sound. Trials were categorized based on whether sounds were presented on the same or
opposite side of the visual target stimuli to explore the effects of spatial location. Silence
trials were also included where participants completed the orientation detection task in
complete silence. Data in this block was used to baseline correct the performance metrics
for the negative and neutral conditions to investigate the benefit of negative and neutral

sounds compared to silence.

The current study also drew on previous work suggesting that arousal and increased
noradrenergic activity may be a mechanism by which emotional stimuli impact visual
performance (Zsido et al., 2020; Zsido et al., 2022). Previous work has shown pupil
dilation to be an indirect measure of both physiological arousal (Murphy,
Vandekerckhove, et al., 2014; Urai et al., 2017) and LC activity (Clewett et al., 2018;
Murphy, Vandekerckhove, et al., 2014; Sterpenich et al., 2006). Thus, pupil dilation was
recorded throughout the experiment to investigate the degree of physiological arousal
elicited by the emotional stimuli and to act as an indirect measure of LC activity.
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We hypothesized that emotional stimuli would enhance visual attention compared to non-
emotional stimuli through processes linked to arousal. We predicted that both negative
and neutral sounds would result in enhancements in accuracy and RT compared to silence
but that negative sounds would result in significantly greater enhancement than neutral
sounds. Moreover, we expect that this enhancement in visual performance will be
accentuated when sounds are presented on the same side as the visual target stimulus.
Furthermore, we also predict that the presentation of sounds would increase pupil dilation
compared to silence but that this increase in pupil dilation would be greater after

exposure to negative sounds compared to neutral sounds.
Chapter 2

9 Methods

9.1 Participants

Forty-six healthy adult participants between the ages of 18- and 45-years completed the
study. Four participants were excluded due to poor eye-tracking calibration and
validation. This resulted in 42 participants being analyzed (Mage = 24.12 years, Range =

18-41 years, SD = 5.50 years, 76% female). Behavioral results from studies looking at
the effects of emotional stimuli on emotion yield effect sizes of i’]pz = .16 or higher for
the main effects of emotion (Bocanegra & Zeelenberg, 2009; Zeelenberg & Bocanegra,
2010). The a priori power analysis used an estimated effect size of 1’]p2 = .16 for 42

participants, resulting in power in excess of .95.

The Western OurBrainsCAN Research Registry was used to recruit participants.
Participants were also recruited via flyers around the Western campus or elsewhere in
London, social media advertisements, and emails to previous participants who expressed
interest in being contacted. All participants had normal or corrected to normal vision.
Participants provided written informed consent to the study and received $15 per hour
compensation. This study was approved by the University of Western Ontario Health

Sciences Research Ethics Board
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9.2 Stimuli

The sounds were selected from the International Affective Digitized Sounds database
(IADS; Bradley & Lang, 1999). The IADS is an empirically validated dataset of sounds
that contains normative ratings of valence, arousal and dominance from self-report data
provided by 103 men and 103 women (Mage = 21.32, SD = 2.38). For the current study,
we were particularly interested in normative ratings for valences which range from 1-9
(with lower scores indicating negatively valenced stimuli) and arousal, which also ranged
from 1-9 (with higher scores indicating more arousing stimuli). Twenty negative sounds
were selected from those with an average valence rating below 4 (M = 2.41, SD = 0.62,
Range = 1.28-3.09) and an average arousal rating of above 6 (M = 6.79, SD = 0.64,
Range = 6.00-8.46). In contrast, 20 neutral sounds were selected from those with average
valence ratings between 4 and 6 (M = 4.84, SD = 0.42, Range = 4.17-5.82) and average
arousal ratings below 6 (M = 4.87, SD = 0.68, Range = 3.50-5.82). Negative and neutral
sounds differed significantly in valence (t(19) = -15.356, p <.001) and arousal (t(19) =
11.064, p < .001). In addition, to control for the potential influence of low-level acoustic
features, negative and neutral sounds were selected such that they did not significantly
differ on root-mean-squared amplitude, onset amplitude, mean harmonicity, spectral
centroid or spectral entropy (all p’s > .05 uncorrected). For details of sounds, see

Appendix A.

The experiment also included visual stimuli consisting of Gabor patches (2D sinusoidal
luminance gratings). The Gabor patches had a Gaussian amplitude envelope of standard

deviation of 0.1° and were tilted between -3.5° to 3.5° from vertical.

9.3 Procedure

The visual acuity tasks used in this study were based on prior studies that examined
visual acuity in the presence of sounds (Leo et al., 2011; Stewart et al., 2020) with
modifications that allowed for examination of visual acuity in the presence or absence of
emotional sounds. We operationalized visual acuity as the ability to discriminate the
direction in which Gabor patches were tilted. To establish the contrast levels to be used in

the experimental task, we first had participants complete an Orientation Detection
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Threshold Task to ensure identification accuracy fell within a given range (approximately
70% correct). Afterwards, participants had a short break before undergoing the Emotional

Orientation Detection Task using their designated contrast levels.

All tasks were completed on an LG Flatron 22” monitor and all sounds were presented
through dual Moloroll computer speakers positioned on the left and right of the monitor.
The fixation box was located in the center of the screen and occupied a 17.19° x 9.72°
visual angle at a viewing distance of 80 cm. The Gabor patches were located at a 6.25°
eccentricity, on either the left or right side of the fixation box. They occupied a 1.25° x

7.79° visual angle.

The initial brightness was set at maximum brightness of 250 cd/m? and the sounds ranged

from 59.1 db SPL to 87.7 db SPL. Ambient lighting was measured using the Konica
Minolta Luminance Meter LS-110 and adjusted to match the brightness of the monitor.
The Extech Sound Level Meter was used to measure the sound levels for all auditory
stimuli. The Eyelink 1000 software and eye-tracker were used to measure pupil dilation
and to ensure participants maintained fixation throughout the experiment.

9.4 Orientation Detection Threshold Task

Evidence suggests that participants vary in their ability to detect orientation significantly
(Leo et al., 2011). Thus, to prevent floor or ceiling effects, participants completed an
orientation threshold detection task (see Figure 1a) to gain an estimate of the orientation
deviation needed to obtain an accuracy of approximately 70% in the experimental task.
The accuracy level was chosen as it is comparable with the level of difficulty associated
with previous experiments in our group that explored emotional distraction and
facilitation effects (Stewart et al., 2020; Tavares et al., 2016)

To establish this threshold, we had participants complete an orientation detection task. In
the orientation detection task, a fixation box appeared at the center of the screen
(participants were told to maintain fixation on the fixation box throughout the entire

experiment). Gabor patches of varying orientations (ranging from —3.5 to 3.5 degrees
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from vertical) flashed on cither the right or left side of the fixation box. The participant’s
task was to identify whether the Gabor patch was tilted left or right by pressing the "F” or
“J” key respectively.

The task consisted of 600 trials. The trials were divided into 3 identical blocks (200 trials
each) with each block presenting each unique orientation of the Gabor patch (20 unique
combinations) 5 times on both the left and right side of the fixation box. The task lasted

45 minutes.

After participants completed all 3 blocks, the experimenter ran the output file of the
experiment through an R script for curation and a Python script, utilizing the psignifit

toolbox (http://bootstrap-software.org/psignifit/) version 2.5.6 to determine the

orientation of the Gabor patch that participants identified correctly 70% of the time for
the left and right side. This orientation of Gabor was then used for the emotional

orientation detection task that followed.

9.5 Emotional Orientation Detection Task

Once the orientation detection threshold was established, participants had a short break
before completing the main experimental task. Task Parameters are presented in Figure
1B. In brief, participants were presented with Gabor patches and were asked to indicate
whether the Gabor patch was tilted left or right by pressing the "F” or “J” keys
respectively. While participants completed the task, they were presented with either 10
negative sounds, 10 neutral sounds, or no sounds at all (the silent condition). Each sound
was 6 seconds in duration, during which 4 Gabor patches were displayed at 250 ms, 1675

ms, 3100 ms, and 4525 ms following sound onset.

There were 480 trials broken up into 4 phases of 120 trials each. In each phase, there
were three blocks of 40 trials for each sound condition (negative, neutral, silence). In
each block, 10 different sounds of the appropriate emotion were presented. In the first 2
phases, each of the sounds were randomly presented once in their appropriate block. The

sounds were then repeated in randomized order for the latter 2 phases. The ordering of
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the blocks was pseudo-randomized such that identical blocks were not presented
consecutively. Phases were separated by a break in which participants took a self-timed

break before proceeding to the next phase.
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Figure 1. Experiment and trial structure of the orientation detection threshold task and

emotional orientation detection task.

An Eyelink 1000 eye-tracker was used to track the participants' fixation throughout the
experiment and ensure that the participants were fixating on the fixation box and not
saccading to the Gabor patches. Trials in which participants saccaded to the Gabor patch
were discarded during analysis (M = 20.61, SD = 27.96, Range = 0-101). Additionally,
the eye-tracker also collected pupillometry data (pupil dilation) as a measure of

physiological arousal.

9.6 Data Analyses

Errors and non-responses were excluded from the RT analysis as were trials in which
subjects failed to fixate centrally (4.3%). Additionally, outlier trials were identified
within each condition. Outliers were defined as trials where the response times were

greater or less than 3 median absolute deviations (MAD) for that trial type (e.g. negative
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(M =6.26, SD = 4.31, Range = 0-23), neutral (M =6, SD = 4.38, Range = 0-23), silence
(M =7.14, SD = 4.27, Range = 1-24)) in line with recommendations (Leys et al., 2013).

Four participants were excluded because their average RT was more than 3 MAD above
or below the median for one or more trial types. This left 38 participants for the main
analyses. A 3-way repeated measures analysis of variance (ANOVA) was performed
using the within-subjects factors of Valence (negative, neutral), Congruence (congruent,
incongruent), and Timing (time point 1, time point 2, time point 3, time point 4). Similar
to prior work (Mitchell et al., 2008; Tavares et al., 2016), the primary variable of interest
was response time, and accuracy was examined as a secondary measure. The interaction
between valence and congruence was of particular interest. Greenhouse-Geisser adjusted
degrees of freedom were used when the assumption of sphericity was violated.

Before analysis, pupillometry data underwent blink interpolation, baseline correction, and
trial exclusion based on baseline (first 50 ms after sound onset) as suggested by Mathot
and Vilotijevi¢ (2022). The pupil sizes during the presentation of the Gabor patches were
then extracted and analyzed using the same 3-way repeated measures ANOVA that was

used for response time and accuracy.

In light of prior evidence that the presentation of innocuous sounds can also enhance
concurrent visual acuity (Gleiss & Kayser, 2013; Huang et al., 2011; Jaekl & Soto-
Faraco, 2010; Lippert et al., 2007), we conducted planned comparisons to quantify the
relative benefits of any sound versus a silent baseline at various time points. Specifically,
we sought to replicate the finding that any sound would enhance visual acuity relative to
the silence condition (Kim et al., 2012). Next, we sought to compare the relative size of
the advantage conferred by neutral sounds over no sounds, with that of negative sounds
over neutral sounds. To do this, we conducted one-sample t-tests comparing negative and
neutral values at each time point with baseline. Next, we conducted paired samples t-tests
to examine whether this advantage differed between conditions (negative, neutral). This

procedure was performed for RT, accuracy, and pupil dilation.
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Our planned comparisons included those main effects and interactions involving emotion.
The Benjamini-Hochberg procedure was used to correct for all unplanned, post-hoc
comparisons not involving emotion. Unless stated otherwise, all post-hoc tests survived

correction.

10  Results

10.1 Response Time

The 2 (Valence: negative, neutral) x 2 (Congruence: congruent, incongruent) x 4
(Timing: 1, 2, 3, 4) repeated measures ANOVA of the RT data revealed a significant
main effect of Valence (F(1, 37) =4.42, p =.042, npz =.107). Participants categorized
visual stimuli faster in the presence of negative versus neutral sounds. A significant
Valence X Congruence interaction also emerged (F(1, 37) = 10.32, p = .003, npz =.218).
Pairwise t-tests revealed that orientation detection was significantly faster in the presence
of spatially incongruent negative sounds versus spatially congruent negative sounds
(t(38) = 2.367, p =.023), spatially congruent neutral sounds (t(38) =-2.072, p = .045) or
spatially incongruent neutral sounds (t(38) = -2.830, p = .007).

In addition, a Congruence X Timing interaction emerged (F(3, 111) = 4.49, p = .005, npz

=.312). For spatially congruent sound-Gabor presentations, participants displayed
significantly slower orientation detection at time point 3 compared to time point 1 (t(41)
=-2.882, p =.006) and time point 4 (t(39) = 2.467, p = .018). For incongruent
presentations, participants displayed significantly slower orientation detection at time
point 1 compared to time point 2 (t(39) = 2.163, p = .037). Additionally, participants
were significantly faster to incongruent sounds at time point 2 compared to incongruent
sounds at time point 3 (t(39) = 3.193, p =.003). However, none of these contrasts

survived correction. The 3-way interaction was not significant (F(3, 111) = 1.10,p =

354, p? = .029).
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Figure 2. (a) Depicts the main effect of Valence whereby participants were fastest for
identifying Gabor patch orientations in the presence of negative sounds compared to
neutral sounds. (b) Depicts a significant Valence X Congruence interaction was
observed. (c) The significant Congruence X Timing interaction is characterized.  p < .05
and +# p < .01 indicate p values which did not survive correction. *p < .05; **p <.01;
**xp <001

10.2 Accuracy

A 2 (Valence: negative, neutral) x 2 (Congruence: congruent, incongruent) x 4 (Timing:
1, 2, 3, 4) repeated measures ANOVA was conducted using the proportion of correct

responses to the total number of valid responses as the dependent variable. The analyses

revealed no significant main effect of Valence (F(1, 40) = 0.38, p =.544, 7’]p2 =.009). A
main effect of Timing emerged (F(3, 120) = 11.44, p <.001, npz =.222); participants were

more accurate at identifying the orientation of the Gabor patch at time point 1 compared
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to time point 2 (t(40) = 3.082, p =.004)., 3 (t(41) = 5.109, p <.001)., or 4 (t(41) = 4.254,
p <.001). Accuracy at time points 2 was also significantly higher than accuracy at time
point 3 (t(40) = 2.529, p = .015).

The analyses revealed no Valence X Congruence interaction (F(1, 40) = 0.13, p =.722,
np® = .003) and no three-way interaction (F(3, 120) = 0.34, p = .799 5,2 = .008).

Accuracy across Time Points

100

Accuracy (%)

Time Peint 1 Time Point 2 Time Peint 3 Time Point 4
Time Peints

Figure 3. A main effect of Timing was observed whereby participants were more accurate
when identifying the orientation of the first Gabor patch relative to all other time

points***p < .001

10.3 Pupillometry

A 2 (Valence: negative, neutral) x 2 (Congruence: congruent, incongruent) x 4 (Timing:
1, 2, 3, 4) repeated measures ANOVA was conducted on the pupil dilation data during
the presentation of the Gabor patch relative to the baseline period as the dependent

variable. The analysis revealed a main effect of Valence (F(1,34) = 21.60, p <.001, npz =
.389); negative sounds were associated with significantly greater increases in pupil size
compared to neutral sounds. A main effect of Timing also emerged (F(3,102) = 96.90, p
<.001, qu =.740). Pupil size was significantly smaller at the presentation of the first

Gabor patch than any other time-point (p < .001).
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A Valence X Timing interaction also emerged (F(3,102) = 7.61, p = <.001, ;7p2 =.183) in

which negative sounds elicited greater pupil sizes compared to neutral sounds at time
points 2 (t(38) = 2.713, p =.010), 3 (t(35) = 3.308, p =.002), and 4 (1(35) = 4.129, p
<.001), but not at time point 1 (t(36) = .07, p =.944). However, there was no significant

Valence X Congruence interaction (F(1,34) = 0.013, p =.908, 77p2 <.001) or 3-way

interaction (F(3,102) = 0.53, p = .661, f7p2 =.015).
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Figure 4. (a) Depicts the main effect of Valence whereby participants displayed greater
pupil dilation in response to negative sounds compared to neutral sounds. (b) Displays
the significant Valence X Congruence interaction whereby pupil size was greater for
negative relative to neutral sounds across all time points except time point 1 (c) Shows
the main effect of Timing in which pupil size was significantly smaller at time point 1

compared to the following time points. *p < .05; **p < .01; ***p <.001
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Change in Pupil Size Across Sound Presentation

04

03

0z

01

0.0

Pupil Dilation From Baseline (mm)

0 o g B

1000 2000 3000 4000 5000 B000
Time from Stimulus Onset (ms)

—— MNegative Condition —— MNeutral Condition —— Silence Condition

Figure 5. Time series graph showing the change in pupil dilation from the baseline
period throughout the sound presentation for all three conditions. Grey columns indicate
the times in which the Gabor patches were presented and are the data points used in the

subsequent analyses.

10.4 Quantifying the sound versus no-sound advantage

In order to quantify the relative benefits of any sound versus a silent baseline at various
time points, planned comparisons were conducted between the negative and neutral
baseline-corrected values at each time point with the silent baseline. When the advantage
of sound was significant, paired samples t-tests were then conducted to examine if the
advantage of sound was enhanced for negative sounds compared to neutral sounds.

10.4.1 Response Time

To examine the differential impact of sound compared to silence as a function of time,
one-sample t-tests were conducted comparing the baseline corrected RTs for the negative
and neutral condition at each time point with the baseline values. These analyses revealed
that negative sounds produced a significant advantage in RT at time points 1 (t(39) = -
6.701, p <.001), 2 (t(39) = -4.007, p < .001), 3 (t(39) =-2.115, p =.041), and 4 (t(39) = -
2.221, p =.032), compared to baseline. In contrast, neutral sounds produced a significant
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advantage in RT at time points 1 (t(40) =-7.072, p <.001), and 2 (t(40) = -2.248, p = .03)
but not time points 3 (t(40) =-.573, p =.57) and 4 (t(40) = --.879, p = .385).

To evaluate whether the advantage of sound on RT differed between negative and neutral
sounds as a function of time, paired sample t-tests were conducted between baseline
corrected negative and neutral RTs for the time points in which there was a significant
advantage for both negative and neutral sounds. These analyses revealed that negative
sounds elicited a significantly greater RT advantage at time point 2 (t(38) =-2.487,p =
.017) compared to neutral sounds but not at time points 1 (t(39) =.012, p = .991).

Advantage of Emotional Sounds Across Time
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Figure 6. Negative sounds elicited a prolonged reduction in RT throughout all time
points while neutral sounds only elicited reduction in RT at the first two time points. Plus
signs (+) indicate the degree to which the condition is significantly different compared to
silence. "p <.05; **p <.01; ""*p <.001. *p < .05; **p < .01; ***p < .001.

10.4.2 Accuracy

Similar to RT, one-sample t-tests were conducted to compare the accuracy values for the
negative and neutral condition at each time point compared to baseline. The analyses
showed that accuracy was not significantly different from baseline at any time point for

both negative and neutral conditions.

26



10.4.3 Pupillometry

Like both accuracy and RT, one-sample t-tests were conducted on the baseline corrected
pupillometry values for both emotion conditions at each time point compared to baseline.
For the negative condition, pupil dilation was significantly greater than baseline at time
points 2 (t(41) = 12.637, p <.001), 3 (t(39) = 10.611, p <.001), and 4 (t(37) =9.720, p <
.001) but not at time point 1 (t(39) = -1.074, p = .290). Similarly, pupil dilation in the
neutral condition was also significantly greater than baseline at time points 2 (t(40) =
12.574, p <.001), 3 (t(39) = 9,557, p <.001), and 4(t(38) = 9.078, p <.001), but not at
time point 1 (t(40) =-1.420, p = .163).

Finally, pairwise t-tests were conducted examining whether pupil dilation was different
between emotion conditions at each time point. The analyses revealed that the increase in
pupil dilation over silence was significantly greater in the negative relative to the neutral
condition at time points 2 (t(40) = 4.326, p <.001), 3 (t(39) = 2.693, p = .01), and 4 (t(37)
=4.114, p < .001).

Advantage of Emotional Sounds across Time
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Figure 7. Pupil dilations compared to baseline values (dashed line) were significantly
greater at all time points but time point 1 with an added advantage for the negative
condition. Plus signs (+) indicate the degree to which the condition is significantly
different compared to baseline. *p < .05; *"p < .01; ™""p < .001. *p < .05; **p < .01;
**xp < 001.
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Chapter 3

11 Discussion

Studies exploring the impact of emotional stimuli on visual task performance using cross-
modal emotional stimuli commonly find mixed effects. Some studies find evidence for
enhancement effects (Kryklywy & Mitchell, 2014; Max et al., 2015; Zeelenberg &
Bocanegra, 2010) while other studies show distraction effects (Hjartstrom et al., 2019) or
no effects at all (Parmentier et al., 2020). Two factors that may contribute to these effects
are the spatial location of visual and auditory objects and the timing of visual target
stimuli in relation to the emotional auditory stimuli. However, how both of these factors
simultaneously influence the impact of emotional auditory stimuli on visual task
performance is unclear. No studies to our knowledge have examined the additive impact
of sound and emotion on visual task performance, and few have investigated how
emotional sounds influence both physiological arousal and visual task performance.

The current study sought to address these gaps in knowledge by manipulating both the
timing and spatial location of an emotional sound in relation to visual target stimuli as
participants performed an orientation detection task. In addition, a silent condition was
included to delineate any additive effects of sound and emotion on visual performance.
Lastly, we also examined how physiological arousal was affected by the emotional
content, spatial location, and timing of an auditory stimulus by measuring pupil dilation
throughout the experiment. As predicted, the presence of negative sounds was associated
with faster RTs overall. Surprisingly, this effect was driven by significant RT reductions
when negative sounds were presented on the opposite spatial side as the visual target
stimuli. Contrary to predictions, negative sounds did not lead to significant differences in
accuracy. However, aligned with predictions, pupil dilation was significantly greater after
exposure to negative sounds compared to neutral sound, and sounds led to faster RT and
increases in pupil dilation compared to silence. Furthermore, these effects were more

prolonged after exposure to negative sounds.

This study demonstrated that negative sounds did not lead to significant differences in

accuracy but did lead to significant enhancement in RT compared to neutral sounds. This
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is not unexpected as other studies in emotional attention observe a similar pattern of
results (Mitchell et al., 2008; Tavares et al., 2016; Asutay & Vastfjall, 2017; Zimmer et
al., 2022). These results reflect an enhancement in performance in which participants
display faster RTs with no cost to accuracy. Based off this, it can be speculated that our
effects reflect a motor response to negative sounds compared to an attentional
enhancement. However, it is unlikely that the results are the outcome of motor
enhancement as if they were; we would see a general improvement in RT irrespective of
spatial location. Another possibility is that accuracy and RT may be affected by different
mechanisms with accuracy being influenced through voluntary attention and RT being
influenced through involuntary attention (Prinzmetal et al., 2005). However, reductions in
RT are unlikely to be caused entirely by attention and likely involve some form of motor
enhancement (Boulinguez & Nougier, 1999). Thus, these enhancement effects may be

due to a combination of improved involuntary attention and motor enhancement.

Interestingly, negative sounds enhanced response times compared to neutral sounds but
only when sounds were presented incongruently. This was unexpected as prior work has
found that the presentation of sounds on the same spatial side as the visual stimulus leads
to faster RTs (McDonald & Ward, 2000; Mcdonald et al., 2000). These effects are
thought to occur as an involuntary orientation of attention to the spatial location of the
sound and the visual target stimulus (McDonald et al., 2000). Thus, we expected this
effect to be enhanced for negative sounds since negative sounds are more arousing and
may impact involuntary attention more than neutral sounds. However, it should be noted
that some prior work has found a similar effect in which incongruently presented
negative sounds elicited significantly faster RTs in a spatial cueing task than
incongruently presented neutral sounds (Harrison & Davies, 2013). These findings have
been interpreted as reflective of an attentional disengagement and avoidance of the
negative stimulus (Koster et al., 2006; Lee et al., 2012). According to this idea, negative
sounds may trigger attentional avoidance of the location it appears, increasing resource

allocation to the opposite spatial location.
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In line with predictions, the presentation of negative versus neutral sounds was associated
with increased pupil dilation, but only after time point 1. This enhancement in pupil
dilation by negative sounds is in accordance with prior studies that have found a similar
effect (Babiker et al., 2013, 2015; Nakakoga et al., 2020; Partala et al., 2000; Partala &
Surakka, 2003). As previous work has found a correlation between pupil dilation and LC
activity (Clewett et al., 2018; Murphy et al., 2014; Sterpenich et al., 2006), these results
suggest that negative sounds elicit significantly greater phasic LC activation compared to
neutral sounds. Since prior work has found the LC to be involved in attention (Ghosh &
Maunsell, 2022), this may explain one mechanism in which emotional stimuli enhance

visual task performance.

A potential explanation for why differences in pupil size in response to emotional sounds
were not observed at time point 1 could be due to the response latency of pupil dilation.
Previous studies have found that the pupil can take anywhere from 200 ms (Nakakoga et
al., 2020) to 1250 ms (Babiker et al., 2013) to dilate after the onset of an emotional
sound. Thus, differences elicited by emotional sounds may not be observable at time
point 1 because the pupil has not had enough time to dilate. Another explanation could be
that the emotional salience of the sound is not apparent at time point 1 and is only
apparent from time point 2 onwards. To investigate this, a follow-up study was conducted
to investigate whether participants were able to detect the emotional content of sounds
(negative vs neutral) at time point 1 compared to time point 2. The results revealed that
participants were only able to accurately identify the emotional content of negative
sounds above chance levels at time point 2. This suggests that the emotional salience of
negative sounds may only become apparent after time point 1, which may explain the
slight delay in the pupil response.

Although previous studies have examined the impact of sound on visual performance
(Clewett et al., 2018; Gleiss & Kayser, 2013; Jaekl & Soto-Faraco, 2010; Lippert et al.,
2007), the current study is among the first to quantify the additive impact of sound and
emotion on visual task performance compared to silence. Both negative and neutral

sounds led to an enhancement in RT compared to silence. However, neutral sounds only
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elicited an enhancement at the first two time points while negative sounds elicited this
enhancement at all four time points. This replicates previous work finding that sounds
produce an enhancement effect compared to silence (Kim et al., 2012; Lippert et al.,
2007). Moreover, an ERP study examining the difference in auditory N1 after exposure
to negative and neutral sounds found that negative sounds elicited a higher and more
prolonged amplitude of N1 compared to neutral sounds (Folyi et al., 2016). For accuracy,

sounds did not lead to significant differences compared to silence.

Pupil dilation exhibited a similar effect to RT in which negative and neutral sounds
elicited significantly greater pupil dilation compared to silence but this increase was
significantly greater for negative sounds compared to neutral sounds. Importantly, these
effects are only observed after time point 1. This is in accordance with previous work that
showed that pupil size increases in response to sound compared to silence (Frith, 1981).
This extends prior work by showing that pupil size increases through exposure to sound
but that this increase is accentuated by emotion. This suggests that negative sounds lead
to a more prolonged increase in physiological arousal compared to neutral sounds.
Further, pupil dilation exhibits a similar trend to RT suggesting that physiological arousal

may act as a mechanism in which behavioral performance is enhanced.

These results suggest that negative sounds may elicit a more prolonged attentional
enhancement compared to neutral sounds. Further, this suggests that the presence of
sound elicits greater pupil dilation compared to silence and that this effect is accentuated
by negative sounds. Taken together, these results suggest that the presentation of sound
leads to an enhancement effect in visual performance and greater physiological arousal
compared to silence but that these effects are greater and more sustained in the presence
of emotional sounds. This may be because when visual stimuli and sounds are presented
closely in time, their representations merge into one representation through multisensory
integration (Jaekl & Soto-Faraco, 2010). Furthermore, as the stimulus onset asynchrony
between the two stimuli grows, the advantage of sound in improving RT decreases. This
is reflected in neutral sounds only enhancing RT at the initial two time points. In contrast,

negative sounds resulted in enhancement in RT at all time points. This could be because
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emotion extends the multisensory binding window between the visual target stimulus and

the sound.

11.1 Limitations and Future Directions

One limitation is that the negative sounds conveyed emotions ranging from sadness,
disgust, and fear. As discussed previously, task performance may be affected differently
based on the specific negative emotion elicited by the stimuli. For example, one study
found that sad sounds elicited prolonged response times compared to angry sounds
(Hjéartstrém et al., 2019). Additionally, research on spatial orienting found that
participants displayed faster RTs when a visual target appeared on the opposite spatial
side as disgusting sounds; however, an opposite effect was observed for fearful sounds
(Zimmer et al., 2016). These results suggest that different negative emotions may affect
task performance differently. Thus, future work should aim to disentangle the effects of
each emotion on task performance. This study provides an experimental paradigm to
examine cross-modal emotional enhancement of visual task performance. However, this
study does not examine the areas that may be activated during cross-modal emotional
enhancement. Insight into these areas would contribute to our understanding of the neural
structures activated during emotional enhancement. Two key regions of interest include
the amygdala and LC for their roles in processing emotion and modulating levels of
arousal. Other areas of interest include the dIPFC and lateral parietal cortex for their roles
in modulating attention and early visual areas. Future studies can investigate how these
areas are activated during these processes by having participants perform the task during

fMRI or by using transcranial magnetic stimulation to inhibit regions of interest.

Future research could also look to examine how trait anxiety influences the impact of
emotional sounds on arousal and task performance. Past research has found that
participants with high-trait anxiety have a more difficult time disengaging with negative
sounds compared to participants with low-trait anxiety (Wang et al., 2019). Hence,
patients with high trait anxiety may not display enhanced response times when exposed

to spatially incongruent negative sounds. This research would allow us to gain a deeper
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understanding of how patients with anxiety engage with the emotional stimuli in their

environment.

11.2 Conclusions

The impact of emotional sounds on visual processing is complex and varies based on
factors such as timing (Bocanegra & Zeelenberg, 2009) and spatial location (Zimmer et
al., 2016, 2019). Understanding how these factors affect visual performance is crucial in
gaining a deeper understanding of how human performance is affected in real-world
emotional situations. The current study aimed to investigate how the emotion of sounds
impacted arousal and task performance. This study manipulated both the timing and the
spatial congruence of visual target stimuli during the presentation of emotional sounds to
investigate how emotion, stimulus timing, and spatial congruence all impact visual task
performance. We established that emotional sounds produce an enhancement in RT in an
orientation detection task compared to non-emotional sounds. Moreover, this effect may
be driven by attentional disengagement and avoidance of the spatial location of an
emotional sound. As expected, we found that emotional sounds lead to greater arousal
compared to non-emotional sounds. This suggests that the LC and amygdala may be
involved in increasing visual attention and performance in response to emotional sounds.
Future research is needed to determine how individual differences influence one’s
susceptibility to emotional enhancement and what neural processes are responsible for
this enhancement. Overall, the current research extends the field by manipulating the
emotion, timing, and spatial location of sounds to investigate the impact of sounds on
human performance. This work lays the groundwork for gaining a deeper understanding
of how human performance is affected in emotional situations such as in professional

sports, aviation, and defense contexts.

33



References

Abercrombie, E. D., & Jacobs, B. L. (1987). Single-unit response of
noradrenergic neurons in the locus coeruleus of freely moving cats. Il. Adaptation
to chronically presented stressful stimuli. Journal of Neuroscience, 7(9), 2844—
2848. https://doi.org/10.1523/JNEUROSCI.07-09-02844.1987

Amaral, D. G., Behniea, H., & Kelly, J. L. (2003). Topographic organization of
projections from the amygdala to the visual cortex in the macaque monkey.
Neuroscience, 118(4), 1099-1120. https://doi.org/10.1016/S0306-4522(02)01001-
1

Anderson, A. K., & Phelps, E. A. (2001). Lesions of the human amygdala impair
enhanced perception of emotionally salient events. Nature, 411(6835), Article
6835. https://doi.org/10.1038/35077083

Andrés, P., Parmentier, F. B. R., & Escera, C. (2006). The effect of age on
involuntary capture of attention by irrelevant sounds: A test of the frontal
hypothesis of aging. Neuropsychologia, 44(12), 2564-2568.
https://doi.org/10.1016/j.neuropsychologia.2006.05.005

Arnsten, A. F. T., & Goldman-Rakic, P. S. (1984). Selective prefrontal cortical
projections to the region of the locus coeruleus and raphe nuclei in the rhesus
monkey. Brain Research, 306(1), 9-18. https://doi.org/10.1016/0006-
8993(84)90351-2

Aston-Jones, G., & Bloom, F. E. (1981). Activity of norepinephrine-containing
locus coeruleus neurons in behaving rats anticipates fluctuations in the sleep-
waking cycle. The Journal of Neuroscience: The Official Journal of the Society
for Neuroscience, 1(8), 876-886. https://doi.org/10.1523/JNEUROSCI.01-08-
00876.1981

Aston-Jones, G., & Cohen, J. D. (2005). AN INTEGRATIVE THEORY OF
LOCUS COERULEUS-NOREPINEPHRINE FUNCTION: Adaptive Gain and

34


https://doi.org/10.1038/35077083
https://doi.org/10.1038/35077083

Optimal Performance. Annual Review of Neuroscience, 28(1), 403-450.
https://doi.org/10.1146/annurev.neuro.28.061604.135709

Aston-Jones, G., Rajkowski, J., Kubiak, P., & Alexinsky, T. (1994). Locus
coeruleus neurons in monkey are selectively activated by attended cues in a
vigilance task. Journal of Neuroscience, 14(7), 4467-4480.
https://doi.org/10.1523/JNEUROSCI.14-07-04467.1994

Aston-Jones, G., Rajkowski, J., Kubiak, P., Valentino, R. J., & Shipley, M. T.
(1996). Chapter 23 Role of the locus coeruleus in emotional activation. In G.

Holstege, R. Bandler, & C. B. Saper (Eds.), Progress in Brain Research (\Vol.
107, pp. 379-402). Elsevier. https://doi.org/10.1016/S0079-6123(08)61877-4

Babiker, A., Faye, I., & Malik, A. (2013). Pupillary behavior in positive and
negative emotions. 2013 IEEE International Conference on Signal and Image
Processing Applications, 379-383. https://doi.org/10.1109/ICSIPA.2013.6708037

Babiker, A., Faye, I., Prehn, K., & Malik, A. (2015). Machine Learning to
Differentiate Between Positive and Negative Emotions Using Pupil Diameter.
Frontiers in Psychology, 6. https://doi.org/10.3389/fpsyg.2015.01921

Bach, D. R., Neuhoff, J. G., Perrig, W., & Seifritz, E. (2009). Looming sounds as
warning signals: The function of motion cues. International Journal of
Psychophysiology, 74(1), 28-33. https://doi.org/10.1016/j.ijpsycho.2009.06.004

Barbot, A., & Carrasco, M. (2018). Emotion and anxiety potentiate the way
attention alters visual appearance. Scientific Reports, 8(1), Article 1.
https://doi.org/10.1038/s41598-018-23686-8

Beck, D. M., & Kastner, S. (2009). Top-down and bottom-up mechanisms in
biasing competition in the human brain. Vision Research, 49(10), 1154-1165.
https://doi.org/10.1016/j.visres.2008.07.012

Becker, M. W. (2010). The effectiveness of a gaze cue depends on the facial

expression of emotion: Evidence from simultaneous competing cues. Attention,

35


https://doi.org/10.1016/j.ijpsycho.2009.06.004
https://doi.org/10.1038/s41598-018-23686-8
https://doi.org/10.1038/s41598-018-23686-8
https://doi.org/10.1038/s41598-018-23686-8
https://doi.org/10.1016/j.visres.2008.07.012

Perception, & Psychophysics, 72(7), 1814-1824.
https://doi.org/10.3758/APP.72.7.1814

Bekhtereva, V., Craddock, M., Gundlach, C., & Muller, M. M. (2019a). Rapid
sensory gain with emotional distracters precedes attentional deployment from a
foreground task. Neurolmage, 202, 116115.
https://doi.org/10.1016/j.neuroimage.2019.116115

Bekhtereva, V., Craddock, M., Gundlach, C., & Muller, M. M. (2019b). Rapid
sensory gain with emotional distracters precedes attentional deployment from a
foreground task. Neurolmage, 202, 116115.
https://doi.org/10.1016/j.neuroimage.2019.116115

Blair, R., & Mitchell, D. (2008). Psychopathy, attention and emotion.
Psychological Medicine, 39, 543-555.
https://doi.org/10.1017/S0033291708003991

Bocanegra, B. R., & Zeelenberg, R. (2009). Emotion Improves and Impairs Early
Vision. Psychological Science, 20(6), 707—713. https://doi.org/10.1111/j.1467-
9280.2009.02354.x

Bradley, M. M., Greenwald, M. K., Petry, M. C., & Lang, P. J. (1992).
Remembering pictures: Pleasure and arousal in memory. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 18(2), 379-390.
https://doi.org/10.1037/0278-7393.18.2.379

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/].1469-8986.2008.00654.x

Broadbent, D. E., & Broadbent, M. H. P. (1987). From detection to identification:
Response to multiple targets in rapid serial visual presentation. Perception &
Psychophysics, 42(2), 105-113. https://doi.org/10.3758/BF03210498

36


https://doi.org/10.3758/APP.72.7.1814
https://doi.org/10.3758/APP.72.7.1814
https://doi.org/10.3758/APP.72.7.1814
https://doi.org/10.1037/0278-7393.18.2.379
https://doi.org/10.1037/0278-7393.18.2.379
https://doi.org/10.1037/0278-7393.18.2.379

Canli, T., Zhao, Z., Brewer, J., Gabrieli, J. D. E., & Cahill, L. (2000). Event-
Related Activation in the Human Amygdala Associates with Later Memaory for
Individual Emotional Experience. The Journal of Neuroscience, 20(19), RC99-
RC99. https://doi.org/10.1523/JNEUROSCI.20-19-j0004.2000

Christianson, S.-A. (1992). Emotional stress and eyewitness memory: A critical
review. Psychological Bulletin, 112(2), 284-309. https://doi.org/10.1037/0033-
2909.112.2.284

Clewett, D. V., Huang, R., Velasco, R., Lee, T.-H., & Mather, M. (2018). Locus
Coeruleus Activity Strengthens Prioritized Memories Under Arousal. The Journal
of Neuroscience, 38(6), 1558-1574. https://doi.org/10.1523/JNEUROSCI.2097-
17.2017

Desimone, R., & Duncan, J. (1995). Neural Mechanisms of Selective Visual
Attention. Annual Review of Neuroscience, 18(1), 193-222.
https://doi.org/10.1146/annurev.ne.18.030195.001205

Dolcos, F., & McCarthy, G. (2006). Brain Systems Mediating Cognitive
Interference by Emotional Distraction. Journal of Neuroscience, 26(7), 2072—
2079. https://doi.org/10.1523/JNEUROSCI.5042-05.2006

Escera, C., Corral, M.-J., & Yago, E. (2002). An electrophysiological and
behavioral investigation of involuntary attention towards auditory frequency,
duration and intensity changes. Cognitive Brain Research, 14(3), 325-332.
https://doi.org/10.1016/S0926-6410(02)00135-0

Fernandez-Duque, D., & Posner, M. 1. (1997). Relating the mechanisms of
orienting and alerting. Neuropsychologia, 35(4), 477-486.
https://doi.org/10.1016/S0028-3932(96)00103-0

Ghosh, S., & Maunsell, J. H. R. (2022). Locus coeruleus norepinephrine
selectively controls visual attention (p. 2022.09.30.510394). bioRxiv.
https://doi.org/10.1101/2022.09.30.510394

37


https://doi.org/10.1037/0033-2909.112.2.284
https://doi.org/10.1037/0033-2909.112.2.284
https://doi.org/10.1037/0033-2909.112.2.284

Gleiss, S., & Kayser, C. (2013). Eccentricity dependent auditory enhancement of
visual stimulus detection but not discrimination. Frontiers in Integrative
Neuroscience, 7. https://www.frontiersin.org/articles/10.3389/fnint.2013.00052

Grueschow, M., Kleim, B., & Ruff, C. C. (2020). Role of the locus coeruleus
arousal system in cognitive control. Journal of Neuroendocrinology, 32(12),
€12890. https://doi.org/10.1111/jne.12890

Hariri, A. R., Tessitore, A., Mattay, V. S., Fera, F., & Weinberger, D. R. (2002).
The Amygdala Response to Emotional Stimuli: A Comparison of Faces and
Scenes. Neurolmage, 17(1), 317-323. https://doi.org/10.1006/nimg.2002.1179

Hjartstrdm, H., Sérman, D. E., & Ljungberg, J. K. (2019). Distraction and
facilitation: The impact of emotional sounds in an emoji oddball task. PsyCh
Journal, 8(2), 180-186. https://doi.org/10.1002/pchj.273

Howells, F. M., Stein, D. J., & Russell, V. A. (2012). Synergistic tonic and phasic
activity of the locus coeruleus norepinephrine (LC-NE) arousal system is required
for optimal attentional performance. Metabolic Brain Disease, 27(3), 267-274.
https://doi.org/10.1007/s11011-012-9287-9

Huang, P.-C., Yeh, S.-L., Chen, Y.-C., & Spence, C. (2011). Synchronous Sounds
Enhance Visual Sensitivity without Reducing Target Uncertainty. Seeing and
Perceiving, 24(6), 623-638. https://doi.org/10.1163/187847611X603765

Jaekl, P. M., & Soto-Faraco, S. (2010). Audiovisual contrast enhancement is
articulated primarily via the M-pathway. Brain Research, 1366, 85-92.
https://doi.org/10.1016/j.brainres.2010.10.012

Kayser, C., & Logothetis, N. K. (2007). Do early sensory cortices integrate cross-
modal information? Brain Structure and Function, 212(2), 121-132.
https://doi.org/10.1007/s00429-007-0154-0

Krejtz, K., Zurawska, J., Duchowski, A. T., & Wichary, S. (2020). Pupillary and
Microsaccadic Responses to Cognitive Effort and Emotional Arousal During

38



Complex Decision Making. Journal of Eye Movement Research, 13(5),
10.16910/jemr.13.5.2. https://doi.org/10.16910/jemr.13.5.2

Kryklywy, J. H., & Mitchell, D. G. V. (2014). Emotion modulates allocentric but
not egocentric stimulus localization: Implications for dual visual systems
perspectives. Experimental Brain Research, 232(12), 3719-3726.
https://doi.org/10.1007/s00221-014-4058-y

LeDoux, J., & Armony, J. (1999). Can neurobiology tell us anything about human
feelings? In Well-being: The foundations of hedonic psychology (pp. 489-499).

Russell Sage Foundation.

Lee, T.-H., Baek, J., Lu, Z., & Mather, M. (2014). How Arousal Modulates the
Visual Contrast Sensitivity Function. Emotion (Washington, D.C.), 14(5), 978—
984. https://doi.org/10.1037/a0037047

Leo, F., Romei, V., Freeman, E., Ladavas, E., & Driver, J. (2011). Looming
sounds enhance orientation sensitivity for visual stimuli on the same side as such
sounds. Experimental Brain Research, 213(2-3), 193-201.
https://doi.org/10.1007/s00221-011-2742-8

Lippert, M., Logothetis, N. K., & Kayser, C. (2007). Improvement of visual
contrast detection by a simultaneous sound. Brain Research, 1173, 102-109.
https://doi.org/10.1016/j.brainres.2007.07.050

MacLeod, J., Stewart, B. M., Newman, A. J., & Arnell, K. M. (2017). Do
emotion-induced blindness and the attentional blink share underlying
mechanisms? An event-related potential study of emotionally-arousing words.
Cognitive, Affective, & Behavioral Neuroscience, 17(3), 592-611.
https://doi.org/10.3758/s13415-017-0499-7

Maren, S. (2001). Neurobiology of Pavlovian Fear Conditioning. Annual Review
of Neuroscience, 24(1), 897-931. https://doi.org/10.1146/annurev.neuro.24.1.897

39



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, e200.
https://doi.org/10.1017/S0140525X15000667

Mathewson, K. J., Arnell, K. M., & Mansfield, C. A. (2008). Capturing and
holding attention: The impact of emotional words in rapid serial visual
presentation. Memory & Cognition, 36(1), 182—200.
https://doi.org/10.3758/MC.36.1.182

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

McDonald, J. J., & Ward, L. M. (2000). Involuntary Listening Aids Seeing:
Evidence from Human Electrophysiology. Psychological Science, 11(2), 167—
171.

McLean, J., & Waterhouse, B. D. (1994). Noradrenergic modulation of cat area
17 neuronal responses to moving visual stimuli. Brain Research, 667(1), 83-97.
https://doi.org/10.1016/0006-8993(94)91716-7

Mitchell, D. G. V., & Greening, S. G. (2012). Conscious Perception of Emotional
Stimuli: Brain Mechanisms. The Neuroscientist, 18(4), 386—398.
https://doi.org/10.1177/1073858411416515

Mitchell, D. G. V., Luo, Q., Mondillo, K., Vythilingam, M., Finger, E. C., &
Blair, R. J. R. (2008). The interference of operant task performance by emotional
distracters: An antagonistic relationship between the amygdala and frontoparietal
cortices. Neurolmage, 40(2), 859-868.
https://doi.org/10.1016/j.neuroimage.2007.08.002

Most, S. B., Chun, M. M., Widders, D. M., & Zald, D. H. (2005). Attentional

rubbernecking: Cognitive control and personality in emotion-induced blindness.

40



Psychonomic Bulletin & Review, 12(4), 654-661.
https://doi.org/10.3758/BF03196754

Murphy, P. R., O’Connell, R. G., O’Sullivan, M., Robertson, 1. 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., Vandekerckhove, J., & Nieuwenhuis, S. (2014). Pupil-Linked
Arousal Determines Variability in Perceptual Decision Making. PL0oS
Computational Biology, 10(9), e1003854.
https://doi.org/10.1371/journal.pcbi.1003854

Nakakoga, S., Higashi, H., Muramatsu, J., Nakauchi, S., & Minami, T. (2020).
Asymmetrical characteristics of emotional responses to pictures and sounds:
Evidence from pupillometry. PLOS ONE, 15(4), e0230775.
https://doi.org/10.1371/journal.pone.0230775

Olatunji, B. O., Ciesielski, B. G., Armstrong, T., & Zald, D. H. (2011). Emotional
expressions and visual search efficiency: Specificity and effects of anxiety
symptoms. Emotion, 11(5), 1073-1079. https://doi.org/10.1037/a0021785

Parmentier, F. B. R., Fraga, I., Leiva, A., & Ferré, P. (2020). Distraction by
deviant sounds: Disgusting and neutral words capture attention to the same extent.
Psychological Research, 84(7), 1801-1814. https://doi.org/10.1007/s00426-019-
01192-4

Partala, T., Jokiniemi, M., & Surakka, V. (2000). Pupillary responses to
emotionally provocative stimuli. Proceedings of the Symposium on Eye Tracking
Research & Applications - ETRA '00, 123-129.
https://doi.org/10.1145/355017.355042

Partala, T., & Surakka, V. (2003). Pupil size variation as an indication of affective
processing. International Journal of Human-Computer Studies, 59(1), 185-198.
https://doi.org/10.1016/S1071-5819(03)00017-X

41



Pessoa, L., McKenna, M., Gutierrez, E., & Ungerleider, L. G. (2002). Neural
processing of emotional faces requires attention. Proceedings of the National
Academy of Sciences of the United States of America, 99(17), 11458-11463.
https://doi.org/10.1073/pnas.172403899

Pessoa, L., & Ungerleider, L. G. (2004). Neuroimaging studies of attention and
the processing of emotion-laden stimuli. In Progress in Brain Research (Vol. 144,
pp. 171-182). Elsevier. https://doi.org/10.1016/S0079-6123(03)14412-3

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

Posner, M. I. (2005). Timing the Brain: Mental Chronometry as a Tool in
Neuroscience. PLoS Biology, 3(2), e51.
https://doi.org/10.1371/journal.pbio.0030051

Posner, M. I., Snyder, C. R., & Davidson, B. J. (1980). Attention and the
detection of signals. Journal of Experimental Psychology: General, 109(2), 160—
174. https://doi.org/10.1037/0096-3445.109.2.160

Prinzmetal, W., McCool, C., & Park, S. (2005). Attention: Reaction Time and
Accuracy Reveal Different Mechanisms. Journal of Experimental Psychology.
General, 134, 73-92. https://doi.org/10.1037/0096-3445.134.1.73

Raymond, J. E., Shapiro, K. L., & Arnell, K. M. (1992). Temporary suppression
of visual processing in an RSVP task: An attentional blink? Journal of
Experimental Psychology: Human Perception and Performance, 18(3), 849-860.
https://doi.org/10.1037/0096-1523.18.3.849

Reynolds, J. H., Chelazzi, L., & Desimone, R. (1999). Competitive Mechanisms
Subserve Attention in Macaque Areas V2 and V4. Journal of Neuroscience,
19(5), 1736-1753. https://doi.org/10.1523/JNEUROSCI.19-05-01736.1999

42



Samuels, E. R., & Szabadi, E. (2008). Functional Neuroanatomy of the
Noradrenergic Locus Coeruleus: Its Roles in the Regulation of Arousal and
Autonomic Function Part I: Principles of Functional Organisation. Current
Neuropharmacology, 6(3), 235-253.

Schwabe, L., Merz, C. J., Walter, B., Vaitl, D., Wolf, O. T., & Stark, R. (2011).
Emotional modulation of the attentional blink: The neural structures involved in
capturing and holding attention. Neuropsychologia, 49(3), 416-425.
https://doi.org/10.1016/j.neuropsychologia.2010.12.037

Sterpenich, V., D’Argembeau, A., Desseilles, M., Balteau, E., Albouy, G.,
Vandewalle, G., Degueldre, C., Luxen, A., Collette, F., & Maquet, P. (2006). The
Locus Ceruleus Is Involved in the Successful Retrieval of Emotional Memories in
Humans. Journal of Neuroscience, 26(28), 7416-7423.
https://doi.org/10.1523/JNEUROSCI.1001-06.2006

Sutherland, M. R., & Mather, M. (2018). Arousal (but not valence) amplifies the
impact of salience. Cognition and Emotion, 32(3), 616-622.
https://doi.org/10.1080/02699931.2017.1330189

Tavares, T. P., Logie, K., & Mitchell, D. G. V. (2016). Opposing effects of
perceptual versus working memory load on emotional distraction. Experimental
Brain Research, 234(10), 2945-2956. https://doi.org/10.1007/s00221-016-4697-2

Urai, A. E., Braun, A., & Donner, T. H. (2017). Pupil-linked arousal is driven by
decision uncertainty and alters serial choice bias. Nature Communications, 8(1),
14637. https://doi.org/10.1038/ncomms14637

Van Bockstaele, E. J., Peoples, J., & Valentino, R. J. (1999). Anatomic basis for
differential regulation of the rostrolateral peri—locus coeruleus region by limbic
afferents. Biological Psychiatry, 46(10), 1352-1363.
https://doi.org/10.1016/S0006-3223(99)00213-9

43


https://doi.org/10.1016/j.neuropsychologia.2010.12.037
https://doi.org/10.1016/j.neuropsychologia.2010.12.037
https://doi.org/10.1016/j.neuropsychologia.2010.12.037

Vazey, E. M., Moorman, D. E., & Aston-Jones, G. (2018). Phasic locus coeruleus
activity regulates cortical encoding of salience information. Proceedings of the
National Academy of Sciences of the United States of America, 115(40), E9439—
E9448. https://doi.org/10.1073/pnas.1803716115

Vuilleumier, P., Armony, J. L., Driver, J., & Dolan, R. J. (2001). Effects of
Attention and Emotion on Face Processing in the Human Brain: An Event-
Related fMRI Study.

Vuilleumier, P. (2005). How brains beware: Neural mechanisms of emotional
attention. Trends in Cognitive Sciences, 9(12), 585-594.
https://doi.org/10.1016/j.tics.2005.10.011

Wang, C.-A., Baird, T., Huang, J., & Coutinho, J. D. (2018). Arousal Effects on
Pupil Size, Heart Rate, and Skin Conductance in an Emotional Face Task.
Frontiers in Neurology, 9. https://doi.org/10.3389/fneur.2018.01029

Ward, L. M., Mcdonald, J. J., & Lin, D. (2000). On asymmetries in cross-modal
spatial attention orienting. Perception & Psychophysics, 62(6), 1258-1264.
https://doi.org/10.3758/BF03212127

Waterhouse, B. D., Ausim Azizi, S., Burne, R. A., & Woodward, D. J. (1990).
Modulation of rat cortical area 17 neuronal responses to moving visual stimuli
during norepinephrine and serotonin microiontophoresis. Brain Research, 514(2),
276-292. https://doi.org/10.1016/0006-8993(90)91422-D

Waterhouse, B. D, Lin, C. S., Burne, R. A., & Woodward, D. J. (1983). The
distribution of neocortical projection neurons in the locus coeruleus. Journal of
Comparative Neurology, 217(4), 418-431. https://doi.org/10.1002/cne.902170406

Whalen, P. J., Rauch, S. L., Etcoff, N. L., Mclnerney, S. C., Lee, M. B., & Jenike,
M. A. (1998). Masked Presentations of Emotional Facial Expressions Modulate
Amygdala Activity without Explicit Knowledge. The Journal of Neuroscience,
18(1), 411-418. https://doi.org/10.1523/JNEUROSCI.18-01-00411.1998

44


https://doi.org/10.1016/j.tics.2005.10.011

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

Zeelenberg, R., Bocanegra, B. R., & Pecher, D. (2011). Emotion-Induced
Impairments in Speeded Word Recognition Tasks. Experimental Psychology,
58(5), 400—-411. https://doi.org/10.1027/1618-3169/a000109

Zimmer, U., Hofler, M., Koschutnig, K., & Ischebeck, A. (2016). Neuronal
interactions in areas of spatial attention reflect avoidance of disgust, but orienting
to danger. Neurolmage, 134, 94-104.
https://doi.org/10.1016/j.neuroimage.2016.03.050

Zimmer, U., Rosenzopf, H., Poglitsch, C., & Ischebeck, A. (2019). ERP-study on
the time course of disgust-motivated spatial avoidance. Biological Psychology,
144, 20-27. https://doi.org/10.1016/j.biopsycho.2019.02.007

Zsido, A. N., Bernath, L., Labadi, B., & Deak, A. (2020). Count on arousal:
Introducing a new method for investigating the effects of emotional valence and
arousal on visual search performance. Psychological Research, 84(1), 1-14.
https://doi.org/10.1007/s00426-018-0974-y

Zsido, A. N., Matuz, A., Inhof, O., Darnai, G., Budai, T., Bandi, S., & Csatho, A.
(2020). Disentangling the facilitating and hindering effects of threat-related
stimuli — A visual search study. British Journal of Psychology, 111(4), 665-682.
https://doi.org/10.1111/bjop.12429

45


https://doi.org/10.1016/j.cognition.2009.12.004
https://doi.org/10.1027/1618-3169/a000109
https://doi.org/10.1027/1618-3169/a000109

Appendix A. Sound Information Chart

Appendices

Sound ID |¥alence [AroMN |AroSD  |ValMM  |Centroid [Hz) |BMS  |Entropy  |Onset Amplitude |[Mean Harmonicity
115 Megative |B.21 198 213 88237 018 0.E9 0.0s E.AY
378 Megative |7.80 171 128 527200 030 077 0 820
202 hegative |6.00 140 214 145E. 39 014 063 00 047
4E3 hegative |E.05 170 282 215528 01z 077 003 -273
i) hegative |E.71 185 204 2918.75 020 0.E3 020 -2 87
281 hegative |E.72 181 180 135610 01z 085 0.o0 77
290 hegative |E.91 200 209 15E0.23 01z 07 00 E.7E
292 hegative |E.32 173 218 1734 015 0.E9 0.m 1286
795 Megative |7.09 187 223 4E49.3F 0z 077 0.o0 2944
422 hegative |E.71 137 2E7 206554 018 084 014 126
all hegative |7.41 105 323 2213.34 017 0ra 017 Fr0
R95 hegative |E.E4 126 273 4010.53 oar 084 -0.0z2 R332
7B hegative |7.73 093 173 1949.69 017 0.a 0.o0 924
E93 hegative |E.80 180 304 157547 018 0.E3 0.m 130
02 hegative |E.09 187 136 1483.72 014 079 0oz 2m
&7 hNegative |E.64 179 285 190278 014 054 0.m 4.51
E30 hegative |E.BE 164 350 409295 020 085 -0.15 -318
1033 Megative |6.29 149 3.00 160241 026 043 0.3z 1163
1390 MNegative |E.45 171 309 1877.24 o1 0BG 013 E.18
T2 hegative |8.45 0.a3 233 4E04.85 0.26 0.85 0.46 105
nz Meutral  |5.17 195 533 24BG.E3 003 071 013 18.07
07 Eulral 573 139 4.91 207906 005 0.80 012 2583
13 Eulral 524 20 4.56 243.43 018 0.70 023 1256
836 Eulral 477 .45 4.50 329.18 013 0.E5 0.07 216
206 Eulral 495 .86 512 245,85 014 0.856 -0.04 32
M2 Eulral 452 45 4.32 E0278 018 0.51 0.4 -0.75
7 Eulral 412 E7 4.76 393748 00 0.8a 0.05 38
Fil eulral 3.50 .26 532 200265 0.0s 0.7 0.00 5.3
005 eulral 429 &7 417 21087 ot 075 0.0 118
403 eulral 582 37 4.64 15599.66 00 0.8 0.09 -1.05
837 Meural  |4.96 146 4.83 3059.20 0713 0.80 -0.04 -140
g5 MWeural  |4.00 169 4.50 54257 o 0.46 0.09 -873
IE Meural  |5.33 158 4.33 369124 0.05 0392 0.0z -2
417 MWeural  |5.55 182 4.68 790,79 076 0.37 0.E2 nagv
it MWeural  |3.92 156 5.33 227287 0.08 0E2 0.00 0,76
921 MWeural  |4.95 173 4.95 2B05.73 01z 0.an 0.m -177
278 MWeural  |5.45 137 4.91 1356.00 00z 084 0.m -3E5
05 Meural |44 136 582 272425 00z 0.a3 0.no3 -171
233 MWeural  |5.77 123 4.59 1754.01 018 0E7 014 4.47
886 Meural  |5.17 2m h.25 3021.09 005 naz2 0.08 -133

46




Appendix B. Baseline Accuracy Results

Variables t P-value
Negative Time 1 Accuracy |-0.909 [0.369
Negative Time 2 Accuracy |1.203 [0.236
Negative Time 3 Accuracy |-1.608 |0.115
Negative Time 4 Accuracy [-1.686 [0.099
Neutral Time 1 Accuracy |0.739 |[0.464
Neutral Time 2 Accuracy |0.539 [0.593
Neutral Time 3 Accuracy [-0.887 |0.380
Neutral Time 4 Accuracy |-0.538 [0.593
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Appendix C. Baseline Corrected Response Time, Timing X Congruence
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Figure 8. Depicts the response times in the neutral condition (a) and the negative
condition (b) compared to baseline. Plus signs (+) indicate the degree to which the
condition is significantly different compared to baseline. *p < .05; "*p<.01; """p <
.001. *p <.05; **p < .01; ***p <.001

48



Appendix D. Duration on Valence Identification Results
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Figure 9. The valence of negative sounds are accurately identified at medium durations
but not short durations. Plus signs (+) indicate the degree to which the condition is
significantly different compared to chance levels. *p <.05; *"p <.01; **"p < .001. *p <
.05; **p < .01; ***p < .001
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