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ABSTRACT

Attention research has long investigated the mechanisms by which sensory
information is selectively filtered for neural representation. Models for visual selective
attention initially formed a theoretical dichotomy in which goal-oriented or salience-
driven mechanisms were argued as the predominant modes for attentional selection.
However, this theoretical dichotomy was challenged when new experimental findings
could not be reduced to goal-oriented or salience-driven mechanisms. These results were
grouped into a new component of attentional control by an experience-driven
mechanism and expanded models of selective attention into a theoretical trichotomy
under the third label selection history.

In the context of attention research, threat has been investigated primarily by
measuring rapid orienting towards threatening stimuli. Individuals with elevated state
anxiety measured via self-report demonstrate increased attentional orienting towards
threatening stimuli and enhanced attentional capture by physically salient stimuli.
However, such findings are limited to attentional mechanisms toward the threatening
nature of a stimulus and do not extend to more systemic changes in attentional control
when the observer is in a threatened state. It is yet unknown whether elevated state
anxiety globally modulates attentional capture through a core mechanism or whether
such changes in observer state uniquely modulate different modes of attentional control.
Furthermore, the mechanism by which threatening stimuli are afforded greater

attentional priority in individuals with elevated state anxiety is still unclear.



Here, | investigate how attentional priority can be modulated by changing the
state of an individual by experimentally inducing anxiety through the Threat of Shock
(ToS) paradigm. I first present a series of behavior experiments that investigate how
unpredictable threat modulates the three predominant mechanisms of attentional
selection: attentional capture by reward history (selection history), color (salience-
driven), and strategic goals. Then, | present a neuroimaging experiment that investigates
how the neural mechanisms of processing threat interacts with mechanisms of attentional
selection by previously-reward associated stimuli. I conclude by expanding on the core
findings of this research and its implications concerning how changes in observer state
modulates attentional control and how the identified mechanisms can be expanded to

inform our understanding of attentional biases toward threatening stimuli.
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1. INTRODUCTION

The world that we live in is a dynamically changing environment filled with
numerous unigue objects. While it would be ideal to perfectly perceive all the beautiful
details of the world, we are limited by the representational capacity of the brain and its
inability to fully process all external stimuli. To manage this limitation, the attention
system selectively filters and identifies relevant sensory information to determine what is
ultimately represented (e.g., Desimone & Duncan, 1995). Naturally, objects that are
unattended fail to reach “identification” or “awareness” and are minimally (if at all)
processed by other higher-order cognitive mechanisms such as decision making and
memory storage (e.g., Broadbent, 1958; Most et al., 2001; Rensink et al., 1997). This
selectivity component has been the foundation of attention research throughout its
history.

How then does the attention system determine which stimuli or location should
be attended to? The Biased Competition Theory of Attention poses that object
representation in higher order brain networks is a result of a competition between
sensory information, or in other words, a priority gain of representation of one object
would result in a cost to another (Desimone & Duncan, 1995). As experimental evidence
accumulated affirming the mechanism of biased competition in attentional selection, the
definition has also been advanced to state that neuronal representation is a weighted
averaged of all presented stimuli in which attention biases these weights in favor of the

attended stimulus (e.g., Reddy et al., 2009). Even though biased competition is a



mechanism occurring at the neuronal level by tuning neuronal receptive fields, biased
competition was found to occur at multiple levels of processing including early visual up
to higher-order levels. At each stage of processing, neurons were assumed to have a gain
or cost in attentional priority by following a “priority map” (also called saliency or target
map), or a two-dimensional map encoding specific features of objects (e.g., Itti & Koch,
2000, 2001; Koch & Ulman, 1985; Rutishauser & Koch, 2007; Zelinsky, 2008, 2012).
Accordingly, the Biased Competition Theory postulates that attentional priority afforded
to specific features of a target would continue to be integrated in later stages as well.
Based on these early theoretical models of attentional selection, researchers would
investigate how attentional priority is allocated at each stage of neuronal processing for
decades to come.
1.1. The Formation of a Theoretical Dichotomy

In this section, | will briefly review the two predominant mechanisms of
attentional selection that were established in the early history of selective attention: goal-
oriented and salience-driven attentional selection. Goal-oriented attention (also known as
top-down or endogenous attentional control) is commonly conceptualized as voluntary
attentional priority allocated to features, objects, or regions in space based on the current
selection goals of the observer. Salience-driven attention (also known as bottom-up or
exogenous attentional control) is commonly conceptualized as involuntary attentional
priority allocated to stimuli based on the saliency of its low-level features (i.e., color,

shape). | will provide a brief historical account on the evidence found in support of each



mode of attentional control and how these findings eventually formed a theoretical
dichotomy that came to define initial models of selective attention.
1.1.1. Evidence for Goal-oriented Attentional Control

In the early 1970s and 80s, evidence for goal-oriented attentional control was
popularly demonstrated in spatial cuing paradigms. Eriksen and colleagues investigated
the deployment of attention guided by spatial cues by requiring participants to identify
letter targets in a search array after a specific spatial location was cued, prior to
presentation of the array (Eriksen & Collins, 1969; Eriksen & Hoffman, 1972, 1973).
These early findings demonstrated that attention could be allocated to a cued location
within a temporal window and that target identification was primarily determined by the
attentional priority given to the location rather than other features. Then, Posner (1980)
developed a spatial cuing task (commonly known as the Posner cuing task) to measure
covert attentional shifts toward a cued spatial location (Posner, 1980; Posner et al.,
1980). While these spatial cuing studies demonstrated that orienting attention towards a
cued location ahead of the presentation of the target array biased information processing
at the cued location, others also demonstrated that prior knowledge of specific features
of the upcoming target in a search array decreases response time in visual search (e.g.,
Egeth et al., 1984; Wolfe et al., 1989). These early studies were the first evidence that
prior knowledge of the observer was a critical component for voluntary attention
allocation.

In addition, Jonides (1981) made a critical observation on a design element of the

spatial cuing task and hypothesized that voluntary or automatic shifts of attention would



depend on where the cue and stimuli were presented in the field of view. This hypothesis
was framed on the theoretical basis that attention could be allocated like a “spotlight” or
a circular region in visual space. His findings demonstrated that an arrowhead in the
central point of fixation led to a voluntary, goal-driven shift of attention while an
arrowhead in the periphery automatically drew attention (stimulus-driven) and first
presented evidence that attention could be voluntarily or automatically biased. Thus,
goal-oriented attention was largely conceived to be a voluntarily allocation of attention
based on observer goals. However, Folk et al. (1992) utilized the contingent capture
paradigm to demonstrate that an involuntary shift of attention could be contingent on the
relationship between the cue and the target property and not due to specific features of
the cue itself (Folk et al., 1992, 1994; Folk & Remington, 1998). These seminal findings
became the backbone of a plethora of studies arguing for the prominence of goal-
oriented attentional capture and its role in biased competition.
1.1.2. Evidence for Salience-driven Attentional Control

Also, in the early 1980s, researchers accumulated evidence for a different
component of attentional priority allocation driven by the salient features of an object
rather than observer goals. In a comprehensive series of experiments, Treisman &
Gelade (1980) used a variety of experimental paradigms and manipulated multiple
different features of stimuli to demonstrate that the detection and identification of
singletons (stimuli that are unique) in a local dimension were due to the activation of
their respective priority maps based on specific features (called feature maps). Thus,

they proposed the feature-integration theory of attention which argues that attention is
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serially allocated toward stimuli within a set of independent feature maps by encoding
the spatial location of objects that shared that feature (although they do not rule out the
plausibility of top-down processing to also play a parallel role in selection).
Interestingly, they do admit that although the individual results for each of their
experiments could be alternatively interpreted, the collection of findings they present
converge towards the proposed feature-integration theory.

Next, Pashler (1988) conducted a series of experiments using a boundary
detection task and argued that neurons that are tuned to specific features of stimuli made
local “within-dimension” comparisons. These findings supported the feature-integration
theory of attention and led to the coining of the phrase “feature singleton” to be defined
as a stimulus that is highly contrasting to its local stimuli in one feature dimension based
on neuronal receptive fields. Amongst the many following studies investigating the role
of feature singletons (i.e., color) in visual search to measure attentional capture by
salient features, Bacon & Egeth (1994) interestingly demonstrated that attentional
capture by a feature singleton only occurred when participants engaged in “singleton-
detection mode”, arguing for the importance of the observer’s attentional control setting.
Such studies began to form a debate on whether the saliency of stimuli is an important
factor in the control of attention in comparison to observer goals.

The opposite claim was made by Theeuwes (1992) in which he argued that top-
down guidance of attention was unnecessary for attentional selection of task-irrelevant
information. Over multiple experiments, Theeuwes (1992) demonstrated that response

times increased during visual search when a salient, but task-irrelevant color singleton



was present, and that eye movements can be inadvertently directed to such stimuli at a
rate that is higher than non-salient non-targets (e.g., Theeuwes et al., 1998, 1999). From
these findings, he claims that saliency and not target identity captures attention and that
the most salient singleton in the search array would ultimately gain the most attentional
priority, challenging the prominence of goal-oriented attentional control raised by Folk
and colleagues (e.g., Folk et al., 1992, Folk & Remington, 1998; Theeuwes, 1991, 1992,
1994). Over decades, the debate on how attentional priority is allocated for selection
continued with both sides making claims almost as if the opposite side was completely
misguided. While such strong claims have now acquiesced, the investigations on
whether attentional priority is dominated by salience or goals goes on to this day (e.g.,
Anderson & Folk, 2012; Belopolsky et al., 2010; Luck et al., 2021; Sawaki & Luck,
2010; Luck et al., 2020; Wang & Theeuwes, 2020; Wolf & Lappe, 2020).
1.1.3. Divergent Neural Networks for Goal-oriented and Stimulus-driven
Attentional Control

Beyond the data from behavior experiments, a robust collection of neuroimaging
studies has discovered divergent neural networks for the control of goal-directed and
stimulus-driven attention (see Corbetta & Shulman, 2002, 2008; VVossel et al., 2014; for
reviews). Goal-directed attention is broadly known to be controlled by a dorsal
frontoparietal system that integrates top-down, voluntary control giving attentional
priority to specific features or locations. This network incorporates core regions within
the dorsal parietal and frontal cortex such as the intraparietal sulcus (IPS), superior

parietal lobule (SPL), and the frontal eye field (FEF) (e.g., Corbetta et al., 2000;
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Hopfinger et al., 2000; Serences et al., 2004; Yantis et al, 2002). On the other hand,
stimulus-driven attention is broadly known to be controlled by a ventral frontoparietal
system that integrates bottom-up, involuntary control giving attentional priority to “pop-
out” stimuli and to trigger shifts of attention. This network incorporates regions of the
ventral network and frontal cortex including the temporoparietal junction (TPJ), the
superior temporal sulcus (STS) and gyrus (STG), the middle frontal gyrus (MFG),
inferior frontal gyrus (IFG), frontal operculum, and anterior insula (see Corbetta &
Shulman, 2008, for a review). Validation of these regions as neural nodes for each
network were conducted in “resting-state” functional connectivity and white matter
structural connectivity neuroimaging studies (e.g., Fox et al., 2006; He et al., 2007;
Umarova et al., 2010).

More interestingly, studies have investigated the interactions between these
divergent neural networks. In a modified version of a contingent capture task, Serences
et al. (2005) observed neural activation by both the location of the distractor (based on
color) and by the peripheral locations in which attention was directed to (based on
goals). The authors demonstrate an interaction between the dorsal and ventral networks
of attention and argue that BOLD activation within the TPJ and VFC trigger a
redeployment of attention. In fact, the TPJ of the ventral attention network has often
been referred to as a “circuit-breaker” and activation within this region is associated with
the reorienting of attention (Corbetta & Shulman, 2008). Furthermore, suppression of
activity within the TPJ has been identified in top-down guided attentional processing

tasks which has been claimed to protect against unwanted distraction (e.g., Shulman et



al., 2003, 2007). On the other hand, neural activity within the TPJ has been identified in
studies with salient nontargets that carry information about the target stimulus (e.g.,
Geng & Mangun, 2011; Serences et al., 2005). Furthermore, this reorienting of attention
has shown to be blunted by using transcranial magnetic stimulation (e.g., Chica et al.,
2011). Lastly, lesion and brain-damaged patient studies have also demonstrated that
structural damage to one network has functional deficiencies in attentional roles that
were supposed to be isolated in the other (e.g., Friedrich et al., 1998; Halligan et al.,
2011; Mort et al., 2003). While distinct neural networks of attentional selection have
been identified for prior goals and physical salience, the dynamic interplay between
these networks argues that biased competition is a result of a balance between both
networks for representation.
1.2. It Came in Like a Wrecking-Ball: The Advent of Selection History

Theories are models developed by scientists that try to best-estimate truth given
the conclusions that the available data point to. Thus, naturally, theories are never
perfect and are often revised when new evidence is found. The theoretical dichotomy
introduced in the prior section was challenged when observed attentional biases in new
studies could not necessarily be reduced to a goal-oriented or salience-driven component
of attentional control. These findings supported an account in which attentional priority
is allocated on the basis of past experience, either a prior history of attentional priority
given to certain stimuli or locations or knowledge of associations between stimuli and
outcomes, in which is now commonly known as selection history. While the early

findings that did not fit the theoretical dichotomy failed to presume a new component of



attentional priority (although see Anderson et al., 2011), the growing accumulation of
evidence for experience-driven attention posed that the theoretical dichotomy of
attention was outdated. Eventually, the field proposed a theoretical trichotomy of
attentional control (e.g., Awh et al., 2012). In the following section, I will briefly review
the evidence accumulated for this third component of attentional control and how
experimental findings directly challenged the prior mold of a theoretical dichotomy.
1.2.1. Reward/Punishment History

One of the first examples of attentional selection that was neither goal-oriented
nor stimulus-driven was found using reward. While many studies investigated the effect
of receiving reward on attention, originally researchers perceived the modulatory effect
of reward on attention as a type of motivating factor and naturally presumed it to be a
sub-component of goal-oriented attentional control (e.g., Esterman et al., 2014, 2016;
Navalpakkam et al., 2009, 2010; Pessoa, 2009). These conclusions were further
corroborated when neuroimaging studies identified enhanced activation of the dorsal
attention network to be linked with reward-associated stimuli and overlapped with the
neural nodes of top-down attention (e.g., Jimura et al., 2010; Locke & Braver, 2008;
Padmala & Pessoa, 2011; Pessoa & Engelmann, 2010; Small et al., 2005).

However, Anderson et al. (2011) demonstrated that attentional capture by
previously-reward associated stimuli occurred even when it was task irrelevant and
physically non-salient, directly challenging the claim that attentional capture by
previously reward-associated stimuli could be reduced to a motivation or goal-oriented

component of attentional capture. Here, Anderson et al. (2011) utilized a training phase



to associate a color stimulus with reward. In the subsequent test phase, subjects
completed a visual search task in which they were exposed to this task-irrelevant
distractor. They found that attention was biased by the color distractor that was
previously associated with reward even when it is task-irrelevant and physically non-
salient, leading to the interpretation that such findings could not be reduced to a goal-
oriented or salience-driven account of attentional control. This conclusion was replicated
in other studies that also recognized the need to make reward a non-motivating factor by
making it task-irrelevant during both the training and test phases (e.g., Bucker &
Theeuwes, 2017; Le Pelley et al., 2015; Pearson et al., 2015). In addition, the effect of
learned associations on attention were not limited to just reward learning. Stimuli that
were previously associated with aversive outcomes such as electric shock were also
shown to capture attention when appearing as task-irrelevant distractors (e.g., Anderson
& Britton, 2020; Schmidt et al., 2015a, 2015b). Such experimental designs in which
learned associations between stimuli and outcomes result in the capture of attention by
valent stimuli, even when task-irrelevant and physically non-salient, provided the
strongest initial evidence for an experience-driven account of attention.
1.2.2. Inter-trial Priming

Attentional priority given to or taken away from a stimulus on any given trial has
shown to have a “lingering” effect on the following trial called inter-trial priming (e.g.,
Geyer et al., 2006; Kristjansson, 2006; Kristjansson et al., 2002; Kristjansson & Driver,
2008; Maljkovic & Nakayama, 1994, 1996; Wang et al., 2005). This trial-by-trial effect

has been shown to effectively bias attentional priority to features and locations.
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Originally, as in Jonides (1981), trial-by-trial effects were often interpreted in the
context of a goal-oriented account of attention allocation. However, like the
experimental designs that investigated the effect of reward history on attention, clever
designs that dissociated the goal-oriented effects from the inter-trial priming effects
argued otherwise. For example, experiments measuring inter-trial priming effects began
to manipulate subject awareness. Despite giving prior knowledge that the target-defining
feature would be manipulated trial-by-trial, subjects still demonstrated inter-trial priming
effects leading to the conclusion that such priming effects were explicitly non-strategic
(Hillstrom, 2000; Maljkovic & Nakayama, 1994). Furthermore, Theeuwes & Van der
Burg (2007, 2011) further informed subjects on the prominent feature of the upcoming
target singleton but found no beneficial effects of such prior knowledge. These
experiments demonstrated that inter-trial priming effects persist even when they cannot
be reduced to a modulation of goal-oriented attentional biases leading to an alternative
conclusion that it fits under the umbrella of experience-driven attentional modulation.
1.2.3. Statistical Learning

When attention is repeatedly allocated toward a specific stimulus or location
more frequently than others, researchers have shown that participants often learn this
implicit attention bias in a phenomenon called statistical learning. Interestingly, Moray
(1959) discovered that participants demonstrated increased attentional capture by their
own name in an auditory stream. Although repeated exposure to each participant’s name
was not specifically learned in the experimental setting, these findings showed that

repeated prioritization of a specific stimulus would automatically capture attention even
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when it is task-irrelevant and non-salient. However, could one’s name be argued to have
“top-down” or motivational influence in grabbing attention? Thus, to experimentally
demonstrate the effects of statistical learning, researchers utilized visual search tasks that
incorporated a “high-probability location” where the target appeared more frequently.
Although participants were unaware of such design manipulations, findings showed that
increased attentional priority was allocated to this high-probability location (e.g., Geng
& Behrmann, 2002, 2005; Jiang et al., 2013; Jiang & Swallow, 2013). Furthermore, this
statistical learning effect was extended to situations in which the high-probability
location was applied to the distractor rather than the target in visual search, producing
facilitated ignoring of the stimuli appearing in the high-probability location (Wang &
Theeuwes 2018a, 2018b, 2018c). Again, importantly, this learning effect occurred
without any explicit knowledge about the distractor location contingencies (e.g., Failing
et al., 2019a, 2019b; Wang & Theeuwes, 2018a). More interestingly, some studies have
shown unique aspects of statistical learning that clearly differentiates itself from goal-
oriented attentional control. For example, Jiang et al. (2013) demonstrated that statistical
learning effects could last hours or even days and Jiang & Wagner (2004) showed that
these learned, implicit biases could be transferred over to a different display. Such
experimental evidence for statistical learning demonstrated characteristics that could be
dissociated from goal-oriented attentional control.
1.2.4. Is Selection History Truly Different?

Not all researchers were keen to adopting the proposed change to a theoretical

trichotomy. Ever since the change in taxonomy, some have argued that selection history
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still falls under the umbrella of goal-oriented attention (e.g., Egeth, 2018; Gaspelin &
Luck, 2018b). Wolfe et al. (2006) raised the claim that priming is a form of accessing
prior knowledge and not solely driven by experience. In contrast, Theeuwes et al. (2006)
argues that these priming effects could be regarded as “bottom-up” since they are
unaffected by voluntary control. However, | believe that the evidence provided in this
section clearly shows a unique type of attentional priority allocation that cannot be
reduced to goal-oriented or salience-driven attentional biases. Furthermore, | do agree
with Gaspelin & luck (2018b) that such confusion and lack of agreement originates from
the arbitrary definitions of terms used in the field of attention such as “top-down” and
“bottom-up”. In addition, other experimental findings such as contextual cuing (e.g.,
Chun & Jiang, 1998, 2003) and attention bias to novel or in frequent stimuli (e.g., Folk
& Remington, 2015; Neo & Chua, 2006; Horstmann & Ansorge, 2006, 2016; Johnston
et al., 1990, 1993) have also challenged the original theoretical dichotomy and are
argued to be modulated by experience-driven attention. Thus, there is a critical need to
review all the evidence that can be classified under the term selection history and to
define and distinguish each component of experience-driven attention from goal-oriented
and stimulus-driven attention.
1.3. Suppression

As more evidence accumulated on how attentional priority could be allocated in
either a goal-oriented, stimulus-driven, or experience-driven manner, arguments were no
longer framed around the idea of one mechanism being the overall more dominant

mechanism but rather the control of attention was characterized as the product of the
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interplay between a group of potential mechanisms that depended on the task or type of
stimulus. While many of these studies demonstrated how attentional priority was
allocated to a stimulus or location, Sawaki & Luck (2010) showed that attention could be
actively down regulated in what they defined in the signal suppression hypothesis. Using
event-related potential (ERP) studies, Sawaki & Luck (2010) showed that the “attend-to-
me” priority signal that salient singletons automatically produce could be actively
suppressed. In this section, | will briefly introduce the evidence in support of the signal
suppression hypothesis and how these findings offered a new interpretation of biased
competition.
1.3.1. Evidence for Inhibition

ERP studies have been a useful tool in psychophysiological studies of the control
of attention given its high temporal precision. In attention studies, two components of
the ERP are commonly measured: the N2pc and Pd (distractor positivity) which are
sensitive indexes of covert deployment of visual attention and attentional suppression,
respectively (Eimer, 1996; Luck & Hillyard, 1994; Hickey et al., 2009). In a series of
experiments, Sawaki & Luck (2010) first demonstrated that the “attend-to-me” signal
presented by salient irrelevant singletons were actively suppressed to prevent attentional
priority to be deployed to these distractors, irrespective of attentional control settings.
Other studies have also replicated the identification of the Pd component to be elicited
by salient distractors that fail to capture attention (e.g., Gaspar & McDonald, 2014; Kiss
etal., 2012; McDonald et al., 2013; Sawaki & Luck, 2010) and this measure was

importantly found to be in conjunction with behavior (Gaspelin & Luck, 2018).
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In addition to electrophysiological studies, behavior studies have also identified
suppression of attentional priority using the capture-probe paradigm. In the capture-
probe paradigm design, a memory-probe is interspersed among trials to assess whether
participants are allocating attention evenly amongst all potential locations. Gaspelin et
al., (2015) demonstrated that participants had reduced probe identification in the location
of a salient distractor, demonstrating that attention allocation was actively being
suppressed in that location. Furthermore, this finding was replicated in eye-tracking
studies to extend the hypothesis to an oculomotor suppression effect (Gaspelin et al.,
2017). Also, Gaspelin et al. (2017) demonstrated that the phenomenon of signal
suppression occurred only when the attentional priority was allocated in a goal-oriented
and not a stimulus-driven manner. If the target of the visual search array was not a shape
singleton, participants engaged in “feature-search mode” to find the target and did not
have slowed response times in the presence of the distractor. Rather, it was only when
the visual search target was a shape singleton that participants used “singleton-detection
mode”, or stimulus-driven attentional control, that occurred in slowed response times
and active suppression of behavior.

Then, is signal suppression a mechanism of “top-down” attentional control given
that active inhibition depends on the attentional set? Or perhaps, is signal suppression an
experience-driven mechanism of control as seen in trial-by-trial manipulations of
features to be ignored (Beck et al., 2018; Cunningham & Egeth, 2016; Moher & Egeth,
2012)? Much of the described studies suggest that stimuli are proactively suppressed in a

particular location before the allocation of attention to that area. However, others
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proposed the opposing argument that attentional priority can be initially allocated but
then quickly suppressed afterwards as described in the “search-and-destroy” hypothesis
(Moher & Egeth, 2012) or the rapid disengagement hypothesis (Theeuwes, 2010;
Theeuwes et al., 2000). Both behavior and electrophysiological studies have found
evidence in support for these reactive mechanisms of attention allocation (e.g., Beck et
al., 2018; Geng & Diquattro, 2010; Hickey et al., 2006; Moher & Egeth, 2012).

1.3.2. How Does This Change the Theoretical Trichotomy?

Gaspelin & Luck (2019) offered the signal suppression hypothesis as a
“resolution to the attentional capture debate” in that it provides a mechanism for how
both goal-oriented and stimulus-driven attention could compete for attentional priority.
However, | disagree in that there was a such a debate in the first place. The large mass of
evidence in support of goal-oriented, stimulus-driven and experience-driven attention
had already made it evident that biased competition is a result of all mechanisms of
attentional capture simultaneously competing for attentional priority, albeit the dominant
mode of control depends on the particulars of the environment. Rather, the signal
suppression hypothesis offers a new lens in conceptualizing the neural mechanisms of
each component of attention control and how these networks interact to ultimately
decide what is represented. However, the understanding of signal suppression is still
relatively new. For example, the debate whether signal suppression is proactive, reactive,
or a combination of both is still ongoing. Some have used the rapid disengagement
hypothesis to strengthen their argument that top-down control cannot override stimulus-

driven attentional capture (Theeuwes, 2004). Furthermore, the signal suppression
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hypothesis has primarily been investigated using physically salient stimuli in the context
of goal-oriented control. Its mechanistic role in experience-driven attentional control is
largely unexplored. The field is ripe to investigate such possibilities and I will attempt to
apply the concept of signal suppression to the findings throughout this dissertation.
1.4. Threat and Attention

Detection of threat has long been conceived as a conserved evolutionary
mechanism for survival. The study of attention bias to threat has primarily been
examined in clinical contexts with the hope of treating pathological phobias and anxiety
disorders. However, the inconsistency in translating research findings in this domain to
clinical trials of pathological anxiety has called for a need to better understand the
mechanisms of attention bias by threatening stimuli and elevated state-anxiety (see
Mogg & Bradley, 2018, for a review). In this section, | will briefly review the majority
of research that has focused on attentional orienting to threatening stimuli, how this
narrow approach has limited progress in translating to the clinical setting and offer an
alternative model to investigate attention bias under threat.
1.4.1. Orienting to Threat

Current working models of anxiety depict pathology as inappropriate and
excessive activation of neural circuitry designed to be beneficially adaptive under threat
(e.g., Brooks & Stein, 2015). Both pathologically anxious patients and individuals with
elevated self-report measure of anxiety have demonstrated increased attentional priority

for orienting to threatening stimuli, primarily in tasks measuring attention shift (see Bar-
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Haim et al., 2007, for a meta-analysis). Thus, much research has focused on measuring
attention bias to threat and orienting to threatening stimuli.

Threatening stimuli or stimuli associated with aversive outcomes have
consistently been demonstrated to capture attention more than neutral stimuli, often
impairing task performance (e.g., Most et al., 2005; Most & Wang, 2011; Mulckhuyse,
2018; Ohman & Mineka, 2011; Vuilleumier, 2005). These experimental paradigms have
used a wide variety of stimuli such as fearful faces (Dimberg & Ohman, 1996; Eastwood
et al., 2001; Eldar et al., 2010; Vuilleumier, 2005), threatening animals (e.g., snakes,
spiders; Ohman et al., 2001; Ohman & Mineka, 2003), negative-valence images
(Derryberry & Reed, 2002; Most et al., 2005; Quigley et al., 2012), or threatening words
(Mathews & Macleod, 1985, 1994) to capture attention. In addition, studies
manipulating learned associations between arbitrary stimuli and aversive outcomes have
demonstrated that associative learning of threat can also automatically bias attention
(e.g., Schmidt et al., 2015a, 2015h, 2015c; Wang et al., 2013, Chubala & Smith, 2009;
Koster et al., 2004).

However, by what mechanism of biased competition does threatening stimuli
gain attentional priority? Some findings have shown that orienting to threatening stimuli
is an early process of attentional orienting in the visual system (e.g., Ohman & Mineka,
2001; Thigpen et al., 2017; Vuilleumier, 2005). However, do these findings indicate that
low-level visual features are driving attentional orienting to threatening stimuli? Or
perhaps, is threat avoidance a learned response from exposure to harm or a voluntary

response for the goal of survival? Brown et al. (2020) used the classic contingent capture
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and emotion-induced blink paradigms in an RSVP task to provide evidence for
involuntary attentional capture when adopting a search goal for threat. Also, Vromen et
al. (2016) demonstrated that rapid orienting of attention to threatening stimuli only
occurred when stimuli were goal relevant. These findings support the claim that
orienting to threatening stimuli can be goal contingent. In contrast, Abado et al. (2020)
argues that the physical saliency of the target (bird vs. spider) interacts with expectancy
to manipulate attention bias. While some have attempted to resolve this debate (Ohman
& Mineka, 2001), the mechanisms of biased competition regarding threat-related
attentional biases are still unclear.
1.4.2. Distinguishing Between Fear and Anxiety in the Control of Attention

As depicted in the previous section, threatening stimuli readily capture attention
and the observer is thereby rapidly oriented to a posing threat. However, are the
mechanisms by which threat modulates attentional priority consistent when the posing
threat is predictable or unpredictable? For example, are the changes in attentional
priority experienced by a police officer directly facing the threat of an active gunman
identical to the changes in attentional priority experienced by a resting gazelle when it
hears the rustle of leaves signaling the threat of an unseen predator? Experimental
paradigms have modeled these differences to predictable and unpredictable threat, which
are associated with the mechanisms of fear and anxiety, respectively.

Fear and anxiety were once perceived as similar biological processes due to their
overlapping physiological symptoms (e.g., Davis et al., 2010). However, key differences

have been identified to establish them as different mechanisms. Fear is defined as an
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adaptive response to an imminent, predictable threat that begins rapidly and dissipates
rapidly as the danger is removed. On the other hand, anxiety is defined as a sustained
response to an unpredictable, or potential threat that leads to longer lasting arousal and
vigilance (e.g., Davis et al., 2010). Naturally, these physiological differences have been
mapped onto distinct pathologies: one by elevated cued-fear reactivity (e.g., phobias)
and the other by maladaptive, long-term state of anxiety (Vollebergh, 2001).
Hypotheses claiming that the neural networks involving fear and anxiety were
independent began with identification of unique anatomical pathways, specifically in
regard to the central (CeA) and medial (MeA) nuclei of the amygdala and the bed
nucleus of the stria terminalis (BNST; Alheid et al., 1998; Alheid & Heimer, 1988; see
also Davis et al., 2010, for a review). The dissociable effects of fear and anxiety were
clearly demonstrated in the pain literature in which anxiety increased pain sensitivity
while fear decreased it (Rhudy & Meagher, 2000). Furthermore, rodent studies using
neurotoxic lesions and pharmacological agents used to block specific pathways were
found to block only one of phasic or sustained fear responses (e.g., Dong et al., 2001;
Hitchcock & Davis, 1986, 1991; Lee & Davis, 1997; McDonald, 1991; Weller & Smith,
1982). In addition, human studies that incorporated clinical populations of post-
traumatic stress and panic disorders demonstrated that patients had dissociable effects of
startle potentiation depending on whether they were under predictable or unpredictable
threat (Grillon et al., 2008, 2009). Finally, anxiolytic medications were shown to be
effective in reducing startle potentiation only when electric shocks were unpredictable

(Grillon et al., 2009). These clinical and pharmacological studies validated the claim that
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the neural representations of fear and anxiety were independent of each other and
demonstrated a need for an experimental paradigm to separately model fear and anxiety
for psychophysiological measurement.

The role of anxiety and threat in attention has been a topic of broad research
interest. Typical approaches include comparing the performance of individuals who
differ in trait-level anxiety (e.g., Bar-Haim et al., 2007; Derryberry & Reed, 2002;
Koster et al., 2005, 2006; Moser et al., 2012). Attention biases towards threat-related
stimuli have shown to be more pronounced in anxious individuals (e.g., Bar-Haim et al.,
2007; Derryberry & Reed, 2002; Shechner & Bar-Haim, 2016; Shechner et al., 2017).
Furthermore, anxiety disorders have been linked to increased distractibility and impaired
concentration (Eldar et al., 2010; Eysenck et al., 2007), including increased
susceptibility to attentional capture by physically salient stimuli (Esterman et al., 2013).

Consistent with the historical focus of research on the correlation between
heightened state-anxiety and attentional orienting to threatening stimuli, cognitive
behavioral therapies have become the gold-standard for treating pathological anxiety
(e.g., Beard, 2011; Kaczkurkin & Foa, 2015), specifically utilizing attention bias
modification treatment (ABMT) (e.g., Hakamata et al., 2010; MacLeod et al., 2002).
However, ABMT has been inconsistent and marginally effective in clinical trials (see
Mogg & Bradley, 2018, for a review), calling into question the strategy of “threat-
avoidance” and “positive-search” training to reciprocate altered neural circuitry (e.g.,
Amir et al., 2009; Waters et al., 2013). Mogg & Bradley (2018) specifically highlight the

need to understand the multiple processes underlying anxiety and attentional biases (not
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just orienting to threat) and emphasize the lack of data in evidence-based cognitive
perspectives of anxiety and threat-related attention as a barrier to effective treatment.
1.4.3. A Paradigm to Model Anxiety

One of the first experimental paradigms developed to model differences in
anxiety and fear in humans was the No-shock, Predictable-shock, Unpredictable-shock
(NPU) task, which measured startle potentiation while manipulating the probability of
threat of shock (Schmitz & Grillon, 2012). In the predictable-shock block, electric
shocks are 100% cue-contingent and are always presented at a predictable known time,
designed to model the phasic, event-related effects of fear. In contrast in the
unpredictable-shock block, electric shocks are presented at unpredictable times designed
to induce elevated state-anxiety or “sustained fear”. Stemming from the NPU threat task,
the Threat of Shock (ToS) paradigm was further developed to incorporate solely the
unpredictable-shock block and has now been recognized as the gold-standard
translational paradigm to measure the effects of elevated state-anxiety in a within-
subjects design (e.g., Clark et al., 2012; Cornwell et al., 2007; Grillon et al., 2004, 2008).
Importantly, increasing amounts of experimental evidence have demonstrated that
experimental induction on anxiety, particularly through threat of electric shock, evokes
neural circuitry and patterns of behavior characteristic of pathological anxiety (e.g.,
Robinson et al., 2011, 2013, 2014, 2015). Thus, the ToS paradigm provides a gateway to
investigate the effects of anxiety on numerous cognitive processes including attention.

Before moving forward, it is important to recognize the differences in adaptive

vs. pathological anxiety. Anxiety has long been understood as a conserved, adaptive
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mechanism to enable an organism to rapidly detect and orient to threat (e.g., Robinson et
al., 2011, 2012). Current models of anxiety disorders have suggested that pathological
anxiety is the brain’s plastic response to excessive activation of these originally intended
adaptive pathways and often arises when attentional biases for threat have become
inappropriately chronic (e.g., Insel, 2014; Insel et al., 2010; see also Bar-Haim et al.,
2007, for a meta-analysis). To determine whether the effects of adaptive anxiety can be
interchangeable with the symptoms of pathological anxiety, Chavanne & Robinson
(2020) conducted a meta-analysis to show that while both induced and pathological
anxiety overlapped in symptoms and shared in patterns of neuronal activation, the
compared brain activity were not completely identical and became further disassociated
depending on the type of pathological anxiety. Thus, although the ToS paradigm has
previously shown to emulate the neural circuitry of pathological anxiety, it is more
accurately depicted as an intermediate model of adaptive anxiety (now referred to as
experimentally induced anxiety throughout) more so than pathological anxiety.
Regardless, elevated state anxiety is still one of the primary symptoms of all anxiety
disorders and more research is needed to fill in the gap between experimentally induced
and pathological anxiety.

Thus, the ToS paradigm provides an opportunity to investigate how attentional
control is modulated under conditions of experimentally induced anxiety and the
corresponding change in observer state. Prior studies examining the influence of threat
on attention to non-threat-related stimuli have been limited to between-subject designs

comparing attentional capture between individuals with high and low self-report
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measures of state anxiety (e.g., Esterman et al., 2013; Moser et al., 2012). Furthermore,
the available studies investigating attentional capture between subjects with varying state
anxiety levels only have utilized physically salient stimuli as critical stimuli. As
described in the prior sections, the mechanisms of goal-oriented, salience-driven, and
experience-driven (selection history) attentional control are dissociable, including with
respect to the neural networks that have been identified in their control. It is unclear
whether state modulations such as elevated state anxiety will globally influence
attentional control through a common mechanism or whether each mode of attentional
control will be uniquely modulated by experimentally induced anxiety. Some studies
have examined attentional biases by manipulating the state of the observer through
hunger (e.g., Hardman et al., 2013; Mogg et al., 1998; Placania et al., 2002). As seen
with individuals with elevated state-anxiety when exposed to threatening stimuli, hungry
individuals also showed increased attentional priority allocation towards food-related
stimuli compared to control stimuli. In addition, individuals with pathological anxiety or
elevated state anxiety have shown to have increased attentional biases toward
threatening stimuli (see, Bar-Haim et al., 2007, for a meta-analysis). However, it is
unclear whether enhanced attentional biases toward threatening or negatively valent
stimuli are due to changes in perception of the stimuli as being increasingly salient or
whether elevated state anxiety primes attention networks into a more goal-oriented mode
of processing, perhaps for the sake of survival.

In the chapters that follow, | present experiments that investigate how attentional

priority is modulated under a state of experimentally induced anxiety, using the ToS
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paradigm. For a comprehensive approach, | will utilize attention tasks that measure
attentional biases toward physically salient, previously reward-associated, and goal-
relevant stimuli to investigate how induced anxiety modulates each mode of attentional
control. In addition, I will present a neuroimaging experiment on the effects of
experimentally induced anxiety on reward-associated attentional capture. The findings
from these experiments will shed light on whether changes in observer state, and
specifically a state of anxiety, globally affects attentional processing mechanisms or if
changes in observer state uniquely modulates different attention networks for optimal
attentional selection. Furthermore, a better understanding of the mechanisms by which
threat modulates attentional control will offer additional insights into how threatening or

emotionally valent stimuli are processed under elevated state anxiety.
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2. THREAT REDUCES VALUE-DRIVEN BUT NOT SALIENCE-DRIVEN

ATTENTIONAL CAPTURE!?

The relationship between the mechanisms underlying value-driven attention
(reward history on attention) and attention to aversively conditioned stimuli is not
known. One possibility is that each of these two sources of attentional priority are
represented in dedicated neural and cognitive systems for reward and threat,
respectively, which independently bias attention. By this account, the experience of
threat would not be expected to interfere with the influence of reward on attention. A
second possibility is that these two sources of attentional priority compete with one
another, such that the processing of threat information interferes with value-based
guidance. By this account, value-driven attentional capture should be reduced under
conditions of threat, aligning with the dual competition framework (Pessoa, 2009).
However, the arousal-biased competition hypothesis poses an alternative interpretation
which postulates that negative arousal enhances high-priority visual signals at the
expense of less-salient signals (Mather & Sutherland, 2011). If reward-associated stimuli
are deemed high-priority, by this account value-driven attentional capture would be
potentiated under threat. In contrast, if reward-associated stimuli are deemed low-

priority under threat, then value-driven attentional capture would correspondingly be

! Copyright © 2020 by American Psychological Association. Reproduce with permission. Kim, A. J., &
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reduced under threat, albeit by a different neural mechanism posed by the dual-
competition framework.

In this chapter, I will first present a series of five experiments that examines how
threat modulates the influence of reward history and physical salience on the allocation
of attention. The first three experiments investigate how attentional priority to previously
reward-associated stimuli are modulated under threat using the value-driven attentional
capture paradigm (Anderson et al., 2011) in combination with the Threat of Shock (ToS)
paradigm (Grillon et al., 2004). We then validated our experimental design and
procedure in the following two experiments by investigating how attentional priority to
physically salient stimuli are modulated under threat using the additional singleton
paradigm (Theeuwes, 1992), also in combination with the ToS paradigm (Grillon et al.,
2004), given that attentional priority to physically salient stimuli is known to be elevated
under threat (e.g., Lee et al., 2012, 2014; Mather & Sutherland, 2011; Sutherland &
Mather, 2012, 2015).

2.1. Experiment 1

To quantify the effects of reward history on selective attention, we utilized the
value-driven attentional capture paradigm in which a participant is rewarded for
orienting towards a valuable stimulus during a training phase, and this reward-associated
feature then serves as a task-irrelevant distractor during a subsequent test phase
(Anderson et al., 2011). We measured attentional capture by previously reward-
associated stimuli under conditions in which the threat of shock was and was not present.

To test whether the effect of the threat of shock differed for participants with different
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proclivities towards anxiety and depression, we included a battery of questionnaires
assessing relevant constructs (Beck et al., 1996; Carver & White, 1994; Ferreira &
Murray, 1983; Patton et al., 1995). Our objective was to test between the competing
accounts of threat and reward processing outlined above, and we did not have specific
predictions concerning which outcome was more likely.
2.1.1. Methods
2.1.1.1. Participants

Thirty-eight participants (23 females), between the ages of 18 and 35 inclusive,
were recruited from the Texas A&M University community. All participants were
English-speaking, reported normal or corrected-to-normal visual acuity and normal color
vision. All procedures were approved by the Texas A&M University Institutional
Review Board and were conducted in accordance with the principles expressed in the
Declaration of Helsinki. Written informed consent was obtained for each participant.
The sample size was informed by a power analysis in which the power to detect value-
driven attentional capture and the power to detect threat-dependent modulations in
attentional capture were considered. The effect size for attentional capture by a high-
value distractor was estimated from Anderson and Kim (2019), on which the design of
the task was based (d; = 0.55). The effect size for threat-dependent modulations in
attentional capture was estimated at 5> = 0.09 from Sutherland and Mathur (2012). At a
=0.05, a sample size of at least 28 participants would provide B > 0.80 to detect each of

the two effects.
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2.1.1.2. Apparatus

A Dell OptiPlex 7040 (Dell, Round Rock, TX, USA) equipped with Matlab
software (Mathworks, Natick, MA, USA) and Psychophysics Toolbox extensions
(Brainard, 1997) was used to present the stimuli on a Dell P2717H monitor. The
participants viewed the monitor from a distance of approximately 70 cm in a dimly lit
room. Paired electrodes (EL500, BioPac Systems, Inc., Goleta, CA, USA) were attached
to the left forearm of each participant, and electric shocks were delivered through an
isolated linear stimulator under the constant current setting (STMISOLA, BioPac
Systems), which was controlled by custom Matlab scripts. Eye-tracking was conducted
using the EyeLink 1000 Plus system (SR Research Ltd., Ottawa, Ontario, Canada), and
head position was maintained using a manufacturer-provided chin rest (SR Research
Ltd.).
2.1.1.3. Individual Differences Assessments

All participants completed electronic implementations of the State-Trait Anxiety
Inventory (STAI-state, STAI-trait; Ferreira & Murray, 1983), Beck Depression
Inventory (BDI-II; Beck et al., 1996), Behavioral Activation/Inhibition System
Inventory (BAS/BIS; Carver & White, 1994), and Barratt Impulsiveness Scale (BIS-11;
Patton et al., 1995) before completing the experimental task. After the experimental task,
participants again completed the STAI-state inventory to assess whether state anxiety

was elevated from the threat of shock.
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2.1.1.4. Stimuli

In the training phase, each trial consisted of a gaze-contingent fixation display, a
stimulus array, and a feedback display (see Figure 1A). The fixation display consisted of
a box (3.3° x 2.5° visual angle) at the center of the screen. Each circle in the search array
was 4.5° visual angle in diameter. Stimuli located on the left and right sides were 9.3°
visual angle from the meridian. Vertically, stimuli were 3.3° visual angle and 7.4° visual
angle above and below the horizontal equator. Targets were red and green, and the
colors of the non-targets were drawn from the set {blue, cyan, pink, orange, yellow,
white} without replacement (Anderson et al., 2011, 2014). If the target was fixated
within the timeout limit, a feedback display was presented consisting of the amount of
monetary reward earned on the current trial (+10¢ or +2¢), and the total reward
accumulated across all trials. If the target was not fixated within the timeout limit, the
word “Miss” would appear in the feedback in place of the trial earnings. Fixating a non-
target did not trigger any outcome, and it was possible to fixate a non-target before
fixating the target within the timeout limit and still receive the target-associated reward.

In the test phase, before each block of trials, participants were presented with a
display indicating whether shock was possible in that block. Each circle in the search
array had a 4.5° visual angle diameter and diamonds were 4.1° x 3.7° visual angle. The
target was defined as the unique shape. At the beginning of a possible shock block, the
display would present the words “Possible Shock” along with a white box that contained
an image of a lightning bolt. At the beginning of a no shock block, the display would

present the words “No Shock” along with a white box that contained an image of a

30



lightning bolt with a red hash over it. Each trial consisted of a gaze-contingent fixation
display, a stimulus array, and a blank inter-trial-interval (see Figure 1B). The fixation
display included the identical image referenced at the start of each block, either a white
box with a lightning bolt or red hash covering the bolt. The locations of the stimuli and
the colors of the non-targets were identical to the training phase. If participants were
unable to fixate the target within the timeout limit, the word “Miss” would appear during
the inter-trial-interval. During possible shock blocks, a small number of trials were
added in which electric shock was delivered in place of the stimulus array.
2.1.1.5. Design

Both the training phase and the test phase were split into two runs, with each run
consisting of 120 trials (240 trials total in each phase). In the training phase, the target
was equally-often red and green. Each target color appeared in each stimulus position
equally-often within a run, and trials were presented in a random order. For each
participant, one of the color targets (counterbalanced) would yield a monetary reward of
10¢ on 80% of trials and 2¢ on 20% of trials (high-value target); the other color target
would yield 2¢ on 80% of trials and 10¢ on 20% of trials (low-value target). In the test
phase, block order was counterbalanced across participants. On half of the trials, one of
the non-target shapes was rendered in the color of the former high-value target during
the training phase (referred to as the distractor). The other half of trials did not contain
either of the prior target colors from training (distractor-absent trials); the low-value
color did not appear during the test phase, to maximize the trials-per-cell in the factorial

design. The target was equally-often a diamond among circles and a circle among
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diamonds and was never red or green. Target and distractor position were fully crossed
and counterbalanced, and trials were presented in a random order. In shock blocks,
participants were shocked 2 times in 2 blocks, 3 times in 3 blocks, and 4 times in 1
block, with the assignment of number of shocks to blocks randomized. The pattern of
shocks administered in the shock block across trials was pseudo-randomly determined
with the constraint that shocks were never administered on consecutive trials nor on the
last trial of a block. At the end of the experiment, participants were paid the total
monetary reward obtained during the training phase.
2.1.1.6. Procedure

In the training phase, each trial began with the presentation of a white box that
remained on-screen until the participant fixated on the box for 500 ms. The stimulus
array would then be displayed for 1000 ms or until the target was fixated. Then the
feedback display would appear for 1500 ms, indicating the monetary reward gained and
the participant’s total earnings. Following the training phase, the participant was
connected to the isolated linear stimulator and a shock calibration procedure was
conducted for each participant to achieve a level that was “unpleasant, but not painful”
(Murty et al., 2012; Schmidt et al., 2015a, 2017). In the test phase, each trial began with
the presentation of the block display, indicating whether the following block would
contain a potential electric shock or no chance of an electric shock. The block began
once the experimenter pressed the space bar. Each trial began with the presentation of

the identical image referenced in the block display. Fixation on the image for 500 ms
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triggered the stimulus array, which again remained on screen until participants fixated
the target or 1000 ms elapsed, and the inter-trial-interval lasted 1000 ms.

Head position was maintained throughout the experiment using an adjustable
chin rest that included a bar upon which to rest the forehead (SR Research). Participants
were provided a short break between each run of the task in which they could reposition
their head to maintain comfort. Eye position was calibrated prior to each block of trials
using 9-point calibration (Anderson & Yantis, 2012), and was manually drift corrected
by the experimenter as necessary (the next trial could not begin until eye position was
registered within 1.1° of the center of the fixation cross for 500 ms; see, e.g., Nissens et
al., 2017). During the presentation of the search array, the X and Y position of the eyes
was continuously monitored in real time with respect to the six stimulus positions, such
that fixations were coded online (Le Pelley et al, 2015).
2.1.1.7. Data Analysis

One participant withdrew from the experiment prior to completion and two
participants were unable to be eye-tracked using our apparatus. Thus, 35 complete data
sets were ultimately analyzed.

We measured which of the six shape stimuli was initially fixated on each trial, as
well as whether the target was fixated before the timeout limit along with the time
required to fixate the target (i.e., RT). Fixation of a stimulus was registered if eye
position remained within a region extending 0.7° around the stimulus for a continuous
period of at least 50 ms (100 ms on the target trigger the termination of the stimulus

array; see, e.g., Le Pelley et al., 2015). Oculomotor capture was determined by
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comparing the probability of initially fixating the valuable distractor compared to the
average of other non-target stimuli. RT was measured from the onset of the stimulus
array until a valid target fixation was registered. RTs in fixating the target that exceeded
three standard deviations of the mean for a given condition for a given participant were
trimmed (Anderson & Yantis, 2012).
2.1.2. Results

A 2 x 2 analysis of variance (ANOVA) with distractor condition (present vs.
absent) and block (shock vs. no shock) as factors was conducted over mean RT. There
was no main effect of distractor condition, F(1,34) = 3.01, p = 0.092, no main effect of
block, F(1,34) <0.01, p = 0.998, and also no interaction, F(1,34) = 0.16, p = 0.689 (see
Figure 2A). The same ANOVA conducted over oculomotor capture revealed a main
effect of distractor condition, F(1,34) = 8.20, p = 0.007, #* = 0.194, but there was no
main effect of block, F(1,34) = 0.06, p = 0.802, nor an interaction F(1,34) = 0.15, p =
0.700 (see Figure 2B). Post-hoc comparisons revealed that there were significantly more
saccades to the distractor compared to a non-target within both the shock block, t(34) =
2.65, p=0.012, d = 0.65, and the no-shock block, t(34) = 2.45, p = 0.02, d = 0.60.

Unsurprisingly given the lack of interaction effects between attentional capture
and threat, no questionnaire measure was predictive of the difference in oculomotor
capture between shock and no shock blocks (see Supplemental Table 1). State anxiety
increased after the test phase, t(34) = 6.67, p < 0.001, d = 1.7, confirming the anxiety-

provoking nature of the threat-of-shock manipulation.
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2.1.3. Discussion

In Experiment 1, we found no effects of threat of shock on value-driven
attentional capture. Eye movements were biased towards previously reward-associated
stimuli, but the magnitude of this oculomotor bias did not differ between blocks with and
without the threat of shock. State anxiety, as measured using the STAI, increased as a
result of the test phase manipulation, suggesting that the threat of shock was effective in
inducing a state of anxiety.

Fear is a response that occurs from predictable threat and is quick to dissipate,
while anxiety results from the anticipation of an unpredictable threat and is longer-
lasting. While null effects of the ToS paradigm on behavior have been documented
(Robinson et al., 2015) as in our experiment, another possibility is that the no-shock
blocks in the present experiment were not sufficiently long for anxiety to dissipate,
especially given the alternating nature of shock and no-shock blocks (where future
epochs involving shock could be anticipated). Unlike in the manipulation of fear in
which the removal of the fearful stimulus quickly returns a person to a baseline state
(Grillon et al., 1991; see also Davis et al., 2010, for a review), a state of anxiety may be
“bleeding over” into no-shock blocks in the present experiment, compromising the
effectiveness of the block manipulation. A global state of threat could be influencing
capture across the entire task, in similar measure across blocks.

2.2. Experiment 2
In Experiment 1, there was no difference in capture between “shock™ and “no

shock” blocks, which on the surface is consistent with the idea that brain systems for
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value and threat influence attention independently. However, it is not evident whether
our manipulation of anxiety through threat varied substantively between blocks.
Potentially, anxiety instilled through the threat of shock during the “shock” blocks is
unable to be turned off in quick succession and resulted in a global state of threat over
the entirety of the test phase of Experiment 1. Thus, in Experiment 2, we recruited a new
group of participants to complete an otherwise identical task, but without any threat of
electric shock. All mention of shock was removed from the task. Of interest was whether
the magnitude of value-driven attentional capture would differ from the magnitude
observed in Experiment 1 where participants were sometimes under threat of shock.
2.2.1. Methods
2.2.1.1. Participants

Thirty-two participants (18 females), between the ages of 18 and 35, were
recruited from the Texas A&M University community. All participants reported normal
or corrected-to-normal visual acuity and normal color vision. All procedures were
approved by the Texas A&M University Institutional Review Board and all study
procedures were conducted in accordance with the principles expressed in the
Declaration of Helsinki. Written informed consent was obtained for each participant.
2.2.1.2. Apparatus & Stimuli

The apparatus and stimuli were identical to Experiment 1, with the exception that

the isolated linear stimulator was not used, and no shock-related images were presented.
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2.2.1.3. Design & Procedure

The design and procedure were identical to Experiment 1, with the exception that
the administration of electric shock and any references to electric shock, including in the
instructions and images, were removed (see Figure 1C).
2.2.1.4. Data Analysis

Data were analyzed in the same manner as Experiment 1. Two participants were
unable to be eye-tracked using our apparatus. Thus, 30 complete data sets were
analyzed.
2.2.2. Results

A 2 x 2 ANOVA with distractor condition (present vs. absent) and experiment
(Experiment 1 vs. Experiment 2) as factors was conducted over mean RT. We collapsed
performance across “shock™ and “no shock” blocks for Experiment 1 because there were
no differences found between them. This ANOVA revealed a main effect of distractor
condition, F(1,63) = 12.06, p = 0.001, »° = 0.161, but no effect of experiment, F(1,63) =
2.40, p = 0.127, or interaction, F(1,63) = 1.85, p = 0.179 (see Figure 3A). The same
ANOVA conducted over oculomotor capture revealed a main effect of distractor
condition, F(1,63) = 34.60, p < 0.001, »? = 0.354, and, critically, a significant
interaction, F(1,63) = 5.96, p = 0.017, #? = 0.086. The main effect of experiment was not
significant, F(1,63) = 1.19, p = 0.175 (see Figure 3B).
2.2.3. Discussion

In Experiment 2, we conducted the identical task as Experiment 1 but with no

reference to electric shock. This allowed us to compare the magnitude of value-driven

37



attentional capture between conditions with (Experiment 1) and without (Experiment 2)
a threat manipulation. As in Experiment 1, robust value-driven attentional capture was
observed, this time in both RT and eye movements. In addition, oculomotor capture was
significantly greater in magnitude in Experiment 2 (as evidenced by the experiment by
distractor condition interaction), indicating that the threat of shock generally suppressed
attentional capture by previously reward-associated stimuli.
2.3. Experiment 3

In Experiment 1, we were unable to produce a within-subject effect of shock
using the alternating block design. As previously discussed, we hypothesized that
participants were unable to reduce their anxiety levels back to baseline in the no-shock
blocks given the timeframe of block switches. Experiment 2 showed that the threat of
shock was indeed having a significant effect on oculomotor capture, consistent with the
idea that participants in Experiment 1 were completing the test phase under a global state
of anxiety. Given the novelty of this finding, which contrasts with the effects of threat on
the processing of physically salient stimuli (e.g., Esterman et al., 2013; Mather &
Sutherland, 2011; Sutherland & Mather, 2012, 2015), we wanted to replicate and extend
the evidence for this relationship. Therefore, in Experiment 3, we examined whether
within-subject effects of anxiety on value-driven attentional capture would be evident
when threat of shock was confined to a distinct epoch of the task, providing a clear
boundary between threatening and non-threatening contexts. Instead of alternating

blocks after 20 trials, we modified the design to have participants complete two

38



otherwise identical implantations of the test phase in which the delivery of shock was
and was not possible.
2.3.1. Methods
2.3.1.1. Participants

Thirty-two participants (18 females), between the ages of 18 and 35, were
recruited from the Texas A&M University community. All participants reported normal
or corrected-to-normal visual acuity and normal color vision. All procedures were
approved by the Texas A&M University Institutional Review Board and all study
procedures were conducted in accordance with the principles expressed in the
Declaration of Helsinki. Written informed consent was obtained for each participant.
2.3.1.2. Apparatus & Stimuli

The apparatus and stimuli were identical to Experiment 1.
2.3.1.3. Design & Procedure

The design and procedure were similar to Experiment 1. However, we changed
the design to have two training and test phases (see Figure 1D). Instead of an alternating
block design of 20 trials, the test phase consisted of two blocks of 120 trials each, one
with and one without the threat of shock (order counterbalanced between subjects). A
training phase of 180 trials preceded each test phase. Such an alternating training-test
design has been shown to have high test-retest reliability in measurements of value-
driven attentional capture (Anderson & Kim, 2019). In addition, each participant was
only connected to the isolated linear stimulator before the test phase of the “shock”

block and was immediately disconnected from the device after completion of the
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“shock” block. After disconnecting the stimulator from the participant, they completed
the post-task STAI state inventory before proceeding (in addition to at the beginning of
the experiment).
2.3.1.4. Data Analysis

Data were analyzed in the same manner as Experiment 1, with the exception that
the order of blocks (shock block first vs. no-shock block first) was included as a factor in
the ANOVAs. Data from two participants were excluded from analyses because their
accuracy was lower than 70% and two participants were unable to be eye-tracked using
our apparatus. Thus, 28 complete data sets were analyzed.
2.3.2. Results

A 2 x 2 x 2 ANOVA with distractor condition (present vs. absent), block (shock
vs. no shock), and order (shock block first vs. no-shock block first) as factors was
conducted over mean RT. Unlike in Experiment 1, there was a significant main effect of
distractor condition, F(1,26) = 108.77, p < 0.001, #* = 0.807. There was no main effect
of block, F(1,26) = 0.50, p = 0.485, or order, F(1,26) = 1.03, p = 0.321. Importantly,
there was a significant interaction between distractor condition and block, F(1,26) =
4.35, p = 0.047, ? = 0.143 (see Figure 4A), with attentional capture being reduced under
threat of shock. A significant interaction was observed between block and the order of
blocks, F(1,26) = 11.20, p = 0.003, 5> = 0.301, reflecting the fact that participants were
generally faster during the second block (regardless of whether that block involved
shock of not). The order of blocks did not interact with distractor condition, F(1,26) =

0.29, p = 0.593, nor was the three-way interaction significant, F(1,26) = 1.90, p = 0.18.

40



The same ANOVA conducted over oculomotor capture revealed a main effect of
distractor condition, F(1,26) = 6.89, p = 0.015, 5#° = 0.21. No other main effects or
interactions were significant, Fs < 1.7, ps > 0.2 (see Figure 4B). As in Experiment 1,
state anxiety increased after the test phase of the shock block, t(27) = 7.71, p <0.001, d
= 1.9, confirming the anxiety-provoking nature of the threat-of-shock manipulation.
2.3.3. Discussion

In Experiment 3, we modified the design of Experiment 1 to facilitate assessment
of the threat of electric shock within-subjects, separately training and then testing
participants with and without the use of the isolated linear stimulator. Here, we found
robust value-driven attentional capture and a significant effect of the threat manipulation
on the response time measure, replicating reduced distractibility in a threatening context.
The results provide converging evidence for the modulatory role of threat in reducing the
magnitude of value-driven attentional capture.

In the present experiment, the measure of value-driven attentional capture
sensitive to the threat manipulation was RT, which differs from Experiments 1-2 in
which threat modulated oculomotor selection. Each of these measures have been
consistently implicated in distraction by reward cues (e.g., Anderson et al., 2011, 2013,
2014; Anderson & Kim, 2019; Anderson & Yantis, 2012). In general, the RT cost
associated with the distractor was also numerically much larger in Experiment 3
compared to the prior two experiments. The reason for this apparent discrepancy is
unclear and reflects a limitation of the present study, although we do note that the

implementation of the reward training, as well as the period over which attentional
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capture was measured both in relation to the threat manipulation and in relation to
training, was quite different across experiments. Fewer trials of training preceded each
epoch of the test phase in the present experiment, although the two total epochs of
training resulted in more training trials overall. Given that each epoch of the test phase
was only half as long as the test phase of Experiments 1-2, the test phase of Experiment
3 was likely less subject to extinction, which might explain the overall more robust
attentional capture measured in this implementation. Any of these differences could have
shifted the sensitivity of the paradigm to the effects of reward history on attention,
although in each case some indication of attentional capture was significantly reduced
under threat.
2.4. Experiments 4 & 5

Experiments 1-3 demonstrate reduced value-driven attentional capture under
conditions of threat. This finding contrasts with previous demonstrations of increased
attentional capture by physically salient stimuli in anxious individuals (Esterman et al.,
2013; Moser et al., 2012) and more preferential processing of physically salient stimuli
following induction of negative arousal (Mather & Sutherland, 2011; Sutherland &
Mather, 2012, 2015). It is tempting to conclude that threat and anxiety influence value-
driven and salience-driven attention differently, suppressing one while potentiating the
other. However, it is unclear whether this is indeed the case, or whether a particular
aspect of our experimental design led to fundamentally different results. To our

knowledge, threat of shock has not been examined in the context of the additional

42



singleton task (Theeuwes, 1992), which serves as the basis of our experimental
paradigm.

Our goal here was to conceptually replicate findings supporting arousal-biased
competition in the context of the processing of physically salient stimuli (Mather &
Sutherland, 2011; Sutherland & Mather, 2012, 2015) and links between anxiety and
increased attentional capture by physically salient stimuli (Esterman et al., 2013; Moser
et al., 2012), but in the specific context of our visual search paradigm using a threat of
shock manipulation. This would provide a more direct contrast to the findings of our
prior experiments. Therefore, experiments 4 and 5 paralleled Experiments 1 and 2, but
using physically salient color singleton distractors (see Theeuwes, 1992, 2010) in the
absence of prior reward training. We hypothesized that threat of shock would magnify
rather than suppress attentional capture by physically salient distractors, consistent with
prior findings using different experimental tasks and different manipulations of threat
and anxiety (Esterman et al., 2013; Moser et al., 2012). To maintain consistency with the
prior experiments, we retained the rapid-switching block structure of Experiment 4 and
anticipated the need for Experiment 5 to provide a comparison condition with no threat
of shock. We chose this between-subjects manipulation of threat of shock, rather than
the within-subjects approach adopted in Experiment 3, given that the interaction with
threat was more robust in Experiments 1-2 and oculomotor indicators of attentional
capture, including value-driven attentional capture, tend to have higher reliability as a

dependent measure (Anderson & Kim, 2019).
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2.4.1. Methods
2.4.1.1. Participants

Thirty-eight unique participants were recruited for both Experiment 4 and 5 (18
females and 20 females, respectively), between the ages of 18 and 35, from the Texas
A&M University community. All participants reported normal or corrected-to-normal
visual acuity and normal color vision. All procedures were approved by the Texas A&M
University Institutional Review Board and all study procedures were conducted in
accordance with the principles expressed in the Declaration of Helsinki. Written
informed consent was obtained for each participant.
2.4.1.2. Apparatus & Stimuli

The apparatus was identical to Experiment 1. The stimuli were identical to
Experiment 1 except for the colors of the shapes. On distractor-absent trials, all of the
shapes were a single color (red or green, counterbalanced across participants). On
distractor-present trials, one of the non-target shapes was shown in the other color (red
or green), which constituted the physically salient distractor (see Figure 1E & 1F).
2.4.1.3. Design & Procedure

There were no training phases in Experiments 4 and 5. The design and procedure
of Experiments 4 and 5 were identical to those corresponding to the test phase of
Experiments 1 and 2, respectively.
2.4.1.4. Data Analysis

Data were analyzed in the same manner as Experiments 1 and 2. For Experiment

4, data from one participant was excluded because their accuracy was lower than 70%
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for the task, two participants withdrew from the study prior to completion, one
participant was unable to be eye-tracked using our apparatus, and data from one
participant was identified as an outlier and removed from further analysis (capture score
exceeded 2.5 SD of the mean). For Experiment 5, four participants were unable to be
eye-tracked using our apparatus and data from one participant was identified as an
outlier and removed from further analysis (using the same 2.5 SD criterion). Thus, 33
complete data sets were analyzed for each experiment.
2.4.2. Results

For Experiment 4, a 2 x 2 ANOVA with distractor condition (present vs. absent)
and block (shock vs. no shock) as factors was conducted over mean RT. We found a
main effect of distractor condition, F(1,32) = 231.47, p < 0.001, #* = 0.879, but there
was no main effect of block, F(1,32) = 1.38, p = 0.249, and also no interaction, F(1,32)
= 1.85, p = 0.183 (see Figure 5A). Post-hoc comparisons revealed that response times
were significantly slower during distractor-present trials within both the shock block,
t(32) =11.80, p < 0.001, d = 1.71, and the no-shock block, t(32) = 13.75, p < 0.001, d =
1.85. The same ANOVA conducted over oculomotor capture revealed a main effect of
distractor condition, F(1,32) = 153.86, p < 0.001, #* = 0.828, but there was neither a
main effect of block, F(1,32) = 0.06, p = 0.816, nor an interaction F(1,32) =0.14, p =
0.708 (see Figure 5B). Post-hoc comparisons revealed that there were significantly more
saccades to the distractor compared to a non-target within both the shock block, t(32) =

11.71, p < 0.001, d = 2.93, and the no-shock block, t(32) = 12.09, p < 0.001, d = 3.1.
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For Experiment 5, a 2 x 2 ANOVA with distractor condition (present vs. absent)
and experiment (Experiment 4 vs. Experiment 5) as factors was conducted over mean
RT. As in Experiment 2, we collapsed performance across “shock” and “no shock”
blocks for Experiment 4 because there were no differences found between them. This
ANOVA revealed a main effect of distractor condition, F(1,64) = 446.75, p < 0.001, #?
= 0.875, but there was neither a main effect of experiment, F(1,64) = 2.65, p = 0.108,
nor an interaction, F(1,64) = 0.62, p = 0.433 (see Figure 6A). The same ANOVA
conducted over oculomotor capture revealed a main effect of distractor condition,
F(1,64) = 284.26, p < 0.001, »? = 0.816. In addition, we found a marginal effect of
experiment, F(1,64) = 3.73, p = 0.058, »? = 0.055, and a marginal interaction, F(1,64) =
3.22, p = 0.078, #% = 0.048. Importantly, this trend was in the opposite direction
compared to our experiments of value-driven attentional capture (see Figure 6B), with
capture being greater in magnitude during the experiment with threat of shock.

To statistically assess whether threat differentially modulates value-driven and
salience-driven oculomotor capture, we conducted a follow-up 2 x 2 x 2 ANOVA with
distractor condition (present vs. absent), presence of shock (shock vs. no shock), and
type of distractor (valuable vs. physically salient) as factors and probed the three-way
interaction. The three-way interaction was indeed significant, F(1,127) =6.79, p =
0.010, 2 = 0.051, confirming a significant difference in how threat modulates value-

driven and salience-driven attentional capture.
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2.4.3. Discussion

In Experiments 4 and 5, we examined how the threat of electric shock modulates
attentional capture to physically salient stimuli in the additional singleton paradigm. We
emulated the design and procedure of our experiments examining value-driven
attentional capture (Experiments 1 and 2) but removed the training phase and replaced
previously reward-associated distractors with physically salient color singleton
distractors. We found a robust effect of the distractor for both RT and eye movements in
Experiment 4, but again found no difference between blocks with and without the threat
of shock in a rapid switching design. In anticipation of the anxiety “bleed-over” between
blocks, we conducted Experiment 5 without the threat of shock to serve as a comparison
condition (as in Experiment 2). A robust effect of the distractor was again observed in
Experiment 5. Contrary to Experiments 1 and 2, however, the influence of shock on
attentional capture trended in the opposite direction, with capture being greater in
magnitude under threat of shock, consistent with arousal-biased competition (Mather &
Sutherland, 2011; Sutherland & Mather, 2012, 2015). A significant three-way interaction
across experiments confirmed that the impact of threat differently affects value-driven
and salience-driven attentional capture; while the threat of shock suppressed attentional
capture by previously reward-associated stimuli, it tended to increase attentional capture
to the physical salience of objects.
2.5. General Discussion

In the present study, we used the value-driven attentional capture paradigm to

assess the influence of threat-induced anxiety on attentional capture by reward-
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associated stimuli. We used the ToS paradigm to manipulate anxiety (Grillon et al.,
2004). Experiments 1 and 2 demonstrated attenuated value-driven attentional capture
when previously reward-associated stimuli are encountered in a threatening situation,
and this basic pattern was replicated in Experiment 3. Changes in self-reported state
anxiety confirmed the effectiveness of our threat of shock manipulation. On the other
hand, in Experiments 4 and 5, threat of shock showed a trend towards increasing
susceptibility to attentional capture by physically salient stimuli, consistent with prior
reports (Esterman et al., 2013; Moser et al., 2012). Our findings reveal a striking
dissociation in which the threat of electric shock suppresses oculomotor capture by
reward cues, while increasing oculomotor capture by physically salient stimuli.

The threat of shock paradigm has reliably induced anxiety in both human and
animal studies (see Davis et al., 2010, for a review). However, null effects of the threat
of shock paradigm have also been reported in two different decision-making tasks
utilizing a similar fast-alternating block design (Robinson et al., 2015; compare to
Experiments 1 and 4 of the present study). Robinson et al. (2015) speculated that the
threat of shock manipulation may not have been significant enough to elicit behavioral
change; however, in the present study, between-experiment measures of oculomotor
capture and a within-subject manipulation involving a longer epoch of no threat
produced reliable effects of threat of shock. Therefore, we hypothesize that the null
effect of threat within-subjects in Experiments 1 and 4 was due to the slow-dissipating
nature of anxiety (Kalin & Shelton, 1989), which bled over into the no-shock blocks and

produced a global state of anxiety. In utilizing the threat of shock paradigm, a fast-
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alternating block design may be suboptimal, and either a between-subjects manipulation
or a manipulation involving an extended epoch with and without the threat of shock may
be more robust.

Previous studies observing the effects of anxiety on attentional capture by
physically salient stimuli have tended to find evidence for increased attentional capture
(Esterman et al., 2013; Moser et al., 2012). These studies supported the theory that
anxiety produces a vigilant state within an individual and results in heightened
responsiveness to external events under threatening conditions (Armony & Dolan, 2002;
Kalin & Shelton, 1989; Mogg & Bradley, 1999; Pourtois et al., 2004). The vigilance
hypothesis of anxiety has also been supported in the context of attention to threatening
facial expressions (Hahn & Gronlund, 2007; Sussman et al., 2016a, 2016b; Williams et
al., 2005). Similarly, the arousal-biased competition hypothesis suggests that negative
arousal enhances high-priority visual signals at the expense of less-salient signals,
biasing perceptual processing more strongly in favor of physically salient stimuli
(Mather & Sutherland, 2011). A state of heightened vigilance has also been shown to
reduce errors in Go/No-Go tasks (Grillon et al., 2017), indicating that anxiety may be
effective and beneficial in facilitating rapid and accurate information processing.

Previously reward-associated stimuli preferentially draw attention (e.g.,
Anderson et al., 2011), which is thought to in part reflect stronger signals evoked by
previously reward-associated stimuli in the visual cortex (Anderson, 2016a, 2017;
Anderson et al., 2014; Hickey & Peelen 2015, 2017). To the degree that such value-

biased visual signals are processed in a similar fashion to differences in feature contrast,
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or to the degree that anxiety invokes a general tendency to monitor for unexpected visual
events at the expense of goal-directed attention, more robust attentional capture by
reward cues would be expected under conditions of threat. However, our results reveal
the exact opposite pattern. We show that the processing of negative emotional
information such as threat interacts with the ability of learned value to guide attention,
aligning with the dual competition framework (Pessoa, 2009). This model proposes that
task-irrelevant threat information competes for central processing resources with
cognition, potentially impairing cognitive processes. Our findings are consistent with the
idea that negative valence states interfere with value-based attentional guidance,
competing for limited processing resources.

The nature of this hypothesized competition in the processing of emotionally
valent information is unclear. Broadly, the processing of salient features of objects have
been organized into an oculomotor control network, starting from neuronal activation in
early visual areas V1 (Knierim & Vanessen, 1992) and V4 (Burrows & Moore, 2009) to
later cortical areas such as the parietal cortex (Balan & Gottlieb, 2006), and the frontal
eye field (Bichot & Schall, 1999; Moore et al., 2003; Thompson & Bichot, 2005), in
addition to the superior colliculus (Fecteau, Bell, & Munoz, 2004). Likewise, value-
driven attentional capture also recruits the early visual cortex, ventral visual cortex, and
the posterior parietal cortex (Anderson, 2017; Anderson et al., 2014; Hickey & Peelen,
2015, 2017; Hopf et al., 2015; Serences, 2008). However, additional regions have been
linked to value-driven attentional capture specifically, both in the basal ganglia (e.qg.,

caudate tail; Anderson, 2016a, 2017; Anderson, Kuwabara, et al., 2016; Anderson et al.,
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2014; Kim & Hikosaka, 2013; Yamamoto et al., 2013) and in the limbic system (e.g.,
amygdala; Ousdal et al., 2014; Peck et al., 2013; Peck & Salzman, 2014). The
processing of threat also recruits the amygdala (e.g., Cisler & Koster, 2010; Ohman,
2002, 2005). One possibility is that the reduced influence of reward associations on the
control of attention under threat is a result of the competition between the processing of
threat and value-dependent information processing within the limbic system and/or basal
ganglia. Further consistent with this hypothesis, attention to emotional targets in a visual
search task has been shown to activate both areas of the spatial attention network and the
limbic system, including the amygdala (Mohanty et al., 2009). In addition, studies of
non-human primates have identified projections from the basolateral amygdala to the
caudate tail (Griggs et al., 2017), suggesting that amygdala-dependent processing and
other regions involved in value-driven attention are interconnected.

An alternative possibility, not mutually exclusive with the prior, is that threat
biases attention towards a more stimulus-driven mode of information processing in
which salient external events more effectively drive selection. Learned value
associations reflect internally generated bias signals, which may be generally suppressed
when under threat. Interactions between different valence-dependent processing
mechanisms in the control of attention are largely unexplored, and the present study
suggests that this is an area of inquiry ripe for future investigation. The issue of the
neural mechanisms underlying the influence of threat on value-driven attention will be

returned to in Chapter 4.
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Previously reward-associated stimuli have been consistently shown to compete
effectively with a more physically salient target for attention under conditions without an
explicit threat manipulation (e.g., Anderson et al., 2011, 2013, 2014; Anderson & Kim,
2019; Anderson & Yantis, 2012), suggesting that valuable stimuli have high attentional
priority (Anderson, 2016a). In this sense, our findings suggest a limitation to the arousal-
biased competition model of information processing (Mather & Sutherland, 2011;
Sutherland & Mather, 2012, 2015). It seems not to be the case than any high-priority
information is biased under states of negative arousal, as manipulated here via threat of
shock. Rather, as outlined above, the kind of priority enhanced by threat and/or negative
arousal may be restricted to stimulus-driven representations or might not translate to
positively valanced representations.

In addition to supporting competition in the processing of reward and threat, our
findings have other important theoretical implications. First, it is clear that value-driven
attentional priority cannot be reduced to a change in the perceived salience of a stimulus
at the sensory level. If this were the case, threat would be expected to influence attention
to valuable stimuli and physically salient stimuli in the same manner, which is clearly
inconsistent with our results. It seems more likely that distinctly valence-dependent
representations contribute, at least in part, to the control of value-driven attention. In
addition, our findings suggest that susceptibility to distraction is not a uniformly state-
dependent phenomenon. Although the threat of shock creates an anxiety-induced state,
this state of anxiety has a fundamentally different effect on the orienting of attention

depending on the eliciting stimulus. That is, anxiety does not have general effect on
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distractibility that can be reduced to heightened vigilance, but rather, its effect appears to
be contingent upon the nature of the distracting information. Future research might seek
to investigate the influence of threat on other factors involved in the control of
attentional control, such as selection history (Awh et al., 2012) and goal-contingent
attentional capture (Folk et al., 1992).

The present study focused on the influence of threat on value-driven attention.
The extent to which the competitive relationship observed in the present study is
particular to value-driven attention, or the extent to which it reflects a broader principle
of valence-dependent competition, is unclear. It is possible that the processing of
negatively valenced information competes with the processing of positively valenced
information more broadly, which would predict the same pattern of results for attention
to aversively conditioned stimuli with and without a positive arousal manipulation.
Another interesting question not addressed by the present study concerns the influence
of threat on attention to aversively conditioned stimuli. VValence-dependent competition
might predict enhanced attentional capture in this situation. Future research should
explore these possibilities. Relatedly, it is unclear whether the observed pattern of results
is particular to the influence of associative reward learning on attention, or whether
attention to arguably more "hard-wired" positively valenced stimuli such as erotica
(Most et al., 2005) would be similarly subject to threat-dependent suppression. Future
research might also explore the influence of trial-by-trial modulations in threat and/or
negative arousal on the capture of attention, potentially using pupil dilation or

electrodermal activity (EDA) as an on-line indicator.
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3. THE INFLUENCE OF THREAT ON THE EFFICIENCY OF GOAL-DIRECTED

ATTENTIONAL CONTROL?

3.1. Introduction

In the previous chapter, | presented a series of experiments that examines how
threat modulates the influence of reward history and physical salience on the allocation
of attention. These findings raise an important question concerning the relationship
between anxiety and goal-oriented attentional control. Findings relating anxiety to
increased attentional processing of physically salient stimuli (Esterman et al., 2013;
Moser et al., 2012) do not differentiate between enhanced distractor processing and
decreased goal-directed attentional control. Attention might be preferentially deployed to
physically salient stimuli because such stimuli are afforded greater attentional bias under
threat, because goal-directed attention is less effective at suppressing the selection of
such stimuli and enhancing the representation of potentially task-relevant stimuli that
compete with salient stimuli for selection, or both. Furthermore, the findings of Chapter
2 indicate that it cannot be assumed that anxiety necessarily impairs goal-directed
attentional control, and anxiety could potentially facilitate goal-directed attention via
increased vigilance and arousal. Such facilitation could explain the reduced distraction

under threat in that study, assuming that physically salient stimuli (but not reward cues)

2 Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature,
Emotion, https://doi.org/10.1007/s00426-020-01321-4, (Kim, A. J., Lee, D. S., & Anderson, B. A.),
Copyright © 2020
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are special in their ability to bias attention under threat as might be predicted from the
arousal-biased competition account (Mather & Sutherland, 2011). The manner in which
anxiety influences the goal-directed control of attention therefore remains to be clarified.
In Chapter 3, we provide a direct test of the impact of anxiety on the efficiency of
goal-directed attentional control. To this end, we employed a modified version of the
Adaptive Choice Visual Search (ACVS) task developed by Irons and Leber (2016, 2018)
that requires efficient environmental appraisal for performance maximization. To create
an experimentally induced state of anxiety, we manipulated the threat of unpredictable
electric shock (as in Chapter 2; see also, Schmitz & Grillon, 2012). If anxiety generally
interferes with the goal-directed control of attention, visual search should be less
efficient when under threat of electric shock, whereas if anxiety enhances the goal-

directed control of attention, visual search should instead be more efficient under threat.

3.2. Methods
3.2.1. Participants

39 participants (27 females), between the ages of 18 and 35 inclusive (M = 19.1y,
SD = 0.89y), were recruited from the Texas A&M University community. All
participants were English-speaking, reported normal or corrected-to-normal visual acuity
and normal color vision. All procedures were approved by the Texas A&M University
Institutional Review Board and were conducted in accordance with the principles
expressed in the Declaration of Helsinki. Written informed consent was obtained for
each participant.

The sample size was informed by a power analysis. We estimated the effect size
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for detecting threat-dependent modulations in the control of attention from Experiment 3
of Chapter 2, which used the same threat-of-shock manipulation in a within-subjects
design, which was f = 0.408. Using G*Power 3.1, a sample size of at least 18
participants would provide B > 0.90 at o = 0.05 for a within-subjects test with two
measurements (task performance under threat and no threat). We decided to obtain a
final sample size (see Data Analysis) that matched the number of participants used in

Experiment 3 of Chapter 2.

3.2.2. Apparatus

A Dell OptiPlex 7040 (Dell, Round Rock, TX, USA) equipped with Matlab
software (Mathworks, Natick, MA, USA) and Psychophysics Toolbox extensions
(Brainard, 1997) was used to present the stimuli on a Dell P2717H monitor. Responses
were entered using a standard US-layout keyboard. The participants viewed the monitor
from a distance of approximately 70 cm in a dimly lit room. Paired electrodes (EL500,
BioPac Systems, Inc., Goleta, CA, USA) were attached to the left forearm of each
participant, and electric shocks were delivered through an isolated linear stimulator
under the constant current setting (STMISOLA, BioPac Systems), which was controlled
by custom Matlab scripts.
3.2.3. Stimuli

Each trial consisted of a fixation display, the visual search display, and an inter-
trial-interval (see Figure 7). The fixation display consisted of a box containing an image
of either a lightning bolt (during the shock block) or a lightning bolt with a red hash over

it (during the no-shock block) for 1000 ms. The visual search display was composed of
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54 colored squares (each approximately 1.1° x 1.1° visual angle) arranged in three
concentric rings around the center of the screen for 5500 ms. The inner (radius 7.3°),
middle (radius 10.1°), and outer rings (radius 13.0°) were composed of 12, 18, and 24
squares, respectively, positioned equidistant from each other. Each search trial contained
red, blue, and green color squares. Each square contained a digit between 2 and 9,
subtending 0.4° x 0.4°. If no response was recorded within the given time limit, a
feedback display was given displaying the words “Too Slow” for 1500 ms. Lastly, the
inter-trial-interval displayed a blank screen for 1000 ms.
3.2.4. Design

We adapted the design of the ACVS task from Irons & Leber (2018) with a few
modifications. In addition to 14 green squares, each trial contained either 13 red squares
and 27 blue squares (red-optimal trials) or 27 red squares and 13 blue squares (blue-
optimal trials). Participants were informed that one red and one blue square each
contained a digit from 2 to 5 and that their task was to find and report one of these two
target squares. That is, targets were defined by the combination of a color (red or blue)
and a digit (2-5). Each trial contained both a red and blue target square, but only one of
them had to be identified. The two digits used for targets on a given trial were always
different from each other to allow the behavioral response to be diagnostic of which
color target was found (e.g., 3 for red and 4 for blue). All other red and blue squares
contained digits from 6 to 9. Green colored squares were irrelevant to the task and
contained digits between 2 to 9 to prevent participants from searching based on digit

identity without respect to color. All digits inside non-target squares were assigned
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randomly using the aforementioned constraints. Each target color (red or blue) would be
the optimal (i.e., less numerous) target color for a length of 1, 2, 3, 4 or 5 trials, with
each length occurring twice per target color per run. Each shock/no-shock block
consisted of a total of 180 trials. After each run of 60 trials within a block, the participant
was prompted to take a 20 second break. Which color began as the optimal color was
fully counterbalanced, and the length of trials between switches in the optimal color was
randomly selected without replacement from the aforementioned set of possibilities.
3.2.5. Procedure

All participants completed the state component of the State-Trait Anxiety
Inventory (Ferreira & Murray, 1983) at the beginning of the experiment to assess
baseline state anxiety. Next, participants practiced the ACVS task for 20 trials. All
participants were given instructions on the ACVS task and were told to search through
either the red or blue colored squares to find a target number on each trial. In addition,
we emphasized the utility of searching through the less-prevalent target color (optimal
strategy) on each trial to help ensure that baseline performance was moderately optimal,
maximizing our ability to detect changes in optimality due to the threat manipulation;
not emphasizing the presence of an optimal strategy can result in selection that is ~60%
optimal (Irons & Leber, 2016), which would leave little room to detect a potential threat-
related reduction in optimality. Responses were indicated by pressing the “Z”, “X”, “N”,
and “M” keys for the digits 2 through 5, respectively. If participants did not choose the
optimal target color at least 85% of the time during practice, the experimenter re-

explained the task and the participant was required to redo the practice until meeting this
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minimum requirement.

Following practice, each participant completed both the shock and no-shock
block, order counterbalanced. Before completing the shock block, each participant was
connected to the isolated linear stimulator and a shock calibration procedure was
conducted for each participant to achieve a level that was “unpleasant, but not painful”
(e.g., Anderson & Britton, 2020; Kim & Anderson, 2020b). Following calibration,
participants again completed the STAI-state questionnaire before completing the task to
validate the anxiety-inducing nature of the threat of electric shock. During the shock
block, participants were instructed that they would unpredictably receive periodic
electric shocks over the course of the block. A shock was administered a total of nine
times during each 60-trial run of the shock block, no fewer than two and no more than
four times every 20 trials, and never consecutively without an intervening search trial.
Each shock was delivered by inserting an additional “trial” in which, immediately
following the fixation period, a 1000 ms blank screen occurred in place of the visual
search task and a brief shock was administered (2 ms pulse at the calibrated intensity).
To match the length and experience of the shock block, the no-shock block contained
nine trials every run with the same blank screen but no shock. Following completion of
the shock block, participants were disconnected from the stimulator and, if they
completed the shock block first, given a short break to allow the anxiety-inducing nature
of the stimulator to dissipate (see Chapter 2).

3.2.6. Data Analysis

We excluded data from participants who did not select the optimal target color

59



significantly above chance level (selecting the optimal target on > 56.67% of trials,
which corresponds to p < 0.05 via binomial test), reasoning that such participants would
not be informative for the question of whether anxiety improves or impedes goal-
directed attention if these participants were not influenced by the color manipulation.
Such participants may have misunderstood the task or decided not to try to optimize
performance as instructed. This exclusion resulted in 32 retained data sets which were
ultimately analyzed in relation to the threat manipulation. Measures of interest were the
probability of selecting the optimal target color and the probability of failing to find

either target before the time limit expired, separately in the threat and no-threat blocks.

3.3. Results

State anxiety increased from the beginning of the experiment in anticipation of
completing the shock block, t(31) = 3.95, p < 0.001, d =0.70 (M = 39.5 vs. 32.3 for
threat and no-threat blocks, respectively). Overall, participants robustly selected the
optimal target color over the non-optimal target color during both the no-threat (M =
80.4%, SD = 9.7%) and threat blocks (M = 85.1%, SD = 7.9%). Missed trials occurred
infrequently during both the no-threat (M = 4.0%, SD = 2.4%) and threat blocks (M =
3.1%, SD = 2.1%). Under threat, participants were significantly more optimal in their
visual search, t(31) = 3.43, p = 0.002, d = 0.61, and also missed significantly fewer
targets, t(31) =-2.13, p = 0.041, d = 0.38 (see Figure 8). The threat of shock did not
cause participants to switch target colors more or less frequently overall, t(31) = 0.46, p
=0.650 (M =56.6 vs. 57.3 times for threat and no-threat blocks, respectively). In

addition, there were no differences in response time when searching for the optimal
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target under threat, t(31) = 0.474, p = 0.639 (M = 2507 ms vs. 2520 ms for threat and no-
threat blocks, respectively).

To characterize whether the threat of shock improved the optimality of search
immediately when the more prevalent color changed, we assessed performance on the
trials where the optimal color switched and on the trials immediately prior to a switch
(maximal opportunity to have adjusted to a change in the optimal target color). We
found that the threat of shock improved performance immediately following a switch of
the optimal target color, t(31) = 2.88, p = 0.007, d = 0.51, whereas performance ceased
to differ by the trial preceding the next optimal color switch, t(31) = 1.48, p = 0.149.
Similarly, we evaluated the frequency of switches in the found target color when the
optimal color changed. We only included trials on which participants found the optimal
color immediately preceding a switch in the optimal color, such that a switch in the
target color found would reflect optimal performance. On trials immediately following a
switch in the optimal color, participants were more likely to switch which target color
they found under threat compared to no threat, t(31) = 3.13, p = 0.004, d = 0.55, whereas
the likelihood of having switched was generally higher and ceased to significantly differ
by the 5™ trial following the switch, t(31)= 0.43, p = 0.670 (Figure 9).

3.4. Discussion

In the present study, we used the ACVS task (Irons & Leber, 2016, 2018) to
assess the influence of threat-induced anxiety on the efficiency of goal-directed
attentional control. The threat of unpredictable electric shock improved the frequency

with which participants optimally allocated their attention to potential targets in a
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demanding visual search task. The experience of threat was additionally associated with
fewer missed targets, further consistent with more efficient goal-directed attention. The
beneficial impact of threat on attention was evident immediately following a change in
the optimal target color. That is, under threat, participants were less likely to miss an
opportunity to adjust their search goals to maximize performance. Altogether, goal-
directed attentional control was facilitated by our threat manipulation.

One interpretation of these findings is that threat specifically enhanced the ability
to appraise the environment and update search goals when task considerations changed.
On the other hand, Irons & Leber (2018) argue that performance in the ACVS task is
unrelated to one’s attentional control ability per se but rather reflects the “strategic use”
of attentional control. Although participants were instructed and trained to search
optimally in our experiment, a second possibility is that participants were similarly
capable of goal-directed attentional control with and without the threat of shock but were
more willing or motivated to engage the optimal strategy under threat. These two
possible mechanisms by which threat might be facilitating goal-directed attentional
control are not mutually exclusive, and further research will be necessary to parse
between them.

Prior studies evaluating the effects of experimentally induced anxiety on
information processing have demonstrated at times conflicting results. Similar to the
results found in the present study, threat-induced anxiety has been linked to
improvements in cognitive processes such as assessing risk in decision-making and

navigating ability (Clark et al., 2012; Cornwell et al., 2012). On the other hand, studies
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have also demonstrated impaired cognitive control as well as null effects from
experimentally induced anxiety (Gillan et al., 2019; Robinson et al., 2013; Yang et al.,
2018). Eysenck et al. (2007) proposed the Attentional Control Theory which postulates
that anxiety devotes excessive resources to the detection of potential threat and “impairs
efficient functioning of the goal-directed attentional system” (p. 336). However, the
present study and recent studies such as those previously described demonstrate that the
type of cognitive task and the processing mechanisms recruited by the task may
determine the modulatory influence of threat. We examined the efficiency of goal-
directed attention in visual search specifically and found evidence for an anxiety-related
improvement, suggesting that although anxiety may impair certain cognitive functions,
the ability to modulate the control of attention in a changing environment is in fact
facilitated, perhaps owing to the importance of goal-contingent sensory information
processing to adaptive behavior and survival.

In the context of other studies manipulating anxiety via threat of shock, at times
divergent patterns of results have been observed with anxiety both facilitating and
hindering performance under different task conditions (e.g., Cornwell et al., 2012;
Grillon & Charney, 2011; Grillon, 2008; Hu et al., 2012; Lindstrom & Bohlin, 2012;
Miu et al., 2008; Robinson et al., 2011, 2013; Vytal et al., 2013; Yang et al., 2018).
Although the reasons for these discrepancies in the literature remain to be clarified, we
note that our visual search task was low in working memory and cognitive demand and
would benefit from more effective filtering of task-irrelevant information once an

attentional strategy has been selected (restricting attention to the optimal color until the
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target is found), which is consistent with both dual competition (Pessoa, 2009) and
attentional narrowing accounts (e.g., Easterbrook, 1959). We also note that the degree of
anxiety may play a role, such that manipulations resulting in more pronounced anxiety
could potentially impair performance in our task, consistent with the Yerkes-Dodson
Law (Yerkes & Dodson, 1908); however, the threat of shock as manipulated in our
experiment is a common approach in the study of anxiety, with the same threat-of-shock
manipulation producing increased distraction by physically salient stimuli but reduced
distraction by previously reward-associated stimuli (Chapter 2), leaving it an open
question how such anxiety influences the goal-directed control of attention to which our
study speaks.

It is important to note that the paradigm we used, the ACV'S paradigm,
specifically probed the efficiency of goal-directed attention in a dynamically changing
environment, requiring vigilant monitoring of the visual field for changes in the
complexion of the objects presented. This form of goal-directed attentional control may
be especially facilitated by a state of anxiety, and a similar manipulation of anxiety-
inducing threat might result in a different pattern of performance in a more sustained
goal-directed attention task. Future research should examine the modulatory influence of
threat-induced anxiety across a range of different goal-directed attention tasks to obtain a
more complete picture of the manner in which anxiety influences the attention system.

Our findings have important implications for theories linking anxiety and
negative arousal to the attentional processing of physically salient but affectively neutral

stimuli (Esterman et al., 2013; Moser et al., 2012; Sutherland & Mather, 2012, 2015).
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The present study suggests that such preferential processing of salient stimuli likely
reflects greater attentional priority afforded to salient stimuli directly and specifically,
rather than an indirect increase in the processing of salient stimuli due to less efficient
goal-directed attentional modulation (i.e., a reduced ability to suppress salient signals
and/or bias attention in favor of less salient but potentially relevant stimuli that compete
for attention), as predicted by theories of arousal-biased competition (Mather &
Sutherland, 2011). Our findings also lend insight into the seemingly paradoxical findings
of Chapter 2 in which attentional capture by previously reward-associated stimuli was
reduced under threat. The results of that study were interpreted as reflecting the
consequence of competition between the processing of threat and reward. In addition to
this potential explanation, to the degree to which arousal-biased competition is particular
to physically salient stimuli rather than any stimulus that evokes a stronger response than
competitors in an attentional priority map, the reduced attentional capture observed in
Chapter 2 may reflect an anxiety-related increase in the efficiency of goal-directed

attention that led to reduced distraction by reward cues.
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4. AROUSAL-BIASED COMPETITION EXPLAINS REDUCED DISTRACTION BY

REWARD CUES UNDER THREAT?

4.1. Introduction

The two prior chapters investigate how threat modulates both attentional capture
and the efficiency of goal-directed attention allocation. Specifically, it was found that the
threat of random, unpredictable electric shock increases susceptibility to attentional
capture by physically salient stimuli (Chapter 2) and increases the efficiency of visual
search in a goal-directed attention task (Chapter 3). The former of these findings is
consistent with previous experiments investigating individuals with high trait-anxiety
(Esterman et al., 2013; Moser et al., 2012) and the principle of arousal-biased
competition by which negative arousal (heightened arousal evoked by a negatively-
valenced event or state) biases attention more strongly toward already high-priority
stimuli (Lee et al., 2012, 2014; Sutherland & Mather, 2012, 2015), and the latter of these
findings suggests that elevated attentional priority under threat is not the product of less
efficient goal-directed attention. In contrast, threat of shock was found to reduce
attentional capture by previously reward-associated stimuli (Chapter 2). These findings

indicate that there may be a fundamental mechanistic difference in how anxiety

3 Material from this chapter was originally published in an open-access journal: Kim, A. J., & Anderson,
B. A. (2020). Arousal-biased competition explains reduced distraction by reward cues under threat.
eNeuro, 7, ENEURO.0099-20.2020.
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modulates different attention networks, with enhanced processing of physically salient
stimuli but blunted processing of reward-related stimuli.

In this chapter, I will present a functional magnetic resonance imaging (fMRI)
study that probes the modulatory influence of threat on the neural representation of
former targets that were previously associated with reward. Participants first completed a
training phase in which a color-defined target was paired with high reward. In the
subsequent test phase, we measured the influence of this training on eye movements and
stimulus-evoked responses in the brain, both with and without the concurrent threat of
shock. We hypothesized an interaction in behavior by which oculomotor capture by the
previously reward-associated former-target (distractor) is reduced under threat of shock,
replicating previous results (Chapter 2). Also consistent with prior results, we predicted
elevated distractor-evoked responses in regions of the brain previously linked to value-
driven attention, including the value-driven attention network (VDAN): extrastriate
visual cortex, frontal eye field (FEF), intraparietal sulcus (IPS), and caudate tail
(Anderson, 2017; Anderson et al., 2014, 2017; Kim & Anderson, 2020a), in addition to
the insula (Wang et al., 2015), ventral striatum (Meffert et al., 2018), and amygdala
(Peck & Salzman, 2014; Ousdal et al., 2014). We further hypothesized that the threat of
shock would be associated with increased stimulus-evoked responses in these regions,
reflecting a global effect of arousal on visual information processing. Of particular
interest in the present study was the interaction between distractor-evoked neural
responses and threat. The Dual Competition framework (Pessoa, 2009) predicts reduced

distractor-evoked responses under threat, mirroring the hypothesized pattern in behavior.
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In contrast, the Arousal-Biased Competition model (Mather & Sutherland, 2011)
predicts elevated distractor-evoked activity under threat, consistent with the influence of
negative arousal on the processing of physically salient stimuli (Lee et al., 2014). Given
the intuitive fit between the Dual Competition framework (Pessoa, 2009) and previously
observed behavioral results (Chapter 2), we hypothesized reduced distractor-evoked
responses under threat.
4.2. Methods
4.2.1. Participants

Forty-one participants were recruited from the university community. All
participants were English-speaking and reported normal or corrected-to-normal visual
acuity and normal color vision. Four participants withdrew from the experiment before
completing the brain scans and one participant was not scanned because they did not
meet the performance criteria for the behavioral task during their initial in-lab visit.
Thus, thirty-six participants were fully scanned (18 female, ages 18-35 [M=22.9y, SD =
4.33y]), and eye-tracking data was collected from 27 of these participants (due to eye-

tracker availability and technical difficulties in the scanning environment).

4.2.2. Task Procedure

Participants were scheduled for an initial in-lab visit for 1 hour and each eligible
participant underwent fMRI in a single 1.5 hour session at the scan-center on the
following day. During their initial appointment, participants came into the lab for
consenting, MRI safety screening, screening for adequate performance on the behavioral

tasks, and familiarization with the shock delivery protocol. Participants first completed
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the test phase task once under the threat of shock (to familiarize them with the task
procedure without interfering with prior learning) and then the training phase task three
times to establish learning of the stimulus-reward associations. During the fMRI session,
participants completed two runs of the training phase and the test phase, an anatomical
scan, and an additional two runs of the training phase and the test phase. One pair of test
phase runs was performed under threat of shock (see Design) and is referred to as the
threat block. Two runs of reward training were completed prior to each block of the test
phase to mitigate possible extinction effects between the two blocks. Before entering the
scanner, participants underwent a shock calibration procedure to achieve a level of shock
that is “unpleasant, but not painful” (e.g., Anderson & Britton, 2019; Chapters 2 and 3)
and were then disconnected from the shock device. Participants were reconnected to the
shock device before beginning the test phase of the threat block and were immediately
disconnected from the device after completion of the threat block. The anatomical scan
was inserted after the first test phase to allow for the anxiety-inducing nature of the
shock device to dissipate in participants who completed the threat block first, as seen in
within-subject designs of the ToS paradigm (Chapter 2). Participants were compensated
the total monetary reward accumulated at the end of the last training phase or the
combined amount of $10/hr spent in the initial appointment session and $20/hr spent in
the fMRI session, whichever amount was higher.
4.2.3. Apparatus

During the initial in-lab visit, all tasks were completed on a Dell OptiPlex 7040

computer (Dell, Round Rock, TX, USA) equipped with Matlab software (Mathworks,
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Natick, MA, USA), and Psychophysics Toolbox extensions (Brainard, 1997). Stimuli
were presented on a Dell P2717H monitor. The participants viewed the monitor from a
distance of approximately 70 cm in a dimly lit room. Paired electrodes (BioPac Systems,
Inc., Goleta, CA, USA) were attached to the left forearm of each participant, and electric
shocks were delivered through an isolated linear stimulator under the constant current
setting (STMISOLA, BioPac Systems), which were controlled by custom Matlab scripts.

For the fMRI portion of the experiment, stimulus presentation was controlled by
an Invivo SensaVue display system. The eye-to-screen distance was approximately 125
cm. Key responses were entered using Cedrus Lumina two-button response pads. MRI-
compatible electrodes (BioPac Systems) were attached to the left ankle of each
participant, and electric shocks was delivered through an STM100C controlled by an
MP160 system (BioPac Systems) triggered by custom Matlab scripts via parallel port
interface. An EyeLink 1000 Plus system was used to track eye position (SR Research
Ltd.).
4.2.4. Design

We adopted the design of Experiment 3 of Chapter 2 with modifications for
fMRI. Both the training and test phases were split into two runs, with each run consisting
of 60 trials. In the test phase, the order of threat block first or no-threat block first was
counterbalanced across participants. In each run of the threat block, participants were
shocked 2, 3, or 4 times every 20 trials (order randomized) for a total of 9 times during
the entire run. The pattern of shocks administered in the threat block across trials was

pseudo-randomly determined with the constraint that shocks were never administered on
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consecutive trials nor on the last trial of a run. At the end of the experiment, participants
were paid the total monetary reward obtained during the training phase (spanning both
the in-lab and in-scanner portions of the experiment).
4.2.5. Training Phase

In the training phase, each trial began with a fixation display (1800 ms), followed
by a search array (1200 ms), an inter-stimulus-interval (I1SI) consisting of a fixation
cross, a reward feedback display (1500 ms), and an inter-trial-interval (ITI) (see Figure
10). The fixation display consisted of a fixation cross (0.7° x 0.7° visual angle) at the
center of the screen. The search array consisted of six colored circles, three on each side
of the display. During the search array, participants were instructed to search for a target
circle that was unpredictably red or green (each target color appeared equally-often) and
report the identity of the letter inside of the target as X or V using the response pad.
Letters inside the non-targets were randomly assigned from the pool of H, Y, L, N, and
K (without replacement). The letter-report procedure was used to require foveation of
the target (see Theeuwes et al., 1998, 1999), as not all participants could be tracked with
the eye tracker, precluding the use of an explicitly gaze-contingent task (in which the
only response was an eye movement) as in Chapter 2. Each target color appeared at
every position equally-often across trials and the order of trials was randomized for each
run. Each circle in the search array was 4.5° visual angle in diameter. Stimuli located on
the left and right sides were 8.2° (upper and lower positions) and 10.6° (center positions)
visual angle from the meridian. Vertically, stimuli appearing in the upper and lower

positions were 8.2° visual angle above and below the horizontal equator. The colors of
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the non-targets were drawn from the set [blue, cyan, pink, orange, yellow, white]
without replacement. The ISI lasted for 600, 1200, or 1800 ms (equally-often). For each
participant, one of the color targets (counterbalanced) would yield a monetary reward of
25¢ on 80% of trials and 5¢ on 20% of trials (high-value target); the other color target
would yield 5¢ on 80% of trials and 25¢ on 20% of trials (low-value target). Lastly, the
ITI lasted for 900, 2700, or 4500 ms (exponentially distributed with the shortest time
being the most frequent). The fixation cross disappeared for the last 200 ms of the ITI to
indicate to the participant that the next trial was about to begin.
4.2.6. Test Phase

In the test phase, each trial began with a fixation display (1800 ms), followed by
a search array (1800 ms) and an ITI (see Figure 10). The fixation display was identical to
that of the training phase. During the search array, participants looked for the uniquely
shaped target and performed the same letter-judgment task on the target. The color of the
shapes was irrelevant to the task. On half of the trials, one of the non-target shapes was
rendered in the color of the former high-value target during the training phase (referred
to as the distractor). The other half of trials did not contain either of the prior target
colors from training (distractor-absent trials); the low-value color did not appear during
the test phase in order to maximize the trials-per-cell in the factorial design (as in Kim &
Anderson, 2020a). The target was equally-often a diamond among circles and a circle
among diamonds and was never red or green. The target appeared on each side of the
screen equally-often for both distractor-present and distractor-absent trials, and on

distractor-present trials the side of the distractor was unbiased with respect to the side of
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the target (2/5 same side, 3/5 opposite side, corresponding to five stimulus positions not
occupied by the target). The size and positions of the stimuli were identical to the
training phase, as was the set of non-target colors used. Lastly, the ITI lasted for 600,
2400, or 4200 ms (equally-often). The fixation cross disappeared for the last 200 ms of
the ITI to indicate to the participant that the next trial was about to begin. On trials in
which a shock was delivered, an additional “pseudo-trial” was inserted, and shock was
administered after the fixation display in place of the search array, followed by the ITI.
In the no-threat block, pseudo-trials were also included but without shock administration
in order to maintain the timing and flow of the trials across blocks.
4.2.7. Eye-tracking

During the fMRI scan, head position was restricted using foam padding within
the head coil, and eye-tracking was conducted using the reflection of the participant's
face on the mirror attached to the head coil. Eye position was calibrated prior to each run
of trials using 9-point calibration (Anderson & Yantis, 2012), and was manually drift
corrected by the experimenter as necessary during the fixation display. As the
modulatory influence of threat on attentional capture by previously reward-associated
stimuli was previously observed in distractor-evoked eye movements (Chapter 2), we
sought to replicate this behavioral effect by measuring eye position in the present study.
4.2.8. Analysis of Eye-tracking Data

Following each run, recorded fixation events were analyzed off-line using
custom MATLAB scripts. Fixations within a 6.3° window centered on and extending

beyond the boundary of a stimulus, made during the period of time that the search array
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was on the screen, were attributed to that stimulus. The window size was chosen to
roughly maximize the margin for error in measured eye position without creating
ambiguity in which stimulus was fixated. Fixations were analyzed using the output file
from the EyeLink host computer, in which saccades were defined as occurring when
velocity exceeded 35°/s and acceleration exceeded 9,500°/s? (see, e.g., Anderson &
Yantis, 2012). We measured which of the six shape stimuli in the test phase was initially
fixated on each trial (i.e., the first of the six stimuli fixated). Oculomotor capture was
determined by comparing the probability of initially fixating the high-value distractor
(number of trials on which the high-value distractor was fixated / all trials on which a
high-value distractor appeared) compared to the average of other non-target stimuli (i.e.,
corrected for the number of non-targets present in the display). We focused our analyses
on oculomotor capture, rather than saccadic reaction time (RT), given its superior
reliability (Anderson & Kim, 2019) and its relation to threat-based modulation in prior
research (Chapter 2).

The influence of threat on oculomotor capture was assessed by means of a 2 x 2
analysis of variance (ANOVA) with reward association (high-value distractor vs. other
non-target) and block (threat vs. no threat) as factors. In the event of the hypothesized
interaction, the nature of the interaction would be probed by comparing eye movements
across blocks separately for the high-value distractor and other non-targets, to determine
whether threat-related changes in fixations were specific to fixations on the high-value
distractor or whether the accuracy of eye movements was affected more broadly

(including eye movements to non-targets other than the high-value distractor).
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Lastly, to verify whether our threat-of-shock modulation induced a state of
heightened negative arousal in the threat block as intended, we compared pupil size
between the threat and no-threat blocks as an indicator of arousal (Bradley et. al, 2008;
Nassar et. al., 2012). Specifically, mean pupil size was measured during the 1800 ms
fixation period at the beginning of each trial, averaged across all trials separately for
each block, and then compared between blocks using Student’s t-test. Furthermore, we
correlated the difference in mean pupil size between blocks with the interaction term
corresponding to oculomotor capture (difference in the difference scores from the above
2 x 2 ANOVA) to determine whether the magnitude of negative arousal as measured
from pupil size was related to the influence of threat on oculomotor capture.

4.2.9. MRI Data Acquisition

Images were acquired using a Siemens 3-Tesla MAGNETOM Verio scanner
with a 32-channel head coil. High-resolution whole-brain anatomical images were
acquired using a T1-weighted magnetization prepared rapid gradient echo (MPRAGE)
pulse sequence [150 coronal slices, voxel size = 1 mm isotropic, repetition time (TR) =
7.9 ms, echo time (TE) = 3.65 ms, flip angle = 8°]. Whole-brain functional images were
acquired using a T2 -weighted echo planar imaging (EPI) multi-band pulse sequence [56
axial slices, TR =600 ms, TE = 29 ms, flip angle = 52°, image matrix = 96 x 96, field of
view = 240 mm, slice thickness = 2.5mm with no gap]. Each EPI pulse sequence began
with dummy pulses to allow the MR signal to reach steady state and concluded with an

additional 6 sec blank epoch. Each run of the training phase lasted 504 sec and each run
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of the test phase (for both the threat and no-threat block) lasted 428.4 sec (including
dummy pulses).
4.2.10. MRI Data Analyses
4.2.10.1. Preprocessing

All preprocessing was conducted using the AFNI software package (Cox, 1996).
Each EPI run for each participant was motion corrected using 3dvolreg, utilizing the first
image following the anatomical scan as a reference. The anatomical image was skull-
stripped using 3dskullstrip and non-linearly registered to the Talairach brain (Talairach
& Tournoux, 1988) using auto_warp.py. EPI images were coregistered to the
corresponding anatomical image for each participant using align_epi_anat.py, and the
EPI then converted to percent signal change normalized to the mean of each run. Lastly,
EPI images were non-linearly warped to the Talairach brain by applying the warp
parameters from the anatomical image using 3dQwarp, and then spatially smoothed to a
resulting 5 mm full-width half-maximum smoothness using 3dBlurToFWHM.
4.2.10.2. Statistical Analyses

All statistical analyses were performed using the AFNI software package (Cox,
1996). We used a general linear model (GLM) approach to analyze the test phase data.
The test phase was split into the threat and no-threat blocks and a separate GLM was
conducted on each. Each GLM included the following task-based regressors: (1) target
on left, distractor on same side, (2) target on left, distractor on opposite side, (3) target
on right, distractor on same side, (4) target on right, distractor on opposite side, (5) target

on left, no distractor, and (6) target on right, no distractor. The hemifield in which the
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stimuli appeared was included in the model in keeping with prior studies of value-driven
attention, as some distractor-evoked activity is known to be modulated by this factor
(e.g., Anderson, 2019; Anderson et al., 2014; Kim & Anderson, 2020a). Experience of
shock (or the absence of shock on pseudo trials in the no-threat block) was included as a
regressor of non-interest. Each of these regressors was modeled using 16 finite impulse
response functions (FIRs), beginning at stimulus onset. Six degrees of head motion and
drift in the scanner signal were modeled using nuisance regressors. Trials in which the
participant failed to make a motor response were excluded from the analyses.

The peak beta value for each task-based regressor from 3-6 sec post stimulus
presentation was extracted (Kim & Anderson, 2020a). We first looked for regions
sensitive to both the reward and the threat manipulation, which would serve as candidate
regions for threat-based modulation of distractor processing. To this end, we computed
the intersection of the effects of distractor condition and threat. The main effect of threat
was determined by contrasting task-based regressors corresponding to the threat vs. no-
threat blocks. The effect of distractor condition was determined separately for each
combination of distractor and target position with the effect of target position factored
out. Specifically, we contrasted task-based regressors (a) 1 vs. 5, (b) 2 vs. 5, (c) 3 vs. 6,
and (d) 4 vs. 6, collapsing across regressors corresponding to threat and no-threat blocks.
This was done to preserve information about the position of the distractor, which is
known to affect neural responses in the visual system (Anderson, 2017, 2019; Anderson
et al., 2014; Kim & Anderson, 2020a). The results from each contrast were corrected for

multiple comparisons using the AFNI program 3dClustSim, with the smoothness of the
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data estimated using the ACF method (clusterwise a < 0.05, voxelwise p < 0.005).
Significant clusters of activation for each individual contrast were identified, and regions
of overlap between each distractor contrast and the main effect of threat were determined
(intersection of the respective activation maps), and then collapsed across the four
contrasts to determine the entire extent of overlap.

Next, we probed for interactions between distractor condition and threat within
regions identified in the prior analysis (i.e., clusters of voxels in which both an effect of
distractor and threat were identified) using a region of interest (ROI) approach, which
served as our primary analysis of interest that would discriminate between the competing
predictions outlined in the Introduction. Since the regions of the VDAN are well-
established to play an integrated role in the value-driven control of attention (Anderson,
2017, 2019; Anderson et al., 2014, 2017; Kim & Anderson, 2020a), we planned a priori
to collapse across any regions identified within this network for this analysis and, along
with any of the other regions previously implicated in value-driven attention as outlined
in our hypothesis (see Introduction), apply Bonferroni correction for multiple
comparisons. We used an ROI approach with a leave-one-subject-out procedure to
preserve independence (Esterman et al., 2010) so that we could extract conditional
means (as in, e.g., Anderson et al., 2016) to examine the specific nature of the interaction
(i.e., assess directionality). To this end, we extracted per-region conditional means from
distractor-present and distractor-absent trials, separately for the threat and no-threat
blocks using the AFNI program 3dmaskave, and then computed the interaction term for

these conditional means via a 2 x 2 within-subjects ANOVA (computed in SPSS). This
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interaction analysis focused specifically on distractor-present trials where the target and
distractor were presented in opposite hemifields (task-based regressors 2 and 4), to better
isolate task-irrelevant information processing in keeping with prior studies on the neural
correlates of value-driven attention (Anderson, 2017; Anderson et al., 2014).

Finally, to assess potential links between the behavioral effect of threat on
distractor-evoked eye movements and brain activation, we entered the difference
between the frequency of fixations on the critical distractor in no-threat and threat blocks
as a covariate in a contrast comparing activation on distractor-present trials (collapsing
across the four combinations of target and distractor position) between the no-threat and
threat blocks. The interaction between distractor condition and the covariate was set up
such that a significantly positive relationship would indicate that more blunted
oculomotor capture by threat was associated with more reduced distractor-evoked
activity under threat and a significantly negative relationship would indicate the
opposite. This covariate analysis was corrected for multiple comparisons at the cluster
level in the same manner as the other contrasts as described above.

4.3. Results
4.3.1. Behavior

During the training phase, eye movements were recorded to one of the six shape
stimuli on 90.2% of trials (SD = 10.4%). On trials in which a fixation was made and the
high-value color was the target, first fixations to the target were made 58.7% of the time

(SD =17.3%) and on low-value target trials, first fixations to the target were made
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58.6% of the time (SD = 14.6%). The likelihood of the first fixation falling on the target
did not differ with respect to target value, t(26) = 0.11, p = 0.910.

During the test phase, eye movements were recorded on 82.0% of trials (SD =
15.1%). During the threat block, first fixations to the distractor and non-target shapes
occurred on average 17.3% (SD = 7.6%) and 10.3% (SD = 4.6%) of trials, respectively.
During the no-threat block, first fixations to the distractor and non-target shapes
occurred on average 20.7% (SD = 10.3%) and 10.1% (SD = 4.4%) of trials, respectively.
There was a significant main effect of reward association, F(1,26) = 25.03, p < 0.001, »?
= 0.490, main effect of block, F(1,26) = 5.09, p = 0.033, #? = 0.164 , and interaction
between reward association and block with attentional capture being reduced under
threat of shock, F(1,26) = 4.94, p = 0.035, ;> = 0.160 (see Figure 11), replicating the
pattern of performance observed in Chapter 2. Probing the interaction, fixations on the
critical distractor differed between the threat and no-threat block, t(26) = 2.32, p = 0.029,
d = 0.45, but fixations on non-targets did not, t(26) = -0.50, p = 0.624.

4.3.2. Pupil Size

Measured pupil size was larger during the fixation period leading up to
presentation of the stimulus array in the threat compared to the no-threat block, t(26) =
2.56, p = 0.016, d = 0.49, confirming the arousing nature of the threat manipulation. The
correlation between this threat effect and the interaction term from the ANOVA on

fixations was marginally significant, r = 0.331, p = 0.09.
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4.3.3. Neuroimaging

First, we were interested in regions in which stimulus processing was sensitive to
both the distractor and the threat manipulation. To this end, we computed the
intersection of the effect of distractor and threat (see Materials and Methods). Each of
the hypothesized regions were identified in this analysis, including the extrastriate visual
cortex, FEF, IPS, and caudate tail (collectively, the VDAN), in addition to the insula,
ventral striatum, and amygdala (see Figure 12 and 12-1).

We next tested for an interaction between value (distractor condition) and block
within the aforementioned regions, which served as ROIs in a follow-up contrast (see
Materials and Methods). First, focusing specifically on the regions of the VDAN, the
interaction was significant, F(1,35) = 8.74, p = 0.006, 5 = 0.200, which was sufficiently
robust to pass correction for multiple comparisons (see Materials and Methods). Further
probe of the interaction within the VDAN revealed that the interaction was individually
significant within each region of the VDAN, attesting to the assumption that they form
an integrated network (see Table 4.1 below). Surprisingly, the direction of this
interaction was opposite that of the behavioral interaction, with the distractor evoking
stronger activation under threat in each individual region (see Figure 13). No reliable
interaction was evident in the insula or ventral striatum/amygdala (which formed one
contiguous cluster; see Table 4.1 below). As a covariate (see Materials and Methods),
the reduction in distractor fixations in the threat block was associated with reduced

distractor-evoked activation under threat in the orbitofrontal and visual cortex, in
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addition to increased distractor-evoked activation under threat in the dorsolateral
prefrontal and anterior cingulate cortex (Figure 14).

Table 4.1 Interaction Effect Between Threat and Reward-associated Distractor for Main
ANOVA Contrast Conducted Over Voxel Activation in each ROI.

Regions of Interest F p n?
Visual Cortex 4.249 0.047 0.108
Frontal Eye Fields 9.980 0.003 0.222
Intraparietal Sulcus 6.985 0.012 0.166
Caudate Tail 8.041 0.008 0.187
Insula 0.370 0.547 0.010
Ventral Striatum + Amygdala 0.645 0.428 0.019

4.4, Discussion

In the present study, we used the value-driven attentional capture (VDAC)
paradigm (Anderson et al., 2011) combined with a threat-of-shock manipulation (e.g.,
Davis et al., 2010; Schmitz & Grillon, 2012) to determine the neural mechanisms of
reduced attentional capture by reward-associated stimuli under conditions of
experimentally-induced anxiety. As in Chapter 2, our behavioral results reveal reduced
oculomotor capture by previously reward-associated distractors under threat, and our
neuroimaging data replicate the neural correlates of VDAC throughout the VDAN,
including the extrastriate visual cortex, IPS, FEF, and caudate tail (Anderson, 2017,
2019; Anderson et al., 2014, 2016, 2017; Hickey & Peelen, 2015; Kim, & Anderson,
2020a). We also observed elevated stimulus-evoked activity under threat, consistent with

enhanced sensory processing due to negative arousal. Surprisingly, we additionally
82



observed an interaction within the VDAN whereby reward-associated distractors evoked
particularly elevated responses under threat. Stronger effects of threat on distractor-
evoked eye movements were associated with a more pronounced reduction in distractor-
evoked activity in the orbitofrontal and visual cortex and a more pronounced increase in
distractor-evoked activity in the frontal cortex, potentially reflecting a threat-related
modulation of stimulus-evoked activity (Anderson, 2017, 2019; Anderson et al., 2014;
O’Doherty, 2004) and cognitive control (Chao & Knight, 1995; Corbetta et al., 2008;
Ochsner & Gross, 2005; Sanchez-Lopez et al., 2018), respectively. These findings
suggest that reduced distractibility by reward cues under threat, as measured from
behavior (eye movements), is not due to competition between positive and negative
valence for limited information-processing resources, which would have predicted the
opposite pattern, but are rather more aligned with the framework of Arousal-Biased
Competition (ABC; Mather & Sutherland, 2011).

The ABC model is derived from theories of biased competition (Desimone &
Duncan, 1995; Itti & Koch, 2000) and postulates that negative arousal biases perceptual
competition in favor of already high-priority stimuli at the expense of less salient stimuli
(Mather & Sutherland, 2011). That is, under states of negative arousal, the difference in
the strength with which high priority and low priority stimuli are processed becomes
even more pronounced. In this study, we uncover that negative arousal due to threat of
shock increases activation within the VDAN by high-priority (by virtue of their
associated value) distractors in an oculomotor task, as would be predicted by the ABC

model. However, this pattern in the stimulus-evoked brain responses was associated with
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reduced attentional capture by the distractors as measured with eye movements, in
contrast to the behavioral predictions arising from the ABC model. Our findings
therefore call for a reinterpretation of the relationship between arousal-biased
competition and perceptual processing, at least with respect to overt attention.

Arousal has been shown to improve task performance and reduce errors (e.g.,
Grillon et al., 2017). Prior investigations of the ABC model have demonstrated
increased attentional processing of stimuli that already possess elevated attentional
priority, often operationally defined in terms of physical salience (e.g., Lee et al., 2012,
2014; Sutherland & Mather, 2015). Heightened attention to such stimuli could be
considered adaptive under these circumstances, as the introduction of a physically salient
stimulus could signal a potential new threat that needs to be evaluated and responded to
(e.g., Esterman et al., 2013). In contrast, the previously reward-associated stimuli used in
our study were not physically salient and were known to be task-irrelevant, but still
possessed elevated attentional priority by virtue of their learning history. One potential
interpretation of our findings is that consistent with the ABC model, negative arousal
preferentially biases stimulus representation in favor of stimuli that already have high
priority. However, the influence of this bias on the orienting response is not obligatory,
but rather contingent upon the nature of the eliciting stimulus. If the eliciting stimulus is
survival-relevant, as in the case of physically salient stimuli, it will trigger an orienting
response, but if the eliciting stimulus explicitly poses no potential danger, as in the case
of a previously reward-associated stimulus, observers are able to use the arousal-biased

signal to “mark” the stimulus for ignoring.
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The signal suppression hypothesis has been proposed as a model of attentional
selection in which priority signals can be suppressed during goal-directed, feature-based
visual search (Gaspelin & Luck, 2018b; Sawaki & Luck, 2010). This model has been
repeatedly validated in event-related potential studies showing active suppression of a
physically-salient stimulus (see Gaspelin & Luck, 2019, for a review). Furthermore, this
phenomenon has been demonstrated in studies of overt attention in which the frequency
of oculomotor capture by distractors is reduced via suppressive mechanisms (Gaspelin et
al., 2015; Gaspelin & Luck, 2018a; Ipata et al., 2006). The neural correlates of signal
suppression are not well understood and have not yet been investigated using fMRI. Our
behavioral results are consistent with the concept of signal suppression under threat,
although it is important to note that any threat-related suppression of distraction was
only partial such that the previously high-value distractors still drew eye movements to
some degree across all conditions in our study. More generally, however, our findings
clearly demonstrate that elevated stimulus-evoked responses in the brain can lead to
enhanced ignoring as measured from behavior, which may prove to be an important
principle in understanding mechanisms of signal suppression. In this regard, it is
noteworthy that signal suppression seems to be particularly effective for stimuli that
evoke strong responses in the visual system by virtue of their physical salience (Gaspelin
et al., 2015; Gaspelin & Luck, 2018a, 2018b; Hickey et al., 2009), necessitating some
relationship between mechanisms of suppression and elevated stimulus-evoked activity
in the visual system. Our findings are also consistent with a prior report showing that

parametrically increasing salience or associated value can under certain circumstances
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reduce the magnitude of distraction (Moher et al., 2015), further supporting the notion
that suppression of behavioral distraction might at times be facilitated by strengthening
the representation of a stimulus in the visual system.

Prior studies in support of the ABC model have utilized fear-conditioned startle
reflexes as negative arousal (Lee et al., 2014; Sutherland & Mather, 2012) or negatively-
valenced images (Lee et al., 2012) in the context of visual search. In our study, in
contrast, negative arousal resulted from the threat of an unpredictable and aversive
biological event. Both methodologies have produced results in support of the ABC
model (Kim & Anderson, 2020b, Lee et al., 2012, 2014; Sutherland & Mather, 2012),
but studies using startle reflexes have consistently demonstrated increased attentional
capture while reduced attentional capture by reward cues has only been tested in the
context of threat-of-shock. However, increased attentional capture by physically salient
stimuli has been previously observed using the threat of shock paradigm (Chapter 2),
arguing that the contrasting behavioral results are not a by-product of the methodology
used to induce negative arousal. At the same time, an increasingly nuanced
understanding of fear- and anxiety-associated neural networks have determined
fundamental differences between cognitive processing during imminent vs.
unpredictable threat (e.g., Davis et al., 2010), and so we restrict our conclusions to the
influence of unpredictable threat.

Another way in which our study differs from prior studies supporting the ABC
model is in the role of memory in the attentional priority of the distractor. In the present

study, the distractors were preferentially attended by virtue of their status as previously
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high-value targets, which contrasts with the attentional priority of the physically salient
stimuli frequently used in studies of arousal-biased competition (Lee et al., 2012, 2014;
Mather & Sutherland, 2011; Sutherland & Mather, 2015), which is not memory-
dependent. One possibility is that threat modulates access to, or the recruitment of,
memory for the pertinence of stimuli, which may have impacted the influence of such
memory on eye movements and/or stimulus processing in the visual system of the brain.
It is also possible that our threat manipulation had a more direct impact on visual
information processing, as hypothesized by the ABC model (Lee et al., 2012, 2014;
Mather & Sutherland, 2011; Sutherland & Mather, 2015). Attention and memory are
intricately intertwined (see Chun & Turk-Browne, 2007; Hutchinson & Turk-Browne,
2012, for reviews), although the specific role of the memory system in involuntarily
directing attention to previously reward-associated stimuli remains to be clarified.

Prior rodent and human studies evaluating the neural correlates of sustained fear
or adaptive anxiety have identified corresponding neural activity in the dorsal amygdala,
particularly in the central extended amygdala (CeA) and bed nucleus of the stria
terminalis (BNST; Alvarez et al., 2011; Davis et al., 2010). However, due to the small
size of these neuronal populations and the limited spatial resolution, few fMRI studies
have studied these regions under conditions of experimentally induced anxiety. In our
task assessing overt attentional capture, we identified voxels activated under threat
within the amygdala in the present study, but our whole brain analyses were limited in
differentiating between the neuronal populations within the amygdala. Future research

using targeted, higher-resolution imaging sequences coupled with analytical techniques
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such as multivoxel pattern analyses (MVPA) may provide further insight in piecing out
the functional role of specific neuronal populations within amygdala in modulating
anxiety in attention networks.

In the present study, we examined the neural processes by which threat reduces
the distracting quality of previously reward-associated stimuli. Our neuroimaging results
support the ABC model of neural processing but show that the resulting bias in the
representation of visual stimuli need not magnify distraction as measured from behavior
and can even reduce it, calling for a more nuanced interpretation of the functional role of
ABC in the control of visual orienting. Our study extends the concept of arousal-biased
competition in the brain beyond physically salient stimuli to stimuli that have elevated
priority by virtue of learning history, as well as to negative arousal arising from the
threat of an unpredictable and aversive biological event (as manipulated via threat-of-
shock). Our findings have additional implications for the signal suppression hypothesis
by demonstrating an explicit link between elevated stimulus-evoked responses in the
visual system and reduced behavioral distraction and offer novel insights into why
elevated attentional priority can at times seemingly paradoxically reduce the distracting

quality of stimuli (Moher et al., 2015).
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5. CONCLUSIONS

In this dissertation, | present a series of experiments investigating how
unpredictable threat modulates attentional biases by previously-reward associated
stimuli and physically salient stimuli in a visual search task, and also in a goal-oriented
attentional control task. In the scope of research on the relationship investigating threat
and attention, the approach taken here deviates from the norm; rather than investigating
attentional orienting to threatening stimuli, | investigate how attention biases are
modulated when altering the state of the observer by elevating state-anxiety through the
Threat of Shock paradigm. The findings in Chapter 2 demonstrated that experimentally
induced anxiety increases attentional capture by physically salient stimuli while reducing
attentional capture by previously reward-associated stimuli. Furthermore, the results in
Chapter 3 demonstrated that threat facilitates optimal attentional control in a goal-
oriented attention task, improving efficiency and maximizing performance. Such
converging evidence reveal that changes in observer state such as induced anxiety does
not globally modulate processing of attention, but rather uniquely affect each component
of attentional control. Furthermore, these findings demonstrate that negative arousal
does not globally influence cognitive processing, but rather modulates each mode of
attentional control by the mechanisms of biased competition both for in favor of and
against certain stimuli given their priority.

In addition, the behavioral findings in Chapters 2 and 3 were ambiguous with

respect to the mechanism by which experimentally induced anxiety modulates
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attentional control. It remained unclear whether reduced attentional capture by
previously reward-associated stimuli was a consequence of the competition between
networks processing attention and threat for neural resources (e.g., Pessoa, 2009) or a
result of biased competition in which attentional priority toward such stimuli were
reduced under threat (e.g., Mather & Sutherland, 2011). The findings in Chapter 4
supported the arousal-biased competition hypothesis in that reduced attentional capture
by previously reward-associated stimuli was due to elevated stimulus-evoked activation
in the visual system, consistent with other findings of increased attentional priority by
physically salient stimuli (e.g., Lee et al., 2012, 2014; Mather & Sutherland, 2011,
Sutherland & Mather, 2015); however, in contrast to physically salient stimuli,
previously reward-associated stimuli were more easily ignored under threat. This
suggests a central role for arousal-biased competition as a mechanism in threat-related
modulations of information processing, although the consequence of such biased
competition on the orienting response depends on the nature of the eliciting stimulus,
potentially as a function of its survival relevance under threat (high for physical salience
and low for reward-related stimuli).

The identification of a mechanism for attentional priority allocation under
induced anxiety gives insight into understanding why threatening stimuli are rapidly
oriented to under conditions of elevated state-anxiety. The arousal-biased competition
hypothesis would support the notion that threatening stimuli are actively allocated more
attentional priority under threat as a result of biased competition, which reflects the

workings of a broader mechanism of attentional control that is not limited to the
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modulation of threat-related sitmuli. With attention bias modification treatment largely
being unreliable as a treatment option for pathological anxiety, the findings from this
dissertation suggest the potential for targetting specific mechanisms of attentional
control to reduce attentional priority allocated towards threatening stimuli.

As mentioned earlier, it is hasty to translate the mechanistic findings of
attentional biases under experimentally induced anxiety to pathology. However, the ToS
paradigm acts as an effective intermediate tool to understand how experimentally
induced anxiety modulates attention biases. Although the ToS paradigm has been
validated as an appropriate model of experimentally induced anxiety, it still poses some
limitations. It is unclear whether participants under threat of shock eventually habituate
and no longer maintain a state of adaptive anxiety. However, analyses done with pupil
size here support the claim that a state of induced anxiety was maintained over the span
of a 1-hour experiment. Lastly, the scope of this dissertation does not cover the
molecular signaling via neurotransmitter release in the related neural networks. Research
into the dynamic interplay of noradrenergic signaling under negative arousal, local
glutamatergic release for signal amplification, and dopamine release in association with

reward-associated stimuli are ripe for future investigation.

91



REFERENCES

Abado, E., Sagi, J., Silber, N., De Houwer, J., Aue, T., & Okon-Singer, H. (2020).
Reducing attention bias in spider fear by manipulating expectancies. Behaviour
Research and Therapy, 135, 103729.

Alheid, G. F., Beltramino, C. A., De Olmos, J. S., Forbes, M. S., Swanson, D. J., &
Heimer, L. (1998). The neuronal organization of the supracapsular part of the stria
terminalis in the rate: The dorsal component of the extended amygdala. Neuroscience,
84(4), 967-996.

Alheid, G. F., & Heimer, L. (1988). New perspectives in basal forebrain organization of
special relevance for neuropsychiatric disorders: the striatopallidal, amygdaloid, and
corticopetal components of substantia innominata. Neuroscience, 27(1), 1-39.

Alvarez, R. P., Chen, G., Bodurka, J., Kaplan, R., & Grillon, C. (2011). Phasic and
sustained fear in humans elicits distinct patterns of brain activity. Neuroimage, 55(1),
389-400.

Amir, N., Beard, C., Burns, M., & Bomyea, J. (2009). Attention modification program in
individuals with generalized anxiety disorder. J Abnorm Psychol, 118(1), 28-33.

Anderson, B. A. (2016a). The attention habit: how reward learning shapes attentional
selection. Year in Cognitive Neuroscience, 1369, 24-39.

Anderson, B. A. (2016b). What is abnormal about addiction-related attentional biases?

Drug and Alcohol Dependence, 167, 8-14.

92



Anderson, B. A. (2017). Reward processing in the value-driven attention network:
reward signals tracking cue identity and location. Social Cognitive and Affective
Neuroscience, 12(3), 461-467.

Anderson, B. A. (2019). Neurobiology of value-driven attention. Curr Opin Psychol, 29,
27-33.

Anderson, B. A., & Britton, M. K. (2020). On the automaticity of attentional orienting to
threatening stimuli. Emotion, 20, 1109-1112.

Anderson, B. A., & Kim, H. (2019). Test-retest reliability of value-driven attentional
capture. Behavior Research Methods, 51, 720-726.

Anderson, B. A., Kuwabara, H., Wong, D. F., Roberts, J., Rahmim, A., Brasic, J. R., &
Courtney, S. M. (2017). Linking dopaminergic reward signals to the development of
attentional bias: A positron emission tomographic study. Neuroimage, 157, 27-33.

Anderson, B. A., Faulkner, M. L., Rilee, J. J., Yantis, S., & Marvel, C. L. (2013).
Attentional Bias for Nondrug Reward Is Magnified in Addiction. Experimental and
Clinical Psychopharmacology, 21(6), 499-506.

Anderson, B. A., & Folk, C. L. (2012). Dissociating location-specific inhibition and
attention shifts: Evidence against the disengagement account of contingent
capture. Attention, Perception, & Psychophysics, 74(6), 1183-1198.

Anderson, B. A., Folk, C. L., & Courtney, S. M. (2016). Neural mechanisms of goal-
contingent task disengagement: Response-irrelevant stimuli activate the default mode

network. Cortex, 81, 221-230.

93



Anderson, B. A., Laurent, P. A., & Yantis, S. (2011). Value-driven attentional capture.
Proc Natl Acad Sci U S A, 108(25), 10367-10371.

Anderson, B. A., Laurent, P. A., & Yantis, S. (2014). Value-driven attentional priority
signals in human basal ganglia and visual cortex. Brain Research, 1587, 88-96.

Anderson, B. A., Kronemer, S. I, Rilee, J. J., Sacktor, N., & Marvel, C. L. (2016).
Reward, attention, and HIV-related risk in HIV plus individuals. Neurobiology of
Disease, 92, 157-165.

Anderson, B. A., Kuwabara, H., Wong, D. F., Gean, E. G., Rahmim, A., Brasic, J. R., ..
. Yantis, S. (2016). The Role of Dopamine in Value-Based Attentional Orienting.
Current Biology, 26(4), 550-555.

Anderson, B. A., & Yantis, S. (2012). Value-driven attentional and oculomotor capture
during goal-directed, unconstrained viewing. Attention Perception & Psychophysics,
74(8), 1644-1653.

Armony, J. L., & Dolan, R. J. (2002). Modulation of spatial attention by fear-
conditioned stimuli: an event-related fMRI study. Neuropsychologia, 40(7), 817-826.

Awh, E., Belopolsky, A. V., & Theeuwes, J. (2012). Top-down versus bottom-up
attentional control: a failed theoretical dichotomy. Trends in Cognitive Sciences,
16(8), 437-443.

Bacon, W. F., & Egeth, H. E. (1994). Overriding stimulus-driven attentional

capture. Perception & Psychophysics, 55(5), 485-496.

94



Balan, P. F., & Gottlieb, J. (2006). Integration of exogenous input into a dynamic
salience map revealed by perturbing attention. Journal of Neuroscience, 26(36),
9239-9249.

Bar-Haim, Y., Lamy, D., Pergamin, L., Bakermans-Kranenburg, M. J., & Van
ljzendoorn, M. H. (2007). Threat-related attentional bias in anxious and nonanxious
individuals: a meta-analytic study. Psychological bulletin, 133(1), 1.

Beard, C. (2011). Cognitive bias modification for anxiety: current evidence and future
directions. Expert Rev Neurother, 11(2), 299-311.

Beck, V. M., Luck, S. J., & Hollingworth, A. (2018). Whatever you do, don’t look at
the...: Evaluating guidance by an exclusionary attentional template. Journal of
Experimental Psychology: Human Perception and Performance, 44(4), 645.

Beck, A. T., Steer, R. A., Ball, R., & Ranieri, W. F. (1996). Comparison of Beck
Depression Inventories-1A and -1l in psychiatric outpatients. Journal of Personality
Assessment, 67(3), 588-597.

Belopolsky, A. V., Schreij, D., & Theeuwes, J. (2010). What is top-down about
contingent capture? Attention, Perception, & Psychophysics, 72(2), 326-341.

Bichot, N. P., & Schall, J. D. (1999). Saccade target selection in macaque during feature
and conjunction visual search. Visual Neuroscience, 16(1), 81-89.

Bradley, M. M., Miccaoli, L., Escrig, M. A., & Lang, P. J. (2008). The pupil as a measure
of emotional arousal and autonomic activation. Psychophysiology, 45(4), 602-607.

Broadbent, D. E. (1958). Perception and Communication. New York: Oxford University

Press.

95



Brooks, S. J., & Stein, D. J. (2015). A systematic review of the neural bases of
psychotherapy for anxiety and related disorders. Dialogues in Clinical
Neuroscience, 17(3), 261.

Brown, C. R. H., Berggren, N., & Forster, S. (2020). Testing a goal-driven account of
involuntary attentional capture by threat. Emotion, 20, 572-589.

Bucker, B., & Theeuwes, J. (2017). Pavlovian reward learning underlies value driven
attentional capture. Attention, Perception, & Psychophysics, 79(2), 415-428.

Burrows, B. E., & Moore, T. (2009). Influence and Limitations of Popout in the
Selection of Salient Visual Stimuli by Area V4 Neurons. Journal of Neuroscience,
29(48), 15169-15177.

Carver, C. S., & White, T. L. (1994). Behavioral-Inhibition, Behavioral Activation, and
Affective Responses to Impending Reward and Punishment - the Bis Bas Scales.
Journal of Personality and Social Psychology, 67(2), 319-333.

Chao, L, L., & Knight, R. T. (1995). Human prefrontal lesions increase distractibility to

irrelevant sensory inputs. Neuroreport, 6(12), 1605-1610.

Chavanne, A. V., & Robinson, O. J. (2020). The overlapping neurobiology of induced
and pathological anxiety: A meta-analysis of functional neural activation. American
Journal of Psychiatry, appi-ajp.

Chica, A. B., Bartolomeo, P., & Valero-Cabré, A. (2011). Dorsal and ventral parietal
contributions to spatial orienting in the human brain. Journal of Neuroscience,

31(22), 8143-8149.

96



Chubala, C., & Smith, S. (2009). An emotional blink of attention elicited by anticipation
of an aversive event. Canadian Journal of Experimental Psychology-Revue
Canadienne De Psychologie Experimentale, 63(4), 339-339.

Chun, M. M., & Turk-Browne, N. B. (2007). Interactions between attention and
memory. Current Opinion in Neurobiology, 17, 177-184.

Chun, M. M., & Jiang, Y. (2003). Implicit, long-term spatial contextual memory.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 29, 224-
234.

Chun, M. M., & Jiang, Y. H. (1998). Contextual cueing: Implicit learning and memory
of visual context guides spatial attention. Cognitive Psychology, 36, 28-71.

Cisler, J. M., & Koster, E. H. W. (2010). Mechanisms of attentional biases towards
threat in anxiety disorders: An integrative review. Clinical Psychology Review, 30(2),
203-216.

Clark, L., Li, R. R., Wright, C. M., Rome, F., Fairchild, G., Dunn, B. D., & Aitken, M.
R. F. (2012). Risk-avoidant decision making increased by threat of electric shock.
Psychophysiology, 49(10), 1436-1443.

Corbetta, M., Kincade, J. M., Ollinger, J. M., McAvoy, M. P., & Shulman, G. L. (2000).
Voluntary orienting is dissociated from target detection in human posterior parietal
cortex. Nature Neuroscience, 3(3), 292-297.

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven

attention in the brain. Nature Reviews Neuroscience, 3(3), 201-215.

97



Corbetta, M., Patel, G., & Shulman, G. L. (2008). The reorienting system of the human
brain: from environment to theory of mind. Neuron, 58(3), 306-324.

Cornwell, B. R., Baas, J. M. P., Johnson, L., Holroyd, T., Carver, F. W., Lissek, S., &
Grillon, C. (2007). Neural responses to auditory stimulus deviance under threat of
electric shock revealed by spatially-filtered magnetoencephalography. Neuroimage,
37(1), 282-289.

Cornwell, B. R., Arkin, N., Overstreet, C., Carver, f. W., & Grillon, C. (2012). Distinct
contributions of human hippocampal theta to spatial cognition and anxiety.
Hippocampus, 22(9), 1848-1859.

Cox R. W. (1996). AFNI: software for analysis and visualization of functional magnetic
resonance neuroimages. Computers and Biomedical Research, an International
Journal, 29(3), 162-173.

Cunningham, C. A., & Egeth, H. E. (2016). Taming the white bear: Initial costs and
eventual benefits of distractor inhibition. Psychological Science, 27(4), 476-485.

Davis, M., Walker, D. L., Miles, L., & Grillon, C. (2010). Phasic vs sustained fear in rats
and humans: role of the extended amygdala in fear vs anxiety.
Neuropsychopharmacology, 35(1), 105-135.

Desimone, R., & Duncan, J. (1995). Neural mechanisms of selective visual attention.
Annual Review of Neuroscience, 18, 193-222.

Derryberry, D., & Reed, M. A. (2002). Anxiety-related attentional biases and their

regulation by attentional control. Journal of Abnormal Psychology, 111(2), 225-236.

98



Dimberg, U., & Ohman, A. (1996). Behold the wrath: Psychophysiological responses to
facial stimuli. Motivation and Emotion, 20(2), 149-182.

Dong, H. W., Petrovich, G. D., & Swanson, L. W. (2001). Topography of projections
from amygdala to bed nuclei of the stria terminalis. Brain Research Reviews, 38(1-2),
192-246.

Easterbrook, J. A. (1959). The effect of emotion on cue utilization and the organization
of behavior. Psychological Review, 66, 183-201.

Eastwood, J. D., Smilek, D., & Merikle, P. M. (2001). Differential attentional guidance
by unattended faces expressing positive and negative emotion. Perception &
Psychophysics, 63(6), 1004-1013.

Egeth, H. (2018). Comment on Theeuwes’s characterization of visual selection. Journal
of Cognition, 1(1).

Egeth, H. E., Virzi, R. A., & Garbhart, H. (1984). Searching for conjunctively defined
targets. Journal of Experimental Psychology: Human Perception and Performance,
10, 32-39.

Eimer, M. (1996). The N2pc component as an indicator of attentional selectivity.
Electroencephalography and Clinical Neurophysiology, 99(3), 225-234.

Eldar, S., Yankelevitch, R., Lamy, D., & Bar-Haim, Y. (2010). Enhanced neural
reactivity and selective attention to threat in anxiety. Biol Psychol, 85(2), 252-257.

Eriksen, C. W., & Collins, J. F. (1969). Temporal course of selective attention. Journal

of Experimental Psychology, 80(2), 254-261.

99



Eriksen, C. W., & Hoffman, J. E. (1972). Temporal and spatial characteristics of
selective encoding from visual displays. Perception & Psychophysics, 12(2), 201-
204.

Eriksen, C. W., & Hoffman, J. E. (1973). The extent of processing of noise elements
during selective encoding from visual displays. Perception & Psychophysics, 14(1),
155-160.

Esterman, M., Tamber-Rosenau, B. J., Chiu, Y. C., & Yantis, S. (2010). Avoiding non-
independence in fMRI data analysis: leave one subject out. Neuroimage, 50(2), 572-
576.

Esterman, M., DeGuitis, J., Mercado, R., Rosenblatt, A., Vasterling, J. J., Milberg, W., &
McGlinchey, R. (2013). Stress-Related Psychological Symptoms Are Associated with
Increased Attentional Capture by Visually Salient Distractors. Journal of the
International Neuropsychological Society, 19(7), 835-840.

Esterman, M., Grosso, M., Liu, G., Mitko, A., Morris, R., & DeGutis, J. (2016).
Anticipation of monetary reward can attenuate the vigilance decrement. PLoS ONE
11(7), e0159741.

Esterman, M., Reagan, A., Liu, G., Turner, C., & DeGuitis, J. (2014). Reward reveals
dissociable aspects of sustained attention. Journal of Experimental Psychology:
General, 143, 2287-2295.

Eysenck, M. W., Derakshan, N., Santos, R., & Calvo, M. G. (2007). Anxiety and

cognitive performance: attentional control theory. Emotion, 7(2), 336-353.

100



Failing, M., Feldmann-Wustefeld, T., Wang, B., Olivers, C., & Theeuwes, J. (2019a).
Statistical regularities induce spatial as well as feature-specific suppression. Journal
of Experimental Psychology: Human Perception and Performance, 45, 1291-1303.

Failing, M., Wang, B., & Theeuwes, J. (2019b). Spatial suppression due to statistical
regularities is driven by distractor suppression not by target activation. Attention,
Perception, and Psychophysics, 81, 1405-1414.

Ferreira, R., & Murray, J. (1983). Spielberger State-Trait Anxiety Inventory - Measuring
Anxiety with and without an Audience during Performance on a Stabilometer.
Perceptual and Motor Skills, 57(1), 15-18.

Folk, C. L., & Remington, R. (1998). Selectivity in distraction by irrelevant featural
singletons: evidence for two forms of attentional capture. Journal of Experimental
Psychology: Human Perception and Performance, 24(3), 847.

Folk, C. L., Remington, R. W., & Johnston, J. C. (1992). Involuntary Covert Orienting Is
Contingent on Attentional Control Settings. Journal of Experimental Psychology-
Human Perception and Performance, 18(4), 1030-1044.

Folk, C. L., Remington, R. W., & Wright, J. H. (1994). The structure of attentional
control: Contingent attentional capture by apparent motion, abrupt onset, and
color. Journal of Experimental Psychology: Human Perception and
Performance, 20(2), 317.

Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., & Raichle, M. E. (2006).
Spontaneous neuronal activity distinguishes human dorsal and ventral attention

systems. Proceedings of the National Academy of Sciences, 103(26), 10046-10051.

101



Friedrich, F. J., Egly, R., Rafal, R. D., & Beck, D. (1998). Spatial attention deficits in
humans: a comparison of superior parietal and temporal-parietal junction
lesions. Neuropsychology, 12(2), 193.

Gaspar, J. M., & McDonald, J. J. (2014). Suppression of salient objects prevents
distraction in visual search. Journal of Neuroscience, 34(16), 5658-5666.

Gaspelin, N., Leonard, C. J., & Luck, S. J. (2015). Direct evidence for active suppression
of salient-but-irrelevant sensory inputs. Psychological Science, 26(11), 1740-1750.

Gaspelin, N., Leonard, C. J., & Luck, S. J. (2017). Suppression of overt attentional
capture by salient-but-irrelevant color singletons. Attention, Perception, &
Psychophysics, 79(1), 45-62.

Gaspelin, N., & Luck, S. J. (2018a). Distinguishing among potential mechanisms of
singleton suppression. Journal of Experimental Psychology: Human Perception and
Performance, 44(4), 626.

Gaspelin, N., & Luck, S. J. (2019). Inhibition as a potential resolution to the attentional
capture debate. Current Opinion in Psychology, 29, 12-18.

Gaspelin, N., & Luck, S. J. (2018b). Top-down” does not mean “voluntary. Journal of
Cognition, 1(1).

Geng, J. J., & Behrmann, M. (2005). Spatial probability as an attentional cue in visual
search. Perception and Psychophysics, 67, 1252-1268.

Geng, J. J., & Behrmann, M. (2002). Probability cuing of target location facilitates
visual search implicitly in normal participants and patients with hemispatial neglect.

Psychological Science, 13, 520-525.

102



Geng, J. J., & DiQuiattro, N. E. (2010). Attentional capture by a perceptually salient non-
target facilitates target processing through inhibition and rapid rejection. Journal of
Vision, 10(6), 5-5.

Geng, J. J., & Mangun, G. R. (2011). Right temporoparietal junction activation by a
salient contextual cue facilitates target discrimination. Neuroimage, 54(1), 594-601.

Geyer, T., Muller, H., & Krummenacher, J. (2006). Cross-trial priming in visual search
for singleton conjunction targets: Role of repeated target and distractor features.
Perception and Psychophysics, 68, 736-749.

Gillan, C. M., Vaghi, M. M., Hezemans, F. H., van Ghesel Grothe, S., Dafflon, J., Brihl,
A. B, ... & Robbins, T. W. (2020). Experimentally induced and real-world anxiety
have no demonstrable effect on goal-directed behaviour. Psychological Medicine, 1-
12.

Griggs, W. S., Kim, H. F., Ghazizadeh, A., Costello, M. G., Wall, K. M., & Hikosaka,
0. (2017). Flexible and stable value coding areas in caudate head and tail receive
anatomically distinct cortical and subcortical inputs. Frontiers in Neuroanatomy, 11.

Grillon, C., Ameli, R., Woods, S. W., Merikangas, K., & Davis, M. (1991). Fear-
potentiated startle in humans - Effects of anticipatory anxiety on the acoustic blink
reflex. Psychophysiology, 28(5), 588-595.

Grillon, C., Baas, J. P., Lissek, S., Smith, K., & Milstein, J. (2004). Anxious responses to
predictable and unpredictable aversive events. Behavioral Neuroscience, 118(5), 916.

Grillon, C., & Charney, D. R. (2011). In the face of fear: Anxiety sensitizes defensive

responses to fearful faces. Psychophysiology, 48(12), 1745-1752.

103



Grillon, C., Chavis, C., Covington, M. F., Pine, D. S. (2009). Two-week treatment with
the selective serotonin reuptake inhibitor citalopram reduces contextual anxiety but
not cued fear in healthy volunteers: A fear-potentiated startle study.
Neuropsychopharmacology, 34(4), 964-971.

Grillon, C., Lissek, S., Rabin, S., McDowell, D., Dvir, S., & Pine, D. S. (2008).
Increased anxiety during anticipation of unpredictable but not predictable aversive
stimuli as a psychophysiologic marker of panic disorder. American Journal of
Psychiatry, 165(7), 898-904.

Grillon, C., Pine, D.S., Lissek, S., Rabin, S., Bonne, O., & Vythilingam, M. (2009).
Increased anxiety during anticipation of unpredictable aversive stimuli in
posttraumatic stress disorder but not in generalized anxiety disorder. Biological
Psychiatry, 66(1), 47-53.

Grillon, C., Robinson, O. J., Krimsky, M., O'Connell, K., Alvarez, G., & Ernst, M.
(2017). Anxiety-mediated facilitation of behavioral inhibition: Threat processing and
defensive reactivity during a go/no-go task. Emotion, 17(2), 259-266.

Hahn, S., & Gronlund, S. D. (2007). Top-down guidance in visual search for facial
expressions. Psychonomic Bulletin & Review, 14(1), 159-165.

Hakamata, Y., Lissek, S., Bar-Haim, Y., Britton, J. C., Fox, N. A., Leibenluft, E., . ..
Pine, D. S. (2010). Attention bias modification treatment: a meta-analysis toward the
establishment of novel treatment for anxiety. Biol Psychiatry, 68(11), 982-990.

Halligan, P. W., Fink, G. R., Marshall, J. C., & Vallar, G. (2003). Spatial cognition:

evidence from visual neglect. Trends in Cognitive Sciences, 7(3), 125-133.

104



Hardman, C. A., Rogers, P. J., Etchells, K. A., Houstoun, K. V., & Munafo, M. R.
(2013). The effects of food-related attentional bias training on appetite and food
intake. Appetite, 71, 295-300.

He, B. J., Snyder, A. Z., Vincent, J. L., Epstein, A., Shulman, G. L., & Corbetta, M.
(2007). Breakdown of functional connectivity in frontoparietal networks underlies
behavioral deficits in spatial neglect. Neuron, 53(6), 905-918.

Hickey, C., Di Lollo, V., & McDonald, J. J. (2009). Electrophysiological indices of
target and distractor processing in visual search. Journal of Cognitive
Neuroscience, 21(4), 760-775.

Hickey, C., McDonald, J. J., & Theeuwes, J. (2006). Electrophysiological evidence of
the capture of visual attention. Journal of Cognitive Neuroscience, 18(4), 604-613.

Hickey, C., & Peelen, M. V. (2015). Neural Mechanisms of Incentive Salience in
Naturalistic Human Vision. Neuron, 85(3), 512-518.

Hickey, C., & Peelen, X. V. (2017). Reward Selectively Modulates the Lingering Neural
Representation of Recently Attended Objects in Natural Scenes. Journal of
Neuroscience, 37(31), 7297-7304.

Hillstrom, A. P. (2000). Repetition effects in visual search. Perception and
Psychophysics, 62, 800-817.

Hitchcock, J., & Davis, M. (1986). Lesions of the amygdala, but not of the cerebellum or
red nucleus, block conditioned fear as measured with the potentiated startle

paradigm. Behavioral Neuroscience, 100(1), 11.

105



Hitchcock, J. M., & Davis, M. (1991). Efferent pathway of the amygdala involved in
conditioned fear as measured with the fear-potentiated startle paradigm. Behavioral
Neuroscience, 105(6), 826.

Hopf, J. M., Schoenfeld, M. A., Buschschulte, A., Rautzenberg, A., Krebs, R. M., &
Boehler, C. N. (2015). The modulatory impact of reward and attention on global
feature selection in human visual cortex. Visual Cognition, 23(1-2), 229-248.

Hopfinger, J. B., Buonocore, M. H., & Mangun, G. R. (2000). The neural mechanisms of
top-down attentional control. Nature Neuroscience, 3(3), 284-291.

Horstmann, G., & Ansorge, U. (2006). Attentional shifts to rare singletons. Visual
Cognition, 14, 295-325.

Horstmann, G., & Ansorge, U. (2016). Surprise capture and inattentional blindness.
Cognition, 157, 237-249.

Hu, K., Bauer, A., Padmala, S., & Pessoa, L. (2012). Threat of bodily harm has opposing
effects on cognition. Emotion, 12(1), 28-32.

Hu, K., Fan, Z., & He, S. (2015). Uncovering the interaction between emphatic pain and
cognition. Psychological Research Psychologische Forschung, 79(6), 1054-1063.

Hutchinson, J. B., & Turk-Browne, N. B. (2012). Memory-guided attention: Control
from multiple memory systems. Trends in Cognitive Science, 16(12), 576-579.

Insel, T. R. (2014). The NIMH research domain criteria (RDoC) project: precision

medicine for psychiatry. American Journal of Psychiatry, 171(4), 395-397.

106



Insel, T., Cuthbert, B., Garvey, M., Heinssen, R., Pine, D. S., Quinn, K., ... & Wang, P.
(2010). Research domain criteria (RDoC): toward a new classification framework for
research on mental disorders. The American Journal of Psychiatry, 167(7), 748-751.

Irons, J. L., & Leber, A. B. (2016). Choosing attentional control settings in a
dynamically changing environment. Attention Perception Psychophysics, 78(7),
2031-2048.

Irons, J. L., & Leber, A. B. (2018). Characterizing individual variation in the strategic
use of attentional control. Journal of Experimental Psychology: Human Perception
and Performance, 44(10), 1637-1654.

Ipata, A. E., Gee, A. L., Gottlieb, J., Bisley, J. W., & Goldberg, M. E. (2006). LIP
responses to a popout stimulus are reduced if it is overtly ignored. Nature
Neuroscience, 9(8), 1071-1076.

Itti, L., & Koch, C. (2000). A saliency-based search mechanism for overt and overt shifts
of visual attention. Vision Res, 40, 1489-1506.

Itti, L., & Koch, C. (2001). Computational modelling of visual attention. Nature Reviews
Neuroscience, 2, 194-203.

Jiang, Y. V., Swallow, K. M., Rosenbaum, G. M., & Herzig, C. (2013b). Rapid
acquisition but slow extinction of an attentional bias in space. Journal of
Experimental Psychology: Human Perception and Performance, 39, 87-99.

Jiang, Y. V., & Swallow, K. M. (2013). Spatial reference frame of incidentally learned

attention. Cognition, 126, 378-390.

107



Jiang, Y., & Wagner, L. C., (2004). What is learned in spatial contextual cuing—
configuration or individual locations? Perception and Psychophysics, 66, 454-463.

Jimura, K., Locke, H. S., & Braver, T. S. (2010). Prefrontal cortex mediation of
cognitive enhancement in rewarding motivational contexts. Proceedings of the
National Academy of Sciences USA, 107, 8871-8876.

Johnston, W. A., Hawley, K. J., & Farnham, J. M. (1993). Novel popout: Empirical
boundaries and tentative theory. Journal of Experimental Psychology: Human
Perception and Performance, 19, 140-153.

Johnston, W. A., Hawley, K. J., Plewe, S. H., Elliott, J. M. G., & DeWitt, M. J. (1990).
Attention capture by novel stimuli. Journal of Experimental Psychology: General,
119, 397-411.

Jonides, J. (1981). Voluntary versus automatic control over the mind's eye's
movement. Attention and Performance, 187-203.

Kalin, N. H., & Shelton, S. E. (1989). Defensive Behaviors in Infant Rhesus-Monkeys -
Environmental Cues and Neurochemical Regulation. Science, 243(4899), 1718-1721.

Kaczkurkin, A. N., & Foa, E. B. (2015). Cognitive-behavioral therapy for anxiety
disorders: an update on the empirical evidence. Dialogues Clin Neurosci, 17(3), 337-
346.

Kim, A. J., & Anderson, B. A. (2020a). Neural correlates of attentional capture by
stimuli previously associated with social reward. Cognitive Neuroscience, 11(1-2), 5-

15.

108



Kim, A. J., & Anderson, B. A. (2020b). Threat reduces value-driven but not salience-
driven attentional capture. Emotion, 20, 874-889.

Kim, A. J., Lee, D. S., & Anderson, B. A. (in press). The influence of threat on the
efficiency of goal-directed attentional control. Psychological Research.

Kim, H. F., & Hikosaka, O. (2013). Distinct Basal Ganglia Circuits Controlling
Behaviors Guided by Flexible and Stable Values. Neuron, 79(5), 1001-1010.

Kiss, M., Grubert, A., Petersen, A., & Eimer, M. (2012). Attentional capture by salient
distractors during visual search is determined by temporal task demands. Journal of
Cognitive Neuroscience, 24(3), 749-759.

Knierim, J. J., & Vanessen, D. C. (1992). Neuronal Responses to Static Texture Patterns
in Area-V1 of the Alert Macaque Monkey. Journal of Neurophysiology, 67(4), 961-
980.

Koch, C., & Ullman, S. (1985). Shifts in selective visual attention: Towards the
underlying neural circuitry. Human Neurobiology, 4, 219-227.

Koster, E. H. W., Crombez, G., Van Damme, S., Verschuere, B., & De Houwer, J.
(2004). Does imminent threat capture and hold attention? Emotion, 4(3), 312-317.

Koster, E. H. W., Crombez, G., Van Damme, S., Verschuere, B., & De Houwer, J.
(2005). Signals for threat modulate attentional capture and holding: Fear-conditioning
and extinction during the exogenous cueing task. Cognition & Emotion, 19(5), 771-

780.

109



Koster, E. H. W., Crombez, G., Verschuere, B., & De Houwer, J. (2006). Attention to
threat in anxiety-prone individuals: Mechanisms underlying attentional bias.
Cognitive Therapy and Research, 30(5), 635-643.

Kristjansson, A. (2006). Simultaneous priming along multiple feature dimensions in a
visual search task. Vision Research, 46, 2554-2570.

Kristjansson, A., & Driver, J. (2008). Priming in visual search: Separating the effects of
target repetition, distractor repetition and role-reversal. Vision Research, 48, 1217-
1232.

Kristjansson, A., Wang, D., & Nakayama, K. (2002). The role of priming in conjunctive
visual search. Cognition, 85, 37-52.

Le Pelley, M. E., Pearson, D., Griffiths, O., & Beesley, T. (2015). When Goals Conflict
With Values: Counterproductive Attentional and Oculomotor Capture by Reward-
Related Stimuli. Journal of Experimental Psychology: General, 144(1), 158-171.

Lee, T. H., Itti, L., & Mather, M. (2012). Evidence for arousal-biased competition in
perceptual learning. Front Psychol, 3, 241.

Lee, T. H., Sakaki, M., Cheng, R., Velasco, R., & Mather, M. (2014). Emotional arousal
amplifies the effects of biased competition in the brain. Soc Cogn Affect Neurosci,
9(12), 2067-2077.

Lee, Y., & Davis, M. (1997). Role of the hippocampus, the bed nucleus of the stria
terminalis, and the amygdala in the excitatory effect of corticotropin-releasing

hormone on the acoustic startle reflex. Journal of Neuroscience, 17(16), 6434-6446.

110



Lindstrom, B. R., & Bohlin, G. (2012). Threat-relevance impairs executive functions:
Negative impact on working memory and response inhibition. Emotion, 12(2), 384-
393.

Locke, H. S., & Braver, T. S. (2008). Motivational influences on cognitive control:
behavior, brain activation, and individual differences. Cognitive, Affective, &
Behavioral Neuroscience, 8(1), 99-112.

Luck, S. J., Gaspelin, N., Folk, C. L., Remington, R. W., & Theeuwes, J. (2021).
Progress toward resolving the attentional capture debate. Visual Cognition, 29(1), 1-
21.

Luck, S. J., & Hillyard, S. A. (1994). Electrophysiological correlates of feature analysis
during visual search. Psychophysiology, 31(3), 291-308.

MacLeod, C., Rutherford, E., Campbell, L., Ebsworthy, G., & Holker, L. (2002).
Selective attention and emotional vulnerability: assessing the causal basis of their
association through the experimental manipulation of attentional bias. J Abnorm
Psychol, 111(1), 107-123.

Maljkovic, V., & Nakayama, K. (1996). Priming of pop-out: Il. The role of position.
Perception and Psychophysics, 58, 977-991.

Maljkovic, V., & Nakayama, K. (1994). Priming of pop-out: I. Role of features. Memory
and Cognition, 22, 657-672.

Mather, M., & Sutherland, M. R. (2011). Arousal-Biased Competition in Perception and

Memory. Perspectives on Psychological Science, 6(2), 114-133.

111



Mathews, A., & Macleod, C. (1985). Selective Processing of Threat Cues in Anxiety-
States. Behaviour Research and Therapy, 23(5), 563-569.

Mathews, A., & Macleod, C. (1994). Cognitive Approaches to Emotion and Emotional
Disorders. Annual Review of Psychology, 45, 25-50.

McDonald, A. J. (1991). Topographical organization of amygdaloid projections to the
caudatoputamen, nucleus accumbens, and related striatal-like areas of the rat
brain. Neuroscience, 44(1), 15-33.

McDonald, J. J., Green, J. J., Jannati, A., & Di Lollo, V. (2013). On the
electrophysiological evidence for the capture of visual attention. Journal of
Experimental Psychology: Human Perception and Performance, 39(3), 849.

Meffert, H., Penner, E., VanThieghem, M. R., Sypher, 1., Leshin, J., & Blair, R. J. R.
(2018). The role of ventral striatum in reward-based attentional bias. Brain Research,
1689, 89-97.

Miu, A. C., Heilman, R. M., & Houser, D. (2008). Anxiety impairs decision-making:
Psychophysiological evidence from an lowa Gambling Task. Biological Psychology,
77(3), 353-358.

Mogg, K., & Bradley, B. P. (1999). Orienting of attention to threatening facial
expressions presented under conditions of restricted awareness. Cognition &
Emotion, 13(6), 713-740.

Mogg, K., & Bradley, B. P. (2018). Anxiety and Threat-Related Attention: Cognitive-

Motivational Framework and Treatment. Trends Cogn Sci, 22(3), 225-240.

112



Mogg, K., Bradley, B. P., Hyare, H., & Lee, S. (1998). Selective attention to food-
related stimuli in hunger: are attentional biases specific to emotional and
psychopathological states, or are they also found in normal drive states? Behaviour
Research and Therapy, 36(2), 227-237.

Mohanty, A., Egner, T., Monti, J. M., & Mesulam, M. M. (2009). Search for a
threatening target triggers limbic guidance of spatial attention. Journal of
Neuroscience, 29(34), 10563-10572.

Mobher, J., Anderson, B. A., & Song, J. -H. (2015). Dissociable effects of salience on
attention and goal-directed action. Current Biology, 25, 2040-2046.

Mobher, J., & Egeth, H. E. (2012). The ignoring paradox: Cueing distractor features leads
first to selection, then to inhibition of to-be-ignored items. Attention, Perception, &
Psychophysics, 74(8), 1590-1605.

Mort, D. J., Malhotra, P., Mannan, S. K., Rorden, C., Pambakian, A., Kennard, C., &
Husain, M. (2003). The anatomy of visual neglect. Brain, 126(9), 1986-1997.

Moore, T., Armstrong, K. M., & Fallah, M. (2003). Visuomotor origins of covert spatial
attention. Neuron, 40(4), 671-683.

Moray, N. (1959). Attention in dichotic listening: Affective cues and the influence of
instructions. Quarterly Journal of Experimental Psychology, 11, 56-60.

Moser, J. S., Becker, M. W., & Moran, T. P. (2012). Enhanced Attentional Capture in

Trait Anxiety. Emotion, 12(2), 213-216.

113



Most, S. B., Simons, D. J.,, Scholl, B. J., Jimenez, R., Clifford, E., & Chabris, C. F.
(2001). How not to be seen: The contribution of similarity and selective ignoring to
sustained inattentional blindness. Psychological Science, 12, 9-17.

Most, S. B., Smith, S. D., Cooter, A. B., Levy, B. N., & Zald, D. H. (2005). The naked
truth: Positive, arousing distractors impair rapid target perception. Cognition &
Emotion, 21(5), 964-981.

Most, S. B., & Wang, L. (2011). Dissociating spatial attention and awareness in
emotion-induced blindness. Psychological Science, 22, 300-305.

Mulckhuyse, M. (2018). The influence of emotional stimuli on the oculomotor system:
A review of the literature. Cognitive, Affective, and Behavioral Neuroscience, 18,
411-425.

Murty, V. P., Labar, K. S., & Adcock, R. A. (2012). Threat of punishment motivates
memory encoding via amygdala, not midbrain, interactions with the medial temporal
lobe. J Neurosci, 32(26), 8969-8976.

Nassar, M. R., Rumsey, K. M., Wilson, R. C. Parikh, K., Heasly, B., & Gold, J. I.
(2012). Rational regulation of learning dynamics by pupil-linked arousal systems.
Nature Neuroscience, 15, 1040-1046.

Navalpakkam, V., Koch, C., & Perona, P. (2009). Homo economicus in visual search.
Journal of Vision, 9(1):31, 1-16.

Navalpakkam, V., Koch, C., Rangel, A., & Perona, P. (2010). Optimal reward harvesting
in complex perceptual environments. Proceedings of the National Academy of

Sciences of the United States of America, 107(11), 5232-5237.

114



Neo, G., & Chua, F. K. (2006). Capturing focused attention. Perception and
Psychophysics, 68, 1286-1296.

Nissens, T., Failing, M., & Theeuwes, J. (2017). People look at the object they fear:
oculomotor capture by stimuli that signal threat. Cognition & Emotion, 31(8), 1707-
1714.

Ochsner, K. N., & Gross, J. J. (2005). The cognitive control of emotion. Trends in
Cognitive Sciences, 9(5), 242-249.

O'Doherty, J. P. (2004). Reward representations and reward-related learning in the
human brain: Insights from neuroimaging. Current Opinion in Neurobiology, 14(6),
769-776.

Ohman, A. (2002). Automaticity and the amygdala: Nonconscious responses to
emotional faces. Current Directions in Psychological Science, 11(2), 62-66.

Ohman, A. (2005). The rote of the amygdala in human fear: Automatic detection of
threat. Psychoneuroendocrinology, 30(10), 953-958.

Ohman, A., & Mineka, S. (2001). Fears, phobias, and preparedness: Toward an evolved
module of fear and fear learning. Psychological Review, 108, 483-522.

Ousdal, O. T., Specht, K., Server, A., Andreassen, O. A., Dolan, R. J., & Jensen, J.
(2014). The human amygdala encodes value and space during decision making.
Neuroimage, 101, 712-719.

Padmala, S. & Pessoa, L. (2011). Reward reduces conflict by enhancing attentional
control and biasing visual cortical processing. Journal of Cognitive Neuroscience, 23,

3419-2432.

115



Pashler, H. (1988). Cross-dimensional interaction and texture segregation. Perception &
Psychophysics, 43(4), 307-318.

Patton, J. H., Stanford, M. S., & Barratt, E. S. (1995). Factor structure of the Barratt
Impulsiveness Scale. Journal of Clinical Psychology, 51(6), 768-774.

Pearson, D., Donkin, C., Tran, S. C., Most, S. B., & Le Pelley, M. E. (2015). Cognitive
control and counterproductive oculomotor capture by reward-related stimuli. Visual
Cognition, 23(1-2), 41-66.

Peck, C. J.,, Lau, B., & Salzman, C. D. (2013). The primate amygdala combines
information about space and value. Nature Neuroscience, 16(3), 340-348.

Peck, C. J., & Salzman, C. D. (2014). Amygdala neural activity reflects spatial attention
towards stimuli promising reward or threatening punishment. Elife, 3.

Pessoa, L. (2009). How do emotion and motivation direct executive control? Trends in
Cognitive Sciences, 13(4), 160-166.

Pessoa, L., & Engelmann, J. B. (2010). Embedding reward signals into perception and
cognition. Frontiers Neuroscience, 4(17), 1-8.

Placanica, J. L., Faunce, G. J., & Soames Job, R. F. (2002). The effect of fasting on
attentional biases for food and body shape/weight words in high and low eating
disorder inventory scorers. International Journal of Eating Disorders, 32(1), 79-90.

Posner, M. 1. (1980). Orienting of attention. Quarterly Journal of Experimental
Psychology, 32(1), 3-25.

Posner, M. 1., Snyder, C. R., & Davidson, B. J. (1980). Attention and the detection of

signals. Journal of Experimental Psychology: General, 109(2), 160.

116



Pourtois, G., Grandjean, D., Sander, D., & Vuilleumier, P. (2004). Electrophysiological
correlates of rapid spatial orienting towards fearful faces. Cerebral Cortex, 14(6),
619-633.

Quigley, L., Nelson, A. L., Carriere, J., Smilek, D., & Purdon, C. (2012). The effects of
trait and state anxiety on attention to emotional images: an eye-tracking study. Cogn
Emot, 26(8), 1390-1411.

Reddy, L., Kanwisher, N. G., & VanRullen, R. (2009). Attention and biased competition
in multi-voxel object representations. PNAS, 106(50), 21447-21452.

Rensink, R. A., O’Regan, J. K., & Clark, J. J. (1997). To see or not to see: The need for
attention to perceive changes in scenes. Psychological Science, 8, 363-373.

Rhudy, J. L., & Meagher, M. W. (2000). Fear and anxiety: divergent effects on human
pain thresholds. Pain, 84(1), 65-75.

Robinson, O. J., Bond, R. L., & Roiser, J. P. (2015). The impact of threat of shock on the
framing effect and temporal discounting: executive functions unperturbed by acute
stress? Frontiers in Psychology, 6.

Robinson, O. J., Charney, D. R., Overstreet, C., Vytal, K., & Grillon, C. (2012). The
adaptive threat bias in anxiety: amygdala—dorsomedial prefrontal cortex coupling and
aversive amplification. Neuroimage, 60(1), 523-529.

Robinson, O. J., Krimsky, M., Lieberman, L., Allen, P., Vytal, K., & Grillon, C. (2014).
The dorsal medial prefrontal (anterior cingulate) cortex-amygdala aversive
amplification circuit in unmedicated generalised and social anxiety disorders: an

observational study. Lancet Psychiatry, 1(4), 294-302.

117



Robinson, O. J., Letkiewicz, A. M., Overstreet, C., Ernst, M., & Grillon, C. (2011). The
effect of induced anxiety on cognition: threat of shock enhances aversive processing
in healthy individuals. Cogn Affect Behav Neurosci, 11(2), 217-227.

Robinson, O. J., Vytal, K., Cornwell, B. R., & Grillon, C. (2013). The impact of anxiety
upon cognition: perspectives from human threat of shock studies. Frontiers in Human
Neuroscience, 7.

Rutishauser, U., & Koch, C. (2007). Probabilistic modeling of eye movement data
during conjunction search via feature-based attention. J Vision, 7, 5.

Sanchez-Lopez, A., Vanderhasselt, M-A., Allaert, J., Baeken, C., & De Raedt, R. (2018).
Neurocognitive mechanisms behind emotional attention: Inverse effects of anodal
tDCS over the left and right DLPFC on gaze disengagement from emotional faces.
Cognitive, Affective, & Behavioral Neuroscience, 18, 485-494.

Sawaki, R., & Luck, S. J. (2010). Capture versus suppression of attention by salient
singletons: Electrophysiological evidence for an automatic attend-to-me
signal. Attention, Perception, & Psychophysics, 72(6), 1455-1470.

Serences, J. T. (2008). Value-Based Modulations in Human Visual Cortex. Neuron,
60(6), 1169-1181.

Schmidt, L. J., Belopolsky, A. V., & Theeuwes, J. (2015a). Attentional capture by
signals of threat. Cogn Emot, 29(4), 687-694.

Schmidt, L. J., Belopolsky, A. V., & Theeuwes, J. (2015b). Attentional capture by

signals of threat. Cognition & Emotion, 29(4), 687-694.

118



Schmidt, L. J., Belopolsky, A. V., & Theeuwes, J. (2015c). Potential Threat Attracts
Attention and Interferes With Voluntary Saccades. Emotion, 15(3), 329-338.

Schmidt, L. J., Belopolsky, A. V., & Theeuwes, J. (2017). The time course of attentional
bias to cues of threat and safety. Cogn Emot, 31(5), 845-857.

Schmitz, A., & Grillon, C. (2012). Assessing fear and anxiety in humans using the threat
of predictable and unpredictable aversive events (the NPU-threat test). Nature
Protocols, 7(3), 527-532.

Serences, J. T., Schwarzbach, J., Courtney, S. M., Golay, X., & Yantis, S. (2004).
Control of object-based attention in human cortex. Cerebral cortex, 14(12), 1346-
1357.

Serences, J. T., Shomstein, S., Leber, A. B., Golay, X., Egeth, H. E., & Yantis, S.
(2005). Coordination of voluntary and stimulus-driven attentional control in human
cortex. Psychological Science, 16(2), 114-122.

Shechner, T., & Bar-Haim, Y. (2016). Threat Monitoring and Attention-Bias
Modification in Anxiety and Stress-Related Disorders. Current Directions in
Psychological Science, 25(6), 431-437.

Shechner, T., Jarcho, J. M., Wong, S., Leibenluft, E., Pine, D. S., & Nelson, E. E.
(2017). Threats, rewards, and attention deployment in anxious youth and adults: An
eye tracking study. Biological Psychology, 122, 121-129.

Shulman, G. L., Astafiev, S. V., McAvoy, M. P., d'/Avossa, G., & Corbetta, M. (2007).
Right TPJ deactivation during visual search: functional significance and support for a

filter hypothesis. Cerebral Cortex, 17(11), 2625-2633.

119



Shulman, G. L., McAvoy, M. P., Cowan, M. C., Astafiev, S. V., Tansy, A. P., d'/Avossa,
G., & Corbetta, M. (2003). Quantitative analysis of attention and detection signals
during visual search. Journal of Neurophysiology, 90(5), 3384-3397.

Small D. M., Gitelman D., Simmons K., Bloise S. M., Parrish T., & Mesulam M. M.
(2005). Monetary incentives enhance processing in brain regions mediating top-down
control of attention. Cerebral Cortex, 15, 1855-1865.

Sussman, T. J., Jin, J. W., & Mohanty, A. (2016). Top-down and bottom-up factors in
threat-related perception and attention in anxiety. Biological Psychology, 121, 160-
172.

Sussman, T. J., Szekely, A., Hajcak, G., & Mohanty, A. (2016). It's All in the
Anticipation: How Perception of Threat Is Enhanced in Anxiety. Emotion, 16(3), 320-
327.

Sutherland, M. R., & Mather, M. (2012). Negative Arousal Amplifies the Effects of
Saliency in Short-Term Memory. Emotion, 12(6), 1367-1372.

Sutherland, M. R., & Mather, M. (2015). Negative Arousal Increases the Effects of
Stimulus Salience in Older Adults. Experimental Aging Research, 41(3), 259-271.

Theeuwes, J. (1991). Categorization and Identification of Simultaneous Targets. Acta
Psychologica, 76(1), 73-86.

Theeuwes, J. (1992). Perceptual Selectivity for Color and Form. Perception &

Psychophysics, 51(6), 599-606.

120



Theeuwes, J. (1994). Stimulus-driven capture and attentional set: selective search for
color and visual abrupt onsets. Journal of Experimental Psychology: Human
Perception and Performance, 20(4), 799.

Theeuwes, J. (2010). Top-down and bottom-up control of visual selection. Acta Psychol
(Amst), 135(2), 77-99.

Theeuwes, J. (2004). Top-down search strategies cannot override attentional capture.
Psychonomic Bulletin & Review, 11(1), 65-70.

Theeuwes, J., Atchley, P., & Kramer, A. F. (2000). On the time course of top-down and
bottom-up control of visual attention. Control of Cognitive Processes: Attention and
Performance XVIII, 105-124.

Theeuwes, J., Kramer, A. F., Hahn, S., & Irwin, D. E. (1998). Our eyes do not always go
where we want them to go: Capture of the eyes by new objects. Psychological
Science, 9(5), 379-385.

Theeuwes, J., Kramer, A. F., Hahn, S., Irwin, D. E., & Zelinsky, G. J. (1999). Influence
of attentional capture on oculomotor control. Journal of Experimental Psychology:
Human Perception and Performance, 25(6), 1595-1608.

Theeuwes, J., Reimann, B., & Mortier, K. (2006). Visual search for featural singletons:
No top-down modulation, only bottom-up priming. Visual Cognition, 14(4-8), 466-
489.

Theeuwes, J., & Van der Burg, E. (2007). The role of spatial and nonspatial information
in visual selection. Journal of Experimental Psychology: Human Perception and

Performance, 33(6), 1335.

121



Theeuwes, J., & Van der Burg, E. (2011). On the limits of top-down control of visual
selection. Attention, Perception, & Psychophysics, 73(7), 2092-2103.

Thigpen, N. N., Bartsch, F., & Keil, A. (2017). The malleability of emotional perception:
short-term plasticity in retinotopic neurons accompanies the formation of perceptual
biases to threat. Journal of Experimental Psychology: General, 146, 464-471.

Thompson, K. G., & Bichot, N. P. (2005). A visual salience map in the primate frontal
eye field. Development, Dynamics and Pathology of Neuronal Networks: From
Molecules to Functional Circuits, 147, 251-262.

Treisman, A. M., & Gelade, G. (1980). A feature-integration theory of attention.
Cognitive Psychology, 12(1), 97-136.

Umarova, R. M., Saur, D., Schnell, S., Kaller, C. P., Vry, M. S., Glauche, V., ... &
Weiller, C. (2010). Structural connectivity for visuospatial attention: significance of
ventral pathways. Cerebral Cortex, 20(1), 121-129.

Vollebergh, W. A., ledema, J., Bijl, R. V., de Graaf, R., Smit, F., & Ormel, J. (2001).
The structure and stability of common mental disorders: the NEMESIS
study. Archives of General Psychiatry, 58(6), 597—-603.

Vossel, S., Geng, J. J., & Fink, G. R. (2014). Dorsal and ventral attention systems:
distinct neural circuits but collaborative roles. The Neuroscientist, 20(2), 150-159.

Vromen, J. M. G, Lipp, O. V., Remington, R. W., & Becker, S. I. (2016). Threat
captures attention, but not automatically: Top-down goals modulate attentional
orienting to threat distractors. Attention, Perception, and Psychophysics, 78, 2266-

2279.

122



Vuilleumier, P. (2005). How brains beware: neural mechanisms of emotional attention.
Trends in Cognitive Sciences, 9, 585-594.

Vytal, K. E., Cornwell, B. R., Letkiewicz, A. M., Arkin, N. E., & Grillon, C. (2013). The
complex interactions between anxiety and cognition: Insight from spatial and verbal
working memory. Frontiers in Human Neuroscience, 7, 93.

Wang, L. H., Yu, H. B., & Zhou, X. L. (2013). Interaction between value and perceptual
salience in value-driven attentional capture. Journal of Vision, 13(3).

Wang, L., Yu, H., Hu, J., Theeuwes, J., Gong, X., Xiang, Y., Jiang, C., & Zhou, X.
(2015). Reward breaks through center-surround inhibition via anterior insula. Human
Brain Mapping, 36, 5233-5251.

Wang, B., & Theeuwes, J. (2018a). Statistical regularities modulate attentional capture.
Journal of Experimental Psychology: Human Perception and Performance, 44, 13-
17.

Wang, B., & Theeuwes, J. (2018b). How to inhibit a distractor location? Statistical
learning versus active, top-down suppression. Attention, Perception, and
Psychophysics, 80, 860-870.

Wang, B., & Theeuwes, J. (2018c). Statistical regularities modulate attentional capture
independent of search strategy. Attention, Perception, and Psychophysics, 80, 1763-

1774.

Wang, B., & Theeuwes, J. (2020). Salience determines attentional orienting in visual
selection. Journal of Experimental Psychology: Human Perception and

Performance, 46(10), 1051.
123



Wang, D., Kristjansson, A., & Nakayama, K. (2005). Efficient visual search without top-
down or bottom-up guidance. Perception and Psychophysics, 67, 239-253.

Waters, A. M., Pittaway, M., Mogg, K., Bradley, B. P., & Pine, D. S. (2013). Attention
training towards positive stimuli in clinically anxious children. Dev Cogn Neurosci, 4,
77-84.

Weller, K. L., & Smith, D. A. (1982). Afferent connections to the bed nucleus of the
stria terminalis. Brain Research, 232(2), 255-270.

Williams, M. A., McGlone, F., Abbott, D. F., & Mattingley, J. B. (2005). Differential
amygdala responses to happy and fearful facial expressions depend on selective
attention. Neuroimage, 24(2), 417-425.

Wolf, C., & Lappe, M. (2020). Top-down control of saccades requires inhibition of
suddenly appearing stimuli. Attention, Perception, & Psychophysics, 82(8), 3863-
3877.

Wolfe, J. M., Butcher, S. J., Lee, C., & Hyle, M. (2003). Changing your mind: on the
contributions of top-down and bottom-up guidance in visual search for feature
singletons. Journal of Experimental Psychology. Human Perception and
Performance, 29(2), 483-502.

Wolfe, J. M., Cave, K. R., & Franzel, S. L. (1989). Guided search: an alternative to the
feature integration model for visual search. Journal of Experimental Psychology:

Human Perception and Performance, 15(3), 419.

124



Yamamoto, S., Kim, H. F., & Hikosaka, O. (2013). Reward value-contingent changes of
visual responses in the primate caudate tail associated with a visuomotor skill.
Journal of Neuroscience, 33(27), 11227-11238.

Yantis, S., Schwarzbach, J., Serences, J. T., Carlson, R. L., Steinmetz, M. A., Pekar, J.
J., & Courtney, S. M. (2002). Transient neural activity in human parietal cortex
during spatial attention shifts. Nature Neuroscience, 5(10), 995-1002.

Yerkes, R. M., & Dodson, J. D. (1908). The relation of strength of stimulus to rapidity of
habit-formation. Journal of Comparitive Neurology and Psychology, 18(5), 459-482.

Zelinsky, G. J. (2008). A theory of eye movements during target acquisition. Psychol
Rev, 115, 787-835.

Zelinsky, G. J. (2012). TAM: Explaining off-object fixations and central fixation

tendencies as effects of population averaging during search. Vis Cogn, 20, 515-545.

125



APPENDIX

A B c
1000 ms 1000 ms
distractor distractor
+10
target © 1500 ms target, \‘ * . target ‘n‘ * .
$8.40 total N 1000 ms or \‘ 1000 ms or
- o ¢ ) o ¢ .
° ® until response until response
1000 ms or
o o ) [ O
[ ] until response Gaze Contingent Gaze Contingent
O )
Gaze Contlngent Possible Shock No Shock Alt ti Next Block
ernating Every Block
Y or Blocks O (20 trials)
Press the "space buc” pee (20 trials) fres
D F
E
1000 ms 1000 ms
distractor . 1000 ms distractor
distractor
YO 4 ~ YRR 2
target, * rY b @ target, * rY
~ target, * * ~
e ¢ 1900 ms or \‘ . 1000 ms or e ¢ 1900 ms or
until response . until respanse < until response
[ . ] O .
Gaze Contingent Gaze Contingent Gaze Contingent
Possible Shock No Shock 2 Pha-Sl?S W/ Possible Shock Mo Shack . Next Block
T or training Alternating O Every Block
- — | before each ol ar Blocks (20 trials)
Pm-.lwu.: space bar Fz-..::::i:iw (120 trials) Bress " (20 trials) Prh)lgfu':l}un:iuur‘

Figure 1. Sequence of trial events for experiments in Chapter 2. (A) Training phase for
Experiments 1-3. The target was defined by color. Correct responses were followed by
the delivery of monetary reward feedback. (B) Test phase of Experiment 1. The target
was defined as the unique shape and no reward feedback was provided. (C) Test phase
of Experiment 2, which mirrored Experiment 1 except that each block was the same and
there was no reference to shock. (D) In Experiment 3, each of two 120-trial blocks of the
test phase was preceded by a separate training phase. The stimuli were identical to
Experiment 1. (E) In Experiment 4, there was no training phase and participants
completed only the shape singleton search task with a color singleton as a distractor. The
block design and procedure were identical to Experiment 1. (F) In Experiment 5, the
same shape singleton search task as in Experiment 4 was completed without reference to
shock.
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Figure 2. Response time (A) and fixation data (B) from the test phase of Experiment 1
in Chapter 2. Data are broken down by block (Shock vs. No shock) and distractor
present vs. absent in (A) and fixations on the distractor vs. a non-target in (B). Error bars

reflect the standard error of the mean. **p<0.01
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Figure 3. Comparison of response time (A) and fixations (B) between the test phase of
Experiment 1 (collapsed across shock and no-shock blocks) and Experiment 2 in
Chapter 2. Data are broken down by experiment and distractor present vs. absent in (A)
and fixations on the distractor vs. a non-target in (B). Error bars reflect the standard error

of the mean. *p<0.05, ***p<0.001
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Figure 4. Response time (A) and fixation data (B) from the test phase of Experiment 3
in Chapter 2. Data are broken down by block (Shock vs. No shock) and distractor
present vs. absent in (A) and fixations on the distractor vs. a non-target in (B). Error bars
reflect the standard error of the mean. *p<0.05, ***p<0.001

A Main effect of distractor: *** B Main effect of distractor: ***
600 1 50 1
560 o _I_ + 40 1
£ g
- 1]
E 520 A - 30 1
= =
> a
5 480 + 2 20 o
g g
Z i
440 10 1
2400 o | 1
Shock Shock No shock Mo shock Shock Shock Ma shack Mo shock
Distractor Mo distractor  Distractor Mo distractor Distractor MNon-target Distractar Nan-target

Figure 5. Response time (A) and fixation data (B) from the test phase of Experiment 4
in Chapter 2. Data are broken down by block (Shock vs. No shock) and distractor
present vs. absent in (A) and fixations on the distractor vs. a non-target in (B). Error bars
reflect the standard error of the mean. ***p<0.001
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Figure 6. Comparison of response time (A) and fixations (B) between the test phase of
Experiment 4 (collapsed across shock and no-shock blocks) and Experiment 5 in
Chapter 2. Data are broken down by experiment and distractor present vs. absent in (A)
and fixations on the distractor vs. a non-target in (B). Error bars reflect the standard error
of the mean. ***p<0.001
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Figure 7. Sequence of trial events. Participants were shown a white box containing an
image of a lightning bolt or one with a red hash over the lightning bolt, depending on
whether they were completing the threat or no threat block, respectively. Then, the
stimulus array would be displayed for 5500 ms or until a keyboard press was recorded. If
participants did not indicate a response within the time-limit, a feedback display of “Too
Slow” would be displayed for 1000 ms. Finally, the inter-trial-interval lasted 1000 ms.
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Figure 8. Behavioral performance with and without the threat of shock for experiment in
Chapter 3. (A) Percentage of trials in which the optimal color target was chosen. (B)
Percentage of trials in which a response was not recorded within the timeout limit. Error
bars depict within-subjects confidence intervals calculated using the Cousineau method
with a Morey correction. **p < 0.01, *p < 0.05
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Figure 9. The probability of finding the optimal target color box as a function of the
number of trials following a switch in the optimal target color, separately for threat and
no-threat blocks. Error bars depict within-subjects confidence intervals calculated using
the Cousineau method with a Morey correction.
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Figure 10. Sequence of trial events for experiment in Chapter 4. In the training phase,
participants searched for a target defined by color (red or green, exact one of which was
present on each trial) and correct responses were followed by the delivery of monetary
reward feedback. In the test phase, participants searched for a target defined as the
unique shape, and no reward feedback was provided. Half of the trials contained the
previously rewarded color as a non-target distractor. The test phase was split into the
threat and no-threat blocks in which it was possible to receive unpredictable eletric
shocks or no chance of receiving shock, respectively.
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Figure 11. Oculomotor capture in the test phase of experiment in Chapter 4. Data are
broken down by block (Threat vs. No-threat) and first fixations made each trial on the
previously reward-associated distractor vs. a non-target. Error bars depict within-subject

confidence intervals calculated using the Cousineau method with a Morey correction.
*
p<0.05.
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Figure 12. Montage of regions for which both an effect of threat and distractor condition
was evident. Significant clusters were identified for each effect (clusterwise a < 0.05,
voxelwise p < 0.005) and the intersection of the resulting activation maps was computed
and used for ROI definition (ROIs indicated with the labels and arrows). The
intersection is shown across subjects using the leave-one-subject-out procedure to depict
the full spatial extent of the ROIs used. The resulting activations are overlaid on an
image of the Talairach brain. EVC = Extrastriate Visual Cortex, FEF = Frontal Eye
Field, IPS = Intraparietal Sulcus, VS/A = Ventral Striatum / Amygdala, INS = Insula,
CT = Caudate Tail.
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Figure 13. Interaction of threat (threat vs. no-threat) and distractor condition (present vs.
absent) in the Extrastriate Visual Cortex, Frontal Eye Field, Intraparietal Sulcus, and
Caudate Tail. Error bars depict within-subject confidence intervals calculated using the
Cousineau method with a Morey correction. *p<0.05. **p<0.01

135



Figure 14. Significant clusters, overlaid on an image of the Talairach brain, where the
modulation of distractor-evoked brain activity by threat was related to the influence of
threat on oculomotor capture.
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