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Dismayed by this strange misfortune, rich and unhappy,  
he tries to flee his riches, and hates what he wished for a moment ago.  

No abundance can relieve his famine. His throat is parched with burning thirst,  
and justly, he is tortured by the hateful gold.  

 
Ovid, Metamorphoses, book XI 

 

 Once upon a time, in the ancient kingdom of Phrygia, lived a king 

whose adventures, and particularly his misfortunes, would be talked 

about for millennia: King Midas. There are several stories involving Midas, 

but two in particular seem relevant for a discussion about “A sense for 

value”: In the first, and probably most famous, the god Dionysus grants 

Midas the gift to turn everything he touches into gold. As it frequently 

happens with such wishes, Midas soon discovers that this new power also 

meant that he would never again be able to eat, or drink, or safely touch 

his loved ones. After realizing the error of his ways, he ran back to the 

god, and begged him to take away this “gift”. But that was not the end to 

his misfortunes. In another story, during a contest of musical skill between 

Pan, satyr god of shepherds, and Apollo, god of poetry and music, Midas 

comments that the music of Pan’s flute was superior to that of Apollo’s 

lyre, contrary to the opinion of every single member of the audience, 

mortal and divinity alike. Apollo, indignant, comments how Midas “must 

have the ears of a donkey” to believe such an evident absurdity. Instantly, 

Midas’ ears turn into those of a donkey, in punishment for his 

misjudgment. 

 “What is the point of revisiting Midas’ tragic life?” you might ask. 

Well, poetry and symbolism aside, his misfortunes illustrate the 

F
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importance of an ability crucial for survival: The ability to sense not only 

the purely physical, sensory features of our environment, or the extent to 

which they relate to our explicit intentions and desires, but also to rapidly 

establish whether any of these features might signal a potential threat to 

our survival, or alternatively, a possible benefit. In other words, the ability 

to readily sense the subjective relevance of the stimuli in our 

environment, how current circumstances and objects in our immediate 

vicinity could affect us. 

 I bring up these stories to illustrate the importance of the "Sense 

for value" that will be discussed in the following pages: The ability to 

estimate whether a particular stimulus or event in the environment 

represents a potential threat or reward, and the effect of such estimations 

on perception and attention. Specifically, the studies collected in this 

dissertation were conducted to investigate how the presence of a 

stimulus associated with a threatening or rewarding value affect visual-

spatial attention.  

 Chapter I provides an overview of recent scientific literature 

dealing with different aspects of value driven-attention that have 

provided the framework for the studies described later on. Concretely, it 

was composed to highlight the key concepts and questions that drive the 

studies have are described within this thesis: How is the concept of value 

defined for the purpose of this thesis, how does the concept of value fit 

within the categorization of attentional biases, and what is known about 

4
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the effects of subjectively relevant stimuli on attentional guidance, 

specifically, of stimuli associated with threats and rewards. 

 Chapter II presents a study where we employed fear conditioning 

to associate a neutral stimulus with the possibility of receiving and electric 

shock, and used this stimulus in a modified cueing paradigm to investigate 

the effect of a threat-associated cue on spatial attention, while controlling 

for concurrent exogenous or endogenous attentional biases.  

 Chapter III describes a study that investigated the extent to which 

value-driven attention conflicted with endogenous, voluntary attentional 

control. In this study, we employed reward-associated stimuli (cash) and 

indicated participants that the reward-associated cue would not only 

signal the possibility of obtaining a reward in a trial, but also would 

indicate that the location of the target to be identified would be at the 

opposite location of the display. In this chapter we also describe an 

additional experiment conducted with the same design, but using fear 

conditioned stimuli, instead of reward, in order to examine the extent to 

which we could replicate the described reward-driven effects with 

virtually the same experimental design, except for the fact that we 

employed a threat-associated signal as informative cue.  

 Chapter IV further explores the conflict between value-driven and 

endogenous attentional biases, at the level of oculomotor control. For this 

study, we employed a modified anti-saccade paradigm where we used 

bilateral stimuli to control for the influence of exogenous attention. 

F
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Participants were instructed to make an eye movement towards or away 

from a colored stimulus, with different colors indicating rewards of 

different magnitude.  

 Finally, Chapter V summarizes the most important findings and 

conclusions from the described studies and provides a brief discussion to 

contextualize the findings and conclusions of the conducted experiments 

within current theories of attention. 

6
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More than a century has passed since William James noted that 

“Everyone knows what attention is”. Indeed, only a little introspection is 

required to become aware of different features and biases underlying the 

“taking possession by the mind, in clear and vivid form, of one out of what 

seem several simultaneously possible objects or trains of thought” (James, 

1890, p. 256). For one, stimuli that physically stand out are bound to at-

tract our attention. Think of the flash of a camera, or a loud bang in an 

otherwise quiet room, or a ripe red apple hanging among the leaves of 

the tree. By virtue of their salience, stimuli that stand out against their 

background automatically trigger an attentional orienting response, a nat-

ural reflex living organisms have developed to ensure that unexpected 

events on the environment are attended, and if necessary, reacted to 

(Carretié, 2014; Pavlov, 1935; Sokolov, 1960, 1990). Similarly, everyone is 

also well aware that our attention can be guided, effortlessly and volun-

tarily, in tune with our current intentions, goals and expectations. Think 

of whenever you need to find your phone, or a friend in a crowd, or that 

one item in the supermarket you are missing for tonight’s dinner. Our at-

tentional focus follows our will seamlessly, expediting our search and en-

hancing the ability to recognize whatever it is that we are looking for in 

the environment (Abrams & Law, 2000; Carrasco, 2011; Corbetta & Shul-

man, 2002; Theeuwes, 1994).  

Traditionally, researchers have examined the relationship be-

tween attention, perception, cognition and behavior from this dichoto-

mous perspective. Attentional effects were considered either exogenous 

I
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or endogenous; the former describing the stimulus-driven, automatic ori-

enting and capture effects triggered by salient stimuli, and the latter re-

ferring to the effects of goal-driven, voluntary attentional control and 

guidance (Jonides, 1981; Posner, 1980; Warner, Juola, & Koshino, 1990) . 

However useful, this dichotomous taxonomy has proven insufficient to 

fully account for the complex interactions between attention, perception, 

cognition and behavior (Anderson, 2011; Awh, Belopolsky, & Theeuwes, 

2012). Indeed, a variety of studies has demonstrated that there are cases 

in which attentional effects cannot be fully explained in terms of stimulus-

driven or goal-driven attention alone.  

Consider for instance the studies characterizing the phenomenon 

of “priming of pop-out” (Maljkovic & Nakayama, 1994, 1996, 2000): In 

these studies, it was demonstrated that the deployment of attention to-

wards a target is accelerated if specific features of that target (such as 

color or position) were repeated over subsequent trials. Importantly, they 

found this effect to be fully automatic, and resistant to the influence of 

voluntary attentional control. Accordingly, these priming effects are con-

sidered to reflect low-level perceptual facilitation processes, driven by lin-

gering memory traces of previous selections (Kristjánsson & Campana, 

2010; Theeuwes, 2018). Similarly, other studies have examined the effect 

of statistical regularities on attentional deployment, demonstrating that 

directing attention to specific locations can be promoted or suppressed, 

depending on whether the location of a search target or a distractor is 

12
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predictable (Ferrante et al., 2018; Geng & Behrmann, 2005; Sha & Jiang, 

2016; Wang & Theeuwes, 2018) .  

These studies demonstrate that attentional guidance is not only 

susceptible to the present properties of the stimulus or the immediate 

goals of the observer, but also to the past, to the individual experiences 

of previous encounters with a particular stimulus, and crucially, the out-

come of such encounters. The recognition of these experience-driven in-

fluences has led to the distinction of a separate attentional bias category: 

Selection history (Awh et al., 2012). In line with this definition, history 

driven-attentional biases would encompass not only the effects of prim-

ing or statistical regularities; but also those of stimuli with symbolic or 

emotional content (such as arrows, facial expressions, or images of dan-

gerous animals), and importantly, those of signals associated with subjec-

tively relevant experiences, for instance, aversive or rewarding events 

(Awh et al., 2012; Failing & Theeuwes, 2017; Le Pelley, Mitchell, & Beesley, 

2016; Ristic, Landry, & Kingstone, 2012; Theeuwes, 2018, 2019) .  

These three different types of attentional biases, that is, exoge-

nous, endogenous, and history-driven, are commonly agreed to have 

emerged and evolved in response to a fundamental challenge faced by all 

living organisms: The mismatch between the limited sensory processing 

capacities of any individual and the rich, ambiguous, highly changeable 

environmental input available at any given moment. As such, these atten-

tional biases act as filters that allow an observer to dedicate the limited 

I
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processing resources only to the most relevant stimuli in the stream of 

sensory input. Notably, while these biases respond to altogether different 

conditions, they do not act in complete isolation. Attentional guidance 

and selection is proposed to rely on a spatial priority map, a neural repre-

sentation of the immediate surroundings that encodes the relative im-

portance of different spatial locations (Fecteau & Munoz, 2006; Zelinsky 

& Bisley, 2015). Importantly, this map is considered to result from the 

competition and integration of the different attentional biases, such that 

the priority status of a specific location is affected not only by its physical 

saliency, but also by the extent to which it relates to current voluntary 

goals, and importantly, to the history of past encounters with the stimulus 

(Belopolsky, 2015; Godijn & Theeuwes, 2002; Hickey, Van Zoest, & Theeu-

wes, 2010; Meeter, Van der Stigchel, & Theeuwes, 2010; Theeuwes, 2018, 

2019; Trappenberg, Dorris, Munoz, & Klein, 2001).  

While many of the studies dealing with the attentional effects of 

selection history do so in terms of highly controlled experimental settings 

with carefully defined conditions that may not be so easily translated to 

everyday experience, there is a particular kind of selection history that is 

far more relatable. Think for instance on how rapidly you sense your fa-

vorite candy just before passing to the cashier in the supermarket, or how 

easily you recognize a friend unexpectedly walking down the street. Alter-

natively, imagine how crucial it is for a small rodent in the woods to be 

able to rapidly spot an unexpected predator, or for our ancestors to detect 
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and identify something on the ground that may or may not be a venom-

ous snake ready to bite. None of these objects is particularly outstanding 

to capture attention by physical salience alone, nor are the observers ex-

plicitly looking for any of them at that particular moment, or even expect-

ing these stimuli to appear at all in their immediate surroundings. And yet, 

everyone has had the experience of having our attention irresistibly 

drawn towards objects and images that, either by instinct or personal ex-

perience, are known to represent a potential benefit or threat to our well-

being. In this sense, these objects become attentional priorities not be-

cause of their physical appearance or because they are being actively 

looked for. They do so because they are subjectively relevant for the ob-

server. Because they have value. 

What is value?  

From the perspective of selection history, the concept of value can 

be taken to reflect a fundamental difference between history effects 

driven purely by statistical learning, such as priming and repetition, from 

those triggered by stimuli associated with, for instance, threats or rewards 

(Kim & Anderson, 2019). Statistical learning, on the one hand, has been 

described as the ability to extract and make use of predictable regularities 

and contingencies in the environment to organize and optimize percep-

tual and cognitive processing (Aslin, 2017; Chun & Jiang, 1998). Crucially, 

this type of learning is regarded to result from the mere exposure to these 

regularities, without requiring any kind of instruction, reinforcement or 

I
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feedback (Aslin, 2017; Saffran, Aslin, & Newport, 1996) . Consider for in-

stance studies of language acquisition conducted on 8-month old children 

demonstrating that, after familiarization with a stream of words, the in-

fants were not only able to differentiate between previously heard and 

novel words, but also responded to the familiarity of syllable sequences. 

Specifically, they were able to discriminate what is known in this area of 

research as the transitional probability of the syllables, that is, the likeli-

hood that one particular syllable occurs in the presence of another. This 

finding indicates that the ability to pick up and learn from statistical regu-

larities is present already at very early stages of development, suggesting 

it is an innate, hard-wired ability (Pelucchi, Hay, & Saffran, 2009; Saffran 

et al., 1996). Remarkably, this ability to recognize patterns and regularities 

in the environment is not exclusive to humans, but rather appears to be a 

more widespread learning principle shared across several species, for in-

stance those known to use vocalizations for communication, such as song-

birds, rodents, primates, and cetaceans. From this perspective, statistical 

learning is proposed to be a domain-general principle underpinning a va-

riety of mental functions shared across species, ranging from basic sen-

sory and perceptual processing, such as spatial attention, to abilities as 

complex as language and social cognition (Armstrong, Frost, & Christian-

sen, 2017; Frost, Armstrong, Siegelman, & Christiansen, 2015; Santolin & 

Saffran, 2018). Consequently, statistical learning is taken to describe the 

general ability of living organisms to recognize patterns and contingencies 

in their immediate environment, an ability proposed to be a fundamental 

organizing principle of brain function (Clark, 2013; Friston, 2009, 2010).  
16
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Value, in contrast, can be taken to refer to the extent to which a 

particular stimulus, environmental pattern, or contingency impacts the 

survival and well-being of an individual observer. In other words, value 

would represent the relative, entirely subjective cost or benefit associated 

with a particular stimulus or behavior (Anderson, 2013; LeDoux, 2012; 

Müller, Rothermund, & Wentura, 2015; Pessoa & Adolphs, 2010; Pourtois, 

Schettino, & Vuilleumier, 2013; Schultz, 2015; Vuilleumier & Driver, 2007). 

Crucially, the ability to estimate this relative value based on previous ex-

periences is deemed to be an essential aspect of the self-preservation in-

stinct, one that makes it possible for an individual to behave in such a way 

that potential gains are maximized, losses are avoided, and consequently, 

the survival likelihood and overall well-being is increased (Anderson, 

2013, 2019; de Catanzaro, 1991; Gottlieb, Hayhoe, Hikosaka, & Rangel, 

2014; Karni & Schmeidler, 1986; Pessoa & Adolphs, 2010; Rangel, 

Camerer, & Montague, 2008). This definition of value is particularly rele-

vant from the perspective of attentional selection and guidance, seeing 

how timely and adequate definition of attentional priorities has a direct, 

decisive impact on the survival and well-being of any living organism. 

From this perspective, a mechanism facilitating the rapid identification 

and attentional selection of any subjectively relevant stimuli in the envi-

ronment becomes not only advantageous, but essential for survival, since 

failing to attend to the right stimuli may result not only in a missed gain 

opportunity or the loss of a reward, but may also lead to a detrimental, 

I
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potentially harmful or even lethal outcome (Anderson, 2013; de Catan-

zaro, 1991; Karni & Schmeidler, 1986; Pessoa, 2008; Pessoa & Adolphs, 

2010). 

Value and attention 

Traditionally, the concept of value and its influence on attention 

has been investigated almost exclusively in terms of reward, to the extent 

that the terms value and reward are frequently used interchangeably in 

scientific literature. Studies evaluating this influence have demonstrated 

that stimuli associated with reward effectively compete for attentional se-

lection, regardless of their physical saliency or whether they relate or not 

to the task at hand. Importantly, these attentional biases have been 

shown both for stimuli that have become associated with reward through 

associative learning and repetition (Anderson, Laurent, & Yantis, 2013; 

Kristjánsson, Sigurjónsdóttir, & Driver, 2010. Also, see Le Pelley et al., 2016 

for a review), and to stimuli that are inherently relevant from an ecologic, 

evolutionary perspective and are thus considered to be naturally reward-

ing, including food (Mogg, Bradley, Hyare, & Lee, 2003) , erotic images 

(Most, Smith, Cooter, Levy, & Zald, 2007; Sennwald et al., 2016) , or socially 

relevant facial expressions and gestures (Raymond & O’Brien, 2009; 

Vuilleumier & Schwartz, 2001).  

It is important to point out that, from the perspective of selection 

history as an attentional bias category driven by previous individual inter-
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actions with a particular stimulus, the natural, instinctive attentional bi-

ases towards stimuli such as food or facial expressions (which are, by def-

inition, largely learning-independent), appear to be inconsistent with the 

notion of selection history as experience-based attentional biases (Ander-

son, 2013) . However, this inconsistency might actually reflect a difference 

of scale, rather than kind: Stimuli that are considered to be intrinsically 

rewarding or aversive (such as food, predators, social, or sexual cues) have 

acquired and maintained this value over the course of countless genera-

tions, rather than only through the experiences of a single individual. In 

this sense, and in consistence with the notion that attentional selection 

mechanisms have evolved following the principle of maximizing gains and 

minimizing loses for the individual, this kind of associations are learned, 

transmitted, and refined from one generation to the next, progressively 

becoming part of the repertoire of instinctive responses available to any 

individual organism as a result of its evolutionary history (Anderson, 2013; 

de Catanzaro, 1991; Hodgson, 2009; Nesse & Ellsworth, 2009).  

A remarkable study conducted on rodents provides direct evi-

dence consistent with this proposition (Dias & Ressler, 2014): In this study, 

adult mice were presented with a specific odor (acetophenone) that was 

predictably paired with an electric shock, a standard fear conditioning 

procedure by means of which the rodents eventually increase their sensi-

tivity and bias towards this particular odor, and display fear-related be-

haviors whenever they detect it. Importantly, the same sensitivity and be-

havioral fear response to this specific odor was displayed by the offspring 

I
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of the conditioned animals, even though said offspring had never been 

exposed neither to the odor itself nor the fear conditioning procedure, 

which in fact took place before allowing the mice to conceive any off-

spring at all. This increased sensitivity to the conditioned odor was ob-

served in the following two generations (albeit weakened). Furthermore, 

it was shown to be associated with a strengthened neuroanatomical rep-

resentation of the sensory pathway for the specific receptor that detects 

the conditioned odor, as evidenced by an increased size of the glomeruli 

(olfactory receptors) responding to that particular substance. Notably, the 

study identified a link between this inherited olfactory sensitivity and spe-

cific epigenetic modifications (heritable regulatory mechanisms that 

modulate the expression of genes without altering the DNA sequence it-

self) in the gene coding for the olfactory receptor that responds to the 

conditioned odor. Crucially, these modifications were also detected in the 

gamete cells of both the conditioned mice and their first-generation off-

spring, thus revealing an (epi)genetic mechanism by means of which that 

particular olfactory sensitivity and bias could be inherited. These findings 

have been taken to indicate that the effects of subjectively significant in-

dividual experiences can be transferred from one generation to the next, 

thus influencing not only the offspring´s behavior, but also the neuroana-

tomical organization of specific sensory pathways as well as the genetic 

make-up of future generations.  
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Regardless of their origin or how have they acquired their value, 

and returning to the attentional effects of reward-associated stimuli, re-

ward-driven biases have been proven to have an important effect on at-

tentional selection and guidance. Indeed, several studies have demon-

strated that stimuli associated with reward are treated as attentional pri-

orities, and consequently are more likely to be attended to, regardless of 

whether physically salient or actively being sought after by the observer. 

Studies on attentional and oculomotor capture by reward-associated 

stimuli indicate that manual and oculomotor reaction times in response 

to reward-associated targets are faster than responses to stimuli with no 

such associations (Hickey, Chelazzi, & Theeuwes, 2010; Sha & Jiang, 2016; 

Theeuwes & Belopolsky, 2012). Conversely, the presentation of reward-

associated stimuli as distractors in visual search tasks has been shown to 

interfere with performance, resulting in an increase in manual (Anderson, 

Laurent, & Yantis, 2011b, 2011a) as well as oculomotor response times 

(Le Pelley, Pearson, Griffiths, & Beesley, 2015; McCoy & Theeuwes, 2016). 

Moreover, oculomotor capture studies have revealed that the presence 

of a reward-associated distractor influences not only the latency of an eye 

movement, but also its landing position, indicating that fast, automatic 

saccades are more likely to land on the reward-associated distractors than 

on the actual search target (Hickey & Van Zoest, 2013; Le Pelley et al., 

2015; McCoy & Theeuwes, 2016; Theeuwes & Belopolsky, 2012). To-

gether, these findings support the notion that reward-associated stimuli 

I
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become attentional priorities that bias selection just as much as the phys-

ically salient stimuli, or stimuli that are being actively and voluntarily 

sought after by an observer.  

The fact that reward-associated stimuli are treated as attentional 

priorities has been shown to have important consequences for any pro-

cessing steps subsequent to the initial attentional selection, including sen-

sory representation, memory storage, semantic processing, action plan-

ning and execution (Gazzaniga, Ivry, & Mangun, 2014; LeDoux, 2000; Pes-

soa, 2008). The most immediate effect of attentional selection, regardless 

of whether driven by exogenous, endogenous or selection history biases, 

is on the efficiency of perceptual processing: Specifically, in visual-spatial 

terms, attentional selection results in optimized perceptual processing at 

an attended location, such that the detection of stimuli at this location 

and the discrimination of their perceptual features is significantly facili-

tated (Lupiáñez et al., 2004; Posner, 1980). Importantly, this optimized 

perceptual processing, well documented for both exogenous and endog-

enous attentional guidance (Carrasco, 2011; Ruz & Lupiáñez, 2002; 

Theeuwes, 1994), has also been demonstrated for stimuli associated with 

reward. For instance, cueing studies employing reward-associated cues 

consistently find the distinctive pattern of performance costs and benefits 

observed in both exogenous and endogenous cueing: faster and more ac-

curate responses when target stimuli and the reward cue are presented 

at the same location (Valid cues), in contrast to longer reaction times and 
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decreased accuracy when they are presented at opposite locations (Inva-

lid cues) (Failing & Theeuwes, 2014; Hickey, Chelazzi, et al., 2010; Kiss, Van 

Velzen, & Eimer, 2008; Lynn & Shin, 2015; Munneke, Hoppenbrouwers, & 

Theeuwes, 2015). Considered together, the discussed evidence highlights 

three particular characteristics of reward-driven attentional biases: 1) 

Their rapid, automatic initiation; 2) their robustness; and 3) the fact that 

they compete and interact with both exogenous and endogenous atten-

tional biases in the definition of attentional priorities, thus indicating that 

reward-driven biases influence attentional guidance and ultimately deter-

mine which stimuli in the environment are selected for further pro-

cessing, just as any exogenous or endogenous bias. 

The rapid onset and automaticity of these effects can be taken to 

indicate that the mechanisms underlying reward-driven attentional biases 

are remarkably similar to the effects of physical salience, in the sense that 

both reward- and saliency-driven selection appears to be elicited in an 

automatic, reflexive manner (Hickey, Chelazzi, et al., 2010; Le Pelley et al., 

2015; MacLean & Giesbrecht, 2015b; Stankevich & Geng, 2015; Theeuwes 

& Belopolsky, 2012; Vuilleumier, 2014). Indeed, such similarity has been 

taken to suggest that reward-association has a direct effect on the subjec-

tive salience of the stimuli, such that, from the perspective of the ob-

server, reward-associated stimuli stand out just as much as stimuli that 

are physically salient. 

Concerning its robustness, reward-driven attentional biases have 

been shown to persist even after removing previously learned stimulus-

I
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reward contingencies, as demonstrated in studies where stimulus-reward 

associations were learned in a training phase, and then the attentional 

effects of reward-associated stimuli evaluated in a subsequent testing 

phase where reward is no longer available (Anderson et al., 2011b; Mac-

Lean, Diaz, & Giesbrecht, 2016; MacLean & Giesbrecht, 2015a; Sha & 

Jiang, 2016). Moreover, these reward-driven attentional biases have 

shown to persist for much longer periods, and have been shown to still 

act as attentional priorities weeks and even months after having learned 

the association (Anderson & Yantis, 2013). 

Moreover, reward-driven attentional priorities interact with both 

exogenous and endogenous attentional control. This interaction is not 

given only in terms of competition, where reward-associated distractors 

interfere with the efficient selection of target stimuli (Anderson et al., 

2011b; Lynn & Shin, 2015; Munneke et al., 2015), but also in terms of syn-

ergy, such that a reward-association has been shown to enhance the sub-

jective salience of both physically salient (Anderson et al., 2011a; Bucker 

& Theeuwes, 2014; Failing & Theeuwes, 2014; Munneke et al., 2015) and 

goal-relevant stimuli (Hickey, Chelazzi, et al., 2010; Hickey & Van Zoest, 

2012; Stankevich & Geng, 2014).  

Nevertheless, neither the described attentional effects of a re-

ward-driven attentional bias nor the arguments presented to support the 

relevance of such a bias are exclusive to stimuli signaling the availability 

of a reward. Indeed, the claim that stimuli relevant for survival and well-

being are bound to become attentional priorities is equally valid, and in 
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fact frequently used, to account for the attentional effects elicited by 

stimuli associated with different, far less pleasant subjective experiences, 

such as fear-inducing images of animals like spiders or snakes (Gerdes, 

Alpers, & Pauli, 2008; Haberkamp, Schmidt, & Schmidt, 2013; Soares, Es-

teves, Lundqvist, & Öhman, 2009), disgust-eliciting stimuli signaling a risk 

of infection or contamination (T. Armstrong, Sarawgi, & Olatunji, 2012; 

Carretié, Ruiz-Padial, López-Martín, & Albert, 2011; Cisler, Olatunji, Lohr, 

& Williams, 2009; Curtis, Aunger, & Rabie, 2004), painful stimuli (Van der 

Lubbe, Blom, De Kleine, & Bohlmeijer, 2017; Van der Lubbe, Bundt, & 

Abrahamse, 2014), and more generally, any stimulus associated with an 

aversive event, such as an electric shock or a sudden loud burst of white 

noise (Koster, Crombez, Van Damme, Verschuere, & De Houwer, 2005; 

Notebaert, Crombez, Van Damme, De Houwer, & Theeuwes, 2011; 

Schmidt, Belopolsky, & Theeuwes, 2014).  

In terms of the effects of threat-driven attentional biases, studies 

investigating the influence of aversive stimuli on attentional control and 

guidance would seem to replicate all of the effects previously described 

for reward-associated stimuli, indicating stimuli signaling a potential 

threat are also treated as attentional priorities, just as reward-signaling 

ones (Anderson, 2013). Specifically, studies investigating attentional and 

oculomotor capture effects driven by threatening stimuli have shown that 

reaction times, both manual and oculomotor, are accelerated in response 

to a threat associated stimuli than to neutral stimuli (Koster, Crombez, Van 
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Damme, Verschuere, & De Houwer, 2004; Schmidt, Belopolsky, & Theeu-

wes, 2015; Soares et al., 2009). Conversely, and further mirroring the ef-

fects of reward, whenever threat-associated stimuli are presented as dis-

tractors in a visual search task they interfere with attentional perfor-

mance, resulting in increased response times for both manual and oculo-

motor responses (Koster et al., 2005; Mulckhuyse, Crombez, & Van der 

Stigchel, 2013; Mulckhuyse & Dalmaijer, 2015; Nissens, Failing, & Theeu-

wes, 2016; Schmidt et al., 2015; Schmidt, Belopolsky, & Theeuwes, 2016). 

Not surprisingly, attentional selection driven by threat-associated stimuli 

has been shown to produce the same immediate effect on the efficiency 

of perceptual processing: stimuli shown at the spatial location of a threat-

associated cue are processed more efficiently, leading to an enhanced 

ability to detect and discriminate sensory input at that particular location 

(Bocanegra & Zeelenberg, 2009, 2011; Ferneyhough, Kim, Phelps, & Car-

rasco, 2013; Phelps, Ling, & Carrasco, 2006). Moreover, cueing studies 

that have used threat-associated stimuli have encountered performance 

costs and benefits comparable to those observed with reward-associated 

cues, showing that the use of threat associated cues resulted in faster, 

more accurate responses for validly cued stimuli, but slower, less accurate 

ones for stimuli for which the cue was invalid (Bocanegra & Zeelenberg, 

2011; Koster et al., 2004; Mogg & Bradley, 1999; Phelps et al., 2006). 

 Notably, the attentional effects of threat-associated signals ap-

pear to feature the same three key properties described for reward-driven 

biases. For instance, in a study conducted by Schmidt, Belopolsky and 
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Theeuwes (2016), a specific stimulus was associated with the delivery of 

an electric shock, and then employed as distractor in an experiment de-

signed to examine the extent to which the presence of the threat-associ-

ated stimulus interfered with voluntary eye movements. In this experi-

ment, task-irrelevant lateralized cues (colored diamonds) were presented 

shortly before a central arrow, and participants were instructed to make 

a rapid eye movement towards the location indicated by said arrow. Im-

portantly, in some trials one of the colored cues could be the one previ-

ously associated with the possibility of receiving an electric shock. With 

this design, they demonstrated that saccade latencies towards the threat 

associated stimuli, were faster than those to neutral stimuli. This bias was 

present already 50ms after the onset of the lateralized cues, thus mirror-

ing the rapid onset and automaticity described for reward-driven atten-

tional effects (Mulckhuyse et al., 2013; Schmidt et al., 2015, 2016).  

Similarly, threat-associated signals have been shown to be just as 

robust and persistent as reward-associated ones. Indeed, persistent at-

tentional biases have been shown in an experiment employing an atten-

tional blink paradigm with participants exposed to combat-related 

trauma, veterans with post-traumatic stress disorder and healthy controls 

(Olatunji, Armstrong, McHugo, & Zald, 2013). In this task, participants 

were shown a rapidly presented series of images with different contents, 

including combat situations, disgusting pictures, positive images, neutral 

images and a single rotated image that acted as target. On each trial, par-

ticipants had to indicate whether there was a rotated image in the series, 
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and if so, in which direction (left or right). Results from this experiments 

revealed that veterans with PTSD performed worse than the other partic-

ipant groups if the image stream contained combat-related distractors 

shown before the target image. This result that was taken to indicate that 

their attention was captured by this images, and that they found it very 

difficult to disengage from them, even for periods as long as 600ms. 

Moreover, threat-driven attentional biases have been shown to 

compete and interfere with voluntary attentional guidance, such that 

stimuli associated with an aversive outcome still manage to attract and 

capture attention, even in situations when doing so is detrimental for per-

formance in an attentional control task. Take for instance a study con-

ducted by Nissens, Failing and Theeuwes (2016), where oculomotor 

measures were employed to measure the extent to which stimuli associ-

ated with an electric shock influenced oculomotor performance. In this 

experiment, participants were presented with a search display containing 

an array of six geometric figures arranged in a circle around a central fix-

ation point. Five of these figures would have the same geometric shape 

and acted as distractors, with the remaining one being a singleton of a 

different shape (Oculomotor capture paradigm by Theeuwes, Kramer, 

Hahn, Irwin, & Zelinsky, 1999) and was the indicated target of the task. 

Participants were instructed to make a saccade towards this singleton as 

fast and accurately as possible. Importantly, the color of one of the other 

distractors could signal the possibility of receiving an electric shock on 

that particular trial, yet participants could avoid the shock by promptly 
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fixating their gaze on the target. Despite of having all the incentive to 

avoid the threat-signaling stimulus, the results from this experiment indi-

cated that an important proportion of incorrect saccades were still di-

rected to the threat-signaling distractor, rather than any of the other four, 

despite the fact that all distractors were equally salient, completely irrel-

evant to complete the task. Notably, directing the gaze towards the 

threat-associated distractor was in fact make a precondition for the deliv-

ery of the electric shock. This prioritization of threat-associated stimuli, 

and particularly, the fact that this prioritization interferes and often over-

rides voluntary, goal-driven attentional guidance has been demonstrated 

not only in oculomotor performance (Mulckhuyse & Dalmaijer, 2015), but 

has been shown to occur in the absence of conscious awareness (Mulck-

huyse & Theeuwes, 2010; Rosa, Esteves, & Arriaga, 2014; Van Den Hout, 

Tenney, Huygens, Merckelbach, & Kindt, 1995).  

With the intention of further explore and expand the existing un-

derstanding of the attentional effects of signals of threat and reward, the 

following chapters will introduce a series of experiments designed to eval-

uate the effect of signals associated with a threatening (electric shock) or 

a rewarding (cash) outcome on attentional selection. Individually, each 

one of these studies provides further evidence of the powerful effect of 

value-associated signals (collectively referring to signals of threat and re-

ward) on attentional control, and highlight the fact that they effectively 

compete and integrate with both exogenous and endogenous biases to 
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establish the spatial priority map that ultimately determines visual atten-

tional selection and guidance. Moreover, as a whole, they serve to under-

pin a more general question that became the common thread tying to-

gether the experiments presented in the following chapters: Given that 

these attentional effects are elicited by signals associated with diametri-

cally opposed subjective and emotional experiences, as signals of threat 

and reward are, why are their effects so similar?
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Was That a Threat? Attentional biases by signals 
of threat 

 

Abstract 

The present study rigorously tests whether an arbitrary stimulus that signals threat 

affects attentional selection and perception. Thirty-four volunteers completed a spatial-

emotional cueing paradigm to examine how perceptual sensitivity (d’) and response 

times (RTs) were affected by a threatening stimulus. On each side of fixation, 2 colored 

circles were presented as cues, followed by 2 Gabor patches, 1 of which was tilted and 

served as target. The color of 1 of the cues was paired with an electric shock, while others 

remained neutral. The target could be presented at the location of the threat-associated 

cue (Valid), at the opposite side (Invalid), or following neutral cues. Inter-stimulus 

interval (ISI1) between cue and target was either 100 ms or 1,000 ms. Results showed 

increased perceptual sensitivity (d’) and faster RTs for targets appearing at the Valid 

location relative to the Invalidly cued location, suggesting that immediately after cue 

presentation, attention was captured by the threat-associated cue. Crucially, following 

this initial exogenous capture, there was also enhanced perceptual sensitivity at the long 

ISI, suggesting that attention lingered volitionally at the location that previously 

contained the threat-associated stimulus. The current results show an effect of 

threatening stimuli on perceptual sensitivity, providing unequivocal evidence that 

threatening stimuli modulate the efficacy of sensory processing.  

 
1 In the published version of the article, the interval between cue and target was referred to as 
“stimulus onset asynchrony (SOA)". However, after publication we realized that the term was 
misused, and the mentioned delay actually corresponded to an inter-stimulus interval (ISI), that 
is, the delay between the offset of the cue and the onset of the target. For the sake of 
consistency and accuracy, the term ISI will be employed throughout the thesis. 
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Stimuli signaling an imminent threat (the scent of a predator, a 

flash signaling an electric shock) are highly informative cues indicating the 

need to adjust behavior so that an individual’s survival and well-being is 

ensured. For any organism, detecting and learning to make use of these 

information-rich signals is not just advantageous but essential to cope 

effectively with immediate threats and to prepare adequately for future 

encounters with them. Considering that such threat-informative cues 

could appear anywhere and anytime in the environment and are not 

always readily salient or unambiguous, an individual’s continued 

existence depends on the strategies used to select and prioritize the 

appropriate environmental stimuli for processing and responding 

(Mathews & Mackintosh, 1998). This is of particular importance 

considering the mismatch between the natural processing limitations of 

the perceptual system, and an overwhelmingly rich, dynamic 

environment where relevant and irrelevant stimuli coexist in a continuous 

flux of information (Posner, 1980; Pourtois, Schettino, & Vuilleumier, 

2013). To cope with this mismatch, attentional mechanisms have evolved 

to integrate and respond preferentially to particular sources of 

information, such as physical salience or subjective relevance, to allocate 

the limited processing resources only to the most relevant, informative, 

or useful signals available in the environment (Pourtois et al., 2013)  

Traditionally, attentional selection mechanisms have been 

classified either as exogenous (stimulus-driven, bottom-up) or 

endogenous (goal-driven, top-down), and attentional selection is 
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believed to result from the integration of these two sources of 

information. However, recent challenges to this dichotomy advocate a 

model of attentional selection that integrates not only physical stimulus 

properties and current goals and motivations, but also an individual’s 

prior stimulus history, understood as past experiences of the observer 

relevant for the situation at hand (Awh, Belopolsky, & Theeuwes, 2012). 

By adding stimulus history to the classic model of attentional selection, 

the individual’s past experiences are acknowledged as a crucial factor in 

the definition of present attentional priorities. In this context, it has been 

shown that attentional biases toward survival-relevant stimuli, such as 

threats and rewards, elicit similar patterns of attentional modulation 

compared with stimuli that are task-relevant or physically salient 

(Bocanegra & Zeelenberg, 2011b; Munneke, Hoppenbrouwers, & 

Theeuwes, 2015; Schmidt, Belopolsky, & Theeuwes, 2014). 

The present study is concerned with how stimuli that signal threat 

affect attentional selection. Previous studies have shown attentional 

biases for processing of pictures signaling threat, such as spiders or 

emotional faces (for a review, see Vuilleumier, 2005). For example, Soares, 

Esteves, Lundqvist, and Öhman (2009) showed that the time to find a 

threat-related target presented among neutral distractors is shorter 

compared with a neutral target. Similarly, search times for a neutral target 

are longer when they are presented along threat-related distractors, 

compared with when all distractors are neutral (e.g., Devue, Belopolsky, 

& Theeuwes, 2011). In spatial cueing, it has been shown that response 
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times are faster when the cue preceding the target is threat-related, 

relative to neutral (e.g., Mogg & Bradley, 1999). Comparable results have 

been observed in studies employing conditioning methods to turn an 

innocuous stimulus into a signal of threat. For instance, Notebaert, 

Crombez, Van Damme, De Houwer, and Theeuwes (2011) showed that 

search times were faster when the target was presented near a stimulus 

signaling the possibility of an electric shock, relative to a stimulus not 

signaling any threat. Similarly, Schmidt, Belopolsky, and Theeuwes (2014) 

used a visual search task in which a colored distractor associated with an 

electric shock never coincided with the target location, implying that 

attending to it would always harm performance. In this study, the 

distractor associated with the threat of an electric shock caused impaired 

performance more than an equally salient object not associated with a 

shock, providing evidence that a threatening stimulus can capture 

attention even against the intentions of the observer. 

Most of these studies have used variants of paradigms such as 

spatial cueing, visual search and dot-probe detection to evaluate the 

attentional and perceptual effects of stimuli associated with threat. 

However, showing attentional effects of threat on the basis of changes in 

response times or perceptual measures alone leaves open alternative 

interpretations in terms of threat-induced changes in arousal or response 

activation. Moreover, focusing on either the perceptual or behavioral 

effects of these signals precludes the possibility to investigate their 
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specific influence on the different stages of the stimulus-response 

processing cascade. 

The current study employed a modified spatial-emotional cueing 

paradigm to assess the extent to which threat-related stimuli modulate 

attentional selection and perception. More specifically, we wanted to 

determine whether a cue associated with threat could selectively 

enhance visual processing, and to which extent the observed changes in 

perceptual sensitivity relate to response latency. It is known that response 

times (RTs) differences alone do not necessarily reflect differences in 

perceptual sensitivity, because RT differences can be attributed to the 

differences in perceptual, decision-making and behavioral processes 

(Carrasco & McElree, 2001; Hawkins et al., 1990; Wickelgren, 1977). As 

argued by McDonald, Teder-Sälejärvi, and Hillyard (2000), “unlike reaction 

times, signal detection measures allow for a separation of perceptual and 

decision-level effects of attention” (p. 906). Therefore, in addition of 

measuring response latency, we employed methods derived from signal 

detection theory (SDT) to calculate d’ to determine whether a cue 

associated with threat would modulate target detectability and 

discrimination as well. 

Previous studies have established that emotion can affect early 

attentional processes by showing enhanced visual processing. For 

example, Phelps, Ling, and Carrasco (2006) showed that using a fearful 

face as a cue resulted in benefits in contrast sensitivity (Experiment 1), an 

effect that was magnified by transient covert attention (Experiment 2). 
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Similarly, Bocanegra and Zeelenberg (2011a) showed that d’ benefits in 

target detection with a cue that consisted of fearful face compared with 

a neutral face; and Ferneyhough, Kim, Phelps, and Carrasco (2013) 

showed attentional costs of threat signals in high-trait-anxious 

individuals, evidenced by decreased contrast sensitivity for fearful faces 

when presented at a nontarget location. These studies clearly established 

that emotional cues, such as fearful faces, can indeed affect early 

perceptual processing as evidenced by changes in d’ and contrast 

sensitivity. Even though these effects are well established, some aspects 

of the previous paradigms are less optimal to establish unequivocal 

evidence for the effects of emotion (i.e., threat) on perception, attention, 

and behavior. 

The first aspect relates to the use of emotional and neutral faces 

as cues to establish attentional guidance. While certain facial expressions 

are widely regarded as primary, universal signatures of motion (Ekman & 

Friesen, 1971), there are inevitable differences in low-level features 

across faces and expressions. As such, it is more difficult to draw 

conclusions on whether it was the emotional value of the face as a whole 

that biased attention, or specific, physical low-level features (Whalen et 

al., 2004). As a control, most of these previous studies (including Phelps 

et al., 2006, and Bocanegra & Zeelenberg, 2011a) have used inverted 

faces and showed that there was no effect on attentional guidance for 

inverted emotional and neutral faces, suggesting that it is the emotional 

content what drives the effect, rather than the low-level features of the 
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image. Even though this control condition seems to be reasonable, it 

should be realized that a face presented upside down disrupts overall 

processing. For example, in a study by Belopolsky, Devue, and Theeuwes 

(2011), it was shown that that when making a speeded saccade, an 

irrelevant inverted face presented at fixation resulted in much longer 

saccade latencies than when that very same face was presented in an 

upright position. This suggests that even when a face is irrelevant for the 

task, face processing occurs at a slower speed for an inverted face than 

for an upright one. Because processing is overall slower for inverted faces 

than for upright faces, it may not be surprising that there was less 

evidence for attentional guidance for inverted relative to upright faces in 

these previous studies. Note, however, whether or not slower overall 

processing of inverted faces was responsible for the absence of an effect 

in the control condition of these previous studies cannot be derived from 

the data. 

Second, regarding the standard cueing paradigm, we note certain 

intrinsic design features that may raise concerns about previous studies 

investigating the perceptual effect of emotional cues. Specifically, studies 

using this paradigm typically presented a single lateralized cue on the 

display, thus inducing abrupt onsets, which are well known to cause 

strong exogenous capture toward the location of the cue (Theeuwes, 

1991). Therefore, it is hard to determine the extent to which the 

emotional expression or the abrupt luminance onset of the cue caused 

attentional capture. One may argue that this criticism does not hold 
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because these previous studies compared abrupt onset fearful faces with 

abrupt onset neutral faces. However, with such a design, it is quite 

feasible that the initial capture was driven by the transient abrupt onset 

itself, and the emotional expression only had an effect after attention was 

allocated to the location of the fearful or neutral face. 

Moreover, in these studies the single cue was 100% predictive of 

where the target would appear, making it indisputably task-relevant, and 

therefore hard to disentangle exogenous (stimulus-driven, bottom-up) 

from endogenous (goal-driven, top-down) effects. As argued by Yantis 

and Egeth (1999), one can only speak of (exogenous) attentional capture 

in a purely stimulus driven fashion when there is no incentive for the 

observer to attend to it deliberately. In case of a 100% predictive cue, 

there is every reason for the observer to endogenously attend to it, even 

if not explicitly instructed to do so. 

Finally, unlike previous studies that have particularly focused on 

performance differences (cue validity effects in emotional vs. neutral 

cueing conditions), we wanted to determine whether there are genuine 

performance costs and benefits of threat-related cues. Establishing costs 

and benefits is important because this indicates that performance 

changes because of threat are related to spatial orienting (see Failing & 

Theeuwes, 2014). 

The current study was designed to rigorously determine whether 

threat-related stimuli modulate attentional selection and perception. 

Unlike previous studies, we used a fear conditioning procedure to 
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associate threat with an arbitrary chosen stimulus. In addition, by 

introducing a short and a long interval between the cue and the target, 

we were able to map out threat-induced attentional biases over time. The 

current design has several advantages over previous studies. First, we 

used different, isoluminant colored circles as cues and associated one of 

the colors (counterbalanced across subjects) with the threat of receiving 

an electric shock (Figure 1). Clearly, with such a design there are no low-

level stimulus differences between the arbitrarily chosen color cues. 

Because of the fear conditioning procedure, we ensure that any 

performance difference between the cues could only be because of the 

acquired threatening nature. Second, on each trial we presented two 

physically equivalent cues and one target and one nontarget Gabor, 

presented at each side of fixation to ensure there were no asymmetric 

abrupt onsets (such as luminance differences) that could drive the effect 

in an exogenous way (Theeuwes, 1995). Third, we introduced a neutral 

cueing condition consisting of two neutral colored cues that were not 

associated with threat to serve as baseline to assess performance costs 

and benefits. Finally, the target was presented at chance level (50%) at 

the location of the threat-associated cue (Valid) or at the opposite side 

(Invalid) to ensure there were no strategic (top-down) reasons to 

selectively attend the threat-signaling cue. 

As earlier noted, to determine whether threat signals had a true 

effect on perception we used perceptual sensitivity (d’) and RT as our 

main dependent variables (see also Bocanegra & Zeelenberg, 2011a). By 
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using d’, we were able determine the extent to which the threatening cue 

would modulate the sensory gain of input appearing at the same location 

where it appeared (Handy, Kingstone, & Mangun, 1996; Theeuwes & 

Chen, 2005; Theeuwes & Van der Burg, 2007). It is known that RT 

differences alone do not necessarily reflect differences in perceptual 

selectively, because RT differences can be the result of differences in 

decision processes (Hawkins et al., 1990; McDonald et al., 2000). 

 

Method 

Ethical statement 

The experimental methods and procedures were reviewed and 

approved by the Scientific and Ethical review committee of the Faculty of 

Behavioral and Movement Sciences of the Vrije Universiteit Amsterdam. 

Participants signed a written informed consent form before taking part in 

the study. They were informed in advance about its nature, particularly, 

the use of electric shocks as aversive stimuli. 

Participants 

A total of 34 students2 from the Vrije Universiteit Amsterdam (19 

women, mean age = 24 ± 2.6 years old) volunteered to participate in the 

study in exchange for a monetary reimbursement (7 Euro) or course 

 
2 Sample sizes were defined based on comparable cueing studies involving signals of threat (e.g. 
van Damme, Crombez & Notebaert, 2008;  Fox et al, 2001) and reward (e.g. Failing & Theeuwes, 
2014; Della Libera & Chelazzi, 2009), and were kept consistent across all the studies presented in 
this thesis. 
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credits. All participants reported having normal or corrected-to-normal 

vision, no color vision impairments, and no other psychiatric, 

psychological, or neurological conditions. 

 

 

Figure 1. Experimental procedure, display sequence and trial types in terms of cue and 
target location. Note that the critical threat cue could be any one of the three colors 
(counterbalanced across participants), all color combinations were equally likely, and the 
location of the threat cue was not predictive of the target location.  
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Stimuli and design 

Each participant was tested in a dimly lit cubicle and was 

instructed to register their responses via key-presses in a standard 

keyboard. Participants were seated 75 cm away from a 21” computer 

screen, with their head positioned on a chin rest. The experiment was 

designed and conducted using Matlab (version R2013a) and the 

Psychophysics Toolbox (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; 

Pelli, 1997). 

To control for the influence of physical properties of the stimuli in 

our design, we ensured that all stimuli were isoluminant, and all 

presentation parameters were kept equal across experimental conditions, 

so that the threatening value of one particular cue remained the only 

aspect that differentiated the critical threat-associated cue from the 

neutral ones. Moreover, two inter stimulus interval (ISI) conditions were 

implemented to be able to explore the effects at short (100 ms) and long 

(1,000 ms) intervals, allowing us to probe the effects of attentional biases 

at early and late stages of its time-course. 

Cue stimuli consisted of solid color disks (isoluminant red, green, 

and blue; 30 cd/m2), whereas target stimuli were Gabor patches (5 

cycles/degree spatial frequency, Gaussian envelope), presented either 

vertically, or tilted 10° to the left or the right (Figure 1). Both cue and 

target stimulus had a diameter of 2.5° of visual angle and were presented 

bilaterally flanking the central fixation point at 6.5° of eccentricity. 

Counterbalanced over participants, one of these colors would 
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occasionally be paired with an electric shock when presented in the cue 

display. Participants were informed about this color-shock association 

both verbally and in written form prior to the start of the experiment, and 

were indicated that the cue display would feature any color combination 

at random. Target contrast level was defined in advance for each 

participant, to ensure that stimulus visibility during the main 

experimental task would lead to an overall performance of approximately 

82% correct responses. 

The current task evaluated performance in terms of RT and 

perceptual sensitivity (d’) as a function of two parameters, cue location 

and ISI. Cue location was used to investigate the attentional effects of 

threatening or neutral cues on the discrimination of the subsequent 

target. The cue location condition was determined by the location of the 

threat cue in reference to the target: Valid indicated that both threat cue 

and target were presented at the same location, Invalid that the target 

was presented at the contralateral location of the threat cue, and Neutral 

referring to trials in which no threat cue was presented (Figure 1). Each of 

these three cueing conditions was presented equally often (144 trials per 

condition), rendering the threat cue task-irrelevant, because it was not 

predictive of the target location or identity. Experimental parameters 

were counterbalanced across participants where applicable. 

Electric stimulation 

The required electric shocks were delivered with a constant 

current stimulator (Digitimer DS7A; Hertfordshire, United Kingdom) 
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designed for electrical stimulation in clinical and biomedical research 

settings. Each shock consisted of a 2-ms pulse of 400 V, delivered through 

Bar nerve stimulation electrode placed over the tibial nerve at the medial 

malleolus of the left ankle. 

Calibration procedure 

Shock intensity (in mA) was tailored to the sensitivity of each 

participant, in order to minimize discomfort and to ensure that no 

unnecessarily strong pulses were delivered, while preserving the aversive 

nature of the delivered shock. This procedure consisted of a number of 

sample shocks, starting at 10 mA and adjusted progressively in steps of 

5mA. After each sample shock, participants were asked to rate how 

annoying or painful the shock was in a 5-point scale (1 = very mild to 5 = 

painful). Based on participants rating, the intensity was increased or 

decreased until the sample shocks were rated as “4 = annoying, but not 

painful.” This procedure was conducted immediately before the 

experimental phase where the electric shocks were delivered. 

Experimental procedures 

The current experimental design is an adaptation of the standard 

spatial-emotional cueing paradigm (e.g., Vogt, De Houwer, Koster, Van 

Damme, & Crombez, 2008). Figure 1 depicts the experimental details of 

the session, trial display sequence, and cueing conditions. A trial began 

with a fixation cross presented for 700 ms, followed by color cues 

presented at both sides of the fixation point, visible for 100 ms. On each 
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trial, two different colored cues were used on either side of fixation. 

Following the cue display and after an ISI of 100 ms or 1,000 ms, Gabor 

patches were presented left and right of fixation for 40 ms, after which 

they were removed. One Gabor patch was always presented with a 

vertical orientation (nontarget), whereas the other Gabor patch was tilted 

at a 10° orientation to the left or the right (randomly assigned). 

Participants were instructed to respond as fast and accurately as possible 

to the orientation of the target Gabor by making a key press on a standard 

keyboard (z for left, m for right). Because we wanted to investigate the 

effect of threat on both speed (RT) and accuracy (d’), we stressed both 

performance indexes equally. The next trial began 500 ms after a response 

was given or after the maximum response window (1,200 ms) had 

expired. Colored cues and target Gabor patches appeared on either side 

of the display with equal probability. Participants were instructed to 

maintain their gaze fixated in the middle of the display throughout the 

experiment. Each session was divided in three phases: practice, staircase, 

and threat cueing. 

Practice phase. This phase consisted of two blocks of 48 trials 

each. The objective was to give participants a chance to get familiar with 

the task before manipulating the contrast of the target display or 

introducing the electric shocks. During this phase, the contrast level of the 

target Gabor patches was fixed to 80%, and no shocks were administered. 

Staircase phase. During this phase, participants completed three 

blocks of 48 trials each. The objective of the phase was to establish the 
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individual contrast level at which performance was approximately 82% 

correct. Starting from 0.5, contrast was adjusted stepwise based on the 

participants’ responses, following a QUEST staircase procedure (Watson 

& Pelli, 1983). 

Threat-cueing phase. The task in this phase was exactly the same 

as on the previous phases, except for the introduction of electric shocks 

in association with a color, and the use of the contrast level defined in 

staircase phase. The threat cueing phase consisted of nine blocks of 48 

trials each, with a maximum of two shocks delivered on each block 

(maximum number of shocks was set to 18). The electric shocks were 

delivered semi randomly. Specifically, a shock was delivered only on trials 

where the predefined threat cue was present. This threat cue was 

presented in roughly 67% of the trials (288/432 trials) and was 

accompanied with the shock in only 4% of those trials (18/432 trials). 

Shocks were delivered at the onset of the cue display. 

Critically, participants were explicitly informed that the cues were 

not relevant to the experimental task, but only to indicate the probability 

of a shock. Breaks were given during the threat cueing phase every three 

blocks, and participants were encouraged to fully take advantage of them 

and rest their eyes to avoid exhaustion (Minimum break duration was 10 

s; after that participants could indicate they were ready to continue at 

will). No feedback was provided regarding their overall or trial-by-trial 

performance, on the basis of available evidence indicating that feedback 

on performance may act as a rewarding or aversive signal (Rothermund, 
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2003; Tricomi, Delgado, McCandliss, McClelland, & Fiez, 2006; Yeung, 

Holroyd, & Cohen, 2005), a potential confound to be avoided to ensure 

that findings could only be attributed to the threatening nature of the 

conditioned cue. 

 

Results 

Data from four participants who basically did not perform above 

chance level (overall accuracy between 51% and 54% correct) was 

excluded from the analysis. The remaining participants performed well 

above 75% correct. For d’ analyses; we excluded trials in which a shock 

was delivered (4%), and those in which participants reacted too slow (>2.5 

SD), or faster than 200 ms (5%). For RT analyses, incorrect trials were also 

excluded, which resulted in an average trial loss of 20%. 

All dependent variables were normally distributed (as assessed by 

Shapiro-Wilk’s normality test), indicating that parametric tests could be 

used. Data analysis is based on 2 × 3 repeated-measures analysis of 

variance (ANOVA) conducted on RT and d’ as dependent variables with ISI 

(100 ms, 1,000 ms) and cue location (valid, invalid, neutral) as 

independent factors. Greenhouse-Geisser corrected results are presented 

whenever Mauchly’s test indicated that the dependent variables failed to 

fulfill the sphericity assumption. 
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Sensitivity (d’) 

For each participant and each experimental condition, d’ was 

calculated following the methods described by Macmillan and Creelman 

(2004). Calculation of d’ was performed on the normalized (z-converted) 

hit and false alarm rates. Furthermore, a correction factor for cases with 

no false alarms was used, namely setting the false alarm rate in these 

cases to 0.5 before conversion to z-scores (Macmillan & Creelman, 2004). 

Mauchly’s tests for d’ data indicated that the sphericity 

assumption was met, thus d’ results are presented without correction. 

The ISI × Cue location repeated-measure ANOVA conducted on d’ data 

(Figure 2) revealed no interaction between ISI and cue location, F(2, 58) = 

1.006, p = .37, ηp2 = 0.03. 

Crucially, however, there was a main effect of cue location, F(2, 58) 

= 3.938, p = .025, ηp2 = 0.12, indicating that the threat-associated cue 

indeed modulated perceptual sensitivity. To further investigate this effect, 

planned comparisons were evaluated with paired t tests conducted 

independently for three contrasts within the cue location condition (valid 

vs. invalid, valid vs. neutral, invalid vs. neutral). Results showed that that 

the observed effect is driven primarily by a difference between the valid 

and invalid conditions (mean d’ difference = 0.204), t(29) = 2.581, p = .008, 

one-sided), indicative of a specific threat-driven modulation of spatial 

attention. The comparison between invalid and neutral conditions was 

also significant (mean d’ difference = 0.173, t(29) = 2.173, p = .019, one-

sided), suggesting that the allocation of spatial attention to the location 
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of the threat cue results in reduced perceptual sensitivity at the location 

of the target (i.e., performance costs). 

In addition, there was a significant main effect of ISI, F(1, 29) = 

17.531, p < .001, ηp2 = 0.38, consistent with a global, nonspatial effect of 

the cue predicting the imminent occurrence of a target. A t test comparing 

ISI conditions resulted in a robust difference (mean d’ difference = 0.35), 

t(29) = 4.182, p < .001, two-sided, indicating that performance was 

significantly better at the 100-ms ISI condition. 
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Figure 2. d’ by cue location and inter stimulus interval (ISI). Error bars represent within-
subjects confidence intervals, calculated according to Morey (2008). 

 

RT 

RT was calculated from the onset of the target display until 

response. For the analysis, the mean RT was calculated for each 

participant and condition. RT measures by cueing condition failed to fulfill 

the sphericity assumption, thus Greenhouse-Geisser corrected results will 
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be discussed. The repeated-measures 2 × 3 ANOVA analysis conducted on 

RT with ISI and cue location as factors revealed only a significant effect of 

Cue location; Greenhouse-Geisser corrected F(1.98, 57.45) = 4.533, p 

= .015, ηp2 = 0.14, but no main effect of ISI, uncorrected F(1, 29) = 0.367, 

p = .549, ηp2 = 0.01, nor interaction between ISI and Cue location, 

uncorrected F(2, 58) = 0.556, p = .576, ηp2 < 0.01. The results are depicted 

in Figure 3. 

Planned pairwise comparisons on RT revealed a reliable difference 

between valid and invalidly cued conditions (RT valid = 632.5; invalid = 

649.2; t(29) = 2.402, p = .011, one-sided). Crucially, there were also 

differences between the valid and neutral cue condition (RT valid = 632.5; 

neutral = 640.8, t(29) = 1.886, p = .035, one-sided), and the invalid and 

neutral condition (RT invalid = 649.2; neutral = 640.8, t(29) = 1.753, p 

= .045, one-sided), indicating that threat resulted in both RT costs and 

benefits which is generally taken as evidence for spatial attentional 

orienting (Posner, 1980). Overall, these findings resemble the results we 

observed for perceptual sensitivity and further strengthen the notion of 

signals of threat driving specific attentional benefits (indicated by reduced 

RT in the valid condition) and costs (indicated by the increased RT in the 

invalid condition). 
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Figure 3. Response time (RT) by cue location and inter stimulus interval (ISI). Error bars 
represent within-subjects confidence intervals, calculated according to Morey (2008). 

 

Discussion 

The present study shows that an arbitrary stimulus that signals 

threat (the possibility of receiving an electric shock) had a strong influence 

on attentional selection as evidenced by changes in both perceptual 

sensitivity (d’) and RTs. 
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With respect to RT, our findings indicate that the cue associated 

with the threat captured attention: Relative to a neutral baseline, there 

were RT benefits when the target appeared at the same location as the 

threat signaling stimulus (validly cued trials), and RT costs when the target 

appeared at the location no associated with the shock (invalid trials; 

Figure 3). Finding both RT costs and benefits indicates that attention was 

oriented to the location that contained the stimulus that signaled threat. 

Alternative explanations such as interference by the threat signaling 

stimulus not because of shifts of attention (also known as filtering costs, 

see Kahneman, Treisman, & Burkell, 1983) are highly unlikely when both 

performance costs and benefits are found (see Failing & Theeuwes, 2014). 

Our study also shows that attention lingers at the location of the 

cue signaling threat, because there are also RT benefits and costs for the 

long ISI. Even though the cue is no longer present during the 1,000-ms 

interval, spatial attention remains at the location that previously 

contained a cue that was associated with a threat. This result is important 

because it suggests that threatening cues not only capture attention but 

also can hold it over a relatively longer time interval, even in the absence 

of the threatening cue (Fox, Russo, Bowles, & Dutton, 2001). Similar 

results have been reported by Schmidt, Belopolsky, and Theeuwes (2016) 

using eye tracking. They showed that people are faster to make a saccade 

to a location that previously contained a stimulus signaling threat than to 

a control location not signaling a threat even when they had to postpone 

making the saccade for 1,000 ms. In the current study, the results of d’ 
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basically mimic those obtained with RT. Even though previously reported 

effects on RT may represent influences of threat on late decision-making 

processes (such as response facilitation or biases), the current study, using 

a conditioning procedure, provides unequivocal evidence that 

threatening cues facilitate early perceptual processes that code input 

from the visual field (e.g., Theeuwes & Van der Burg, 2007). The current 

findings are in line with other studies that reported similar effects using 

fearful faces as cues (Bocanegra & Zeelenberg, 2011a; Ferneyhough et al., 

2013; Phelps et al., 2006). 

The present study is also unique in that two different ISIs were 

used, which allowed us to study the time course of the attentional bias to 

threat. Typically, in exogenous cueing, after attention is initially captured 

by the cue (resulting the transient effects which can be seen at an ISI of 

100 ms), it wanes from that location, sometimes resulting in suppression 

of the location (referred to as Inhibition of Return, IOR; Klein, 2000). In 

the current study, there is no evidence for IOR or for any waning of 

attention at that location. Rather, at an ISI of 1,000 ms the cueing benefits 

and costs are similar to those observed at an ISI of 100 ms. To explain this 

result, we have to assume that some form of endogenous allocation of 

attention to that location follows initial, purely exogenous capture. Even 

though such a pattern of results is typically not seen with exogenous 

capture involving abrupt onsets (Posner, 1980), such effects have been 

reported before in studies using gazing cueing. Typically, in this type of 

studies, a representation of a face gazing to either the left or right side of 
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fixation is presented in center of the display. As in the current study, the 

cue (in this case the direction of gaze) was not predictive for where the 

target will appear. The usual result is faster detection, localization, or 

identification of targets presented at the validly cued location, compared 

with invalidly cued ones (e.g., Friesen & Kingstone, 1998). Just as in the 

current study, cueing effects were observed at short ISI and persisted at 

longer intervals. As Friesen and Kingstone (1998) observed cueing effects 

that persisted well beyond the time course associated with exogenous 

(reflexive) orienting effects (~300 ms), they also argued for a combination 

exogenous and volitional influences, where facilitation observed at short 

ISIs is driven by reflexive mechanisms, while cueing effects at the long ISI 

are mediated by voluntary (i.e., endogenous) forces (see also Langton & 

Bruce, 1999). 

The observed enduring cueing effects at the long ISI are also 

consistent with the notion that more attentional resources are allocated 

to locations where threat has occurred. Indeed, there is evidence that it 

is difficult to disengage attention from sources the signal threat (Sheppes, 

Luria, Fukuda, & Gross, 2013; Van Damme, Crombez, & Notebaert, 2008). 

For example, Belopolsky, Devue, and Theeuwes (2011) showed delayed 

disengagement from faces with an angry expression, relative to neutral 

faces. Furthermore, similar results demonstrating difficulty to disengage 

attention have been reported with paradigms such as dot-probe 

detection (Koster, Crombez, Verschuere, & De Houwer, 2004) and 

emotional exogenous cueing (Fox et al., 2001). From this perspective, it 
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can be argued that the observed cueing effects at the longer ISI reflect an 

attentional strategy in which it is beneficial to maintain attention at those 

locations associated potential threat. 

In sum, the current study shows that attention is biased toward a 

stimulus that signals threat as evidence by changes in both perceptual 

sensitivity (d’) and RTs. We show that attention is initially captured by the 

stimulus signaling threat and remains biased toward this location even 

after the stimulus signaling the threat is no longer present. We suggest 

that the observed pattern of results is combination of early exogenous 

attentional effects, which are followed by some form of volitional control 

responsible for attention lingering at the location that used to contain the 

threat-signaling stimulus. 
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Section I 
Mixed Reward signals: Conflicting reward- and 

goal-driven biases 
 

Abstract 

Attentional selection depends on the interaction between exogenous (stimulus-driven), 

endogenous (goal-driven), and selection history (experience-driven) factors. While 

endogenous and exogenous biases have been widely investigated, less is known about 

their interplay with value-driven attention. The present study investigated the 

interaction between reward-history and goal-driven biases on perceptual sensitivity (d’) 

and response time (RT) in a modified cueing paradigm presenting two colored cues, 

followed by sinusoidal gratings. Participants responded to the orientation of one of these 

gratings. In Experiment 1, one cue signaled reward availability but was otherwise task 

irrelevant. In Experiment 2, the same cue signaled reward, and indicated the target’s 

most likely location at the opposite side of the display. This design introduced a conflict 

between reward-driven biases attracting attention and goal-driven biases directing it 

away. Attentional effects were examined comparing trials in which cue and target 

appeared at the same versus opposite locations. Two interstimulus interval (ISI) levels 

were used to probe the time course of attentional effects. Experiment 1 showed 

performance benefits at the location of the reward-signaling cue and costs at the 

opposite for both ISIs, indicating value-driven capture. Experiment 2 showed 

performance benefits only for the long ISI when the target was at the opposite to the 

reward-associated cue. At the short ISI, only performance costs were observed. These 

results reveal the time course of these biases, indicating that reward-driven effects 

influence attention early but can be overcome later by goal-driven control. This suggests 

that reward-driven biases are integrated as attentional priorities, just as exogenous and 

endogenous factors.  
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Selective attention is often described as the ability to effectively 

allocate limited information processing resources to examine specific 

stimuli in the continuous stream of sensory input, at the expense of 

ignoring other, less relevant stimuli. Traditionally, it is assumed that 

attentional selection is determined by two kinds of biases (Posner, 1980; 

Posner & Cohen, 1984): An exogenous bias (stimulus driven), which 

automatically orients attention towards physically salient events, and an 

endogenous bias (goal driven), in which attention is volitionally directed 

towards stimuli relevant for the present goals and motivations of the 

observer (for reviews, see Carrasco, 2011; Petersen & Posner, 2012; 

Theeuwes, 2010). In addition to these classic attentional biases, a third 

bias category has recently been proposed, known as selection history, 

describing how acquired knowledge and previous experiences with a 

certain stimulus influence the way this stimulus is perceived and 

interacted with (Awh, Belopolsky, & Theeuwes, 2012; Le Pelley, Mitchell, 

& Beesley, 2016; Munneke, Hoppenbrouwers, & Theeuwes, 2015). 

The influence of value-driven biases on attention, in the context 

of selection history, has been demonstrated in studies using conditioning 

techniques to associate a neutral, innocuous stimulus with a rewarding or 

aversive outcome. These studies have demonstrated that stimuli signaling 

the possibility of gratifying or threatening events have an important 

influence on attentional control, with effects comparable to those 

exhibited by both exogenous and endogenous biases: On one hand, 

value-associated stimuli induce rapid, reflexive orienting responses 
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similar to those elicited by physically salient stimuli (exogenous capture; 

Anderson, Laurent, & Yantis, 2011b; Failing & Theeuwes, 2014; MacLean 

& Giesbrecht, 2015b; Schmidt, Belopolsky, & Theeuwes, 2014). On the 

other hand, value-driven attentional biases have been observed to persist 

for extended periods of time, to be resistant to habituation and 

extinction, and even to transfer across different tasks (Anderson & Yantis, 

2013; MacLean & Giesbrecht, 2015a; Stankevich & Geng, 2015). 

Moreover, value-driven biases are capable of enhancing or interfering 

with the effects of exogenous and endogenous attention. Specifically, 

stimuli associated with a certain value, rewarding or threatening, have 

been shown to facilitate detection and attentional selection in tasks 

where they are presented as attentional targets or task-relevant stimuli. 

Conversely, they are known to interfere and hinder voluntary attentional 

selection when they are presented as task-irrelevant distractors 

(Anderson et al., 2011b, 2013; MacLean & Giesbrecht, 2015a; Munneke, 

Belopolsky, & Theeuwes, 2016; Preciado, Munneke, & Theeuwes, 2017). 

For instance, studies using physically salient stimuli associated 

with high monetary rewards (compared to equally salient stimuli 

associated with low or no reward) report that high-value stimuli attract 

attention in an automatic, involuntary fashion, leading to faster response 

times when acting as targets but to slower ones when used as distractors 

in a search display. Crucially, these effects cannot be explained in terms of 

saliency alone, as similar results are not elicited by equally salient stimuli 

not associated with reward. These findings indicate that the value 
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associated with a stimulus enhances its perceived saliency (Anderson, 

Laurent, & Yantis, 2011a; Failing & Theeuwes, 2014; MacLean & 

Giesbrecht, 2015b; Theeuwes & Belopolsky, 2012). Importantly, these 

value-driven attentional effects are observed to act against endogenous 

attentional control determined by the goals of the observer, the specific 

demands of the ongoing task, or even despite the fact that in certain 

experimental conditions these stimuli are no longer predictive of reward 

(Anderson et al., 2011a; Hickey, Chelazzi, & Theeuwes, 2010; MacLean, 

Diaz, & Giesbrecht, 2016; Munneke et al., 2016; Munneke et al., 2015). 

A recent study investigating the effect of reward-associated 

distractors on a visual search task (Feldmann-Wüstefeld, Brandhofer, & 

Schubö, 2016) corroborated that task-irrelevant distractors associated 

with reward can impair target processing, indicating that the extent of this 

interference is strongly affected by the physical salience of the distractor 

relative to the perceptual context it is presented in. In this visual search 

study, reward-associated stimuli were presented as distractors while 

participants had to identify and report the orientation of a tilted line 

embedded in a larger search array. Importantly, the search array could be 

homogeneous (e.g., all vertical lines), thus making both target and 

distractor stimuli more salient, or heterogeneous (lines in various 

orientations), thus making targets and distractors less salient. Findings 

from this study indicate that reward-associated distractors are more likely 

to capture attention when they are embedded in heterogeneous displays. 

This finding suggests that the interference of distractors, and the extent 
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to which they can be suppressed, depends not only on their value 

association or the goals and motivations of the observer but also on the 

perceptual load or complexity of the scene; demonstrating the interplay 

between stimulus-, goal- and value-driven biases. 

These observations suggest that the prioritization and selection of 

attentional targets depends on the integration of different bias 

categories, including the physical salience of a stimulus, the goals and 

intentions of an observer, and any prior experience with the stimulus, 

such as its value-association (Awh et al., 2012; Brosch, Pourtois, Sander, 

& Vuilleumier, 2011; MacLean & Giesbrecht, 2015a; Vuilleumier, 2014). 

Bias integration as the defining principle determining attentional 

selection has already been proposed in the competitive integration model 

(Godijn & Theeuwes, 2002), a framework describing how the 

programming of eye movements results from the integration of 

exogenous and endogenous biases within a single, common spatial 

priority map used to define attentional targets. According to this model, 

the ongoing selection and subsequent processing of attentional targets 

and distractors depends on the combination of the physical properties of 

the stimuli in the display and the specific volitional goals of the observer. 

Importantly, studies testing the competitive integration model 

have revealed important time-course differences in the integration of 

exogenous and endogenous biases, showing that stimulus-driven effects 

are processed and integrated faster than endogenous ones (Godijn & 

Theeuwes, 2002; Meeter, Van der Stigchel, & Theeuwes, 2010; 
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Trappenberg, Dorris, Munoz, & Klein, 2001). Interestingly, similar findings 

have been documented in studies using reward-associated stimuli, 

suggesting that value-driven attentional biases take effect rapidly and 

automatically, like exogenous biases, while goal-driven attentional control 

appears to require additional time to relate the available sensory input 

with any existing strategic goals in order to elicit an appropriate response 

(MacLean & Giesbrecht, 2015a; Mulckhuyse & Theeuwes, 2010; 

Theeuwes & Belopolsky, 2012). For example, in a recent visual search 

study by Failing, Nissens, Pearson, Le Pelley and Theeuwes (2015), it was 

shown that the fastest saccades went to a color distractor that signaled 

the possibility of receiving a reward while slower saccades typically went 

to the colored target. It was concluded that reward biases visual selection 

at the early stage of processing in an exogenous automatic way against 

the intentions of the observers (see also Nissens, Failing, & Theeuwes, 

2016). 

Considering the similarities between the attentional effects of 

value-driven, exogenous, and endogenous biases, the present study was 

set up to examine the extent to which value-driven attentional biases 

(specifically, reward) are integrated on the same common attentional 

priority map where exogenous and endogenous influences converge to 

guide attentional selection. From this perspective, in the current study, 

attentional effects were estimated by examining how reward- and goal-

driven biases influence perceptual sensitivity (d’) and response time (RT). 

Experiment 1 was designed to establish how cues that signal the 
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availability of reward would affect attentional selection, when there was 

no explicit voluntary goal other than to respond to the target. The aim 

was to corroborate whether a value-associated informative cue influences 

the allocation of attentional resources, resulting in performance benefits 

whenever a target stimulus appears at the same spatial location as the 

cue signaling reward and costs whenever they appear at the other 

location. Experiment 2 used the exact same design, except that in this 

version the cue that signaled reward availability also indicated that the 

target was most likely to appear at the location opposite from where the 

cue was presented. In this way, reward- and goal-driven biases are in 

competition, making it possible to determine if and how voluntary control 

can overcome reward-associated biases. Both of these experiments are 

based on a modified version of the Posner spatial cueing paradigm 

(Posner, 1980) designed to investigate performance costs and benefits in 

attentional orienting. A similar design was used in a recent study aimed 

to investigate the effects of threat-associated stimuli on attentional 

control (Preciado et al., 2017), with one critical difference: In the 

mentioned study, the stimulus–threat association is introduced by means 

of a classical fear conditioning procedure in an independent phase, 

previous to executing the cueing task. Consequently, participants had no 

control over the delivery of the shock, and the design is comparable to 

other studies where reinforcer associations are established in a training 

phase, and then evaluated in a testing phase where the stimulus-

reinforcer contingency is removed (Anderson et al., 2011a, 2011b; 

Anderson & Yantis, 2013). Consequently, with his design it is plausible that 
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the observed attentional effects are confounded by extinction effects. In 

contrast, in the present study, the reward-association was explicitly 

indicated at the beginning of the task, and then further reinforced on a 

trial-by-trial basis via visual feedback. 

Previous studies investigating how multiple attentional biases are 

combined in guiding attention typically use experimental designs where 

different signals are independently associated with single attentional 

biases, and then when presented simultaneously evaluate the extent to 

which one bias interferes with the other, resulting in a competition at 

both perceptual and attentional levels (Engelmann, Damaraju, Padmala, 

& Pessoa, 2009; Feldmann-Wüstefeld et al., 2016; Le Pelley, Pearson, 

Griffiths, & Beesley, 2015; Munneke et al., 2015; Stankevich & Geng, 

2014). For example, Anderson et al. (2011b) showed that stimuli 

associated with reward during training keep on interfering during testing 

even when these stimuli are no longer rewarding, demonstrating that 

reward has a powerful effect on attention, independent of physical 

saliency or endogenous goals. 

These previous studies have examined the competition between 

stimuli that are independently associated with different attentional 

biases, how this competition is resolved, and how the biases are 

ultimately aggregated. While this approach is suited to estimate the 

influence of reward-associated (but otherwise task-irrelevant) stimuli on 

the search for a target stimulus, it is less adequate to investigate how the 

attentional system deals with conflicting biases which are not perceptual 
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in nature. Indeed, in the current study, a single informative cue was 

associated with either a single reward-driven bias (Experiment 1) or with 

discordant reward- and goal-driven biases (Experiment 2). This design 

permits the verification of value-driven attentional capture by reward 

signals (Experiment 1) and the evaluation of the effects of an attentional 

conflict in the absence of any physical, perceptual competition 

(Experiment 2), in the sense that the single stimulus is expected to trigger 

both attentional biases. As such, there are no physical factors intervening 

in resolving the attentional conflict. This feature of our design stands in 

contrast to earlier studies where different stimuli are associated with 

different task properties (e.g. simultaneously presented task-relevant 

targets and task-irrelevant distractors). The set-up of Experiment 2 

provides a unique opportunity to investigate how the opposing biases 

which are both task relevant and associated with the same cue affect 

attentional selection. It allows examining how the attentional system is 

able to resolve conflicting goal- and reward-driven biases, in the absence 

of any form of perceptual differences. 

 

Experiment 1 

This experiment aimed to corroborate that a reward signaling cue 

can influence the allocation of attentional resources. If stimuli that signal 

reward capture attention, it is expected that when a target is presented 

at the location of the cue there are performance benefits (faster RT or 

higher d’) relative to a neutral condition where reward is not available. 
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Similarly, if the cue and the target are presented at opposite locations, we 

expected performance costs relative to a neutral condition. Finding both 

costs and benefits indicates that attention was oriented to the location 

that contained the stimulus that signaled reward. Alternative 

explanations such as interference by the reward signaling stimulus not 

due to shifts of attention (also known as filtering costs; see Kahneman, 

Treisman, & Burkell, 1983) are highly unlikely when both performance 

costs and benefits are found (Failing & Theeuwes, 2014). 

 

Method 

Ethical statement. The experimental methods and procedures for 

both experiments were reviewed and approved by the Scientific and 

Ethical review committee of the Faculty of Behavioral and Movement 

Sciences of the Vrije Universiteit Amsterdam, an in line with the 

declaration of Helsinki. Participants signed a written informed consent 

form before taking part in the study. 

Participants. Students from the Vrije Universiteit Amsterdam 

volunteered to participate in exchange for a monetary reimbursement. 

Depending on their performance during the task, participants could 

obtain a bonus reward of maximum €5, in addition to the standard 

compensation for participation (€8). All participants reported having 

normal or corrected-to-normal vision, without color vision impairments 

or any psychiatric, psychological or neurological condition. Thirty-one 
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participants participated in Experiment 1 (14 female, 17 male; age 24.72 

± 3.51 years). 

Stimuli and materials. Each participant was tested in a dimly lit 

cubicle, seated 75 cm away from a 21-in.' computer screen with the head 

positioned on a chin rest. Responses were collected through a standard 

keyboard. The experiments were designed and conducted using MATLAB 

(Version R2014a) and the Psychophysics Toolbox (Brainard, 1997; Kleiner, 

Brainard, & Pelli, 2007; Pelli, 1997). Stimuli used for the cue and target 

displays in both experiments consisted of circles with a diameter of 2.5° 

of visual angle presented bilaterally flanking the central fixation point at 

6.5° of eccentricity. For the cue display, stimuli were solid color discs 

(isoluminant red, green or blue; 30 cd/m2), while for the target display 

they were sinusoidal gratings (5 cycles/degree spatial frequency, Gaussian 

envelope, contrast 50%), presented either vertically (nontarget) or tilted 

10° to the left or the right (target). Counterbalanced across participants, 

one of the used colors served as an informative cue signaling the 

availability of reward in this experiment, while the remaining two colors 

were used as neutral, uninformative cues. All color combinations were 

presented equally often, such that the informative cue was presented in 

two thirds of the trials. Furthermore, all cueing conditions were randomly 

intermixed within blocks. 

On each trial, the presence of the informative cue signaled the 

possibility of receiving a reward on that particular trial (i.e., 10 points) if a 

fast, correct response was given. Crucially, the reward-associated cue did 
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not provide any spatial information regarding the location of the 

subsequent target, which was equally likely to appear on either location, 

rendering it irrelevant for the successful completion of the task. In other 

words, there was no incentive to voluntarily attend to the location of the 

reward-associated cue. These conditions were made explicit to the 

participants at the beginning of the experiment verbally and via written 

instructions, and reinforced throughout the experiment via trial-by-trial 

feedback indicating the accuracy of the response and whether reward was 

obtained or not. To reinforce the association between the informative cue 

and the availability of reward, points were granted for correct responses 

on 80% of the trials featuring the informative cue. Rewards were not 

delivered on every trial in order to maximize the effect of reinforcement, 

in line with the fundamental principles of instrumental conditioning. 

Specifically, it has been noted that continuous reinforcement may result 

in faster learning, but also in faster extinction or habituation. Conversely, 

intermittent variable reinforcement schedules with a high reinforcement 

rate result in an equally strong conditioning that is more resistant to these 

effects (Sander & Scherer, 2009). 

Design and procedure. Starting with a central fixation cross 

displayed for 700 ms, a cue display containing two colored circles was 

presented for 100 ms, followed by a blank screen presented for a variable 

interstimulus interval (ISI) duration (100 ms or 1,000 ms), introduced to 

examine the time course of value-driven attentional effects. After this 

delay, the target display containing a tilted (target) and a vertical 
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(nontarget) grating was presented for 40 ms. Participants were instructed 

to indicate the orientation of the target as fast and accurately as possible 

by pressing Z if it was tilted towards the left or M if it was tilted towards 

the right. After each response, a feedback display was presented for 1,000 

ms, indicating whether the response was correct, incorrect, or too slow. 

A schematic overview of a typical display sequence on a trial is presented 

in Figure 1. 

Responses were considered correct only if the target’s orientation 

was accurately reported within 600 ms after target display onset. 

Response times longer than that resulted in a too slow feedback, and 

were considered incorrect. Additionally, on trials containing the reward-

signaling cue, the feedback display also indicated whether any points 

were earned (“+10” if a correct response was given, or “Missed +10” if 

response was incorrect. Note that participants could not lose points, only 

fail to obtain them). The next trial followed after an interval of 500 ms 

after the offset of the feedback display. 
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Figure 1. Experimental design. Left: Sequence of events in a single trial. Right: Different 
trial types used in both tasks. The color of the cue was counterbalanced across 
participants. Note that the condition where cue and target appear at opposite locations 
has been labelled differently for Experiment 1 (reward incongruent) and Experiment 2 
(goal congruent), in concordance with the main experimental manipulations introduced 
on each experiment 

 

Participants were instructed to keep their gaze focused on the 

central fixation cross throughout the experiment. A break was given after 

each block (six blocks in total, 96 trials per block), and participants were 

instructed to fully take advantage of them to minimize exhaustion. Each 

break had a minimum duration of 10 seconds, after which the participants 

indicated via key press whenever they were ready to continue. In addition 

to the trial-by-trial feedback, participants were able to see their 
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accumulated accuracy and the amount of points earned up to that 

moment during each break. Each participant completed a total of 520 

trials, of which the first block (40 trials) was meant as practice and thus 

not considered in the analysis. Of the remaining 480 trials, each ISI 

condition (100 ms or 1,000 ms) was presented equally often. Depending 

on the location of the cue and the target, trials were classified as reward 

congruent if both cue and target appeared at the same location, reward 

incongruent if they appeared opposite from one another, and neutral if 

the informative cue was not presented (see Figure 1). 

Statistical analysis. Data analysis is based on a repeated-measure 

2 × 3 ANOVA design conducted on d’ and RT as dependent variables with 

ISI (100 ms and 1,000 ms) and congruence (reward-congruent, reward-

incongruent [Exp. 1]/goal-congruent [Exp. 2], and neutral) as predictors. 

Regarding repeated measures ANOVA assumptions, dependent variables 

in both experiments were found to be normally distributed, as evaluated 

via the Shapiro–Wilk test. Furthermore, for cases where the sphericity 

assumption is violated, the p value of the results includes the 

Greenhouse–Geisser correction, presented without corrected degrees of 

freedom for clarity. Further exploration of the effects of ISI and 

congruence are conducted via paired, two-sided t tests, including the 

false-discovery rate (FDR) correction for multiple comparisons. 

Additionally, Cohen’s d was obtained for these tests as effect size 

estimate, calculated as the t statistic divided by the square-root of the 
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sample size (Lakens, 2013). Data processing and statistical analyses were 

conducted on R Version 3.2.2 (R Core Team, 2016). 

For all analyses, mean RT was computed for each subject and 

experimental condition. Similarly, a d’ score was calculated for each 

subject and experimental condition as the difference of z-transformed hit 

and false alarm rates divided by the square root of two, applying a 

correction factor (+0.5) to avoid hit or false alarm rates of zero (Hautus, 

van Hout, & Lee, 2009; Macmillan & Creelman, 2004). 

 

Results 

Data from four participants with poor performance (below 55% 

accuracy) compared to the rest of the sample were excluded from the 

analysis, resulting in the data of 27 participants being included in the 

analyses (mean accuracy 77%). Practice trials were removed before 

analyses, as well as trials without a response (0.3% of trials). Mean RTs 

were calculated excluding incorrect trials (19.1%, including wrong 

responses and trials with an RT > 600 ms) and trials with RT faster than 

2.5 standard deviations from the mean by subject and experimental 

condition (<1%), resulting in a 19.72% data loss. Likewise, for the 

calculation of d’, trials faster than 2.5 standard deviations (0.45%) or 

slower than 600 ms were removed (6.8%), resulting in a 7.57% data loss. 

Mean and standard deviation for each experimental condition are 

presented in Table 1. 
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mean ± 
SD n 

Reward-congruent Reward-incongruent Neutral 

100ms 1000ms 100ms 1000ms 100ms 1000ms 

d’ 
2
7 

1.725 ± 
0.44  

1.735 ± 
0.62 

1.562 ± 
0.52 

1.561 ± 
0.55 

1.678 ± 
0.5 

1.671 ± 
0.53 

RT 
2
7 

 448.84 ± 
24.4 

456.7 ± 
31.9 

454.20 ± 
28.2 

 459.78 ± 
35.7 

 455.35 ± 
25.8 

462.1 ± 
32.9  

Table 1. Descriptive statistics for Experiment 1 by interstimulus interval (100 ms; 1,000 
ms) and congruence (reward congruent, reward incongruent, neutral) conditions. SD = 
standard deviation 

 

d’ results. The repeated-measures ANOVA conducted on d’ scores 

resulted in a significant main effect of congruence, F(2, 52) = 5.843, p 

= .005, ηp2 = 0.02, but no effect of ISI, F(1, 26) = 0.0005, p = .98, ηp2 < 0.001, 

nor an interaction between ISI and congruence, F(2, 52) = 0.012, p = .99, 

ηp2 < 0.001. The further investigation of these effects via t tests revealed 

a lower d’ score at the reward-incongruent location, compared to the 

neutral reference (Δd’ reward-incongruent - neutral = 0.11), t(26) = 2.56, 

p = 0.025, Cohen's d = 0.45, indicative of an attentional cost on d’ at the 

reward-incongruent location. Similarly, the comparison of reward-

congruent and reward-incongruent conditions was also found to be 

significant (Δd’ reward-congruent – reward-incongruent = 0.17), t(26) = 

3.065, p = .015, Cohen's d = 0.52. However, there was no reliable 

difference in d’ between reward-congruent - neutral cueing conditions 

(Δd’ reward-congruent - neutral = 0.06), t(26) = 1.098, p = 0.28, Cohen's d 

= 0.21. Results are presented in Figure 2. 
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Figure 2. Experiment 1, d' by ISI and congruence, error bars represent within-subjects 
confidence intervals (Morey, 2008). *p ≤ .05. Note that the lines depicting significant 
effects represent planned comparisons (t tests) to investigate congruence as a main effect. 

 

RT results. The analysis of mean RT resulted in significant main 

effects of ISI, F(1, 26) = 5.682, p = .025, ηp2 = 0.014, and congruence, F(2, 

52) = 6.734, p = .003, ηp2 = 0.009, but no interaction, F(2, 52) = 0.59, p 
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= .56, ηp2 < 0.001. The main effect of ISI indicated that performance was 

significantly faster at the 100 ms ISI delay, compared to the 1,000 ms (ΔRT 

100 ms - 1,000 ms = 7 ms). The analysis of congruence effects revealed 

that RT was significantly faster at the reward-congruent condition 

compared to neutral (ΔRT reward-congruent - neutral = 6.3), t(26) = 3.468, 

p = .006, Cohen’s d = 0.56, an effect consistent with the notion of 

attentional benefits at the reward-congruent location. Nevertheless, the 

reward-incongruent - neutral contrast did not reveal any significant 

differences in this condition (ΔRT reward-incongruent -neutral = 1.6), 

t(26) = 0.989, p = .33, Cohen's d = 0.19. Meanwhile, a t test comparing 

reward-congruent and reward-incongruent trials returned significant 

results (ΔRT reward-congruent – reward-incongruent = 4.6), t(26) = 2.289, 

p = .05, Cohen's d = 0.41. These results are presented in Figure 3. 
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Figure 3. Experiment 1, RT by ISI and congruence, error bars represent within-subjects 
confidence intervals (Morey, 2008). *p ≤ .05. **p ≤ .01. Note that the lines depicting 
significant effects represent planned comparisons (t tests) to investigate congruence as a 
main effect. 
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Discussion 

Experiment 1 shows that attention is biased towards a stimulus 

that merely signals the availability of reward. Relative to the neutral 

condition, there were performance costs and benefits, suggesting that 

attention was oriented towards the location that contained the stimulus 

that signaled reward. Crucially, however, performance costs and benefits 

were not only seen at the short ISI but also at the long one, indicating that 

attention lingered at the location of the reward-associated stimulus, after 

being initially captured by it. Note that, considering the design of the 

experiment, there was no reason for participants to keep their attention 

focused at that location, as the target was equally likely to appear at 

either side. The initial fast capture of attention by the reward signaling 

stimulus is reminiscent of exogenous attentional capture, as often is seen 

with for example abrupt onset cues (Schreij, Theeuwes, & Olivers, 2010; 

Theeuwes & Godijn, 2002). Yet, unlike orienting involving exogenous cues, 

there is no subsequent inhibition of return (Klein, 2000), but, instead, 

attentional benefits remain visible at the location where attention was 

initially captured. 

The current findings are consistent with previous studies that have 

used stimuli that signal threat (Preciado et al., 2017; Schmidt et al., 2016). 

For example, using a very similar paradigm, Preciado et al. (2017) 

demonstrated performance costs and benefits (in d’ and RT) driven by 

stimuli that signal threat. Crucially, in this study attention also remained 

focused at the location of the threat signal even after 1,000 ms, 

III

85



Chapter III – When value competes with goals 

80 
 

suggesting that attention dwelled at this location. Similar findings using 

threatening stimuli were reported by Schmidt et al. (2016) which also 

showed lingering attentional effects at the location of the threat. The 

current study provides evidence that this lingering of attention occurs not 

only with stimuli signaling threat but also with stimuli signaling reward. In 

this respect, orienting towards reward associated stimuli is very much 

unlike exogenous orienting towards abrupt onset cues or towards salient 

singletons (Theeuwes & Chen, 2005). 

 

Experiment 2 

In Experiment 2, we wanted to determine whether attention 

would remain at the location signaling reward (as we saw in Experiment 

1) even when there was an explicit indication to shift attention away from 

this location. To that end, the reward-signaling cue was indicative of the 

target location, signaling that it would most likely appear at the opposite 

side of the display. In other words, the reward-associated cue that 

captured attention in Experiment 1 additionally instructed participants to 

shift their attention away from the reward cue and to direct it towards the 

opposite side of the display. In line with these manipulations, Congruence 

conditions for Experiment 2 are defined as reward congruent for trials 

where the reward-associated cue and the target appear at the same 

location in the display, and goal congruent for trials where the target and 

the reward-associated cue appear at opposite locations, in concordance 

with the instructions provided to participants. 
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If the capture and dwelling of attention at the reward signaling 

stimulus is automatic and cannot be counteracted by voluntary control, 

we expect similar results as in Experiment 1. However, if voluntary control 

is dominant, we predict that attention is directed towards the location 

opposite to the reward signal. Specifically, if endogenous, voluntary 

control is stronger than reward-driven capture, we expect that what we 

label here as goal-congruent trials (where the target appears the location 

opposite of the reward signaling cue) show performance benefits over 

reward-congruent ones (where the target and the reward signaling 

stimulus appear at the same location). Additionally, we expect that these 

effects depend of the time course between cue and target, reflecting the 

interplay between automatic and voluntary attentional processes, and 

their differences in time-course (Hickey, Van Zoest, & Theeuwes, 2010; 

Kovach, Sutterer, Rushia, Teriakidis, & Jenison, 2014). 

 

Method 

Participants. For Experiment 2, involving both reward- and goal-

driven biases, 45 participants were tested (36 female, nine male; age 

23.82 ± 4 years). 

Design and procedure. Experiment 2 followed the same design 

and main procedures described for Experiment 1. Crucially, in this 

experiment the informative cue signaled two key features: First, the 

presence of the cue signaled the availability of a reward on that particular 
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trial, regardless of its position. Second, the cue reliably predicted that the 

target was most likely going to appear at the opposite location of the 

display. Since both biases are associated with the same stimulus, the 

attentional system is presented with a priority conflict arising whenever 

this particular stimulus is detected. Participants were informed about 

these contingencies and the specific color of the informative cue verbally 

and in written form at the beginning of the session. All experimental 

variables were manipulated independently and counterbalanced across 

participants. 

Rewards were granted for correct responses on 80% of the trials 

where the cue was present, irrespective of its validity as predictor of the 

location of the upcoming target. Moreover, for the cue to be a reliable 

indicator of the target location, the target was presented on the opposite 

side of the display on 75% of the trials where the cue was present. 

 

Results 

Data from three participants with poor performance (below 50% 

accuracy) compared to the rest of the sample were excluded, resulting in 

the data of 42 participants being included in the analyses (mean accuracy 

77%). Practice trials were removed before analyses, as well as trials 

without a response (0.3% of trials). Mean RTs were calculated excluding 

incorrect trials (21.4%, including wrong responses and trials with an RT > 

600 ms) and trials with RTs faster than 2.5 standard deviations from the 
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mean by subject and experimental condition (<1%), resulting in 21.8% of 

the data being excluded from the analyses. Likewise, for the calculation 

of d’, trials faster than 2.5 standard deviations (0.4%) or slower than 600 

ms were removed (7%), resulting in a 7. 7% data loss. Mean and standard 

deviation of each experimental condition are presented in Table 2. 

 

mean ± 
SD 

n 
Reward-congruent Goal-congruent Neutral 

100ms 1000ms 100ms 1000ms 100ms 1000ms 

d’ 4
2 

1.39 ± 
0.56 

1.23 ± 
0.59 

1.51 ± 
0.44 

1.62 ± 
0.47 

1.63 ± 
0.52 

1.44 ± 
0.46 

RT 
4
2 

456.3 ± 
28.5 

458.7 ± 
30.8 

457.9 ± 
26.9 

448.6 ± 
28.5 

458.5 ± 
25.8 

458.3 ± 
26.1 

Table 2. Descriptive statistics for Experiment 2 by interstimulus interval (100 ms; 1,000 
ms) and congruence (reward congruent, goal congruent, neutral) conditions. SD = 
standard deviation 

 

d' results. The analysis of d’ results resulted in a marginally 

significant main effect of ISI, F(1, 41) = 4.019, p = .052, ηp2 = 0.007, 

showing higher d’ scores at the 100ms ISI. Furthermore, a significant main 

effect of Congruence, F(2, 82) = 9.378, p = .007, ηp2 = 0.05, and crucially, 

a significant interaction between ISI and congruence, F(2, 82) = 6.539, p 

= .002, ηp2 = 0.02, were observed. 

Further analysis of the interaction between ISI and congruence 

revealed that for the 100-ms ISI, d’ score was significantly lower at the 

reward-congruent condition, relative to the neutral (Δd’ reward-

congruent - neutral = 0.24), t(41) = 3.09, p = .011, Cohen’s d = 0.43, while 

there were no differences between goal-congruent and neutral 
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conditions (Δd’ goal-congruent - neutral = 0.12), t(41) = 1.79, p = .12, 

Cohen’s d = 0.27. These findings suggest that, at the 100 ms ISI, there were 

no performance benefits for a target appearing at the location of the 

reward signal. Moreover, a t test comparing reward-congruent and goal-

congruent trials did not reveal reliable differences between these 

conditions (Δd’ reward-congruent – goal-congruent = 0.12), t(41) = 1.59, 

p = .12, Cohen’s d = 0.24. 

In contrast, at the 1,000-ms ISI condition, there were significant 

effects for the reward-congruent - neutral comparison (Δd’ reward-

congruent - neutral = 0.21), t(41) = 2.71, p = .01, Cohen’s d = 0.39, and 

goal congruent - neutral (Δd’ goal-congruent - neutral = 0.17), t(41) = 2.75, 

p = .01, Cohen’s d = 0.39, revealing that, specifically for the 1,000-ms ISI, 

d’ scores were consistently higher on goal-congruent trials but lower on 

reward-congruent ones. Similarly, a t test comparing d’ on reward-

congruent and goal-congruent trials also turned out to be significant (Δd’ 

reward-congruent – goal-congruent = 0.39), t(41) = 3.76, p = .002, Cohen’s 

d = 0.51. Results are presented in Figure 4. 
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Figure 4. Experiment 2, d' by ISI and congruence, error bars represent within-subjects 
confidence intervals (Morey, 2008). *p ≤ .05. **p ≤ .01. Note that the lines depicting 
significant effects represent planned comparisons (t tests) to investigate the interaction 
between ISI and congruence. The solid line indicates significant contrasts at the 100 ms 
ISI; dashed lines indicate significant contrasts at the 1,000-ms condition 

 

RT results. For RT, results revealed a significant main effect of 

congruence, F(2, 82) = 3.492, p = .04, ηp2 = 0.007, indicating that RT was 

the fastest at the goal-congruent condition; and a significant interaction 
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between ISI and congruence, F(2, 82) = 4.937, p = .01, ηp2 = 0.008, but no 

main effect of ISI, F(1, 41) = 0.64, p = .423, ηp2 = 0.002. 

Further exploration of this interaction revealed that, for the 1,000-ms 

condition, there was a significantly faster RT on the goal-congruent trials 

in contrast to neutral trials (ΔRT goal-congruent - neutral = 9.7), t(41) = 

3.211, p = .008, Cohen’s d = 0.45, reflecting a goal-driven RT benefit 

specific to the long ISI delay. Similarly, the reward-congruent – goal-

congruent comparison revealed reliable differences between them (ΔRT 

reward-congruent – goal-congruent = 10.13), t(41) = 2.22, p = .048, 

Cohen’s d = 0.33. However, the comparison between reward-congruent 

and neutral conditions did not reach significance (ΔRT reward-congruent 

- neutral = 0.43), t(41) = 0.16; p = .88, Cohen’s d = 0.02. Conversely, 

findings on the 100-ms ISI condition did not reveal any reliable differences 

between cueing conditions in any of the planned comparisons (ΔRT 

reward-congruent - neutral = 2.24, p = .33; ΔRT goal-congruent - neutral 

= 0.64, p = .72; ΔRT reward-congruent – goal-congruent = 1.61, p = 0.39). 

These results are summarized in Figure 5. 
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Figure 5 Experiment 2, RT by ISI and congruence, error bars represent within-subjects 
confidence intervals (Morey, 2008). *p ≤ .05. **p ≤ .01. Note that the lines depicting 
significant effects represent planned comparisons (t tests) to investigate the interaction 
between ISI and congruence. Dashed lines indicate significant contrasts at the 1,000-ms 
condition 

 

Discussion 

Experiment 2 indicates that automatic reward-driven biases can 

be counteracted by voluntary, endogenous attentional control consistent 
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with the task instructions. Importantly, in contrast to Experiment 1, in the 

current experiment there was a strong incentive to deliberately direct 

attention away from the reward-associated stimulus and towards the 

opposite location, which contained the target on the majority of trials. As 

reward was only granted for fast and accurate responses to the target, 

participants were motivated to re-direct attention away from the reward-

associated stimulus as fast as possible. 

At the long ISI, the observed pattern of performance costs and 

benefits indicates that attention was directed towards the location that is 

most likely to contain the target, consistent with the goal-driven 

attentional bias, resulting in attentional costs and benefits on d' and RT 

comparable to the classic Posner (1980) cueing effect. Crucially, even 

though the presentation of a reward-driven signal was expected to pull 

attention automatically towards its location (as in Experiment 1), the 

attentional costs and benefits observed in Experiment 2 at the 1,000-ms 

ISI indicate that this automatic tendency can be overcome by voluntary 

control, as attention was effectively redirected to the most likely target 

location, provided that enough processing time is allowed between the 

presentation of the cue and the target. 

Interestingly, results at the 100-ms ISI show that d' is lower at the 

reward-congruent location relative to goal congruent and neutral, 

suggesting that the attentional priority of this location has been 

diminished. These findings can be explained in terms of active 

suppression of this location, as the cue not only signaled the reward 
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availability but also signaled that the target was unlikely to be presented 

at that location. Consequently, there was every reason for observers to 

suppress attention towards the location of the reward signal, as it was 

highly unlikely to contain the target. The finding that this reduced d' is 

seen already at the 100-ms ISI condition is consistent with an automatic 

inhibition process, comparable in time course and automaticity to the 

reward-driven attentional effects. Distractor suppression as an 

attentional mechanism has been described in studies using cueing and 

visual search paradigms to investigate the extent to which reward-

associated distractors interfered with task performance (Feldmann-

Wüstefeld et al., 2016; Munneke, Van der Stigchel, & Theeuwes, 2008). 

Results from these studies indicate that the interfering effects of reward-

associated distractors can be reduced if their location can be predicted 

(e.g., by a cue, as in Munneke et al., 2008) or if the distractor is highly 

salient in the environment and is unlike the search target (Feldmann-

Wüstefeld et al., 2016). This demonstrates not only that the interfering 

effect of reward-associated cues can be reduced, but also how the 

attentional system integrates different sources of attentional bias in order 

to prioritize or devaluate potential attentional targets. 

Findings from Experiment 2 could also be attributed to passive 

withdrawal of attention rather than active suppression, consistent with 

the instruction that observers should shift attention away from the 

reward-associated location. However, if this were the case, we would 

expect performance on reward-congruent trials to be similar to that 
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observed in neutral trials. In contrast to this notion, at a ISI 100-ms 

condition we find a reduced d' on reward-congruent trials, a decrease in 

performance that does not concur with an improvement of d’ at the 

opposite location, a benefit that we saw only in the ISI 1,000-ms 

condition. Similarly, the pattern of results observed in the ISI 100-ms 

condition, and specifically the observation that there was no difference in 

d’ between reward- and goal-congruent conditions, could also indicate 

that the presence of the conflict-inducing cue results in a more general 

attentional impairment at early processing stages. In this sense, the 

results observed at the ISI 100-ms condition would represent a stage 

where the attentional conflict has not yet been resolved, and thus 

attention has not been preferentially directed towards any particular 

location. Nevertheless, such an account would imply that performance in 

the neutral condition (where no conflict is elicited) should be consistently 

better than the reward- and goal-congruent conditions, a result that we 

did not observe as goal-congruent and neutral conditions did not differ at 

the ISI 100 ms. Considering these alternatives, the results of Experiment 

2 point out crucial differences in the integration of reward- and goal-

driven attentional biases, where the observed pattern of results suggests 

that the attentional benefits associated with the goal-driven biases follow 

early effects in terms of active suppression or general attentional 

impairment due to an unresolved attentional conflict associated with the 

presence of a reward signal. 
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General discussion 

The present study was designed to investigate the effects of 

reward- and goal-driven attentional biases on d’ and RT in a cueing task 

investigating selective spatial attention with a target discrimination task. 

Experiment 1 examined whether a reward signaling cue would capture 

attention, even when it was not predictive of the target location, as the 

upcoming target was equally likely to appear at the same location as the 

cue, or at the opposite location. In Experiment 2, the informative cue not 

only signaled the availability of reward on that trial but also reliably 

predicted the most likely location of the target at the opposite side of the 

display. 

Experiment 1 revealed performance costs and benefits congruent 

with a reward-driven bias, indicating that attention was oriented towards 

the cue that signaled the availability of reward on that trial. Moreover, the 

pattern of results was identical for the short and the long ISI, indicating 

that attention was immediately captured by the cue and then remained 

focused at that location even though there were no explicit reasons to do 

so, as the target was equally likely to appear at either location. Using a 

similar design, Experiment 2 showed evidence indicating a form of 

suppression at the short ISI, followed by a cost-benefit pattern of results 

favoring the goal-congruent location at the long ISI. These findings 

suggest that an explicit, voluntary top-down instruction (knowledge that 

the target would appear on the opposite side of the cue) can counteract 

the automatic capture of attention by the reward signaling cue. 
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In the current study, the results of d’ roughly mimics those 

obtained with RT. Even though previously reported effects of reward on 

RT (e.g., Failing & Theeuwes, 2014; Munneke et al., 2015) may represent 

influences of reward on relatively late decision making processes (such as 

response facilitation or voluntary biases), the current study 

demonstrating effects on d’ and RT already at the 100-ms ISI condition 

provides strong evidence demonstrating that reward associated cues are 

capable of modulating early perceptual processes that encode input from 

the visual field (Theeuwes & Van der Burg, 2007). 

The results of Experiment 1 are remarkably similar to a study 

based on the same paradigm, but instead of signaling reward availability, 

the informative cue was associated with the chance of receiving an 

aversive electric shock, thus becoming a signal of threat, rather than 

reward (Preciado et al., 2017). The findings presented here indicate that 

reward signals, very much like threat signals, do capture attention 

immediately, resulting in performance costs and benefits, in favoring d’ 

and RT, favoring the cued location and already evident at the short ISI. 

While it is known that threatening cues capture and hold attention over a 

relatively longer time intervals (Fox, Russo, Bowles, & Dutton, 2001; 

Schmidt et al., 2016), the current study shows that this is similarly the 

case for cues that signal the reward availability, as demonstrated by the 

consistent pattern of costs and benefits observed at both the short and 

long ISI for Experiment 1. 
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While Experiment 1 showed that a cue that reward signals result 

in an increased perceptual sensitivity at the reward-congruent location (d’ 

= 1.72) relative to neutral (d’ = 1.67) already at the 100-ms ISI condition; 

in Experiment 2, that very same cue, which now also signaled that the 

target was unlikely to be presented at the reward-congruent location, 

resulted in reduced perceptual sensitivity at that location (d’ = 1.43) 

relative to neutral (d’ = 1.63). Within 100-ms ISI, the automatic capture of 

attention by the reward cue results in an enhanced perceptual sensitivity 

at the reward-congruent location in Experiment 1, yet the same cue that 

signals reward availability resulted in reduced perceptual sensitivity in 

Experiment 2, when there was a strong incentive to direct attention away 

from the informative cue. This finding is consistent with studies that have 

combined reward- and goal-driven biases (Buschschulte et al., 2014; Della 

Libera & Chelazzi, 2009; MacLean & Giesbrecht, 2015a). Specifically, in 

conditions in which reward-associated stimuli are used as distractors, 

observers are capable of deliberately implementing task-driven strategies 

to minimize the performance costs associated with them. Furthermore, 

the extent to which attention is oriented away from the reward-

associated distractor is related to the magnitude of the reward, with 

higher rewards resulting in more effective control preventing the 

selection of the reward-associated distractor (Buschschulte et al., 2014). 

This evidence suggests that the deployment of attention (in terms of the 

selection or rejection of attentional targets) appears to be dynamically 

defined based not only by attentional priorities and biases, but also by 
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behavioral relevance, in terms of the relative value of a particular 

behavior (Della Libera & Chelazzi, 2009). 

The notion that there is active, voluntary suppression at the short 

ISI Experiment 2 is consistent with the idea that active suppression of a 

location (rather than a feature) can be very efficient (see Theeuwes, 2013, 

for a review). This notion is related to other location-based suppression 

mechanism such as inhibition of return (see Klein, 2000, for a review). Yet 

in the current study we cannot determine whether the reduced d’ at the 

short ISI is the result of initial capture of attention followed by 

suppression (as in inhibition of return- IOR, for example), or whether 

observers actively and voluntarily inhibited a particular location by 

instructing them to direct attention away from that location. Given that 

there is already suppression evident at 100-ms ISI, it is likely that 

observers are able to actively suppress the location of the informative cue 

at early stages of visual processing. This fast suppression is consistent with 

recent studies that claimed that suppression of salient singletons in the 

additional singleton task can be feature-based (Gaspelin, Leonard, & Luck, 

2015; Moher & Egeth, 2012; Sawaki & Luck, 2010; Vatterott & Vecera, 

2012). Such fast suppression can also take place at the level of whole 

perceptual dimensions (Feldmann-Wüstefeld, Uengoer, & Schubö, 2015). 

Alternatively, the results from Experiment 2 could reflect the unresolved 

conflict between reward- and goal-driven attentional biases, possibly 

resulting in an impaired performance at the ISI 100-ms condition for both 

reward- and goal-congruent trials. While both accounts support the 

100



Chapter III – When value competes with goals 

95 
 

notion of critical differences between early and late attentional effects 

driven by conflicting reward- and goal-driven biases, further research is 

required to conclusively elucidate whether these differences, and 

particularly the attentional effects observed at the short ISI, are driven by 

early, active suppression mechanisms, or by a more general attentional 

impairment resulting from resolving the attentional conflict. 

The current findings are consistent with the selection history bias 

(Awh et al., 2012), according to which attentional resources can be 

dynamically allocated depending on the outcome of previous encounters 

with a particular stimulus. In Experiment 1, in which the target was 

equally likely to appear at either location, attention was biased towards 

the reward signaling cue. In Experiment 2, the reward bias no longer 

attracted attention, but instead attention was driven away from the 

reward signaling cue towards the location that was most likely to contain 

the target. Note that participants were motivated to respond fast and 

accurately to the target, as this was required to obtain the reward that 

was signaled by the cue. 

Together, these findings support the notion that attentional 

guidance and selection depends on the integration of different types of 

biases. This integration process is not limited to exogenous and 

endogenous biases, but also includes those driven by selection history. 

The present study demonstrates that attentional priority maps are plastic, 

readily updated and adapted to accommodate strategic goals and the 
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behavioral relevance of present and previous attentional choices in order 

to optimize present behavior and its consequences. 
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Section II 
Mixed Threat signals: Conflicting threat- and 

goal-driven biases 
 

Abstract 

The present study was conducted to further investigate the effects of the 

interplay between endogenous (Goal-driven) and section history (Experience-driven) 

attentional biases, and particularly, to determine whether the effects of the competition 

between reward- and goal-driven attentional biases could be reproduced in an 

experimental design where endogenous attention was pitted against a threat-driven 

attentional bias. To do so, we modified the cueing paradigm originally designed to 

examine the interaction between reward- and goal-driven attention, such that the 

informative cue, rather than predicting the availability of reward, indicated that an 

electric shock could be delivered if an inaccurate or too slow response was given. All 

other experimental parameters were kept consistent across experiments. With this 

design, we expected to obtain comparable results effects observed in the reward version 

of the study, suggesting that determining the valence of a stimulus might not be 

necessary for it to become an attentional priority, and that the automatic attentional 

bias to signals of threat and reward can be overcome by endogenous attention, 

regardless of their actual valence. In contrast to these expectations, the results of this 

study replicated only the effects of ISI on perceptual sensitivity, which was significantly 

higher at the short 100ms delay condition. This lack of attentional effects is discussed in 

relation to key features of the experimental paradigm that might have prevented the 

establishment of a threat-driven attentional bias, thus affecting the extent of which the 

informative stimulus was used as spatial cue. 
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Up to this point, we have demonstrated that stimuli associated 

with both threat (Chapter II) and reward (Chapter III, Experiment 1) are 

quite capable of biasing attentional guidance and influencing 

performance, both in terms of perceptual sensitivity and response time. 

Indeed, results from these experiments indicate that attention is biased 

in favor of the spatial location of stimuli signaling both threat and reward, 

which in turns results in performance benefits and costs whenever the 

target stimulus to be identified was, respectively, validly or invalidly cued 

by a conditioned stimulus, regardless of its valence. Notably, we observed 

that irrespective of the rewarding or aversive association of the stimulus, 

attention is rapidly and automatically deployed towards the spatial 

location where these conditioned stimuli are presented, as evidenced by 

the costs and benefits observed in the 100ms ISI condition employed both 

of the described experiments. Moreover, the observed attentional costs 

and benefits are still present in the 1000ms ISI condition, indicating that 

these stimuli do not only capture and direct attention towards the spatial 

locations they occupy, but also hold it for extended periods of time, 

indicating that these spatial locations are maintained as attentional 

priorities, even despite the fact that maintaining attention to the cued 

locations was neither necessary nor advantageous to perform the 

experimental task, since the target was specifically designed to appear at 

either of the two locations relevant for the task with equal likelihood. 

Notably, both experiments converge in indicating that the attentional 

effects of signals of both threat and reward are comparable to exogenous 

attention in terms of their rapid and automatic onset, but differ from 
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them as neither threat- nor reward-associated stimuli appear to show 

inhibition of return (IOR), a hallmark sign of exogenous attentional biases 

(Fox, Russo, Bowles, & Dutton, 2001; Schmidt, Belopolsky, & Theeuwes, 

2016). 

Furthermore, in Experiment 2 of Chapter III we have shown that 

reward driven biases effectively compete with endogenous attentional 

control, such that their automaticity can be counteracted by voluntary 

attentional guidance, provided there is sufficient motivation to do so. In 

this experiment, the incentive to suppress the automatic response 

directing attention towards the reward-associated stimulus was 

established by designing the task in such a way that not only were fast, 

correct responses necessary to obtain the signaled reward, but also the 

majority of the targets was presented at the opposite location of the 

conditioned cue. Furthermore, the results of this experiment suggested 

that, the ability to counteract the automatic, reward-driven attentional 

orienting was most evident in the 1000ms ISI condition, indicating that 

the time between the stimulus onset and the provided response plays a 

central role in determining whether the response pattern will follow 

either an automatic reward-driven bias, or a voluntary, goal-driven one 

(Buschschulte et al., 2014; Della Libera & Chelazzi, 2009; MacLean & 

Giesbrecht, 2015). 

Considering these findings, we wanted to examine the extent to 

which the attentional effects resulting from competition between 

endogenous and reward-associated stimuli could also be observed with 
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stimuli signaling an aversive event. Particularly, we wanted to determine 

if the ability to counteract an automatic attentional bias we observed for 

reward-associated stimuli would also be effective in a situation where 

voluntary, goal-driven attentional control was pitted against an automatic 

attentional bias driven by a threat associated signal. Given the similarities 

in the attentional effects driven by both threat- and reward-associated 

stimuli, it is reasonable to expect that this would indeed be the case. The 

results of such an experiment pitting threat-driven and goal-driven biases 

against each other should closely resemble the results of the described in 

the previous section of this chapter (Chapter III, Experiment 2). If this 

would be the case, this could be taken to indicate that, under the right 

circumstances, endogenous attentional control could always overcome 

automatic attentional biases towards subjectively relevant signals, 

regardless of their valence. Moreover, it would suggest that establishing 

the actual valence of the subjectively relevant signal might not be 

essential for a subjectively relevant stimulus to become an attentional 

priority. Alternatively, failing to replicate the described results with a 

threat-driven paradigm, particularly the pattern of costs and benefits 

observed in the 1000ms ISI condition, could be taken to indicate that the 

specific valence of the cue plays a significant role in determining whether 

attentional selection is defined by voluntary or automatic biases, and 

might specifically indicate that threat-associated stimuli enjoy higher 

attentional priority than reward-associated ones, and thus are not so 

easily overcome by voluntary attentional control. This pattern of findings 

might indicate that the driving force behind the observed attentional 
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effects is the valence associated with the stimulus, rather than simply 

subjective relevance. To examine this matter, we adapted the design 

employed in Experiment 2 of Chapter III, such that the presence of the 

conditioned cue indicated the possibility of receiving an electric shock, 

rather than reward availability, while keeping all other experimental 

parameters consistent across the experiments. 

 

Methods 

Ethical statement 

All experimental methods and procedures for this experiment 

were reviewed and approved by the Scientific and Ethical review 

committee of the Faculty of Behavioral and Movement Sciences of the 

Vrije Universiteit Amsterdam. Before taking part in the experiment, 

participants signed a written informed consent form, and were briefed in 

advance about the nature of the experiment, particularly about the use 

of electric shocks and the fact that they were free to terminate their 

participation at any given moment. 

Participants 

Participants for this study were recruited from the Vrije 

Universiteit, and agreed to participate in the experiment in exchange for 

a monetary reward (€8). All participants indicated having normal or 

corrected-to-normal vision, without any impairments in color vision or 

any relevant psychiatric, psychological or neurological condition. For this 
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experiment, 35 participants were tested in total (7 female, 17 male, age 

24.58 ± 6.74 years). 

Stimuli and design 

We employed the same experimental conditions and stimuli 

parameters for cue and target displays as described in the first section of 

this chapter. Importantly, and in contrast to the experimental design 

previously described, in this version of the experiment the informative 

cue signaled the possibility of receiving an electric shock, rather than a 

cash reward. In order to keep this experiment congruent to the reward 

version, the electric shock was defined as an instrumental contingency, 

such that the shock was delivered only if the informative cue was present 

in the cue display and if the participant failed to provide a correct 

response within 600ms from the onset of the target display. In other 

words, rather than rewarding correct responses, the threat version of this 

experiments punished participants if an incorrect or too slow response 

was given, so that participants were still encouraged to provide fast, 

accurate responses on each trial. Participants were informed about the 

conditions that would lead to an electric shock both verbally and in 

written form at the beginning of the experiment. 

Electric stimulation 

Electro-cutaneous stimulation was delivered by a constant current 

stimulator (Digitimer DS7A; Hertfordshire, United Kingdom) designed for 

clinical and biomedical research settings. A single shock consisted of a 
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2ms pulse of 400 V delivered to an electrode placed directly over the tibial 

nerve at the medial malleolus of the left ankle. 

Calibration procedure 

The intensity of the electric shock (measured in mA) was adjusted 

for each participant at the beginning of the experimental session through 

a stepwise calibration procedure that ensured that no unnecessarily 

intense shocks would be delivered during the experiment, while 

preserving the aversive nature of the shock. This procedure consistent of 

a number of sample shocks, starting at 10 mA and gradually increasing in 

intensity in steps of 2 mA. After each sample shock, participants were 

requested to rate the received shock in a scale of 1 (Very mild) to 5 

(Painful). Based on this rating, the intensity of the shock would be 

increased (or decreased, if necessary) until the sample shock was rated as 

a 4 (Annoying but not painful). 

Experimental procedures 

The trial display sequence and trial types were the same as in the 

reward version of this experiment (See Figure 1 of the previous section of 

this chapter). Just as in the previous experiments, since we were 

interested in investigating the effects of this attentional bias conflict on 

both response speed and perceptual sensitivity, we stressed that they 

should try to respond both as fast and accurately as possible at all times. 

Additionally, for this version of the experiment we re-introduced the same 

session phases that were employed for in the experimental task described 
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in Chapter II (specifically, Practice, Staircase and test phases), where 

electric shocks were employed in a classical conditioning design. Despite 

the fact that these phases were not part of the original reward experiment 

described in the previous section of this chapter, we decided to re-

introduce them for this version to ensure that participants were well 

acquainted with the task and were able to perform it effectively before 

introducing the electric shocks in the experiment, to allow participants to 

become proficient at the experimental task without any potential 

interference from the threat of electric shocks (Mathews & Mackintosh, 

1998; Sussman, Jin, & Mohanty, 2016). 

Practice phase. This phase consisted of 2 blocks of 30 trials each, 

were participants performed the task without any shocks being delivered. 

Staircase phase. In this phase, consisting of 3 blocks of 8 trials 

each, we manipulated the contrast level of the target stimuli following a 

stepwise QUEST staircase procedure (Watson & Pelli, 1983) in order to 

establish the contrast level at which performance was approximately 82% 

correct. Participants started with a contrast level of 0.5, which was then 

adjusted based on the accuracy of their response on each trial. 

Test phase. This phase consisted of 6 blocks of 96 trials each, in 

which participants performed the same task as in the previous phases, 

except for the fact that we employed the individual contrast level 

obtained from the staircase phase, and the introduction of the possibility 

of an electric shock if an incorrect or too slow response was given in a trial 

where the informative cue was present. During each block of this phase, 
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participants could receive a maximum of 3 shocks, such that the 

maximum number of shocks was capped to 18 and was spread 

throughout the test phase. Consequently, while the informative threat 

cue was present in approximately 67% of the trials (384 /576 trials), actual 

shocks were delivered semi-randomly in a maximum of 4% of the trials 

including the threat cue (18/384 trials). Since the shocks were contingent 

both to the presence of the threat cue and the response of the 

participant, they were delivered at the onset of the feedback display at 

the end of each trial. Participants were allowed to take a break of at least 

10 seconds at the end of each block, and freely indicated with a keypress 

whenever they were ready to move on to the next block. Moreover, just 

as in the reward version of this experiment, trials were equally distributed 

across ISI conditions (288 trials each). Similarly, we employed the same 

number of Goal-congruent (288 trials where the target appeared at the 

opposite side of the threat cue), Threat-congruent (96 trials where the 

target location was validly cued by the threat cue) and Neutral trials (188 

trials not presenting the threat cue at all), distributed uniformly across ISI 

conditions, in consistence with the reward version of the task. 

Statistical analysis 

As in the previous experiments, data analysis was based on a 

repeated-measure 2 × 3 ANOVA design conducted on response time (RT) 

and perceptual sensitivity (d’) as dependent variables with ISI (2 levels: 

100ms and 1000ms) and Congruence (3 levels: threat-congruent, goal-

congruent and neutral) as predictors. Concerning the assumptions of a 
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repeated-measures ANOVA analysis, we found both dependent variables 

to be normally distributed, as evaluated by the Shapiro-Wilk test. 

Additionally, in cases where the sphericity assumption was violated, we 

report the p value of the analysis results including the Greenhouse-

Geisser correction, presented without degrees of freedom for clarity. To 

further investigate any significant main effects of ISI and Congruence or 

their interaction we employed paired, two-sided t-tests including the false 

discovery rate correction for multiple comparisons (FDR) where 

applicable. Additionally, Cohen´s d was obtained for these tests as an 

effect size estimate, computed as the t score divided by the square root 

of the sample size (Lakens, 2013). Data processing and statistical analyses 

were conducted on R version 3.2.2 (R Core Team, 2017). 

For these analyses, mean RT and d’ was computed for each subject 

and experimental condition. The d’ score was computed as the difference 

of z-transformed hit and false alarm rates divided by the square-root of 2, 

also applying a correction factor (+0.5) to avoid hit or false alarm rates of 

0 (Hautus, van Hout, & Lee, 2009; Macmillan & Creelman, 2004). 

 

Results 

Data from 2 participants whose performance was barely above 

chance (50-52%) during the test phase were excluded. Consequently, the 

following analyses are based on the results of the remaining 33 

participants (mean accuracy 76%). Further, we removed all trials without 
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a response (85), those where a shock was delivered (147), and those were 

response time (RT) was faster than 200ms or slower than 600 (2329 

trials), which resulted in a 13% data loss. For the RT analysis, mean RT 

were calculated excluding incorrect trials and trials were RT was faster 

than 2.5 standard deviations from the mean, calculated by subject and 

experimental condition (2129 trials, approximately 13% data loss). 

Similarly, d’ scores were computed excluding trials with RTs faster than 2.5 

standard deviations from the mean (approximately 0.5% data loss). 

Means and standard deviations of both d’ and RT for each experimental 

condition are presented in Table 1. 

mean ± 
SD 

n 
Threat-congruent Goal-congruent Neutral 

100ms 1000ms 100ms 1000ms 100ms 1000ms 

d’ 
3
3 

1.84 ± 
0.32 

1.70 ± 
0.36 

1.75 ± 
0.41 

1.54 ± 
0.35 

 1.84 ± 
0.35  

1.69 ± 
0.33 

RT 
3
3 

474.1 ± 
11.45 

475.1 ± 
11.26 

470.3 ± 
11.08 

477.2 ± 
15.10 

471.5 ± 
11.46 

478.4 ± 
10.97 

Table 1. Descriptive statistics by ISI (100ms, 1000ms) and Congruence (Threat -
congruent, Goal-congruent, Neutral) conditions. SD: Standard deviation. 

 

d´ results. The repeated-measures ANOVA computed for d’ scores 

revealed a significant main effect of ISI, F(1, 32) = 8.694, p = .006, ηp2 = 

0.03. However, the neither the main effect of Congruence, F(2, 64) = 

2.623, p = .08, ηp2 = 0.01, nor the interaction between ISI and Congruence, 

F(2, 64) = 0.276, p = .8, ηp2 = 0.002, were found to be significant. The 

examination of the main effect of ISI with paired t-tests revealed a 

significantly higher perceptual sensitivity on the 100ms ISI condition (Δd’ 
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100ms – 1000ms ISI = 0.17), t(32) = 2.95, uncorrected p = 0.006, Cohen's 

d = 0.51, indicating a decrease in perceptual sensitivity at the 1000ms ISI 

condition. Mean d’ for each ISI and Congruence condition are presented 

in Figure 1. 

 

Figure 1 - d' by ISI and Congruence, error bars represent within-subjects confidence 
intervals (Morey, 2008).  
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RT results. The analysis of RT data indicated that neither ISI (F(1, 

32) = 3.043, p = .09, ηp2 = 0.009) nor Congruence (F(2, 64) = 0.270, p = .76, 

ηp2 < 0.001) had a significant effect, and neither did the interaction 

between ISI and Congruence (F(2, 64) = 2.493, p = .09, ηp2 = 0.002). Since 

none of the predictors seemed to have any effect on RT, t-test analyses 

were not conducted. Mean RT for each ISI and Congruence condition are 

presented on Figure 2. 
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Figure 2. RT by ISI and Congruence, error bars represent within-subjects confidence 
intervals (Morey, 2008). 

Discussion 

The results of the experiments described in the previous section 

of this chapter have demonstrated that Reward-driven attentional biases 

influence both perceptual sensitivity and RT. Specifically, the significant 

effects of Congruence observed on both perceptual sensitivity and RT 

indicate that reward-associated cues can become powerful influences on 
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attentional selection and guidance, and that this influence is exerted in a 

largely automatic manner. Most notably, Experiment 2 of the previous 

section revealed that, if necessary, the effects of this rapid, automatic 

attentional bias can be overcome by voluntary attentional control if there 

is sufficient time before an observer has to provide a response. While we 

speculated that comparable results could be obtained if the same 

experiment was adapted to induce a comparable attentional bias by 

associating the informative cue with a signal of threat, the presented 

findings of the threat version of this experiment only appear to replicate 

the significant main effect of ISI on perceptual sensitivity, indicating that 

perceptual sensitivity was the highest with a 100ms delay between cue 

and target displays, regardless of the actual valence of the informative 

cue. Such results could be taken to reflect some kind of reflexive 

perceptual and response facilitation occurring immediately after the 

onset of any informative cue, be it associated with subjectively relevant 

signals of threat and reward as in the experiments described on this 

chapter, or by other type of cues of more symbolic nature, such as gaze 

cues or arrows (Friesen & Kingstone, 1998; Langton & Bruce, 1999; Ristic 

& Kingstone, 2006). 

Importantly, the lack of significant effects of Congruence could be 

taken indicate that the implemented fear conditioning procedure failed 

to produce an attentional bias, seeing that d’ scores and RT were 

essentially indistinguishable between the cued (threat- and goal-

congruent) and neutral conditions. Such pattern of findings could be 
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taken to indicate that participants did not rely strongly on the cue to 

perform the task, and that since the threat-associated cue failed to elicit 

an attentional bias, there was no real conflict between goal- and threat-

driven biases. However, if that were indeed the case, one would expect 

the endogenous, voluntary goal-driven bias to drive performance, which 

should be reflected in performance costs and benefits consistent with the 

goal-driven bias, with faster RTs and increased perceptual sensitivity at 

the Goal-congruent location, in contrast to slower, less sensitive 

responses at both the Neutral and the Threat-congruent conditions 

(Brosch, Pourtois, Sander, & Vuilleumier, 2011; Carrasco, 2011; Lupiáñez 

et al., 2004; Prinzmetal, McCool, & Park, 2005). Since the current results 

do not show statistical evidence of such a pattern of costs and benefits, 

an alternative explanation would be that participants did not use the 

informative threat-associated cue to perform the task. 

Furthermore, as we did not observe any statistically significant 

benefit at the threat-congruent location neither in RT nor in d’ stands in 

sharp contrast not only with the reward version of this study discussed in 

the first section of this chapter, but also with a wealth of comparable 

studies indicating that attentional biases driven by signals of threat attract 

attention to their location and thus accelerate response time and 

optimize accuracy and perceptual decision making (Bocanegra & 

Zeelenberg, 2011; Koster, Crombez, Van Damme, Verschuere, & De 

Houwer, 2004a, 2005; Koster, Crombez, Verschuere, & De Houwer, 2004b; 

Schmidt, Belopolsky, & Theeuwes, 2014), further providing evidence that 
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the fear conditioning procedure employed in this experiment failed to 

elicit an attentional bias. 

A possible explanation for these results, could be the instrumental 

nature of the fear conditioning protocol employed in this study, which 

meant that the delivery of the electric shock was contingent not only to 

the presence of the threat-associated cue, but also to the accuracy and 

speed of their responses. Since, on average, participants were well able 

to perform the task at a relatively high level of accuracy, they were able 

to effectively avoid most of the 18 shocks that could be delivered. Indeed, 

on average, participants received between 3 and 5 shocks throughout the 

test phase, which might have reduced the impact of the threat signal, and 

this of the attentional bias driven by it. Moreover, there is a key difference 

between this study and the one described in Chapter II. Specifically, the 

study presented in Chapter II followed a classical fear conditioning, where 

the electric shock was only contingent to the presence of the threat cue, 

and participants were unable to avoid it, unlike the present study. In this 

sense, it could be argued that granting the participants the possibility to 

avoid the shock made it intrinsically less aversive, which might have 

contributed to the weakening of the conditioning effect and the 

attentional bias driven by it (Klumpers et al., 2010). From this perspective, 

it could be argued that in order to be better able to evaluate the conflict 

between threat and goal-driven attentional biases, the contingency 

between the threat signal and the actual aversive stimulus should be 
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the fear conditioning procedure employed in this experiment failed to 

elicit an attentional bias. 

A possible explanation for these results, could be the instrumental 

nature of the fear conditioning protocol employed in this study, which 

meant that the delivery of the electric shock was contingent not only to 

the presence of the threat-associated cue, but also to the accuracy and 

speed of their responses. Since, on average, participants were well able 

to perform the task at a relatively high level of accuracy, they were able 

to effectively avoid most of the 18 shocks that could be delivered. Indeed, 

on average, participants received between 3 and 5 shocks throughout the 

test phase, which might have reduced the impact of the threat signal, and 

this of the attentional bias driven by it. Moreover, there is a key difference 

between this study and the one described in Chapter II. Specifically, the 

study presented in Chapter II followed a classical fear conditioning, where 

the electric shock was only contingent to the presence of the threat cue, 

and participants were unable to avoid it, unlike the present study. In this 

sense, it could be argued that granting the participants the possibility to 

avoid the shock made it intrinsically less aversive, which might have 

contributed to the weakening of the conditioning effect and the 

attentional bias driven by it (Klumpers et al., 2010). From this perspective, 

it could be argued that in order to be better able to evaluate the conflict 

between threat and goal-driven attentional biases, the contingency 

between the threat signal and the actual aversive stimulus should be 
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To look or not to look? Reward, selection history, 
and oculomotor guidance 

 

Abstract 

The current eye-tracking study examined the influence of reward on 

oculomotor performance, and the extent to which learned stimulus-reward associations 

interacted with voluntary oculomotor control with a modified paradigm based on the 

classical antisaccade task. Participants were shown two equally salient stimuli 

simultaneously: a gray and a colored circle, and they were instructed to make a fast 

saccade to one of them. During the first phase of the experiment, participants made a 

fast saccade toward the colored stimulus, and their performance determined a (cash) 

bonus. During the second, participants made a saccade toward the gray stimulus, with 

no rewards available. On each trial, one of three colors was presented, each associated 

with high, low or no reward during the first phase. Results from the first phase showed 

improved accuracy and shorter saccade latencies on high-reward trials, while those from 

the second replicated well-known effects typical of the antisaccade task, namely, 

decreased accuracy and increased latency during phase II, even despite the absence of 

abrupt asymmetric onsets. Crucially, performance differences between phases revealed 

longer latencies and less accurate saccades during the second phase for high-reward 

trials, compared with the low- and no-reward trials. Further analyses indicated that 

oculomotor capture by reward signals is mainly found for saccades with short latencies, 

while this automatic capture can be overridden through voluntary control with longer 

ones. These results highlight the natural flexibility and adaptability of the attentional 

system, and the role of reward in modulating this plasticity. 
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One of the most often used tasks to investigate cognitive control 

is the antisaccade paradigm. In this task, an observer is instructed to make 

a rapid eye movement either toward (prosaccade) or away (antisaccade) 

from a peripheral visual stimulus. Typically, stimuli with an abrupt onset 

are used in this task, as they are known to automatically attract and 

capture attention and eye movements (Hallett 1978; Munoz and Everling 

2004). Studies using this paradigm have established that antisaccades 

away from a stimulus with an abrupt onset have longer latencies and are 

more error prone than prosaccades toward the stimulus. Importantly, 

errors in this task are considered to result from failure to inhibit the 

automatic saccade, while longer latencies are considered to reflect the 

additional processing steps required to first inhibit the automatic, 

stimulus-driven prosaccade, and then to execute the voluntary 

antisaccade to an arbitrary location in the visual field away from the 

stimulus (Hutton 2008; Hutton and Ettinger 2006; Munoz and Everling 

2004). 

The ability to suppress a reflexive, stimulus-driven response to an 

abrupt onset and perform a controlled, volitional movement away from it 

reflects an important component of daily human activity, one that is 

regarded to be a crucial executive control mechanism underlying 

processes such as gratification delay, response selection, motor 

inhibition, and impulse control (Aron 2007; Eagle et al. 2008). Deficiencies 

in this ability have been implicated in a variety of mental and neurological 

disorders. For instance, while it is well known that healthy participants 
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have error rates ranging from 5% to 25% (Reuter and Kathmann 2004), 

significantly longer latencies and higher error rates are reported for 

participants suffering from schizophrenia (Fukushima et al. 1988; 

Haraldsson et al. 2008; Larrison-Faucher et al. 2004; Levy et al. 2008), 

attention deficit and hyperactivity disorder (Hakvoort Schwerdtfeger et al. 

2013; Klein et al. 2003; Oosterlaan et al. 1998), mood and anxiety 

disorders (Jazbec et al. 2005; Mueller et al. 2010, 2012), and in 

neurological patients with lesions in the frontal lobes (Guitton et al. 1985). 

From this perspective, it can be inferred that patients with disorders that 

affect frontal lobe function might have difficulties suppressing automatic 

prosaccades, which is taken to reflect a broader deficit in voluntary 

inhibitory control of behavior (Munoz and Everling 2004). 

The interplay between the control processes necessary to execute 

a correct antisaccade, while suppressing the automatic, reflexive 

tendency to look toward a salient peripheral stimulus with an abrupt 

onset constitutes the basis of the antisaccade task. To investigate this 

interplay, most studies of attentional control mechanisms distinguish 

between endogenous, voluntary attentional selection driven by the goals 

and intentions of the observer, and automatic, exogenous control driven 

by the physical properties of a stimulus (Corbetta and Shulman 2002; 

Theeuwes 2010). By this distinction, prosaccades toward a stimulus with 

an abrupt onset are considered to result from an automatic, stimulus-

driven orienting mechanism akin to a physiological reflex that is 

independent from the intentions, goals, and expectations of the observer 
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(Neumann 1984; Posner 1980). In contrast, antisaccades reflect the 

activity of a deliberate, voluntary control mechanism that acts in tune 

with the explicit intentions, goals, and motivations of the observer 

(Carrasco 2011; Jonides 1981; Theeuwes 2010, 2018). Accordingly, 

performance differences between prosaccades and antisaccades in the 

classical antisaccade task can be considered to reflect the conflict 

between exogenous (automatic) and endogenous (voluntary) attentional 

and oculomotor biases. 

However, the exogenous/endogenous dichotomy view has proven 

to be insufficient to account for a variety of attentional selection effects 

that cannot be explained solely in terms of stimulus- or goal-driven 

attention alone. Specifically, a third attentional control mechanism has 

been proposed, “selection history,” describing how the history of 

attentional selection and deployment can elicit lingering selection biases 

that are unrelated to the goals of the observer or the physical features 

and relative salience of a perceived stimulus. In this sense, selection 

history describes, for instance, how reiterated encounters with a 

particular stimulus lead to the recognition that its occurrence or location 

can be reliably predicted, or how a stimulus can become a potential signal 

of threat or reward for the observer (Awh et al. 2012; Failing and 

Theeuwes 2017; Le Pelley et al. 2016). Indeed, different studies have 

demonstrated that merely by presenting a stimulus more often at one 

particular location is enough to modulate attentional selection. For 

instance, it has been demonstrated that whenever a singleton distractor 
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was presented much more frequently at one particular location than at 

any other, attentional capture effects elicited by a distractor presented at 

a highly probable location are reduced (Ferrante et al. 2018; Sha and Jiang 

2016; Wang and Theeuwes 2018a, 2018b). 

Similarly, other studies have demonstrated that experience with 

reward can have a persistent effect on selection. For instance, Anderson 

et al. (2011a) conducted an experiment consisting of a training and a test 

session. During training, participants searched for a red or a green circle 

presented among differently colored nontarget circles. One of the target 

colors was associated with high reward, while the other color was 

associated with low reward. During the subsequent test session, 

participants searched for a shape singleton presented among randomly 

colored nontarget shapes (additional singleton task; Theeuwes 1992). 

During this test session, one of the circles (which were now irrelevant for 

the task) had a color that was associated with high or low reward. 

Crucially, search time for the target increased when a nontarget had a 

color that was previously associated with a high reward, relative to when 

it was associated with a low reward. These findings suggest that reward-

driven effects can persist over extended periods of time, and even take 

precedence over voluntary attentional control, even in conditions in 

which observers are explicitly indicated to ignore the reward-associated 

signals, or when they are well aware that these signals no longer predict 

any reward (Le Pelley et al. 2015; Pearson et al. 2015; Preciado et 

al.2017a). 
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Importantly, reward-associated stimuli have been shown to attract 

and capture attention in a rapid, automatic way, such that reward-driven 

attentional effects are visible even at very early stages of perceptual 

processing. For example, spatial cueing experiments using reward-

associated stimuli have shown attentional costs and benefits, indicating 

that stimuli previously associated with reward summon attention to their 

location (Failing and Theeuwes 2014; Lynn and Shin 2015; Preciado et al. 

2017a). Similarly, stimuli examining the effect of reward on oculomotor 

performance have found similar effects in terms of eye movements, such 

that stimuli previously associated with reward not only captured attention 

but also attracted eye movements, even despite the fact that the stimulus 

reward contingency was no longer relevant (Hickey and van Zoest 2012, 

2013; McCoy and Theeuwes 2016; Theeuwes and Belopolsky 2012). From 

this perspective, it can be concluded that reward may change the salience 

of a stimulus, such that it becomes more pertinent and, therefore, 

captures attention and eye movements in an automatic way, regardless of 

the strategic, voluntary goals of the observer. 

The current study was designed to examine the extent to which 

reward-associated stimuli could elicit attentional and oculomotor effects 

comparable to those typically observed in the classic antisaccade task in 

the absence of any exogenous, stimulus-driven factors. Typically, the 

classic antisaccade task capitalizes on the fact that stimuli with an abrupt 

asymmetrical onset automatically and reflexively capture attention and 

eye movements, thus pitting this natural automatic bias against a 
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voluntary, endogenous set, prompting the observer to look away from the 

abruptly appearing stimulus. This design has been instrumental to 

elucidate the interactions between exogenous, stimulus-driven biases on 

one hand, and goal-driven attentional and oculomotor control on the 

other (Hallett 1978; Hutton 2008; Munoz and Everling 2004). However, 

the particular features that make the classic antisaccade task an ideal 

paradigm to investigate the interaction between exogenous and 

endogenous biases makes it less adequate to investigate the interaction 

and competition between biases driven by selection history and 

endogenously controlled attention and eye movements, primarily due to 

the presence of abrupt asymmetric onsets. Indeed, if the classic 

antisaccade task were to be enhanced with the same reward 

manipulation that we have introduced in the present study, such an 

experiment would imply the interplay of the three described bias 

categories. Specifically, voluntary, endogenous attention (driven by the 

antisaccade instructions) would be competing with both automatic, 

exogenous attention (driven by the abrupt asymmetrical onsets), and 

selection history (driven by reward). Moreover, in such a design, 

exogenous and reward-driven factors would be congruent, pulling 

attention and eye movements in the same direction, making it impossible 

to disentangle the true effects of each separate bias type. 

Given that our objective is to investigate the interaction between 

selection history and endogenous attention in the absence of any 

exogenous stimulus-driven factors, it was necessary to effectively remove 
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the influence of exogenous factors in our study, and thus, we introduced 

a few key modifications to the classic antisaccade task. Specifically, rather 

than using abrupt unilateral exogenous cues to examine the deployment 

of attention, we used bilateral cues (one colored and one gray) that were 

equally salient and always appeared simultaneously and at mirror 

locations on the display. A comparable strategy was employed by 

Theeuwes and Van der Stigchel (2006), in a study in which they 

demonstrated that faces, compared with non-faces, are more likely to 

summon attention and facilitate visual selection. Importantly, in a control 

study, pitting non-faces against inverted faces, they found no differences 

in saccade latency to either stimulus type, suggesting that the 

presentation of bilateral stimuli effectively abolished the influence of 

abrupt asymmetrical onsets on visual selection. Similarly, other studies 

have employed the same strategy to investigate the effect of stimuli 

associated with rewards or threats on spatial attention by means of a 

modified Posner cueing paradigm in which stimuli were presented 

bilaterally, and these have successfully revealed performance differences 

in perceptual sensitivity and response times that can be assumed to be 

driven purely by selection history (Preciado et al. 2017a, 2017b). 

In addition, for the present study, the specific color of the cue was 

associated with different levels of reward during training session. With 

this design, participants were presented with a task in which two equally 

salient stimuli were presented simultaneously on each trial. Participants 

were first trained to make a rapid and accurate saccade toward a colored 
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stimulus that, depending on its color, was associated with a high reward, 

low reward, or no reward. Following training, during a testing phase, 

participants were instructed to make a saccade away from the colored, 

reward-associated stimulus, in line with the antisaccade task. With this 

experiment, we wanted to determine whether the typical findings 

reported for the classic antisaccade design (specifically, longer saccades 

to the target and an increased proportion of incorrect eye movements) 

could also be discovered in the absence of any strong exogenous pull by 

an abrupt onset stimulus. Consequently, we expect our modified 

paradigm to allow us to examine the extent to which the attentional 

effects elicited by selection history and reward against are comparable to 

those elicited by purely exogenous, stimulus-driven factors (see also 

Theeuwes, 2018 for similar arguments). 

Notably, with this design, we can disentangle and separately 

examine the effects of factors crucial for the development of attentional 

and oculomotor biases driven by selection history: practice (understood 

as the repetition of the same oculomotor response over several trials 

within each phase of the experiment) and reward (Hikosaka and Isoda 

2010; Isoda and Hikosaka 2007; Yamamoto et al. 2013). Specifically, this 

design allowed us to examine the effects of practice per se during the 

second phase of the experiment, in which no rewards are delivered—and, 

thus, any changes in performance can only result from repetition—and 

compare them to the effects of practice reinforced with reward during the 

first phase, by assessing the attentional effects elicited by cues associated 
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with a high reward, low reward, or no reward. In addition, we investigated 

whether the effects observed were affected by individual differences. It is 

known that the ability to suppress automatic, prepotent responses is 

associated with differences in trait impulsivity (Aron and Poldrack 2005; 

Chambers et al. 2009; Congdon et al. 2012; Fillmore 2003; Logan et al. 

1984). Individuals with high levels of impulsivity require more conscious 

effort to suppress prepotent responses, resulting in increased proportion 

of incorrect saccades and increased response times required to provide 

correct responses during an antisaccade task. To examine the extent to 

which individual differences influenced oculomotor performance in our 

task, we included the Barratt Impulsivity Scale-11 (BIS-11) (Patton et al. 

1995; Stanford et al. 2009), a widely used self-reported questionnaire 

used to assess trait impulsivity. 

 

Methods 

Participants 

For this study, we tested 31 participants (24 female, 7 male) 

recruited from the Vrije Universiteit Amsterdam (mean age: 23.96 ± 3.16 

years old). All participants reported having normal or corrected-to-normal 

visual acuity, without colorblindness or any impairment in color vision. 

They also reported having no psychiatric, psychological, or neurological 

conditions, and signed a written informed consent before taking part in 

the study. For their participation, they received a monetary compensation 
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of €9, plus a bonus contingent on their performance in the experimental 

task (maximum €5). All methods and procedures were approved by the 

Scientific and Ethical Review Committee of the Faculty of Behavioral and 

Movement Sciences of the Vrije Universiteit Amsterdam and are in line 

with the Declaration of Helsinki. 

Materials and stimuli 

The tasks used in this study were designed and conducted using 

OpenSesame version 3.1 (Mathôt et al. 2012) and the PyGaze toolbox 

(Dalmaijer et al. 2014). Participants were tested in a sound-attenuated, 

dimly lit cubicle; seated 75 cm away from a 22-inch computer screen 

(Samsung Syncmaster 2233RZ, 1,680 × 1,050 resolution, 120-Hz refresh 

rate) with their head positioned on a chin rest. Eye movements from the 

right eye were recorded through an EyeLink 1000 TowerMount eye-

tracker system (SR Research, Oakville, ON, Canada), with 1,000-Hz 

temporal and <0.01° spatial resolution. Saccades were detected by an 

automatic algorithm using minimum velocity (35°/s) and acceleration 

(9,500°/s2) as detection criteria. 

Stimuli consisted of isoluminant light-gray and colored circles (1.4° 

diameter) presented on a dark-gray background. These circles appeared 

simultaneously on every trial at each side of the central fixation cross (5.5° 

eccentricity). Colored circles could be blue, green, or orange, and they 

were all matched in luminance with the light gray (38 cd/m2). Counter-

balanced across participants, each one of these three colors indicated 

that a high, low, or no reward could be obtained for a correctly directed 
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saccade, and that the bonus payment was determined by the 

accumulated score. Note that the task was designed so that the colored 

circle was equally likely to appear at either side of the display and was 

always paired with a light-gray one. Trials including each color were 

intermixed, and every color was equally likely to appear on any given trial. 

Participants were instructed to make a saccade as quickly and accurately 

as possible toward one of these circles (target) while ignoring the other 

(distractor). The specific target stimulus depended on the phase of the 

experiment: during phase I, the target was the colored circle, and during 

phase II, it was the light-gray one (see Procedure below for details). In 

addition to the eye-tracking task, to explore the relationship between 

reward, oculomotor control, and individual differences in impulsivity as a 

personality trait, participants completed the BIS-11 (Patton et al. 1995; 

Stanford et al. 2009). 

Procedure 

After signing the informed consent, the session started with the 

administration of the BIS-11 questionnaire. Following this, participants 

were instructed on the details of the task verbally and in written form. 

Specifically, they were informed that the task conditions and instructions 

were different for each phase in terms of the identity of the target and 

distractor stimuli and the availability of reward: in phase I, participants 

were told to make a fast, direct eye movement toward the colored 

stimulus. During this phase, each correct saccade granted points, 

depending on the color presented on the screen: 10 points for a high-
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reward color, 1 point for low-reward, and 0 for no reward. The score 

during the first phase determined their reward, up to a maximum of €5. 

Note that the participants were informed that different colors were 

associated with different levels of reward, but the specific color-reward 

associations had to be discovered through direct experience during the 

task. Conversely, during phase II, participants were instructed to make an 

eye movement toward the gray stimulus. Moreover, it was explicitly 

indicated that they could no longer earn points during this phase, and 

thus, their performance on the second part of the task would not affect 

their payout. Just before starting the task, each participant completed a 

9-point calibration and validation procedure, and each phase began with 

automatic drift correction. 

In both phases, to start a trial, participants were instructed to look 

at a fixation cross at the center of the screen. A participant’s gaze had to 

be detected within an area of 2.7° around the central cross for 100 ms for 

the trial sequence to continue. After verifying that the gaze was fixated 

within this region, the fixation cross was kept in display for a variable 

interval between 500 and 1,000 ms and then removed. After this, an 

empty display that was presented for 200 ms, followed by the saccade 

display presenting colored and gray circles to the left and the right of the 

original fixation (Figure 1). We included this delay between fixation and 

saccade displays to promote shorter saccade latencies, in line with studies 

investigating this phenomenon, known as the gap effect. These studies 

have established that saccade latencies are shorter when an empty 

IV

135



Chapter IV – Value in the eye of the beholder 

131 
 

display is presented for a brief duration (~200 ms) between the offset of 

a fixation and the onset of a target display (Bekkering et al. 1996; 

Kingstone and Klein 1993; Meeter et al. 2010; Munoz and Everling 2004; 

Saslow 1967). 

 

 

Figure 1. Task display sequence and trial types. Note that reward-color associations were 
counterbalanced across participants, colored circles were equally likely to appear at either 
side of the saccade display, and trial types were intermixed within blocks, all equally likely 
to occur on any given trial. 

 

Upon the presentation of the saccade display, participants made a 

fast, direct saccade toward the target stimulus (i.e., the colored or light-

gray stimulus, depending on the phase of the experiment). Following the 

saccade, a feedback display was presented for 500 ms, indicating the 

accuracy on the present trial (correct/incorrect) and obtained points 
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(during the prosaccade phase only). Correct saccades were defined in 

terms of saccade latency (initiated within 500 ms from the onset of the 

saccade display) and landing position (within a 2.7° area around the target 

stimulus), such that saccades longer than the maximum latency, or 

landing outside of the defined target region were reported to the 

participant as incorrect on the subsequent feedback display. The next trial 

started after an intertrial interval ranging between 500 and 1,000 ms, 

randomly chosen from a uniform distribution. Each phase of the 

experiment was divided in three blocks of 100 trials, and participants 

were allowed to take a break after every block, indicating via keypress 

whenever they were ready to move on to the next block. 

Data analysis 

Raw eye-tracking data was extracted using EyeLink’s Data Viewer 

software (version 2.6.58; SR Research). Data processing and analysis were 

conducted in R version 3.4.2 (R Core Team 2017). For all analyses, gaze 

coordinates were re-referenced, such that positive coordinates represent 

the target’s hemifield (regardless of phase), and negative ones represent 

the distractor’s. We considered only the first saccade made after the 

onset of the saccade display, excluding trials containing blinks and those 

in which the saccade landed away from the defined target or distractor 

regions. For all analyses, statistical significance was evaluated for α = 0.05. 

First saccade. The analysis of the full first saccades focused on the 

mean latency (defined as the lapse between the onset of the saccade 

display and the initiation of the first detectable saccade), and the 
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proportion of saccades directed toward the distractor (error saccades) 

calculated for each participant, phase, and reward level. Mean latency 

was calculated including only correctly directed saccades. To inspect the 

development of a reward-driven bias over the course of the experiment, 

we also computed and evaluated mean latency and the proportion of 

error saccades for each one of the three blocks making up each phase to 

be able to use block as a factor in the statistical analysis to track the 

evolution of attentional effects as a function of reward and practice (i.e., 

repetition) within each phase of the experiment. 

Additionally, we employed the Vincentizing procedure (Ratcliff 

1979) to better understand the relationship between the latency and 

landing position (on target or distractor) of the first saccade, and the 

different reward levels and the phase of the experiment. To do this, we 

first determined the cumulative distribution function of saccade latencies 

for every participant and experimental condition to obtain the latency 

deciles of each distribution, and then computed the proportion of error 

saccades for the trials with saccade latencies corresponding to each of 

these deciles. 

Statistical analysis. Data analysis was conducted with 2 × 3 

repeated-measures ANOVA approach, with phase (I and II) and reward 

(high, low, and no reward) as predictors. Additionally, in subsequent 

analyses we included block (three levels) as a factor to examine the 

evolution of attentional effects over the course of the experiment. 

Similarly, for the analysis of Vincentized data, we included latency decile 
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as an additional factor to evaluate the relationship between saccade 

latency on landing position. For all analyses, the sphericity assumption 

was evaluated with Mauchly’s test, and whenever this assumption is 

violated, we applied the Greenhouse-Geisser p value correction, 

reporting uncorrected degrees of freedom for the sake of clarity. Further 

exploration of effects was conducted via paired, two-sided t-tests, 

including the false-discovery rate (FDR) correction for multiple 

comparisons. For each one of the t-tests, Cohen’s d was calculated as an 

estimate of effect size, computed as the t-statistic divided by the squared-

root of the sample size (Lakens 2013). 

Impulsivity. To explore the relationship between individual 

differences in trait impulsivity and performance on the eye-tracking task, 

we calculated the Spearman ρ correlations between scores obtained from 

the self-report questionnaires on one side, and the collected first saccade 

measures (mean latency and proportion of error saccades at each phase 

and reward level). 

 

Results 

Data from one participant with performance below 75% correct 

on the first phase of the experiment was excluded from the analysis; thus, 

the presented results are based on the remaining 30 participants (24 

female, 6 male; mean age: 23.83 ± 3.13 years old). Trials with missing 

coordinates due to blinks or eye-tracking artifacts (32 trials, 0.18% data 
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loss), and trials in which the latency of the first saccade was shorter than 

80 ms (349 trials, 1.94% data loss) or longer than 500 ms (154 trials, 0.86% 

data loss) were excluded from further analyses. We also discarded trials 

with gaze samples falling outside the screen range (33 trials, 0.18% data 

loss), and trials in which the origin or landing positions of the first saccade 

were outside an area of 2.7° around the central fixation or the stimuli 

locations, respectively (675 trials, 3.75% data loss). All analyses are based 

on the remaining 16,757 trials. Mean and standard deviations for saccade 

latency to targets and distractors, as well as the proportion of error 

saccades, are presented in Table 1. 

 

Mean (SD) 
High reward Low reward No reward 

Phase I Phase II Phase I Phase II Phase I Phase II 
N (Trials) 2.817 2.764 2.821 2.769 2.795 2.791 
Saccade la-
tency to 
target (ms) 

202,78 
(51,28) 

205,60 
(51,62) 

211,.58 
(56,85) 

204,09 
(51,29) 

210,34 
(54,21) 

204,95 
(52,13) 

Saccade la-
tency to 
distractor 
(ms) 

164,98 
(42,57) 

163,20 
(48,28) 

178,17 
(49,87) 

152,79 
(33,95) 

174,96 
(38,83) 

155,76 
(40,73) 

Error sac-
cades  2,63% 9,44% 3,05% 6,97% 3,51% 7,78% 

Table 1. Descriptive statistics of Saccade latency and proportion of error saccades for each 
Phase (I and II) and Reward level (High, low and no-reward). SD = Standard deviation. 

 

First saccade 

Saccade latency to target. The repeated-measures ANOVA 

conducted on saccade latency showed reliable main effects of reward, 
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F(2, 58) = 5.708, p = 0.005, ηp2 = 0.001, and the interaction between phase 

and reward, F(2, 58) = 16.015, p < 0.001, ηp2 = 0.004, but not for phase, 

F(1, 29) = 1.038, p = 0.32. Further examination of these effects revealed 

that saccade latencies were significantly shorter on high-reward trials, in 

contrast to both low, t(29) = 2.94, p = 0.02, Cohen’s d = 0.54, and no 

reward, t(29) = 3.70, p = 0.003, Cohen’s d = 0.68. No differences in saccade 

latency were observed between low and no reward, t(29) = 0.18, p = 0.86. 

The analysis of the interaction between phase and reward 

indicates that the latency differences between reward levels was present 

only during phase I, producing significantly shorter saccades on high-

reward trials compared with low, t(29) = 4.73, p < 0.001, Cohen’s d = 0.86, 

and no reward, t(29) = 4.68, p < 0.001, Cohen’s d = 0.85 (Figure 2A), with 

no differences between reward levels on phase II. To further investigate 

this interaction, we computed the difference in saccade latencies 

between phases for each reward level and compared these difference 

scores, revealing a clear contrast between latency changes between 

phases in high-reward trials, as compared with low, t(29) = 5.64, p < 0.001, 

Cohen’s d = 1.02] and no-reward trials, t(29) = 4.40, p < 0.001, Cohen’s d 

= 0.80. These differences indicate that saccades to high-reward targets 

became significantly longer during the second phase of the experiments, 

while saccade latencies on both low- and no-reward targets actually 

became shorter (Figure 2B). 
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Figure 2 Phase × Reward interactions. A and C: latency of saccades made to the target 
(i.e., correct saccades only) and % of error saccades (respectively) by phase and reward 
level. B and D: computed differences in latency and % of error saccades (phase II -phase 
I). Error bars represent within-subjects confidence intervals (Morey 2008). Lines 
emphasizing significant effects represent t-tests results on the computed differences. ***P 
≤ 0.001; *P ≤ 0.05. 

 

Including block as a factor in the analysis replicated the main effect 

of reward, F(1, 29) = 5.4187, p = 0.007, ηp2 = 0.13, and the interaction 

between phase and reward, F(1, 29) = 14.7946, p < 0.001, ηp2 = 0.036, 

observed in the previous analysis. Moreover, it revealed a main effect of 

block, F(1, 29) = 24.6515, p < 0.001, ηp2 = 0.09, consistent with an 

expected gradual reduction of saccade latencies as the experiment 

progressed and the participants became more proficient in the task (Fig. 

3A). In addition, the two-way interaction between block and reward was 
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also reliable, F(2, 58) = 4.0461, p = 0.023, ηp2 = 0.0032. Comparisons 

between reward levels within each block (averaged over phase) showed 

no latency differences between reward levels during the first block (p > 

0.05 for all paired t-tests), yet latencies for high-reward trials were 

significantly shorter than both low- and no-reward trials for the second 

(high vs. low t(29) = 3.14, p = 0.009, Cohen’s d = 0.57; high vs. no t(29) = 

2.61, p = 0.028, Cohen’s d = 0.48) and third blocks (high vs. low t(29) = 

3.14, p = 0.009, Cohen’s d = 0.57; high vs. no t(29) = 4.36, p < 0.001, 

Cohen’s d = 0.78), indicating the gradual reduction of saccade latencies 

was more pronounced for high-reward signals. No differences were found 

between low- and no-reward trials within any block (FDR-corrected p > 

0.05 for all paired t-tests). 
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Figure 3. Phase × reward × block interactions. A and B: presents the latency of saccades 
made to the target (i.e., correct saccades only) and % of error saccades (respectively) by 
phase, reward level, and block. Shaded areas represent within-subject confidence intervals 
(Morey 2008). 

 

Proportion of error saccades. The 2 × 3 repeated-measures 

ANOVA calculated on the proportion of error saccades revealed a 

significant main effect of phase, F(1, 29) = 31.871, p < 0.001, ηp2 = 0.21; 

and a significant interaction of phase and reward, F(2, 58) = 3.711, 
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Greenhouse-Geisser corrected p = 0.04, ηp2 = 0.02, but no main effect of 

reward ,F(2, 58) = 2.072, p = 0.14. The effect of phase reflected the 

expected increase in the proportion of saccades toward the distractor 

during phase II, t(29) = 5.59, p < 0.001, Cohen’s d = 1.02]. We first 

examined the interaction between phase and reward by comparing the 

proportion of error saccades between each level of reward within each 

phase of the experiment. These contrasts did not reveal any statistically 

reliable differences between reward levels within either phase. 

Nevertheless, we found a marginally significant difference between high- 

and low-reward trials during phase II, t(29) = 2.36, p = 0.067, consistent 

with the notion that stimuli associated with high reward are, indeed, 

more likely to attract and capture attention, leading to incorrect eye 

movements. Together, the presented results indicate that the increase in 

error saccades on phase II was consistent on every level of reward (high: 

t(29) = 6.32, p < 0.001, Cohen’s d = 1.15; low t(29) = 3.67, p = 0.004, 

Cohen’s d = 0.67; no: t(29) = 3.65, p = 0.004, Cohen’s d = 0.67), in 

concordance with the reported main effect of phase (Figure 2C). 

To further examine this interaction, we again calculated the 

difference in proportion of error saccades between phases and compared 

these difference scores between reward levels. This comparison revealed 

a significant difference between high and low reward (t(29) = 2.70, p = 

0.037, Cohen’s d = 0.49), indicating that the increase in error saccades on 

the second phase of the experiment was greater for high-reward trials 

than for low-reward ones. No statistical differences were observed 
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between low and no reward, t(29) = 0.47, p = 0.64, or between high and 

no reward, t(29) = 1.74, p = 0.20 (Figure 2D). 

Including block in the analysis of the proportion of error saccades 

replicated the significant main effect of phase, F(1, 29) = 31.1210, p < 

0.001, ηp2 = 0.26, and the interaction between phase and reward, F(2, 58) 

= 3.8928, p = 0.026, ηp2 = 0.024. In addition, it revealed a significant three-

way interaction between phase, reward, and block, F(2, 58) = 3.3867, P = 

0.041, ηp2 = 0.011, (Figure 2C). None of the other main effects or 

interactions was statistically reliable. Similarly, paired t-tests conducted to 

further explore the significant three-way interaction did not reveal any 

differences in the proportion of error saccades between any of the 

evaluated conditions (all p > 0.05). 

Vincentized proportion of error saccades. The ANOVA analysis 

adding latency decile as a factor with the proportion of saccades to the 

distractor at each of the calculated deciles as dependent variable 

replicated the significant main effects of phase, F(1, 29) = 31.622, p < 

0.001, ηp2 = 0.14, observed for the proportion of error saccades, and 

revealed a main effect of saccade latency decile, F(1, 29) = 50.699, p < 

0.001, ηp2 = 0.37, suggesting that the direction of a saccade is strongly 

influenced by how fast the saccade is initiated but did not reveal any 

effect of reward, F(2, 58) = 2.1, P = 0.13. The two-way interactions 

between phase and reward, F(2, 58) = 3.692, p = 0.031, ηp2 = 0.011, and 

between phase and latency decile, F(1, 29) = 36.992, p < 0.001, ηp2 = 0.18, 

were also found to be statistically significant. In contrast, the interaction 
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between reward and latency decile, F(2, 58) = 2.037, p = 0.14 or the three-

way interaction between phase, reward, and latency decile, F(2, 58) = 

2.942, p = 0.061] did not reveal any reliable effects. 

These results indicate that the landing position of a saccade is 

strongly influenced by the how fast the saccade is initiated, in addition to 

the phase and reward level of the experiment. Paired t-tests contrasting 

the proportion of error saccades for every decile and reward level 

between phases of the experiment indicated that the increase in saccades 

toward the distractor on phase II was driven primarily by the saccades 

with the shortest latency (Figure 4). Specifically, these comparisons 

indicate that, on high-reward trials, the increase in the proportion of error 

saccades was statistically reliable in the 1st, t(29) = 6.38, p < 0.001, Cohen’s 

d = 1.16, and 2nd deciles, t(29) = 4.90, p < 0.001, Cohen’s d = 0.89, and 

marginally significant on the 4th, t(29) = 2.67, p = 0.053, Cohen’s d = 0.49] 

and 6th deciles, t(29) = 2.59, p = 0.056, Cohen’s d = 0.47], suggesting that, 

during phase II, a substantial proportion of the saccades with the shortest 

latency on high-reward trials was more likely to be directed toward the 

distractor than the target, in contrast to the other reward conditions. 

Indeed, low-reward trials only showed this bias on the 1st decile, t(29) = 

4.66, p < 0.001, Cohen’s d = 0.85, and 2nd decile, t(29) = 2.84, p = 0.048, 

Cohen’s d = 0.51; and no-reward trials showed it exclusively on the 1st, 

t(29) = 5.1, p < 0.001, Cohen’s d = 0.93, and marginally for the 2nd decile, 

t(29) = 2.71, p = 0.053, Cohen’s d = 0.49]. 
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Figure 4. Vincentized proportion of saccades to distractor for each phase (solid and dashed 
lines for phase I and II, respectively) and reward level. Shaded regions correspond to 
within-subject confidence intervals (Morey 2008). Each data point represents a decile in 
the corresponding latency cumulative distribution. ***P < 0.001; *P < 0.05; +P = 0.06. 

 

Impulsivity 

Trait impulsivity, as evaluated by the BIS-11 instrument (Patton et 

al., 1995; Stanford et al., 2009), is not understood as a single, unified 

concept, but rather as a construct that integrates cognitive and behavioral 
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components. Specifically, the BIS-11 operationalized impulsivity in terms 

of three dimensions (second-order factors), each one, in turn, composed 

of second subdimensions (first-order factors). High scores in either of 

these are considered a manifestation of higher levels of trait impulsivity 

in an individual. For our study, we will focus only on the second-order 

factors, namely motor impulsivity, understood as acting without 

forethought; cognitive/attentional impulsivity, involving rapid, reckless 

decision making and inability to concentrate; and non-planning, 

understood as a lack of forethought. 

Impulsivity and Saccade latency. The analysis of the Spearman’s ρ 

correlations between mean saccade latency (for each phase and reward 

level) and impulsivity scores (second-order dimensions) revealed only a 

significant negative correlation between motor impulsivity and saccade 

latency on trials with no reward during phase II (ρ = -0.41, p = 0.023), 

indicating that people with higher motor impulsivity scores made 

saccades toward targets not signaling reward with significantly shorter 

latencies. Note that all computed correlations reflect the same pattern, 

namely, higher motor impulsivity scores associated with shorter saccade 

latencies for all levels of reward, yet for the present data, only the 

correlations involving no reward trials reached statistical significance. 

Impulsivity and proportion of error saccades. In terms of the 

proportion of error saccades, the analysis of correlations revealed a 

number of significant associations clustered on the motor impulsivity 

dimension. Specifically, this analysis revealed reliable associations 
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between motor impulsivity and the proportion of incorrect responses on 

high-reward trials during both phases of the experiment (Phase I: ρ = -

0.44, p = 0.016; Phase II: ρ = -0.58, p < 0.001), as well as on no reward 

trials (Phase I: ρ = -0.55, p = 0.002; Phase II: ρ = -0.42, P = 0.019). These 

results indicate that higher scores on motor impulsivity are associated 

with an increased proportion of saccades falling on the distractor, rather 

than on the target. Moreover, the observed pattern of responses indicates 

that, for individuals with high scores in motor impulsivity, the 

performance decrease observed between phase I and II is more dramatic 

for high-reward trials, in contrast to no reward, suggesting that automatic 

oculomotor response to high-reward trials developed over phase I might 

be more difficult to overcome for individuals with higher scores on motor 

impulsivity (Figure 5). 
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Figure 5. Spearman ρ correlations between second-order motor impulsivity and the 
proportion of saccades to the distractor by phase and reward (low reward data not shown, 
as it did not significantly correlate with motor impulsivity). 

 

Discussion 

In this study, we employed a modified version of the classic 

antisaccade task to investigate the effect of stimuli associated with 

different levels of reward on oculomotor control. Specifically, we wanted 
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to establish whether specific reward associations acquired over the 

course of several trials would elicit oculomotor and attentional effects 

comparable to those typically reported for the antisaccade task, namely, 

longer saccade latencies and increased proportion of saccades to the 

distractor stimuli on phase II trials, compared with phase I. In contrast to 

previous studies using the antisaccade task in which there are always 

stimuli with an abrupt onset, our experiment controlled for the influence 

of exogenous, stimulus-driven effects, allowing us to establish whether 

selection history, in the form of learned stimulus-reward associations, 

elicited similar oculomotor and attentional effects than those typically 

attributed to automatic, stimulus-driven attention. 

Our analysis of the first saccades revealed a reliable effect of phase 

on the proportion of error saccades, but not for saccade latencies toward 

the target. The effect of phase provides a measure of the control conflict 

between voluntary and automatic, reward-driven oculomotor biases, and 

as such, our findings are congruent with the well-documented increase in 

the proportion of errors typically reported during in the antisaccade task 

(Hallett, 1978; Hutton, 2008). Crucially, the analyses revealed reliable 

interactions between phase and reward for both saccade latencies and 

the proportion of error saccades, indicating that the expected differences 

in oculomotor performance between the phases of the experiment was 

modulated by the level of reward. 

Specifically, during phase I, we observed that saccade latencies to 

high-reward trials were noticeably shorter than those on both low- and 
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no-reward trials. Similarly, the proportion of error saccades during this 

phase was the lowest for high-reward trials. Together, these results 

indicate that the learned stimulus-reward associations led to a response 

bias that optimized responses to high-reward trials. These results suggest 

that all participants were, indeed, able to learn the specific reward 

contingencies and that such learning selectively biased attention and 

oculomotor performance on high-reward trials during the prosaccade 

phase. These findings are consistent with existing reward literature, 

confirming that stimuli associated with reward lead to the development 

of a selection bias, which results in optimized performance in detecting 

and responding to these stimuli (Anderson et al. 2011a; Folk et al. 1992; 

Stankevich and Geng 2014). 

Combined, these results from phase I highlight the role of two key 

factors underscoring the development of attentional and (oculo)motor 

biases driven by selection history: Practice (i.e., repetition) and 

reinforcement, in the form of reward in this case (Bentley et al. 2003; 

Della Libera and Chelazzi 2006; Yamamoto et al. 2013). Indeed, the 

differences we observed in latency and proportion of correct saccades 

between high reward on one hand and low and no reward conditions on 

the other can be taken to reflect the additivity of the effects of 

reinforcement and repetition (Engelmann et al. 2009; Stankevich and 

Geng 2014). In our design, stimuli associated with every level of reward 

were presented for an equal number of trials within every 300-trial block, 

implying that the amount of practice with each of the stimuli was the 
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same. Yet, our results revealed noticeable performance differences 

favoring high reward over the other reward levels, further validating the 

notion that reward and repetition additively contribute to the 

development of the attentional bias (Hikosaka and Isoda 2010; Isoda and 

Hikosaka 2007; Stankevich and Geng 2014; Yamamoto et al. 2013). This 

interpretation is further strengthened by the inclusion of block as a factor 

in our analyses, which revealed that saccade latencies to high-reward 

trials became notably shorter, but only starting from the second block of 

phase I. 

Interestingly, while the described results are largely consistent 

with those obtained with the classic antisaccade task, there are certain 

differences that should be considered. First, we did not observe a 

statistically significant difference in saccade latency between 

experimental phases, even though such a difference is often reported in 

the classic antisaccade literature. Similarly, the effects that we observed 

in our experiment are comparatively smaller than those reported by these 

studies (Hallett 1978; Hutton 2008). Lastly, we found that saccade 

latencies on high-reward trials were significantly slower during the second 

phase of the experiment, compared with the first. In contrast, saccade 

latencies to low- and no-reward trials became consistently faster. 

The fact that we did not replicate a highly reliable phase effect in 

our task and that the size of our effects is comparatively smaller than 

those reported with the standard antisaccade studies may result from the 

crucial differences between our task and the classic antisaccade. Critically, 
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the classic antisaccade task employs a highly salient, asymmetrical 

stimulus to automatically and exogenously summon attention. In our 

experiment, we wanted to eliminate the effect of exogenous capture by 

means of symmetrical stimuli with an abrupt onset, to examine the effect 

of selection history. Stimulus-driven (exogenous) factors have been 

demonstrated to be powerful modulators of attentional and oculomotor 

selection that are very difficult to suppress (Godijn and Theeuwes 2002; 

Theeuwes 1991), and thus, it is plausible that the comparatively smaller 

effect size and the absent significant main effect of phase on saccade 

latency reflect the difference between exogenous and selection history-

driven attention. 

Regarding the paradoxical shortening of saccade latencies on low- 

and no-reward trials during phase II, while inconsistent with well-known 

standard antisaccade effects, such a reduction in latencies is not an 

entirely novel finding. Indeed, it has been observed before in a study 

investigating the effect of task switching on antisaccade performance 

(Cherkasova et al. 2002). In this study, the authors compared antisaccade 

latency between a mixed condition, in which prosaccade and antisaccade 

trials are intermixed within a block; and a blocked condition, in which 

prosaccade and antisaccade trials were arranged in separate blocks. With 

this design, they observed a reduction in antisaccade latencies in the 

blocked condition, but not in the mixed blocks. The authors propose two 

alternative explanations for this discrepancy: First, it is argued that it 

results from intertrial effects, such that detrimental antisaccade effects 
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propagate from one trial to the next in the mixed condition. Alternatively, 

the observed discrepancy can also result from endogenous facilitation, 

such that voluntary cognitive control makes response execution easier in 

the blocked condition. The authors further point out that further research 

would be necessary to clarify the origins of the observed reduction in 

saccade latencies. 

Within the context of the present study, we interpret such 

paradoxical results to reflect the additive effect of reward and practice in 

the development of an oculomotor bias. In concrete, this pattern of 

results would suggest that, in the absence of reward and stimulus-driven 

biases, oculomotor responses can be adapted rapidly and flexibly to meet 

the demands of the task, since there is no other conflicting bias 

interacting with voluntary control and, thus, affecting performance. In 

other words, performance in these trials would depend solely on 

voluntary oculomotor guidance and, consequently, would not show any 

of the standard antisaccade effects, as indicated by earlier studies 

employing bilateral stimuli on a visual selection task (Theeuwes and Van 

der Stigchel 2006). Nevertheless, this is not the case for high-reward trials, 

in which the longer latencies typical of the antisaccade task are taken to 

reflect how the reward-association, combined with practice, has led to 

the development of an oculomotor bias that automatically summons 

attention to the reward-associated stimulus. This association, in turn, 

results in a delay in voluntary oculomotor responses, consistent with the 

expected conflict between automatic and voluntary oculomotor 
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programs underlying the effects typically observed in the antisaccade 

task. 

This notion is further supported by the results observed when 

block was included as a factor in our statistical analyses: while saccade 

latencies for low- and no-reward trials progressively and consistently 

became faster across phases as a function of practice, we observed a 

noticeable difference in saccade latencies for high-reward trials between 

the last block of the first phase and the first block of the second. 

Specifically, our results indicate that saccade latencies on high-reward 

trials were the fastest at the end of the first phase, but also the slowest at 

the end of the second phase, closely resembling the results from the 

classic antisaccade task. Together, we take the observed differences 

between the presented results and those from the classic antisaccade 

task to reflect the interplay between a learned selective, automatic bias 

in favor of the high-reward stimulus, and voluntary oculomotor guidance. 

In fact, this conflict is very similar to the conflict between automatic and 

voluntary control seen in classic antisaccade effects. Crucially, however, in 

the classic antisaccade task, automatic oculomotor control is driven by 

the physical properties of the stimulus in an exogenous fashion, while in 

our study, these automatic biases have been developed through reward 

and selection history. 

The analysis of the results of the second phase not only replicated 

(in high-reward trials) the expected deficits in latency and accuracy 

typically reported in the antisaccade literature (Hallett 1978; Hutton 

IV

157



Chapter IV – Value in the eye of the beholder 

153 
 

2008; Munoz and Everling 2004), but also indicates that reward-driven 

biases developed over the course of phase I persisted and interfered with 

performance on phase II, despite the fact that participants were well 

aware that no rewards were available during this phase. Indeed, our 

findings indicate that the increase in proportion of error saccades for 

high-reward trials was significantly higher than for low-reward trials, 

suggesting that the stimulus associated with high reward is more likely to 

attract and capture saccades, regardless of the intentions of the observer 

or whether reward is at all available (Anderson et al. 2011b; MacLean et 

al. 2016; Pearson et al. 2015). A comparable pattern was observed for 

saccade latency, such that correctly directed saccades on trials in which 

the stimulus associated with high reward became significantly longer, 

while saccades on trials presenting the other stimuli actually became 

shorter. These findings suggest that participants need to make an 

additional effort to suppress the prepotent automatic orienting response 

to high-reward trials. This, in turn, implies that the learned high-reward 

association made it more difficult for participants to suppress a saccade, 

and consequently, providing a correct response during these trials 

involved additional effort and processing steps, thus delaying the saccade. 

Moreover, the analysis of the proportion of error saccades as a 

function, phase, reward, and saccade latency decile (Vincentization 

procedure) provided additional insights of interplay between selection 

history and voluntary oculomotor selection. Our findings indicate that, 

during phase II, saccades with short latencies are more likely to be 
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directed toward the colored stimulus, reflecting the bias developed 

during the prosaccade phase. This result is similar to a study conducted 

by van Zoest et al. (2004), in which the extent to which saccadic visual 

selection depended on stimulus-driven or goal-driven biases was 

investigated, and they demonstrated that a critical factor in determining 

the dominant attentional bias was the latency of the saccade, such that 

the saccades with the shortest latency are largely determined by the 

stimulus-driven bias, while the longer ones reflected voluntary 

attentional control. 

In this sense, our findings suggest that, much like with exogenous 

attentional biases, selection history biases determine the landing position 

of a saccade rapidly and automatically and that this tendency can only be 

overcome on longer saccades. Moreover, differences between reward 

levels on the Vincentized data once again revealed a selective bias for 

high-reward trials, which led to a significantly higher proportion of 

saccades with short latencies being directed to the distractor (up to more 

than 40% for high-reward trials at the decile corresponding to the shortest 

saccade latencies, compared with ~30% for the other levels of reward at 

the same decile). Similarly, we also found that, a greater proportion of the 

trials with the shortest saccade latency seems to be affected by the 

reward-driven oculomotor bias on high-reward trials, such that saccades 

with a latency falling within the first six deciles show a significant increase 

of error saccades, while this increase is only significant for the first two 

deciles for low- and no-reward trials. As a whole, these findings add up to 
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confirm that selection history biases do elicit attentional and oculomotor 

effects paralleling those triggered by physically salient stimuli, suggesting 

that selection history effects can be elicited in a reflexive, automatic way. 

Examining the extent to which trait impulsivity modulated the 

observed results revealed that participants reporting higher levels of 

motor impulsivity were more likely to make incorrect saccades during 

phase II, and showed also shorter saccade latencies. Combined, these 

results are consistent with the notion of individuals with high scores on 

impulsivity find it more difficult to suppress and overcome automatic, 

prepotent responses (Abroms et al. 2006; Aron and Poldrack 2005; 

Fillmore 2003). Interestingly, the neural underpinnings of this association 

between self-reported impulsivity and the observed deficiencies in 

suppressing prepotent responses have been examined using the same 

instrument that we used to assess impulsivity in our study (BIS-11; Patton 

et al. 1995) in a study by Buckholtz et al. (2010). In this study, the authors 

examined the hypothesis that individuals with higher scores in self-

reported impulsivity show abnormalities in dopaminergic 

neurotransmission within striato-cortical circuits, specifically, on 

pathways originating from the ventral striatum (Substantia nigra and 

ventral tegmental area) targeting frontal cortical areas. This study 

demonstrated how highly impulsive individuals appear to suffer from 

disinhibited dopaminergic signaling from the ventral striatum to fronto-

cortical terminal fields, leading to stronger neural responses toward 

rewarding, novel, or salient stimuli. On the basis of these findings, the 
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authors conclude that abnormalities in the ascending dopaminergic 

pathways are associated with impulse control deficits. From this 

perspective, it can be inferred that the extent to which attentional and 

oculomotor control is determined endogenously or by value-driven biases 

is associated with trait impulsivity and that at individual differences in 

dopaminergic signaling lie at the heart of this association. Such an 

association can be very relevant for the investigation of impulse control 

and to understand the pathological mechanisms behind mental disorders 

for which trait impulsivity is a risk factor, such as addiction and behavioral 

control disorders. Similarly, it underscores the potential of the 

antisaccade task as a tool to predict the risk for developing psychiatric 

disorders (Hutton and Ettinger 2006; Mazhari et al. 2011). 

In summary, our study provides evidence indicating that selection 

history biases can elicit attentional and oculomotor effects comparable to 

those triggered exogenously by physically salient stimuli, and that these 

effects are elicited in an automatic, reflexive manner. Furthermore, our 

findings are consistent with the notion that voluntary, goal-driven 

behavior can become automatized through practice and repetition, and 

that this process is facilitated by reward. We also show that reward-driven 

biases, once learned and consolidated, seem to require additional effort 

to be overridden, even if it is explicitly clear for the individual that the 

response-reward contingency is no longer valid. Moreover, we observed 

that the effects of these acquired reward-driven biases are sensitive to 

individual differences in trait impulsivity, such that more impulsive 
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individuals will find it more difficult to overcome the effects of automatic 

reward-driven biases, indicating that their attention and eye movements 

are even more likely to be captured by reward-signaling stimuli, regardless 

of their voluntary intentions. These findings provide additional insights 

into the mechanisms underlying the development of selection history 

biases, indicating that automatic, reflexive effects are not exclusively 

triggered by physically salient stimuli, but can also be developed and 

maintained purely through selection history.
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We are not in the habit of observing our sensations accurately,  
except as they are useful in enabling us to recognize external objects. 

 

Helmholtz (1825), Treatise on physiological optics. 

In the closing remarks of his chapter on attention, William James 

(1890) describes how a wide variety of sensory stimuli appear to simply 

go unnoticed, merging with the background of the sensory stream and 

thus attracting little to no attention from the observer, either because 

they lack any salience or because the observers are so used to them that 

they have become unremarkable. Importantly, he highlights that these 

stimuli are ignored not because of physical limitations in the sensory 

capacity of the observer. Rather, referring to any of these unnoticed 

stimulus, he indicates that “were this sensation important, we should 

notice it well enough, and we can at any moment notice it by expressly 

throwing our attention upon it” (p. 455). Furthermore, paraphrasing the 

work of the German physician and physicist Herman von Helmholtz, he 

indicates that “we leave impressions unnoticed which are valueless to us 

as signs by means of which we discriminate things” (p. 456). These 

remarks reflect certain key aspects of our current understanding of 

attention. For one, they highlight how, while a significant amount of 

sensory input fails to attract any attention, we can easily and importantly, 

voluntarily attend to any of these stimuli in order to become fully aware 

of it, thus highlighting the crucial role of voluntary attentional control in 

determining attentional selection. 
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Moreover, and more importantly for the present thesis, he 

indicates how stimuli that are “important” should immediately draw 

attention, with this importance driven by the fact that specific features of 

some stimuli enable us to “discriminate things”. Now, while it most likely 

was not his original intention, this ability to discriminate things, 

incidentally, hints at the importance of subjective relevance in 

determining which stimuli in our environment are attended to, and which 

ones are ignored. In other words, these statements could be taken to 

indicate that the whole point of being able to “discriminate things” is not 

only to determine their identity and intrinsic objective properties, but also 

to establish their relative importance for the observer, or in other words, 

their subjective value. 

While it is unclear if that was indeed the meaning behind the 

words of James or Helmholtz, or if they would in fact agree with such a 

proposition, the notion that the ability to discriminate the subjective 

importance of a stimulus has a significant influence on attentional 

selection and guidance has been the main driving theme and common 

thread underlying the different studies included in the present thesis. 

From this perspective, the main objective of these studies has been to 

examine the extent to which value might affect attentional control, and 

the effects of such influence. 

In this sense, Chapter I highlighted the importance of subjectively 

relevant stimuli in attentional guidance, focusing specifically on signals 

associated with a threatening or rewarding value, describing the effects 
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of these signals from the perspective of a selective attention model 

proposing that three separate bias categories (namely, exogenous, 

endogenous and selection history), determine which elements in the 

sensory stream are attended to and which ones are ignored, thus allowing 

an observer to effectively navigate and interact with the environment 

(Awh, Belopolsky, & Theeuwes, 2012). From this perspective, value is 

described as an instance of selection history bias category, an instance 

with a very distinctive property: In contrast to other biases that develop 

simply by repetition, such as pop-out priming (Maljkovic & Nakayama, 

1994, 1996, 2000) or those based on the innate ability to discern patterns 

and regularities in the environment (Armstrong, Frost, & Christiansen, 

2017; Friston, 2010; Santolin & Saffran, 2018; Wang & Theeuwes, 2018), 

value-driven biases are derived from the natural instinct of self-

preservation common to all living organisms, one that leads to maximize 

gains and avoid losses in order to enhance the ability to survive and thrive 

in a rich, complex, ambiguous and ever-changing environment (Mathews 

& Mackintosh, 1998; Pourtois, Schettino, & Vuilleumier, 2013). 

Most notably, this chapter proposes a review, and in fact, an 

extension of the definition of the concept of value, to the extent that it 

does not refer exclusively to rewarding stimuli (Anderson, Laurent, & 

Yantis, 2011a, 2011b), but rather encompasses all stimuli that are 

subjectively relevant for the survival and well-being of the individual, 

regardless of their specific valence. This redefinition is proposed as an 

alternative perspective to approach and contextualize the attentional 
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effects of a wide variety of stimuli of different nature and subjective 

valence, including signals of threat and reward, and is expected to provide 

a conceptually sound framework to facilitate and enrich the investigation 

of not only their similarities and underlying common mechanisms, but 

also the points where they eventually diverge and differentiate 

themselves into the irrefutably different subjective experiences 

associated with, for instance, the face of a close friend or that of a 

fearsome adversary. 

This extension of the concept of value is motivated primarily by 

the findings of a variety of studies indicating that signals associated with 

different valences and subjective experiences modulate attentional 

guidance, and in doing so, influence many mental processes relying on 

attentional selection, in particular perceptual processing. Considered 

together, the results of these studies can be taken to indicate that the 

attentional biases driven by value-associated stimuli, regardless their 

valence, feature three key characteristics: First, they are elicited rapidly 

and automatically, as indicated by the costs and benefits described as fast 

as 100ms after the onset of the value-associated cue. Second, they are 

more robust and persistent than biases driven by physical salience, as 

evidenced by the fact that their effects can still be seen for extended time 

periods after the disappearance value-associated cue, thus not showing 

any IOR-like effects. Third, they interact with both exogenous and 

endogenous biases, an interaction that can be described in terms of 

competition, where they have been observed to override, for instance 
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voluntary attentional control (Lynn & Shin, 2015; Nissens, Failing, & 

Theeuwes, 2016); or synergy, for example enhancing the subjective 

salience of already physically salient stimuli (Bucker & Theeuwes, 2014; 

Ferneyhough, Kim, Phelps, & Carrasco, 2013) and goal-relevant stimuli 

(Hickey & Van Zoest, 2012; Stankevich & Geng, 2014). 

Indeed, studies that have employed signals associated with some 

kind of subjective value, such as those signaling a threatening or 

rewarding outcome, have frequently demonstrated how perceptual 

accuracy and response efficiency, both in terms of manual and 

oculomotor responses, are significantly enhanced at the spatial location 

where these signals are presented (Anderson & Yantis, 2012; Belopolsky, 

Devue, & Theeuwes, 2011; Bucker & Theeuwes, 2014; Failing & 

Theeuwes, 2014; Le Pelley, Mitchell, & Beesley, 2016; Schmidt, 

Belopolsky, & Theeuwes, 2014). Moreover, the experiments described in 

Chapter II and in the first section of Chapter III (Experiment 1) provide 

direct, unequivocal experimental evidence of these automatic facilitation 

effects. Specifically, the results of these experiments have revealed 

improved perceptual sensitivity (defined in terms of d’ scores, Macmillan 

& Creelman, 2004) and response times (RT) in response to stimuli 

presented at the same location than both signals associated with a 

threatening (electric shock) or rewarding (cash) outcome, this despite the 

fact that these signals were specifically designed to be neither physically 

salient nor relevant or even useful to perform the experimental task. 

Importantly, and consistent with the expected speed and automaticity of 
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these attentional effects, this patterns of benefits at validly cued locations 

and costs and invalidly cued ones was found to be significant already at 

the 100ms inter-stimulus interval (ISI) condition, indicating that value-

associated signals not only facilitate and accelerate responses, but also 

optimizes early sensory processing. 

Furthermore, these experiments indicate that spatial attention 

was not only rapidly and automatically summoned to the location of the 

value-associated cues, but also that it persisted at this location for an 

extended lapse after the offset of the value cue, as indicated by the fact 

that the same attentional benefits and costs on d’ and RT were consistent 

across the 100ms and the 1000ms ISI conditions in both the threat and 

the reward based experiments. These findings indicate that the location 

at which value cues are presented robustly retains its status as attentional 

priority for an extended period of time, in contrast to physically salient 

stimuli, where the initial attentional capture is followed by an inhibition 

of the location of the exogenously salient stimulus (Inhibition of return - 

IOR, Klein, 2000). Importantly, these effects cannot be explained in terms 

of other attentional effects, such as filtering costs (Kahneman, Treisman, 

& Burkell, 1983), since the results of both experiments do not only show 

the described benefits at the location that was validly cued by the value-

associated cue, but also revealed costs in both d’ and RT when the target 

of the cueing task was presented at the unattended (invalid) location. 

Moreover, the experiments described in Chapter III and Chapter 

IV were conducted to further validate the notion that value-driven 
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attentional biases effectively compete and integrate with other sources of 

attentional control. Notably, the experiments presented in Chapter III 

(Experiment 2 and Mixed threat signals section) employed the same 

cueing task as introduced in the previously described experiments, with 

an additional modification. In these experiments, participants were 

explicitly informed that the informative cue indicated both the possibility 

of a reward (Chapter III Experiment 2) or a punishment (Chapter III Mixed 

threat signals section), and at the same time reliably indicated that the 

target to be identified would most likely appear at the opposite side of 

the display. In other words, the tasks employed in these studies were 

designed in such a way that both value- and goal-driven attentional biases 

were attached to a single informative cue that simultaneously triggered a 

value-driven bias directing attention towards the location of the 

informative cue, and a goal-driven bias directing it away from it. 

Surprisingly, the results of the reward-based experiment 

described in Chapter III (Experiment 2) revealed a decrease in perceptual 

sensitivity at the reward-congruent location, while finding no statistical 

differences in RT between reward- and goal-congruent conditions. 

Importantly, this attentional cost in perceptual sensitivity was not 

accompanied by an attentional benefit at the goal-congruent location on 

the 100ms ISI condition. Such a finding is inconsistent with the previously 

described attentional benefits driven by value-associated signals, and 

seems inconsistent with the proposed speed and automaticity of value-

driven attentional biases. 
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However, such a finding is not entirely unexpected. Indeed, 

previous studies investigating the extent to which reward-associated 

distractors may interfere with goal-driven attentional tasks have revealed 

that, under the right circumstances, an observer is able to employ 

deliberate, task-driven strategies to minimize and effectively suppress the 

performance costs associated with reward-driven biases (Buschschulte et 

al., 2014; Della Libera & Chelazzi, 2009; MacLean & Giesbrecht, 2015). 

Particularly, and considering that our results indicate that this suppression 

is evident at the 100ms ISI condition, it is reasonable to assume that 

observers were able to effectively suppress the location of the cue already 

from early stages of visual processing, suggesting that attentional 

selection, or as it were, rejection of specific stimuli or locations is defined 

dynamically, thus following not only existing attentional priorities and 

biases, but also the behavioral relevance and relative benefit of specific 

responses. From this perspective, it can be assumed that, given that in 

this kind of experiments observers have an explicit, goal-driven incentive 

to suppress a value-driven bias. However, further studies are necessary to 

fully elucidate the mechanisms underlying the observed decrease in 

perceptual sensitivity at the reward-congruent location at such early 

stages of perceptual processing. 

In contrast, results from the longer 1000ms ISI are fully in 

concordance with the pattern of results that would be expected with a 

goal-driven attentional bias: d’ was lower at the reward-congruent 

location, reflecting goal-driven attentional costs, and higher at the goal-
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congruent location, consistent with goal-driven attentional benefits. 

Results of RT followed a similar pattern on the same 1000ms ISI condition, 

revealing RTs that were significantly faster at the at the goal-congruent 

location, when compared to both the Neutral and the reward-congruent 

locations. As a whole, results from this study can be taken to indicate that 

value-driven effects attract attention rapidly, but that this tendency is 

overcome by endogenous attentional control, provided that enough time 

is allowed between the cue and the target. Importantly, the results 

described in Chapter IV provide further support to this claim, as they 

reveal that stimuli associated with high reward specifically led to faster 

and more accurate movements during the pro-saccade phase, and to 

more errors and slower latency for anti-saccades. Importantly, the 

analysis of the proportion of error saccades (that is, saccades directed to 

reward-associated stimuli) as a function of saccade latency clearly 

indicated that a significant proportion of the fastest saccades is directed 

towards the (high) reward-associated stimulus, a tendency that was 

practically abolished at longer saccade latencies. 

Taken together, results from these experiments provide evidence 

of how reward-driven attention interferes with voluntary attentional 

control, and how in situations where such a competition takes place, the 

duration of the lapse between the onset of the informative cue and the 

delivery of the response plays a critical role: faster responses appear to 

be more driven by value, and thus, more in tune with automatic, reflexive 

biases. In contrast, responses given after a longer delay are more in tune 
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with the voluntary, endogenous goals of the observer. While the threat 

version of the experiment presented in the second section of Chapter III 

did not replicate the expected cueing (congruence) effects driven by the 

threat cue, it did reveal that, regardless of the location of the threat 

associated cue, perceptual sensitivity is better at shorter ISI delays, in 

consistence with the idea that automatic, reflexive behaviors are 

prioritized at shorter response latencies . 

Considering the similarities in the attentional effects of signals of 

opposite valence, it would seem reasonable to ask whether, at some 

processing level, selective attention is sensitive to the subjective 

relevance, or in other words, the value of the stimuli in the environment, 

and thus that value-signaling stimuli are automatically classified as 

attentional priorities without requiring the actual decoding of their actual 

valence, which is arguably more costly in terms of time, effort and 

processing requirements (Correa, Lupiáñez, Milliken, & Tudela, 2004). If 

that was indeed the case, as the scientific literature and the experiments 

presented in this thesis seem to indicate, the next natural question to ask 

would be simply, how? 

Attention to value: A conceptual framework 

In order to understand how value-driven attention may operate 

without requiring the discrimination of the specific valence of a stimulus 

to drive attentional selection and guidance, it is important to note that 

visual selective attention has been conceptualized as a two-stage process: 
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First, a pre-attentive stage where all available visual sensory input is 

partially and superficially processed; followed by a fully attentive stage 

where only a sub-set of sensory is selected and processed in full 

(Theeuwes, 1993, 1994; Van Der Heijden, 1996). Importantly, this two-

stage process is precisely the organizing principle that allows living 

organisms to cope with the well-known mismatch between the limited 

sensory and attentional capacities of a single individual, and the virtually 

infinite environmental input available in the environment. Consequently, 

this is the framework that underlies the development and use of 

attentional biases to drive selective attention. From this perspective, 

selective attention would describe how only a sub-set of the stimuli 

superficially processed at the pre-attentive level become attentional 

priorities, and are thus selected for further, detailed processing 

(Theeuwes, 1994; Van Der Heijden, 1996). 

In this sense, pre-attentive processing can be understood as the 

ability to discern certain features from all stimuli in the environment, and 

to use this information to determine which of these stimuli should be 

selected for further, more detailed processing, and which ones should be 

ignored. Unsurprisingly, the specific features that can be discerned at the 

pre-attentive level are expressly reflected in the different attentional 

biases that prioritize the selection of a specific sub-set of stimuli in the 

environment, namely physical salience (in line with the exogenous 

attentional bias) and the endogenous, voluntary goals of the observer 

(Egeth & Yantis, 1997; Theeuwes, 1994; Van Der Heijden, 1996). From the 
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perspective of these definitions, it stands to reason that Selection history, 

as attentional bias category, also relies on selection history information 

being available at the pre-attentive processing stage, including repetition, 

priming, pattern recognition, and importantly for this thesis, value. In 

sum, it can be concluded from the reviewed literature and the studies 

described in this thesis that the information available at the pre-attentive 

processing stage includes whether the stimuli are subjectively relevant or 

not (that is, if they have any value), thus indicating that the decoding of 

the actual valence of stimuli might not be necessary for them to become 

a priority in terms of attentional selection. 

If it is accepted that information derived from selection history, 

and particularly the value of environmental stimuli, is to some degree 

available at the pre-attentive processing stage, it can also be deduced that 

the information processing mechanisms available at this stage are not 

static and hard-wired, but plastic, and capable of learning and adaptation 

depending on the individual experiences and selections of every 

individual. In turn, this would suggest that pre-attentional systems can 

and indeed do become sensitized to stimuli that, through practice, 

repetition and importantly, reinforcement (for, instance reward) have led 

to the development of a history-driven attentional bias, a bias that (once 

consolidated) will exert a powerful influence on attentional selection, and 

can even override voluntary, endogenous attentional control (Griggs et 

al., 2017; Hikosaka & Isoda, 2010; Isoda & Hikosaka, 2007). 
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Beyond attention: The link to emotion 

Attentional and behavioral effects of subjective relevance, and 

particularly, signals of threat and reward, are invariably associated with 

emotion, and are indeed typically employed to investigate interaction 

between so-called cognitive and emotional processes (Carretié, 2014; 

LeDoux, 2000; Pessoa, 2008; Pessoa & Adolphs, 2010). Indeed, the close 

relationship between cognitive and emotional processes is something 

that has been the focus of multiple papers and discussions, to the point 

that the boundaries between them have become more and more blurred 

(Belopolsky, 2015; Pessoa, 2008; Pessoa & Adolphs, 2010; Vuilleumier, 

2005). Indeed, it has been argued that “emotion” and “cognition” are in 

fact not separate systems, and that they are so intricately integrated that 

their separate influences on cognition and behavior are only minimally 

decomposable, and might be better understood as a single unit, rather 

than separate interactive modules (Duncan & Barrett, 2007; Pessoa, 2008; 

Pessoa & Adolphs, 2010). 

From the perspective of attention and visual processing, it has 

been consistently demonstrated that stimuli with emotional content, that 

is, stimuli associated with either a positive or a negative valence readily 

and efficiently attract and capture attention (LeDoux, 2000; Pessoa, 

Kastner, & Ungerleider, 2002; Vuilleumier, 2005, 2014). Indeed, in a recent 

review paper describing how emotional and motivationally relevant 

stimuli affect visual processing and performance, Vuilleumier (2014) 

highlights that stimuli associated with some kind of affective significance 
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(such as threatening animals, emotional facial expressions, violent scenes, 

or signals associated with threat or reward) have been repeatedly 

demonstrated to enhance sensory processing, influence attentional 

guidance, and drive oculomotor behavior. Moreover, this review indicates 

that these effects take place automatically, thus without involving 

voluntary control or even requiring conscious awareness, even though 

they do indeed interact with voluntary, endogenous behavior. Notably, 

from perspective of visual selective attention, this account is strikingly 

similar to the initial conceptualization proposed in this thesis for the 

effects of subjectively relevant signals, or in other words, signals of value. 

Given the intimate relationship between emotion and subjective 

relevance, in order to understand the interaction between value, emotion 

and attention it is crucial to establish the extent to which emotional 

processing might be insensitive to the actual valence of a stimulus, or 

whether it fully relies on the elucidation of such valence. This, in turn, 

would require a decomposition of the different processing stages behind 

an emotional response, from the detection of the triggering stimulus or 

event, to the point that the experience is categorized as a specific 

emotion, for instance those commonly accepted as universal (Anger, 

disgust, fear, happiness, sadness and surprise; Ekman & Friesen, 1971), or 

any of the numerous terms people employ to describe various emotional 

states. In sum, considering that both value (understood as whether a 

particular stimulus is subjectively relevant or not) and emotion (as driven 

by the specific valence of a stimulus) seem to have comparable effects on 
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attentional selection and guidance, it becomes crucial to inquire how 

these influences interact and are integrated in the attentional priority 

map that determines which stimuli in the environment are attended to, 

and which ones ignored (Belopolsky, 2015; Pessoa & Adolphs, 2010; 

Vuilleumier, 2014). 

From a purely conceptual perspective, it becomes useful to 

examine the chain of events leading from the detection of a stimulus to 

the point where the observer reacts to it. Specifically, this chain of events 

could be roughly decomposed in three stages: a perceptual stage, an 

attentional stage and a behavioral stage (Belopolsky, 2015; Pessoa, 2008; 

Pessoa & Adolphs, 2010; Van Der Heijden, 1996). From this perspective, 

the perceptual stage would refer to the constant, passive, and capacity-

free mechanism that preliminary scans the environment in parallel 

manner to identify stimuli that are physically salient, pertinent for the 

explicit voluntary goals of the observer, or relevant form a selection 

history perspective, including stimuli that are subjectively relevant for the 

observer, that is, stimuli that have value. The output of this perceptual, 

pre-attentive processing stage would be a set of potential attentional 

priorities, which in terms of visual perception would translate to a 

weighted representation of the visual field highlighting the spatial 

locations where stimuli featuring any of the above described 

characteristics have been detected (Itti & Koch, 2000; Koch & Ullman, 

1985). In turn, this preliminary, superficial mapping of relevant locations 

becomes the guiding input for attentional selection that characterizes the 
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subsequent attentional stage, where the attentional focus is selectively 

deployed (in a voluntary or automatic manner), in a serial manner, to the 

different locations tagged as attentional priorities in order to further 

elucidate their features in increased detail and resolution (Bisley & 

Mirpour, 2019; Itti & Koch, 2000; Zelinsky & Bisley, 2015) and crucially, to 

be able to establish their actual valence. In turn, based on the results of 

this more detailed analysis of the properties of the attended stimuli, the 

behavioral stage would refer to the selection and initiation of the most 

appropriate course of action, one that is congruent with the perceived 

properties of the stimulus. 

Note that, based on this interpretation, value- and emotion-based 

processing would take place at different stages: While value would play a 

key role in the definition of attentional priorities at the perceptual stage, 

consistent with the experiments and theoretical discussions contained in 

this thesis, emotional processing (in line with appraisal theories of 

emotion, Mathews & MacLeod, 1994; Nesse & Ellsworth, 2009; Phillips, 

Drevets, Rauch, & Lane, 2003) could only be initiated once the nature, and 

crucially, the valence of a stimulus is elucidated at the attentional stage. 

Moreover, it could be argued that emotional processing relies on the 

results of the attentional stage in order to guide the behavioral stage, 

where the different manifestations of emotional processing, including 

physiological, cognitive and affective responses, are most evident (Lang, 

1995; LeDoux, 2012). In sum, and consistent with the evolutionary 

relevance attributed to both concepts, value would ensure that 
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subjectively relevant stimuli, regardless of their valence, are tagged as 

attentional priorities, and emotion would facilitate and optimize the 

selection of the most adequate response to these stimuli as soon as their 

valence is decoded. 

Importantly, considering that the emotional association of certain 

stimuli is derived from their subjective survival value, the attentional step 

allowing the observer to select a specific stimulus to discern its specific 

valence would need to occur in a rapid, automatic manner (LeDoux, 2000; 

Pessoa, 2008; Pessoa & Adolphs, 2010). Such particular status of value 

associated stimuli has been taken to suggest these stimuli are processed 

automatically and preferentially through a specific subcortical route that 

bypasses the cortical processing and relays visual input directly to the 

amygdala via the superior colliculus and the pulvinar nucleus of the 

thalamus, thus triggering the emotional response. Indeed, this 

perspective argues that one of the key advantages of this subcortical 

route is that, since it doesn’t rely on information processing at cortical 

level, it is better suited to elicit the fast, automatic responses typically 

associated with emotionally significant stimuli (LeDoux, 2000). 

However, it has been argued that this preferential subcortical 

route for emotional, value-associated stimuli might not be required, as it 

is not necessarily faster than cortical visual processing. Indeed, this 

alternative perspective highlights that valence discrimination most likely 

results from the computations of several brain regions, both subcortical 

(particularly the amygdala, and pulvinar nucleus of the thalamus) and 
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cortical (specifically, the ventromedial prefrontal cortex), furthermore 

indicating that these computations can occur as fast as 120ms after the 

onset of an emotionally significant stimulus (Kawasaki et al., 2001; Pessoa 

& Adolphs, 2010). From this perspective, it is proposed that processing 

the subjective relevance, and the emotional responses typically 

associated to these kind of stimuli does not result from the activity of a 

specific module or brain structure, but rather results from the 

coordination and integration of information across a variety of cortical 

and subcortical regions (Pessoa & Adolphs, 2010).  

Value, emotion and attention: Common neural mechanisms 

The perspective that cognitive and emotional processes might be 

better understood as resulting from the coordinated computations of a 

network of brain regions, rather than from separate specialized modules 

(Davis & Whalen, 2001; Pessoa, 2008; Pessoa & Adolphs, 2010) has 

important implications for the understanding of how areas specifically 

associated with perceptual, attentional, cognitive or emotional processes 

interact to enable an observer to effectively deal with a particular 

challenge presented by the environment. Specifically, in the case of 

attentional selection and guidance, it has been proposed that the brain 

areas associated with visual sensory processing and perception, memory, 

emotion and oculomotor control all contribute to a large-scale network 

supporting attentional control and guidance. Importantly, this network is 

organized in such a way that the integration all the different levels and 
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types of input is conducted in an efficient way, consistent with the 

subjective, survival-related significant of value-associated stimuli. 

From the perspective of visual attentional guidance, key 

components of this large-scale network would include the areas 

underpinning the fundamental effect of attention is the facilitation of 

sensory processing. Specifically, this network would include purely 

sensory regions, such as the visual cortex, those implicated in the 

maintenance of the attentional priority maps and those involved in 

oculomotor control, most notably the frontal-eye fields, the lateral intra-

parietal area/intra-parietal sulcus at the cortical level, and the subcortical 

superior colliculus (Belopolsky, 2015; Pourtois et al., 2013). Moreover, 

areas involved in memory, such as the hippocampus and other medial-

temporal lobe structures have been found to be related in the 

maintenance of selection-history attentional effects linked to specific 

spatial locations (Belopolsky, 2015; Kristjánsson & Campana, 2010; 

Pessoa, 2008). 

Furthermore, from the perspective of value and emotion-driven 

processing, the proposed large-scale network would also need to involve 

different cortical areas implicated in processing stimuli with subjective 

relevance, including the insula, the anterior cingulate cortex and the 

ventromedial prefrontal cortex (Cardinal, Parkinson, Hall, & Everitt, 2002, 

2003; Pessoa, 2008; Pessoa & Adolphs, 2010). Similarly, subcortical 

structures such as the pulvinar nucleus of the thalamus, the 

hypothalamus, the amygdaloid complex and the basal ganglia are well 
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known for their involvement in processing subjectively relevant stimuli, 

most notably, signals associated with threat and reward. Specifically, in 

terms of reward structures in the ventral striatum, and crucially their 

widespread projections to a variety of cortical and subcortical regions are 

considered to be central in reward-related processing (Anderson, 2019; 

Failing & Theeuwes, 2017; Robbins, Cador, Taylor, & Everitt, 1989). 

Conversely, the amygdala has been traditionally associated with the 

acquisition and maintenance of fear responses (Haberkamp, Schmidt, & 

Schmidt, 2013; Haritha, Wood, Hoef, & Knight, 2013; Lang, Davis, & 

Ohman, 2000). However, in a paper discussing the functions of the human 

amygdaloid complex (that is, the set of nuclei traditionally referred to, 

collectively as amygdala), Davis and Whalen (2001) describe how, this set 

of nuclei might be better understood as a key component of a vigilance 

system particularly active when dealing with ambiguous learning 

situations and, crucially, situations of subjective relevance. Indeed, 

different neuroimaging studies highlight how the amygdala becomes 

active in response not only to stimuli associated with fear-inducing 

stimuli, but also to facial expressions denoting different of emotional 

states, positive reinforcers (that is, rewards) (Davis & Whalen, 2001; 

Pessoa & Adolphs, 2010; Whalen, 1998). Importantly, both the 

amygdaloid complex and the ventral striatum are well known for having 

numerous, widespread projections to a variety of cortical and subcortical 

regions, including those associated with sensory processing, attentional 

control and memory (Anderson, 2019; Berridge & Robinson, 2003; Davis 

& Whalen, 2001; LeDoux, 2000; Pessoa, 2008; Whalen, 1998). 
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Implications and future directions 

Understanding the fundamental organizing principles by means of 

which signals of value may influence attention, and indirectly, other 

cognitive processes relying on attentional selection and guidance provide 

a window to understand how this processing might go awry, and how this 

deviations might play a role in a variety of mental disorders. 

From a clinical perspective, the most obvious implication of the 

effect of subjective relevance on attentional selection and guidance is the 

role of attention in the development and maintenance of fear and anxiety 

disorders. Consider for instance a study investigating the extent to which 

anxiety, as a personality trait, modulates the effects of attention and 

subjectively relevant stimuli on visual processing (Ferneyhough et al., 

2013). This study demonstrated that individuals with high scores on trait 

anxiety showed decreased contrast sensitivity in the presence of a fear-

inducing stimulus, suggesting that anxious individuals are increasingly 

sensitive to fear-associated cues, which in turn affects their sensory 

function. Moreover, abnormalities in attentional function have been 

associated with fear and anxiety disorders, such as post-traumatic stress 

disorder (Olatunji, Armstrong, McHugo, & Zald, 2013) and phobias 

(Weierich & Treat, 2014). 

Conversely, from the perspective of addictions, it has been 

proposed that a key mechanism underlying the development of this 

disorder is an increased sensitization towards addiction-related cues, 
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such that the salience of these cues is magnified. This increased incentive 

salience, coupled with a decreased level of inhibitory control and sub-

optimal decision making is proposed to be the central feedback loop 

mechanisms underlying maintenance of the addiction (Robinson & 

Berridge, 2008). Moreover, sensorimotor gating (described as a pre-

attentional process where redundant or irrelevant stimuli in the 

environment are filtered out, and thus prevented from entering the 

conscious sensory stream) has been demonstrated to be a hallmark sign 

of schizophrenia and related psychotic disorders (Green & Braff, 2001; 

Kiang, Braff, Sprock, & Light, 2009; Moriwaki et al., 2009), suggesting that 

deficiencies in the transition between the pre-attentive and fully attentive 

processing stages might be an important mechanisms underlying the 

sensory and perceptual deficits observed in these disorders. 

Importantly, achieving a better understanding of the mechanisms 

underlying the development and maintenance of attentional biases can 

also be used to develop therapeutic tools. For instance, it has been 

proposed that attentional bias modification therapy might be a useful 

method to overcome pathological attentional biases observed in social 

anxiety disorder, highlighting how an increasing understanding of the 

mechanisms underlying attentional biases can be translated into clinically 

useful applications (Guojónsdóttir & Haraldsdóttir, 2013). 

Furthermore, and stepping out of the cognitive domain, an 

increasingly detailed understanding of the mechanisms underlying visual 

perception and attention can very relevant for the development artificial 
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We often underestimate how incredibly complex and ambiguous 

our environment is, and the sheer amount of information that is 

constantly bombarding our senses. To be able to effectively navigate and 

interact with such a complex and constantly changing environment, the 

ability to filter out irrelevant input and select only the most relevant and 

useful information is of paramount importance not only to cope with the 

richness and complexity of the environment, but to be able to survive and 

thrive in it.  

Traditionally, selective attention has been described to rely on two 

fundamental strategies: On the one hand, stimulus-driven attention 

ensures that salient stimuli in the environment are rapidly detected, and 

if necessary, reacted to. On the other hand, voluntary, goal-driven 

attention permits the explicit, voluntary direction of the attentional focus 

in tune with specific goals and intentions. Traditionally, the question of 

which stimuli would be attended and further processed, and which 

ignored was considered to ultimately depend on the integration and 

interplay of these two strategies.  

However, in the recent years a significant amount of evidence has 

emerged demonstrating that these are not the only strategies that our 

attentional system has at its disposal. Indeed, there is a growing number 

of studies demonstrating how past experiences also play an important 

role in guiding attention, allowing us to for instance, to recognize 

recurring patterns and regularities in the environment, and to use this 

information to direct our attentional resources. Importantly, many of 
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these studies have shown that there influence of past experiences on 

attention is not limited to permit the recognition of environmental 

patterns and regularities, but extends to the ability to consider the 

subjective value of the different stimuli, that is, the extent to which 

objects and events in the environment signal a possible benefit or threat 

to the individual survival and well-being of the observer.  

From this perspective, the purpose of the studies contained in this 

dissertation was to examine the extent to which stimuli associated with 

both threats and rewards influenced the allocation of attentional 

resources, and to describe some of the most immediate effects of these 

value-driven attentional biases on perception and behavior. Additionally, 

the examination of threat- and reward-driven attentional effects under 

highly comparable experimental conditions serves to highlight the fact 

that, despite the undeniable differences in terms of the subjective 

experiences associated with threatening and rewarding events, being 

able to effectively cope with both is crucial for the survival and well being 

of the individual, and thus it is only reasonable to expect that our 

attentional systems are tuned to detect and react to stimuli with a 

subjective value, regardless of whether they are beneficial or aversive.  

Chapter I provides an overview of scientific literature describing 

how certain objects and stimuli in our environments become attentional 

priorities not because of their physical salience, or because they are 

intentionally being sought after, but because they represent a potential 

threat and reward to the observer, that is, because of their subjective 
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value. This chapter goes on to describe key characteristics of the 

attentional effects elicited by value-associated stimuli elicit, namely, their 

speed and automaticity, their robustness and persistence over time, and 

the fact that they directly interact with both stimulus- and goal-driven 

attentional biases, either competing or boosting their effects depending 

on the specific circumstances of their interaction. 

Chapter II describes the first experimental study conducted to 

assess the attentional effects of value-associated stimuli, specifically, a 

threat-associated stimulus. In this study, the presence of a certain neutral 

stimulus was associated with the delivery of a mild, but unpleasant 

electric shock, and this stimulus was then used in a task evaluating spatial 

attention. This study revealed that, even if the threat-associated stimulus 

was neither physically salient nor useful to perform the spatial attention 

task, stimuli presented at the same location of the threat-associated 

signal were detected and discriminated faster and more accurately. 

Notably, this improved speed and optimized sensory processing at the 

location of the threat cue persisted for an extended period of time.  

Extending these findings, Chapter III begins by replicating the 

previously described attentional effects of threat-associated stimuli using 

the same experimental design, except for the fact that that the 

informative stimulus in the experiment was associated with a monetary 

reward, rather than with an electric shock. After confirming that 

attentional biases to signals of both threat and reward result in the same 

attentional effects, that is, faster response times and increased 
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perceptual sensitivity, this chapter moves on to describe a third 

experiment employing a reward-associated stimulus, with one additional 

manipulation in the design: In contrast to the previous studies, where the 

location of the value-associated stimulus did not provide any useful 

information for the spatial attention task, in this experiment the value-

associated cue not inly signaled the availability of a monetary reward, but 

also that the target of the spatial attention task would be located at the 

opposite side of the display. This manipulation set the conditions to be 

able to examine the competition of a value-driven attentional bias (in this 

case, reward) directing attention towards the informative stimulus, and a 

goal-driven bias leading it away from the same stimulus. Results of this 

experiment suggest that a key factor determining which attentional bias 

would prevail in this competition was the duration of the lapse between 

the value-associated cue and the target stimulus to be identified. 

Specifically, results indicated that the value-driven bias rapidly takes 

precedence over voluntary attentional control if the lapse between cue 

and target is short, but that the voluntary goal-driven bias can regain 

control of attention if a longer time period is allowed. To close, this 

chapter presents an additional experiment conducted in an attempt to 

replicate the just described competition effects, this time with a threat-

associated stimulus. However, this last experiment failed to replicate the 

reward-driven attentional effects previously describes , and only provided 

evidence suggesting that perceptual sensitivity is increased at shorter 

delays between cue and target stimuli. 
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Chapter IV describes a study designed to further explore the 

extent to which value-driven attentional biases compete with voluntary 

attentional control. This study investigated the extent to which eye 

movements would be sensitive to a reward-driven bias, and whether this 

bias, once established, would interfere with voluntary oculomotor control 

at a later stage of the experiment, during which the stimuli would no 

longer signal the availability of a reward. During the initial stage of the 

experiment, in which participants were instructed to make eye 

movements towards stimuli associated with different reward magnitudes, 

stimuli associated with a high reward (compared to low and no reward) 

led to faster and more accurate eye movements. Notably, at the later 

stage of the experiment, where the instruction was to look in the opposite 

direction from such stimuli, the presence of the stimulus previously 

associated with a high reward would still attract saccades, leading to 

increased incorrect movements, and slowing down the initiation of 

saccades. Furthermore, the combined analysis of incorrect saccades as a 

function of their latency revealed that the largest proportion of incorrect 

saccades was observed for the saccades with the shortest latency, further 

supporting the idea that value-driven attentional biases predominate 

shortly after the detection of the value-associated stimulus, but that this 

dominance can be overcome by voluntary control with longer delays.  

Finally, Chapter V makes an overview of the most important 

findings of the described experiments, and discusses how could these 

findings be contextualized within available theories of attention. 
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