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Abstract

Cross-sectional evidence suggests that attention bias to threat is linked to anxiety disorders and
anxiety vulnerability in both children and adults. However, there is a lack of developmental
evidence regarding the causal mechanisms through which attention bias to threat might convey
risks for socioemotional problems, such as anxiety. Gaining insights into this question demands
longitudinal research to track the complex interplay between threat-related attention and
socioemotional functioning. Developing and implementing reliable and valid assessments tools is
essential to this line of work. This review presents theoretical accounts and empirical evidence
from behavioral, eye-tracking, and neural assessments of attention to discuss our current
understanding of the development of normative threat-related attention in infancy, as well as
maladaptive threat-related attention patterns that may be associated with the development of
anxiety. This review highlights the importance of measuring threat-related attention using multiple
attention paradigms at multiple levels of analysis. In order to understand if and how threat-related
attention bias in real-life, social interactive contexts can predict socioemotional development
outcomes, this review proposes that future research cannot solely rely on screen-based paradigms
but needs to extend the assessment of threat-related attention to naturalistic settings. Mobile eye-
tracking technology provides an effective tool for capturing threat-related attention processes /in
vivo as children navigate fear-eliciting environments and may help us uncover more proximal bio-
psycho-behavioral markers of anxiety.
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Introduction

Affect-biased attention emerges during infancy (Todd, Cunningham, Anderson, &
Thompson, 2012) and may directly support individual differences in socioemotional
functioning. Threat-related attention is a specific form of affect-biased attention (Morales,
Fu, & Pérez-Edgar, 2016; Todd et al., 2012). Threat-related attention bias is manifested in
several components, including initial facilitated engagement towards threat (i.e. threat
vigilance), subsequent sustained attention to threat or difficulty in disengaging from threat,
and avoidance of threat (Amso & Scerif, 2015; Cisler & Koster, 2010).

In this review, we argue that the field needs to incorporate novel experimental assessments
of attention in a developmental science framework, in order to study not only /fthreat-
related attention is linked to socioemotional functioning, but also Aow it influences
individual differences in socioemotional functioning in development. This endeavor will
benefit by leveraging a variety of measurement tools, including behavioral reaction time
(RT), eye-tracking, and neural measures, to delineate threat-related attention processes in
context at multiple levels of analysis and across development. Moreover, we propose that
future research should take assessments of attention beyond screen-based paradigms.
Measuring ambulatory attention in the context of active social interaction can shed light on
how threat-related attention and socioemotional functioning may influence each other in real
time.

A review of the experimental literature raises two broad concerns. First, we know that
normative attention bias emerges in infancy, and it influences early socioemotional
development. We also know that anxiety is a developmental disorder, in that it typically first
emerges in childhood (Costello, Egger, & Angold, 2005; Egger & Angold, 2006).
Correlational evidence suggests that attention bias to threat may be related to anxiety (Bar-
Haim, Lamy, Pergamin, Bakermans-Kranenburg, & van l1Jzendoorn, 2007; Dudeney, Sharpe,
& Hunt, 2015; Puliafico & Kendall, 2006; Roy, Dennis, & Warner, 2015). However, we lack
evidence regarding how the association between threat-related attention bias and anxiety
may emerge and change during development. Experimental studies have implemented
attention bias modification training (ABMT), which implicitly manipulates attention to
affective stimuli in order to examine the subsequent effect on levels of anxiety. While
ABMT research indicates that threat-related attention bias can influence anxiety levels,
relative to placebo training (e.g. Britton, Dellarco, & Evans, 2017; Liu, Taber-Thomas, Fu,
& Pérez-Edgar, 2018), it does not provide all of the necessary support for the causal relation
— whether threat-related attention bias a/ways impacts the emergence of anxiety problems
(Pérez-Edgar & Hastings, 2018). Furthermore, the generated effect sizes in the child
literature for threat-related attention bias and ABMT are smaller, and the patterns of threat-
related attention bias associated with anxiety are more mixed (Dudeney, Sharpe, & Hunt,
2015; Roy, Dennis, & Warner, 2015), relative to the adult literature. Thus, there may be
considerable individual differences in the association between attention bias and anxiety,
such that not all children who display attention bias to threat will have anxiety problems. By
the same token, not all anxious children show a bias to threat (Britton et al., 2012, 2013;
Dudeney et al., 2015; Price et al., 2013; Roy et al., 2015). Taken together, we still need
strong evidence regarding if and how threat-related attention processes lead to the
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development of socioemotional maladjustments, and if and how causal mechanisms change
between individuals or within individuals over time.

The second broad concern lies in the methodology used to assess threat-related attention.
Current experimental work largely relies on behavioral RTs to assess threat-related attention
in children. Behavioral RTs lack temporal sensitivity and do not provide a continuous
measure of attention functioning. Rather, they capture only the end-stage outputs of a
cascade of attention processes at the time of stimulus presentation (Shechner et al., 2012;
Yiend, 2010). A growing number of studies have incorporated eye-tracking (e.g. Price, et al.,
2016b), event-related potentials (ERPS) (Thai, Taber-Thomas, & Pérez-Edgar, 2016), and
functional magnetic resonance imaging (fMRI) (e.g. Britton et al., 2015; Fu, Taber-Thomas,
& Pérez-Edgar, 2017; Monk et al., 2006) measures into standard attention tasks.
Implementing multiple levels of analysis allows for enhanced temporal and spatial
sensitivity and reliability in measurements of threat-related attention (Price et al., 2015;
Rodebaugh et al., 2016). This is particularly beneficial for parsing out the components and
time course of threat-related attention processes related to anxiety.

However, existing assessments of threat-related attention rely on screen-based paradigms,
which display pre-selected, static stimuli. Thus, existing experimental studies are
handicapped in capturing active attention selection or avoidance (Birmingham & Kingstone,
2009; Todd et al., 2012), as they can only assess how individuals process stimuli pre-
selected for them. These paradigms do not suggest how threat-related AB /n vivo may be
associated with social behavior in real-life scenarios. This limitation calls for incorporating
ambulatory assessment tools to examine attention processes in the context of active
interactions with the social world.

We aim to review our understanding of the role of threat-related attention in socioemotional
development. To address the first concern, this review argues that it is important to carry out
longitudinal research to track the impact of threat-related attention bias on the
developmental pathway linking early anxiety vulnerability and subsequent anxiety problems
from early in development. To extend our methodology for measuring attention, this review
advocates for the importance of employing multiple paradigms at multiple levels of analysis
to delineate more comprehensive and fine-grained threat-related attention mechanisms.
Cross-sectional studies are also important for testing and validating developmentally
appropriate tools and paradigms that allow us to probe core attention mechanisms from
infancy, as well as monitor how specific risk factors diverge from the development of
normative threat-related attention and lead to the emergence of aberrant attention patterns.

Theoretical accounts of normative attention development and the development of attention
bias associated with socioemotional problems are built on the extant understanding of the
neurocognitive mechanisms subserving threat-related attention. Thus, to lay the foundation
for researchers to study typical and atypical development of the varied mechanisms
supporting attention, the current paper will first describe these neurocognitive substrates. It
will then present theoretical frameworks supporting the argument that threat-related
attention patterns at both behavioral and neural levels are associated with anxiety and its
development. To illustrate the current understanding of how threat-related attention bias may
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impact socioemotional developmental outcomes, the review will discuss research examining
threat-related attention during infancy. Building on the normative infant literature, we then
review the behavioral association between pediatric anxiety and attention bias to threat.
Based on the limitations of RT measures of attention bias, we highlight the importance of
adopting multiple levels of analyses to study threat-related attention by incorporating eye-
tracking and neural research. Table 1 provides an overview of published studies that
incorporated manual RT, eye-tracking, ERPs and neuroimaging in screen-based attention
paradigms to assess attention bias and the effect of ABMT. The table summarizes the key
strengths of each measurement tool and the youngest age to which it can be applied. This
information can facilitate future efforts for integrating multiple assessments of attention.
Lastly, we point out the necessity of extending current screen-based assessments to examine
threat-related attention in naturalistic contexts. We will illustrate a laboratory-controlled
paradigm that incorporates a head-mounted eye-tracking device to assess children’s
ambulatory attention in the context of active social interactions with threat-eliciting real-life
stimuli. Multimodal and naturalistic approaches may improve the reliability and validity of
attention assessment, as well as boost our ability to identify more proximal bio-psycho-
behavioral markers of vulnerability to anxiety problems.

2. Neurocognitive mechanisms underlying threat-related attention

Theoretical accounts of normative attention development and individual differences in
attention development are built on the premise that attention is a multi-component
processing system. While the disparate sub-components of attention are anatomically and
functionally distinct, they operate interactively to support behavioral outputs, including
biased attention to threat (Amso & Scerif, 2015; Petersen & Posner, 2012; Posner &
Petersen, 1990; Raz & Buhle, 2006). One influential model proposed by Posner describes
three distinct networks of attention: alerting, orienting, and executive attention (Petersen &
Posner, 2012; Posner & Petersen, 1990). The alerting network is modulated by
norepinephrine and is associated with activity in the frontal, parietal, and cingulate cortex
(Posner, Rothbart, Sheese, & Voelker, 2012). Alerting encapsulates involuntary activities
that serve to achieve, increase, and maintain response readiness in preparation for incoming
stimuli.

Orienting is modulated by acetylcholine and activates the frontal eye fields, superior parietal
lobe, temporal parietal junction (TPJ), superior temporal lobe, superior colliculus, and
pulvinar (Petersen & Posner, 2012). Orienting contains three component operations: 1)
disengaging attention from the current location, subserved by the TPJ and superior temporal
lobe (Friedrich, Egly, Rafal, & Beck, 1998). The superior parietal lobe, frontal eye fields and
superior colliculus support the operations of 2) shifting attention to a new location and 3)
engaging attention (Corbetta, 1998; Corbetta, Kincade, Ollinger, McAvoy, & Shulman,
2000).

Attention orienting, in turn, can be overt or covert (Posner, 2012). Overt attention involves
shifting attention to a location by moving the eyes, whereas covert orienting characterizes
attention shifting without moving the eyes (Posner, 2012). Orienting functions as a form of
reactive control that is largely involuntary and modulated by external stimuli. As a result,
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attention orienting serves a regulatory role in infancy when voluntary forms of regulation are
not yet developed (Rueda, 2012).

Executive attention is modulated by dopamine and engages the anterior cingulate cortex,
anterior insula, prefrontal cortex and striatum (Fan, McCandliss, Sommer, Raz, & Posner,
2002; Petersen & Posner, 2012). Executive attention functions to voluntarily control
attention, monitor and resolve conflicts, and override predominant responses to support a
subdominant response according to task demands. Hence, executive attention serves a vital
role in self-regulation as it progressively develops after the first year of life (Rothbart,
Sheese, Rueda, & Posner, 2011).

A central premise of the literature is that attention orienting to threat involves dynamic
interactions between bottom-up and top-down processes (Corbetta & Shulman, 2002).
Bottom-up attention selection is a relatively automatic process, driven by low-level features
intrinsic to the stimulus, including affective valence. At the neural level, the amygdala serves
the key function of emotional salience detection and processing affective pertinence
(LeDoux, 2009; Sander, Grafman, & Zalla, 2011). Top-down processes are driven by
individual goals, past knowledge, and expectations. They function to allocate cognitive
resources based on stimulus relevance and current goals. There is a bidirectional connection
between the amygdala and orbitofrontal cortex (OFC), providing a neural basis for these
reciprocal processes (Vuilleumier, 2005). While the amygdala projects directly to sensory
cortices to enhance threat processing (Anderson & Phelps, 2001), it also has bidirectional
connections to widespread frontal regions, including the OFC. The OFC, in turn,
compliments the amygdala in assigning emotional valence and evaluating stimulus relevance
based on past experiences and the current context (Anderson et al., 2003). The OFC also
regulates low-level, automatic threat detection through its projections to the frontoparietal
network (Bar et al., 2006). Thus, these bottom-up and top-down processes operate in parallel
to modulate threat-related attention bias (Vuilleumier, 2005).

3. Theoretical frameworks of threat-related attention in anxiety

Base on Posner’s model suggesting that attention networks are present in infancy and serve a
critical role for learning and the development of self-regulation (Petersen & Posner, 2012;
Posner & Petersen, 1990), Morales et al (2016) propose a conceptual framework for
studying the role of attention in socioemotional development. The model posits that early
normative attention bias is modulated by individual differences in constitutional factors (e.g.,
genetics and temperament) and experiences with the environment, providing an experience-
expectant foundation for socioemotional development. Maladaptive threat-related attention
bias may grow out of normative attention functioning for a subgroup of children who also
exhibit early risk for anxiety disorders. These perturbed threat-related attention processes
further shape socioemotional functioning by biasing downstream cognitive processes and
behavioral enactment, creating a cyclical relation between threat-related attention and
socioemotional experiences. As the maladaptive attention bias patterns become entrenched,
they may act as a tether that binds these children to a developmental trajectory towards
socioemotional problems (Pérez-Edgar, Taber-Thomas, Auday, & Morales, 2014).
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Much of the work examining threat-related attention has focused on anxiety. Anxiety
disorders are characterized by a constellation of emotional, cognitive, and behavioral
symptoms (Grills, Seligman, & Ollendick, 2014). The primary emotional symptoms are
excessive fear of imminent threats or apprehension to potential threats or threatening events
that is distal in time and/or space (Rosen & Schulkin, 1998). The cognitive symptoms
involve negative thoughts and worries about potential threats. Finally, the behavioral
symptoms are characterized by avoidance of potential threats or fear-eliciting situations
(Grills et al., 2014).

Cogpnitive theories based on adult clinical research suggest that clinical anxiety and trait
anxiety are associated with threat-related attention bias. The cognitive motivation model
(Mogg & Bradley, 1998) proposes that high levels of anxiety are associated with a lowered
threshold for labeling inputs as threats, resulting in the prioritized allocation of processing
resources to the perceived threat. Derived from this model, the vigilance-avoidance
hypothesis (Mogg & Bradley, 1998) argues that elevated anxiety is characterized by initial
vigilance to threat followed by threat avoidance.

In contrast, the attention control theory (Eysenck, Derakshan, Santos, & Calvo, 2007)
proposes that anxiety is related to deficiencies in top-down voluntary attention control
functioning, even when dealing with “neutral” stimuli. This deficiency in attention control
may underlie overt attention bias patterns. The theory argues that anxiety disrupts goal-
directed attention orienting and the inhibition of task-irrelevant attention processing. This
deficiency gives rise to increased involuntary engagement to threat distracters and difficulty
in disengaging from them.

A dual-processing perspective (Henderson, Pine, & Fox, 2015; Henderson & Wilson, 2017)
based on neural evidence provides an account of how threat-related attention bias associated
with early anxiety vulnerability may contribute to the development of socioemotional
maladjustments. It proposes that bottom-up hyper-reactive threat-related attention processes
associated with early anxiety vulnerability may potentiate the engagement of less flexible
and efficient attention control function. The bottom-up and top-down attention processes
may form a positive feedback loop in which heightened deployment of attention control, in
turn, amplifies automatic orienting to threat. The interplay between automatic and controlled
processes and socioemotional functioning gradually calcifies attention bias to threat in at-
risk children, thus further increasing their vulnerability to anxiety problems (Henderson et
al., 2015; Henderson & Wilson, 2017; Morales et al., 2016; Pérez-Edgar et al., 2014).

4. Threat-related attention during infancy

4.1. Normative attention bias to threat is early-emerging

Studies of threat-related attention in infancy suggest that normative attention to threat is
early emergent and might be moderated by early individual factors, such as temperament.
This area of research provides an important step for tracking how early-emerging threat-
related attention processes may support socioemotional development. Specifically,
behavioral, eye-tracking, and neural evidence collectively indicates that normative attention
bias toward fearful faces emerges between 5 and 7 months of age. In particular, 7-month-
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olds display greater sustained attention towards fearful faces versus simultaneously
presented happy faces in visual-preference tasks (Kotsoni, Haan, & Johnson, 2001; Nelson
& Dolgin, 1985).

Research has employed visual search and overlap paradigms as means to probe the specific
component of attention bias. The visual search task presents an array of stimuli (e.g. a 3x3
matrix), and measures latency to search for a target among distracters. Faster detection of the
threat target among non-threat distracters indicates facilitated engagement to threat, whereas
slower detection of the non-threat target suggests difficulty in disengaging from threat
(Donnelly, Hadwin, Menneer, & Richards, 2010; LoBue, 2014; Ohman, Flykt, & Esteves,
2001). LoBue and DelLoache (2010) found that 8- to 14-month-old infants exhibit facilitated
detection of snakes compared to frog targets, and to angry face compared to happy face
targets.

Alternatively, the overlap paradigm (Aslin & Salapatek, 1975) measures the latency and/or
frequency of attention orienting from a centrally presented face to a subsequent non-
emotional stimulus presented in the left or right peripheral field. With this task, attention
bias to fearful faces emerges between 5 and 7 months of age, displayed as lower probability
of disengaging from fearful faces (Peltola, Hietanen, Forssman, & Leppénen, 2013; Peltola,
Leppénen, Mé&ki, & Hietanen, 2009a; Peltola, Leppénen, Palokangas, & Hietanen, 2008).
Together, behavioral studies indicate that infants display threat-related attention bias, evident
in facilitated threat detection, sustained attention to threat, and difficulty in disengaging from
threat.

The second stream of evidence comes from studies incorporating eye-tracking during the
overlap paradigm. Consistent with behavioral evidence, 7-month infants show longer dwell
time to fearful faces relative to happy faces (Leppéanen, Cataldo, Enlow, & Nelson, 2018;
Peltola, Yrttiaho, & Leppénen, 2018), and they are slower in disengaging from fearful than
happy or neutral faces (Peltola, Leppanen, Vogel-Farley, Hietanen, & Nelson, 2009b).
Difficulty in disengaging from fearful faces may be observed as early as 5 months of age
when presenting dynamic face stimuli (Heck, Hock, White, Jubran, & Bhatt, 2016, 2017).

Neural mechanisms underlying adult-like threat-related attention bias are in place early in
infancy. The ERP component, negative central (Nc), can be recorded in newborns (Nelson,
1996), and is suggested to index automatic attention orienting to salient stimuli (Nelson,
1994). Infants show larger Nc amplitude to fearful than non-fearful faces at around 7 months
of age (De Haan, Belsky, Reid, Volein, & Johnson, 2004; Leppéanen, Moulson, Vogel-Farley,
& Nelson, 2007; Nelson & De Haan, 1996; Peltola et al., 2009a). Differential Nc responses
to fearful versus non-fearful faces are preserved in 7-month-olds during subliminal face
processing (Jessen & Grossmann, 2015).

The N290 and P400 components can be recorded at occipital-temporal regions. They reflect
infants’ perceptual processing of structural information from faces and are considered to be
the developmental precursors of the adult face-sensitive N170 (de Haan, Johnson, & Halit,
2003). Fearful faces elicit augmented N290 and P400 responses compared to non-fearful
faces in 7-month-olds, indicating greater allocation of attentional resources when processing
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fearful faces (Jessen & Grossmann, 2015; Leppénen et al., 2007; Yrttiaho, Forssman,
Kaatiala, & Leppanen, 2014). Together, neurophysiological evidence highlights that neural
systems underlying the preferential processing of threatening faces are engaged in the first
year of life (Leppénen & Nelson, 2009).

Threat-related attention bias in infancy is primarily supported by the alerting and orienting
networks, as they are present and functioning in infancy (Posner et al., 2012). In addition,
the amygdala-OFC emotion-related network, with its connection to the occipitotemporal
cortex underlying face processing, may also provide a neural basis for the development of
threat-related attention bias (Leppéanen & Nelson, 2009). Using fNIRS recording,
Minagawa-Kawai et al (2009) found that the amygdala-OFC network is functionally in place
around 7 months, the age when infants typically demonstrate attention bias towards threats.
Thus, infants may possess a pre-wired preparedness to attend to affectively salient stimuli.

The automatic threat-related attention orienting observed in early infancy may serve as
experience-expectant mechanisms that allow the neural circuitries underlying threat-related
attention processes to become more integrated and canalized through development
(Leppanen & Nelson, 2009). Using the overlap paradigm, Yrttiaho et al (2014) found that
infants’ behavioral attention bias towards fearful faces at 5 months predicts increased N290
amplitude towards fearful faces at 7 months. Fear-potentiated N290 activity is not consistent
at 5 months. Hence, the amygdala-driven, more automatic threat-related attention bias may
influence later cortical sensitivity to fearful faces.

A core research question asks if and how age-related changes in attention bias to threat may
interact with individual differences to influence socioemotional development (Field &
Lester, 2010; Morales et al., 2016). Below, we present existing evidence that sheds light on
these overarching questions.

4.2. The stability of normative attention bias in infancy

Cross-sectional studies provide support for a stable pattern of attention bias across age
groups. Using the eye-tracking overlap paradigm, Morales et al (2017a) found that 4- to 24-
month infants dwell longer on the angry than the neutral faces while the distractor is present,
indicating a pattern of difficulty in disengaging from threat. The eye-tracking dot-probe task
is another paradigm recently adapted to assess attention bias in infants. The task presents
two images side by side in each trial — one affectively salient (e.g. threat) and one neutral, or
both neutral. This is followed by a probe (e.g. an asterisk) that appeared in the same location
as the affective stimulus (congruent trial) or in the same location as the neutral stimulus
(incongruent trial). Attention bias can be quantified by subtracting latency to fixate to the
probe on congruent trials from latency to fixate to the probe on incongruent trials. A positive
score indicates facilitated engagement towards the affective stimulus, whereas a negative
score suggests bias away from the affective stimulus. Burris, Barry-Anwar, and Rivera
(2017a) found in their cross-sectional study an increase in task speed between 9- to 48-
month-old, but no accompanying age effect on patterns of bias to angry and happy faces,
indicating fairly stable bias profiles.
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In contrast, there is also evidence indicating that age affects attention bias patterns. Among
4- to 24-month infants, dwell time to angry faces in the Angry-Neutral trials of an eye-
tracking dot-probe task increases with age (Pérez-Edgar et al., 2017). Longitudinal repeated
assessments using the eye-tracking overlap task also suggested that age-related changes in
normative threat-related attention bias might not be linear. Specifically, longer dwell time on
fearful relative to happy faces is maintained from 7 to 12 months (Leppénen et al., 2018).
Difficulty in disengaging from fearful faces reduces significantly from 7 to 24 months of
age, and the difference in dwell time between fearful and happy faces is not significant at 24
months (Peltola et al., 2018). At 36 months, the bias toward fearful faces (as well as angry
faces) relative to happy faces reemerges (Leppanen et al., 2018).

Age may have differential impacts on attention bias towards social versus non-social threats.
Using the eye-tracking dot-probe paradigm, LoBue, Buss, Taber-Thomas, and Pérez-Edgar
(2017) found that among 4- to 24-month-olds, there is an age-related increase in probe
fixation latency after infants fixated on the image pair containing an emotional face. The
age-related increase in difficulty in attention disengagement is greater for angry than happy
faces. In contrast, age does not moderate attention bias towards non-social threats (i.e.,
snakes vs. frogs). The perceptual bias to snakes may be due to attention-grabbing, lower-
level perceptual features that remain stable across the first 2 years of life. In contrast, the
affective and motivational values of emotional faces may increase as infants gain more
experience with the social world.

Considering the mixed findings regarding whether normative attention bias to threatening
faces is stable from 7 months of age, more longitudinal studies are needed to depict the age-
related changes in attention bias. To enhance our understanding of the developmental
trajectory, these studies also need to investigate whether individual differences factors, such
as temperament and rearing environment, influence normative attention bias patterns, and
whether these factors moderate the developmental changes of attention bias from infancy.

4.3. Intrinsic and extrinsic factors that influence individual differences in normative
attention bias in infancy

Early temperament is an intrinsic factor that may contribute to individual differences in
threat-related attention. Negative affect (NA), a temperament dimension that captures
biologically-rooted individual differences in negative reactivity (Rothbart & Derryberry,
1981), may affect the type of information that is perceived as salient. Nakagawa and
Sukigara (2012) coded 12-month-olds’ looking behavior in the overlap task and found that
higher NA is associated with more difficulty in disengaging from fearful faces. Furthermore,
NA might moderate age-related differences in threat disengagement. Leveraging the
enhanced temporal sensitivity of eye-tracking, Pérez-Edgar et al (2017) found that among 4-
to 24-month-olds, younger infants with low NA are faster to disengage and fixate to the task-
relevant probe after fixating to angry faces. This may be driven by an enhanced approach
tendency associated with low NA (Hane, Fox, Henderson, & Marshall, 2008). There is a
non-significant positive relation between dwell time on angry faces and subsequent
disengagement latency among younger infants with high NA. For these infants, increased
sustained attention to angry faces may have demanded more attentional resources and
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generated greater latency costs when disengaging attention from threat. NA level does not
affect disengagement latency from angry faces in older infants.

Infant temperament might also impact neural activities underlying normative threat-related
attention (Leppénen & Nelson, 2009). Highly fearful 7-month-olds show greater Nc
amplitude to fearful than happy faces during passive viewing of faces displayed one by one
(De Haan et al., 2004). Leveraging fNIRS, Ravicz, Perdue, Westerlund, Vanderwert, and
Nelson (2015) found that 7-month-olds with high NA exhibit reduced prefrontal responses
towards happy faces, suggesting that infants with high NA may have reduced attention
processing towards happy faces versus infants with low NA.

The temperamental dimension effortful control (EC) captures individual differences in self-
regulation of emotion and action (Rothbart & Derryberry, 1981). EC encompasses the
functioning of top-down attention control subserved by the executive attention network
(Posner & Rothbart, 1998; Rothbart et al., 2011). Martinos, Matheson, & de Hann(2012)
found that 3- to 13-month-olds with high EC display shorter Nc latency and larger Nc
amplitude towards fearful faces, potentially reflecting a stronger effort to regulate attention
and emotional responses towards threat. However, age does not moderate the relation
between EC and Nc responses to fearful faces.

The lack of age-related changes in the impact of EC on neural responses to fearful faces
during infancy might be due to the prolonged development of the executive attention
network. Executive attention is not fully developed in infancy. Rather, it shows increased
maturation across childhood (Posner et al., 2012; Posner, Rothbart, Sheese, & Voelker,
2014) and continues to develop into adolescence and young adulthood (Pérez-Edgar, 2015;
Taber-Thomas & Perez-Edgar, 2015). During infancy, there is a functional overlap between
orienting and executive attention networks (Cuevas & Bell, 2014; Gao et al., 2009), and the
orienting network dominates to provide the earliest form of self-regulation (Rothbart et al.,
2011), modulating threat-related attention bias (Martinos et al., 2012) and negative emotion
(Harman, Rothbart, & Posner, 1997). As the executive attention network becomes more
integrated and efficient over childhood (Fair et al., 2009; Gao et al., 2009), it plays a more
influential role in top-down regulatory control of attention and behavior (Posner et al., 2012,
2014).

In addition to temperament, extrinsic factors, such as maternal characteristics, may also
contribute to individual differences in normative attention bias to threat. Among 4- to 24-
month-olds, while NA is not associated with attention bias, infants of mothers with high
anxiety symptoms display greater attention bias towards angry faces, quantified by longer
dwell time on the angry relative to neutral faces. Maternal anxiety is not related to happy
bias (Morales et al, 2017a). However, the impact of maternal anxiety on threat bias is not
consistent in the literature and requires replication (Leppénen et al., 2018).

4.4. The impact of normative attention bias on socioemotional development in infancy

Factors both intrinsic to infants, such as temperament, and extrinsic to infants, such as
maternal anxiety, influence the age-related differences in attention bias to threat. Since
studies to date have largely been cross-sectional in nature, it remains less clear whether
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threat-related attention bias, in turn, predicts the development of socioemotional outcomes.
Peltola, Forssman, Puura, van 1Jzendoorn, and Leppéanen (2015) showed that normative
threat-related attention bias at 7 months of age, marked by fewer attention shifts away from
fearful faces relative to non-fearful faces, is related to secure attachment formation, whereas
smaller threat-related attention bias predicts more attachment disorganization at 14 months.
Early secure attachment facilitates the development of self-regulation and may act as a
protective factor that ameliorates children’s vulnerability for internalizing (e.g. McLaughlin,
Zeanah, Fox, & Nelson, 2012) and externalizing problems (e.g. Allen, Moore, Kuperminc,
& Bell, 1998). Additionally, attention bias to faces at 7 months of age, not specifically to
threatening faces, predict increased spontaneous helping behavior at 24 month and reduced
callous-unemotional traits at 48 months (Peltola et al., 2018). Hence, normative attentional
preference to faces may help children build adaptive socioemotional functions, including
enhanced emotional understanding, mentalizing, and empathic abilities (Peltola et al., 2018).

Early-appearing, normative attention bias sets the foundation for socioemotional
development and is further shaped and refined by individual differences in socioemotional
functioning and experiences of interacting with the environment in an experience-expectant
manner (Leppénen & Nelson, 2009). Large-scale longitudinal studies are needed to
understand the emergence of maladaptive threat-related attention, and how it may interact
with socioemotional functioning to cast risks for the development of psychopathology (Field
& Lester, 2010; Morales et al., 2016). Cross-sectional studies are equally indispensable, as
they could reveal more comprehensive and fine-grained attention bias patterns (Pérez-Edgar
& Hastings, 2018).

4.5. Implementing multimodal and multi-task approaches to understanding threat-related
attention bias in infancy

Existing research that has implemented multimodal assessment of attention in infants
combined ERP measures with coded looking behavior (e.g. Leppénen et al., 2007; Peltola et
al., 2009a) or ERP with eye-tracking measures (e.g. Vanderwert et al., 2015; Yrttiaho et al.,
2014). One benefit of multimodal assessment is that ERPs complement behavioral or eye-
tracking assessment of overt attention, and enables researchers to examine whether overt
and/or covert attention processing of faces engages differential face-specific cortical
activities depending on face emotion (threatening, happy, or neutral). While studies have
found that infants display attention bias toward fearful faces at both neural and behavioral
levels, Leppénen et al (2007) found no significant correlation between ERPs (difference in
P400 or Nc amplitude in response to fearful versus happy faces) and behavioral attention
bias (difference in duration of looking time toward fearful versus happy faces). Hence,
neural responses and overt looking behavior toward emotional faces might be sensitive to
different processes and need to be examined within-sample in order to provide a more
comprehensive attention bias profile.

Secondly, simultaneous eye-tracking and ERP recording can reveal the effect of infants’
overt attention process on neural responses to emotional faces. For example, Vanderwert et
al (2015) found that in 7-month-old infants, larger N290 and P400 amplitudes in response to
fearful faces are associated with longer dwell time on the eye regions of fearful faces. The
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brain-behavior relation is not significant for happy or neutral faces. Thus, it is possible that
early sensitivity to specific features of fearful faces drives enhanced neural responses to
fearful faces (Farroni, Johnson, & Csibra, 2004; Vanderwert et al., 2015).

Individual studies thus far have adopted a single task paradigm to assess infant’s attention.
Any particular paradigm might not be optimal for capturing all components of affect-biased
attention — initial attention orienting, sustained attention, and disengagement. Additionally,
these single-task studies cannot reveal trait-level attention bias that can be observed across
tasks. To address this limitation, Vallorani et al (under review) implemented three eye-
tracking tasks (dot-probe, overlap, and vigilance tasks) to assess attention bias toward
emotional faces in a sample of 4- to 24-month infants. Adopting a person-centered approach,
they categorized infants as with or without affect-biased attention based on latency and
dwell time measures of attention derived from the three tasks. Specifically, NA mediates the
effect of age on the probability of displaying affect-based attention toward emotional faces
only among infants whose mothers have high maternal anxiety (Vallorani et al., under
review).

To date, cross-sectional and longitudinal evidence indicates that normative attention bias to
threat emerges between 5- and 7-month of age. However, early-appearing attention bias
might not be stable for all infants as a function of trait-level and experiential differences.
Multimodal assessment of attention in infants using different task paradigms may facilitate
the identification of early behavioral and neurocognitive markers of risks for socioemotional
problems. The review will discuss the importance of taking attention assessment out of
screen-based contexts and into real-life social-interactive environments.

5. Behavioral approaches to attention bias to threat and socioemotional

functioning

5.1 Behavioral evidence for the association between threat-related attention bias and
anxiety problems

Anxiety problems are early emergent in childhood (Costello et al., 2005; Egger & Angold,
2006). Morales et al (2016)’s model hypothesized that aberrant attention bias to threat may
develop from normative threat-related attention functioning for a subgroup of at-risk
children, and the maladaptive attention bias to threat may become entrenched through
development and further increase their vulnerability to anxiety disorders. On one hand,
infant research has provided evidence that temperament (e.g. Pérez-Edgar et al, 2017) and
parental characteristics may influence individual differences in normative threat-related
attention (e.g. Morales et al., 2017a), which has an impact on socioemotional development
in early childhood (e.g. Peltola et al., 2018). On the other hand, correlational evidence from
studies that employed RT measures in children shows that pediatric anxiety is associated
with threat-related attention bias (Table 1). However, the effect size for threat-related
attention bias in youth with anxiety is small (Abend et al., 2018; Bar-Haim et al., 2007;
Dudeney et al., 2015). Findings are also equivocal regarding which component of attention
bias (i.e. attention vigilance, avoidance, or difficulties in disengagement) is most closely
linked to pediatric anxiety (see reviews: Puliafico & Kendall, 2006; Roy et al., 2015).
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Anxiety may be characterized by facilitated engagement to threatening stimuli at shorter
presentation duration and threat avoidance occurs with longer stimulus presentation (Cisler
& Koster, 2010; Mogg & Bradley, 1998). For example, children with clinical or trait anxiety
display attention bias towards threat faces presented for 500ms (clinical anxiety: Roy et al.,
2008; Waters et al., 2010; Waters, Mogg, & Bradley, 2012; trait anxiety: Watts & Weems,
2006). However, other studies suggested that pediatric anxiety disorders are associated with
attention bias towards prolonged presentation of threat faces (1000-1500ms: Dalgleish,
Moradi, Taghavi, Neshat-Doost, & Yule, 2001; Hankin, Gibb, Abela, & Flory, 2010;
Taghavi, Neshat-Doost, Moradi, Yule, & Dalgleish, 1999; Vasey, Daleiden, Williams, &
Brown, 1995; Waters, Wharton, Zimmer-Gembeck, & Craske, 2008, at pre-treatment).
While some studies confirmed that children exhibit threat avoidance when faces are
presented for 1000ms (clinical anxiety: Brown et al., 2013; trait anxiety: Stirling et al.,
2006), other studies indicated threat avoidance in clinically anxious children at shorter
presentation duration (Pine et al., 2005). Finally, there are studies suggesting that clinically-
anxious children and their non-anxious counterparts do not differ in attention bias patterns
(Waters, Lipp, & Spence, 2004), and clinically-anxious children show attention bias towards
both angry and happy faces (Waters, Mogg, Bradley, & Pine, 2008).

Therefore, we cannot infer from correlational evidence whether threat-related attention bias
contributes to the emergence of anxiety problems or whether attention bias to threat emerges
as a result of anxiety.

5.2. The impact of experimental manipulation of attention bias on anxiety

One avenue to test causality is to manipulate threat-related attention and examine any
resulting changes in anxiety (Roy et al., 2015). ABMT studies (Table 1) commonly use the
dot-probe paradigm to implicitly train attention by manipulating the contingency of the
probe. For example, training that is intended to induce attention bias away from threat
presents probes in the location of the neutral stimulus for the majority of the trials. Through
repeated exposure, participants are thought to implicitly learn to direct attention away from
threat, as the contingency predicts the probe location (Bar-Haim, 2010). By training youth
(6-17 years old) to direct attention away from threat or towards positive stimuli, active
ABMT reduces anxiety symptoms relative to the placebo control group (Bar-Haim et al.,
2011; De Voogd et al., 2014; Eldar et al., 2012; Liu et al., 2018; Waters et al., 2015, 2013).
In addition, ABMT can augment the anxiolytic effects of cognitive-behavioral therapies
(Shechner et al., 2014; White et al., 2017b; but see Britton et al., 2013).

However, several issues limit our ability to conclude that there is a causal link between
attention bias to threat and anxiety. First, the mechanisms through which ABMT produces
anxiety reduction effects are unclear, since some studies did not find significant reduction in
attention bias to threat after active ABMT relative to the placebo condition (Britton et al.,
2013, experiment one; Ollendick et al., 2018; Shechner et al., 2014; Waters et al., 2015). It is
possible that the treatment effect on anxiety may be attributed to nonspecific factors, such as
ABMT-induced increases in attention control and flexibility and/or repeated exposure to
threat stimuli (Pergamin-Hight, Pine, Fox, & Bar-Haim, 2016). Second, even though ABMT
may reduce both attention bias to threat and anxiety symptoms, we lack evidence suggesting
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whether changes in attention bias longitudinally predict anxiety reduction. Third, individual
differences at pre-training may moderate ABMT effect on anxiety. Larger pre-training
attention bias to threat, indexed by RT measures (Waters et al., 2015), and poorer attention
control ability reported by parents (Pergamin-Hight et al., 2016; but see Ollendick et al.,
2018) are associated with greater anxiolytic effects post-training. Individual differences in
neural connectivity and functioning during the baseline dot-probe task also differentiate
children’s treatment response (Britton et al., 2015; White et al., 2017b).

Hence, the ABMT literature does not provide strong support for the causal link between
attention bias and anxiety. Considerable individual differences at baseline moderate the
training effect, and directing attention away from threat does not lead to anxiety reduction
for all youth who received active versus placebo training. Moreover, the anxiolytic effects of
ABMT may not be specifically attributed to reduced attention bias to threat. Longitudinal
research is needed to capture if attention bias towards threat actually plays a causal role in
the development of anxiety problems.

5.3. The role of threat-related attention in the development of socioemotional problems

Another avenue to study the causal role of threat-related attention in socioemotional
development is to assess attention bias to threat early in development before the onset of
clinical disorders and examine the association between attention bias to threat and early risk
factors for developing anxiety or other socioemational problems. Additionally, longitudinal
studies are essential for investigating the impact of attention bias in the developmental
pathway between early vulnerability and later symptoms. Findings would allow researchers
to infer whether attention bias to threat is a precursor of socioemotional problems and
whether it potentiates the risks for socioemotional maladjustments.

Early risks factors for socioemotional problems can be intrinsic, such as temperamental
risks, or extrinsic to the child, such as familial risks and exposures to adverse environments.
In 5-to 7-year-old children, Kujawa and colleagues (2011) found that daughters of mothers
with depressive disorders show greater attention bias to sad faces presented in a dot-probe
task after negative mood induction, compare to girls without the familial risk. The group
difference in attention bias is not significant for boys. Moreover, attention bias to threat
moderates the concurrent link between the experience of abuse and anxiety in 3- to 5-year-
olds, such that children who are victims of family abuse and also have attention bias towards
angry faces in a dot-probe task display greater anxiety than exposed children without
attention bias (Briggs-Gowan et al., 2015). These studies collectively suggest that threat-
related attention bias, indexed by RTSs, is observable in young children, and it is related to
vulnerability to anxiety and depression prior to the onset of clinical disorders.

Another line of research examines attention bias in children with temperamental risks of
anxiety. Fearful temperament is a dimensional construct, capturing the extent to which
children display an early disposition towards fearful reactions to novelty. Behavioral
inhibition (BI) describes the most-studied category of temperament in children, reflecting
the top 10-15% of these fearful temperament traits (Kagan, Reznick, & Snidman, 1988). In
the review, we use “fearful temperament” as an inclusive term when describing literatures
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that have adopted a dimensional measure or studies that identified either Bl or an alternative
fearful temperament category, such as dysregulated fear (Buss, 2011).

Bl is biologically-based, early-emerging, and characterized by heightened vigilance and
reactivity to novelty in infancy (Kagan, Reznick, Clarke, Snidman, & Garcia-Coll, 1984)
and social reticence in childhood (Fox, Henderson, Rubin, Calkins, & Schmidt, 2001). Bl is
the strongest individual-difference predictor of anxiety problems (Pérez-Edgar & Guyer,
2014). Indeed, early stable Bl predicts an increased likelihood for developing lifetime
anxiety disorders (Chronis-Tuscano et al., 2009) and a sevenfold increase of risk for
developing SAD (Clauss & Blackford, 2012). However, not all BI children develop anxiety
problems (Degnan & Fox, 2007). Threat-related attention bias may potentiate the
vulnerability to anxiety seen in children with BI.

Early Bl is linked to a biologically-based tendency to display heightened vigilance and
negative reactivity to novelty in infancy (Kagan et al., 1984). Individual variation in motor
activities and distress towards novel stimuli are observable at 4 months of age. These
reactive tendencies are predictive of Bl characterization at age 2 (Fox et al., 2001; Fox,
Snidman, Haas, Degnan, & Kagan, 2015). In toddlerhood, Bl is traditionally characterized
by observing a child’s behavior in novel and fear-eliciting situations in the laboratory. The
child is identified as Bl when s/he exhibits high fear and behavioral avoidance in response to
unfamiliar objects and people (Fox et al., 2001; Garcia-Coll, Kagan, & Reznick, 1984). If Bl
characterization is maintained across childhood, the biological disposition will often
manifest as social withdrawal (SW) (Fox et al., 2001; Kagan, Reznick, & Snidman, 1988;
Rubin, Burgess, & Hastings, 2002). SW, in turn, is marked by the behavioral prototype of
isolating oneself from the peer group through the consistent display of solitary behavior in
front of familiar and/or unfamiliar peers (Rubin, Burgess, & Coplan, 2002; Rubin, Coplan,
& Bowker, 2009). SW increases the risk for Bl children to develop internalizing problems
(Boivin, Hymel, & Bukowski, 1995; Prior, Smart, Sanson, & Oberklaid, 2000; Rubin, Chen,
McDougall, Bowker, & McKinnon, 1995).

Bl shares overlapping neural and behavioral patterns with anxiety symptoms (Pérez-Edgar &
Guyer, 2014). However, longitudinal evidence indicates that the majority of BI children
never develop SW and anxiety problems (Biederman et al., 2001; Degnan et al., 2014;
Stifter, Putnam, & Jahromi, 2008). Threat-related attention bias may be a risk mechanism
that binds children with stable BI to a developmental pathway towards anxiety (Morales, et
al., 2016; Pérez-Edgar, et al., 2014).

Bl is associated with a biologically-based tendency to show quick and automatic attention
orienting to novel and potentially threat stimuli (Kagan, 2012; Sylvester et al., 2017). Lower
levels of sustained attention in infancy, manifested as more attentional shifts to a novel
distracter stimulus, predicts greater stability of Bl throughout early childhood. Moreover, Bl
at 14 months predicts greater social difficulties during adolescents only for participants who
displayed reduced sustained attention in infancy (Pérez-Edgar et al., 2010). Hyperreactive
bottom-up attention processes may influence the development and implementation of
voluntary attention control processes. The interplay of automatic and controlled processes
with socioemotional functioning may gradually calcify attention bias to threat in Bl children.
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Once entrenched, attention bias may bind these children to a developmental trajectory
towards anxiety problems (Henderson et al., 2015; Henderson & Wilson, 2017; Morales et
al., 2016; Pérez-Edgar et al., 2014).

Most studies have relied on the RT scores derived from the dot-probe paradigm to index
attention bias in children with fearful temperament. Similar to the correlational evidence
presented above, these studies have yielded mixed results regarding the pattern of attention
bias associated with fearful temperament. While some studies found that children with
fearful temperament show attention bias towards threat (Pérez-Edgar et al., 2010; Szpunar &
Young, 2012), others found that they display attention bias away from threat (Morales et al.,
2014), or found no significant relation between fearful temperament and threat-related
attention bias (Broeren, Muris, Bouwmeester, Field, & Voerman, 2011; Cole, Zapp, Fettig,
& Pérez-Edgar, 2016; Pérez-Edgar et al., 2011; Vervoort et al., 2011).

Longitudinal evidence supports the premise that temperamentally fearful children develop
SW (Morales et al., 2014; Pérez-Edgar et al., 2010, 2011) and anxiety problems (Nozadi et
al., 2016; White et al., 2017a) if they also exhibit threat-related attention bias. Only two
studies have examined the prospective relation among toddlerhood BI, childhood attention
bias and anxiety across multiple time points. White et al (2017a) found that attention bias to
either threat or positive faces at age 5 does not predict anxiety symptoms at age 7. Age-five
attention bias also does not moderate the link between Bl and age-seven anxiety. However,
attention bias to threat and positive stimuli assessed at age 7 moderates the relation between
Bl and age-seven anxiety. Specifically, Bl predicts anxiety in children who display attention
bias towards threat or attention bias away from happy faces. Conversely, the Bl-anxiety link
is not significant for children showing attention bias away from threat or towards happy
faces.

Within the same sample, Nozadi et al (2016) identified an anxiety class based on parent-
report, children’s self-report and clinical interviews at age 10. They found that Bl in
toddlerhood predicts the probability of being in the anxiety class for children who display
attention bias towards threat at age 5. However, consistent with other longitudinal studies,
there is no significant zero-order correlation between attention bias to threat and concurrent
or subsequent anxiety levels (Morales et al., 2014; Pérez-Edgar et al., 2010; 2011; White et
al., 2017a).

The existing findings derived from RT measures are inconsistent regarding whether fearful
temperament and anxiety are related to aberrant threat-related attention patterns. Based on
longitudinal evidence, it is possible that threat-related attention bias on its own may not
directly predict the onset of anxiety. Rather, it may act as a developmental tether that
maintains the trajectory from early vulnerability to later anxiety problems (Morales et al.,
2016; Pérez-Edgar et al., 2014). A better understanding of the relation between early
temperamental risk, attention bias, and anxiety across development is dependent on
implementing robust assessments of attention bias.
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6. Theoretical and methodological issues with using RTs to measure

threat-related attention

While the dot-probe paradigm is widely used to assess attention bias, studies indicate that
the traditional RT index of attention bias to threat derived from the dot-probe task has poor
test-retest reliability (Youth: Britton et al., 2013a; Brown et al., 2014; Adults: Rodebaugh et
al., 2016; Schmukle, 2005; Staugaard, 2009) and internal consistency (Youth: Brown et al.,
2014; Adults: Kappenman, Farrens, Luck, & Proudfit, 2014a; Rodebaugh et al., 2016;
Schmukle, 2005; Staugaard, 2009; Waechter, Nelson, Wright, Hyatt, & Oakman, 2014).
Moreover, White et al (2017a) indicated that there is a lack of attention bias stability from
age5toage 7.

Manual RTs may not provide a direct measure of threat-related attention processes, hence,
compromising the measurement reliability. Multiple attention shifts may occur during and
after stimulus presentation and before the motor response to the probe. Therefore, RT
measures may only tap into related attentional behavior at the snapshot of time (Yiend,
2010), and cannot capture dynamic attention processes with sufficient temporal sensitivity.
Moreover, dot-probe RT measures may be too noisy to reliably capture the “core” threat-
related attention processes, given that individual differences in threat vigilance, threat
avoidance, and manual response speed may affect RT outcomes (Mogg, Holmes, Garner, &
Bradley, 2008).

6.1. Improvement in RT assessment 1: Use multiple paradigms to assess attention

One avenue to improve attention bias assessment is to employ multiple attention paradigms.
This strategy could allow researchers to assess multiple components of attention bias within
the same sample, as well as examine whether there is a consistent pattern of attention bias
that is most predictive of anxiety or anxiety risk. As an alternative attention paradigm, the
Posner task (Posner, 1980) presents one cue (e.g. a face) at one side of the visual field,
followed by a target probe appearing either at the cued location (valid cue) or the alternative
location (invalid cue). The validity effect is quantified by subtracting RTs on the valid trials
from invalid trials. Positive scores reflect greater effort needed to disengage from invalid
cues. Studies consistently find a larger validity effect for threat cues in anxious than non-
anxious adults (Bar-Haim et al., 2007).

Using both dot-probe and Posner tasks, Sylvester Hudziak, Gaffrey, Barch, & Luby (2015)
found that children (average age 12.9 years) with a history of anxiety or depression, but not
healthy controls, exhibit attention bias towards threat cues presented for 150ms in a Posner
task and later attention bias away from threat cues presented for 500ms in a dot-probe task.
Hence, threat-related attention bias in the clinical group is characterized by both early threat
vigilance and later threat avoidance.

In a sample of 9- to 12-year-olds characterized for Bl via maternal report, Morales, Taber-
Thomas, and Pérez-Edgar (2017b) found that the correlation between dot-probe attention
bias scores and validity effect scores obtained from an affective Posner task is significant
only for BI children, but not across the whole sample. Furthermore, consistent attention bias
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across tasks is associated with increased anxiety symptoms. Hence, the implementation of
multiple paradigms can potentially reveal a more comprehensive attention bias profile
associated with symptomology (e.g. Sylvester et al., 2015). Moreover, it offers a person-
centered approach to assess whether stronger attention bias stability across paradigms is
associated with clinical anxiety and/or anxiety vulnerability (e.g. Morales et al., 2017b).

In contrast to the dot-probe and the Posner tasks that present simplified visual displays at
each trial (e.g. a pair of faces and a single face, respectively), the visual search paradigm
presents an array of stimuli (e.g. a 3x3 matrix). This complexity may better capture threat-
related selective attention, rather than orienting to pre-selected stimuli (Todd et al., 2012).
The visual search task is designed to isolate components of attention bias: faster RTs to
detect the threat target among non-threat distracters indicate facilitated engagement to threat,
whereas slower RTs to detect the non-threat target or to determine threat absence is inferred
as difficulty in disengaging from threat (Donnelly et al., 2010; LoBue, 2014; Ohman,
Lundqvist, & Esteves, 2001). LoBue and Pérez-Edgar (2014) showed that fearful
temperament in 4- to 7-year olds is related to facilitated detection of angry faces, but not
faster detection of non-social threat, compared to non-fearful children.

Elevated bias scores obtained from the dot-probe may be attributed to either facilitated
engagement to threat or difficulty in threat disengagement or both. The visual search
paradigm complements the affective Posner task by requiring participants to inhibit attention
processing of simultaneously presented threat distracters (Hadwin & Field, 2010). As a
future direction, conducting within-sample comparisons between the validity effect scores
obtained from the affective Posner task and RT in detecting non-threat target among threat
distracters in the visual search task may shed light on whether anxiety or anxiety
vulnerability (e.g. fearful temperament) is associated with a consistent pattern of slower
disengagement of task-irrelevant threat in order to support goal-directed performance. Thus,
findings could provide potential support for the ACT (Eysenck et al., 2007). Furthermore,
multiple attention paradigms administered at multiple assessment points may tap stability in
attention bias across development that cannot be revealed using a single attention task
(Britton et al., 2013; White et al., 2017a). Studies need reliable measures of attention bias, to
then investigate whether and when in development attention bias to threat leads to the onset
of socioemotional adjustment problems.

6.2. Improvementin RT assessment 2: Compute additional attention bias indices

Another reason for the poor reliability of attention bias assessment based on RTs may lie in
the computation of global attention bias indices (Price et al., 2015; Rodebaugh et al., 2016).
Attention bias scores are commonly computed by subtracting mean RTs of two task
conditions from one another. One limitation of the global difference scores is that they
reflect multiple attentional and non-attentional processes (Yiend, 2010). Thus, they may lack
the sensitivity and specificity needed to identify threat-related attention patterns associated
with individual differences in fearful temperament and anxiety.

The diffusion model (Ratcliff, 1978) provides an alternative attention bias index. It uses both
RT and accuracy data obtained from two-choice tasks (including dot-probe, Posner, and
visual search tasks). The model estimates four parameters, drift rate, boundary separation,
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start point, and nondecision processing, which respectively index the latent psychological
processes of cognitive processing efficiency (i.e. facilitated processing of stimuli), speed-
accuracy trade-off settings (i.e. levels of cautiousness in making a response), response bias
(i.e. increased likelihood to make one type of response over the other) and the speed to make
the required motor response (Ratcliff & Tuerlinckx, 2002). Applying the diffusion model to
analyze manual response data enables researchers to examine facilitated attention
engagement in isolation, uncontaminated by individual differences in non-attentional factors
(Yiend, 2010).

An initial analysis of threat-related attention bias in children (9- to 12-year-olds) using the
dot-probe paradigm found that children characterized as Bl have faster drift rates to the
probe, averaged across conditions (threat-neutral vs. neutral-neutral face pairs), suggesting
that BI children are more attentive to the task than non-behaviorally inhibited children
(Wise, Huang-Pollock, and Pérez-Edgar, in prep). The group-difference in task performance
is not observed when using traditional RT indices. The findings further underscore that drift
rates offer enhanced sensitivity for detecting individual differences in task performance.

The second limitation of the global difference scores is that they mask possible moment-by-
moment variations in the expression of threat-related attention bias over time (Price et al.,
2015; zvielli, Bernstein, & Koster, 2015). Intraindividual variability would impair the
reliability of attention bias scores (Rodebaugh et al., 2016). Studies have therefore captured
within-subject, within-task variability of attention bias using an Attention Bias Variability
(ABV) index (lacoviello et al., 2014; Naim et al., 2015) or a trial-level bias score (TL-BS)
method (Amir, Zvielli, & Bernstein, 2016; Zvielli, Bernstein, & Koster, 2015).

Studies with adults indicate that there is temporal variability in participants’ attention bias
expression within a testing session, ranging from attention bias towards to away from threat.
Moreover, greater within-task temporal variability is associated with more severe anxiety
symptoms (lacoviello et al., 2014; Naim et al., 2015; Zvielli et al., 2015). ABV and TL-BS
methods demonstrate modest to good reliability, significantly higher than the traditional
attention bias scores (Amir et al., 2016; Price et al., 2015; Rodebaugh et al., 2016; Zvielli et
al., 2015). However, it is not clear if the variability indices are reliable in children, and
whether anxiety vulnerability is associated with altered temporal variability of attention bias.
White et al (2016) showed that the ABV index obtained from RT measures of fMRI dot-
probe tasks has low test-retest reliability in 10- to 17-year-olds. In a large-scale study that
uses dot-probe RT data collected from 6 studies (participants’ mean age ranging from 5.3 to
21.7 years), Yang, Ram, Perez-Edgar and Buss (in prep) found that Bl levels are not
significantly related to the traditional attention bias score or the TL-BS indices. Hence,
caution needs to be taken when implementing this computation in child research.

A recent simulation study argues that it is unclear if higher ABV indices or TL-BS’s reflect
greater frequency in switching bias directions, greater bias magnitude or random effects (i.e.
measurement errors), or a combination of these factors (Kruijt, Field, & Fox, 2016).
Moreover, large numbers of trials are needed to reach satisfactory reliability with variability
measures. This may raise practical concerns for developmental research. Price et al (2015)
found that the ABV index is the most reliable in adults who completed 320 trials (256
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threat-neutral trials), and becomes less reliable in 9-13 year-olds who completed a 48-trial
dot-probe task (32 threat-neutral trials). Zvielli et al (2015) recommend that at least 40
threat-neutral trials are needed to optimally compute TL-BS indices. Tasks containing larger
trial numbers likely increase fatigue, movement, and impair performance in children, which
may create artificial effects on attention bias variability. The trial-number requirement is
particularly difficult to satisfy if the task is designed to test the specificity of attention bias
(e.g. including happy-neutral trials) and/or incorporate biological measures that require
participants to remain still during the task.

Alternative approaches to analyzing RT data have given us an additional tool in the attempt
to reveal core attention bias processes that are associated with anxiety and anxiety
vulnerability. However, RT measures, with their limited temporal resolution, still suffer from
the essential limitation of capturing only the end-stage outputs of a cascade of cognitive and
neural processes (Shechner et al., 2012). Multiple levels of analyses are crucial for
compensating the limited temporal resolution of RT measures, in order to capture the
temporal dynamics of threat-related attention.

7. Implementing stationary eye-tracking measures to study threat-related

attention in relation to anxiety

Relative to RT measures, eye-tracking provides a more proximal, continuous and temporally
sensitive tool for measuring attention processes (Table 1). Hence, eye-tracking is especially
suited to test the hypothesis that anxiety is associated with initial threat vigilance and
subsequent threat avoidance (Mogg & Bradley, 1998) or difficulty in disengaging from
threat (Eysenck et al., 2007). Moreover, eye-tracking dot-probe measures demonstrate
satisfactory internal consistency reliability in adults (indexed by Cronbach’s alpha, Waechter
et al., 2014) and youth (indexed by split-half correlation in 9-48-month-olds, Burris et al.,
2017a; index by intraclass correlation coefficient in 9-13-year-olds, Price et al., 2015).

Across various eye-tracking paradigms, early facilitated engagement or vigilance is
measured using parameters of initial fixations, such as the latency of first fixations and the
proportion of trials in which the initial fixation was directed to the target stimulus (e.g.
Gamble & Rapee, 2009; Price et al., 2015, 2016; Shechner et al., 2013). Overall attention
maintenance is assessed using stimulus dwell time (e.g. Price et al., 2015, 2016b; Shechner
et al., 2013). Late attention components, including disengagement and avoidance, can be
indexed by event-related fixation measures. For example, in a dot-probe task, disengagement
difficulty is indexed by the latency to orient away from the face stimulus just prior to the
onset of the probe that appears in the opposite location from the participant’s fixation
location (e.g. Price et al., 2015). Late attention components can also be assessed using
epoch-related measures. For example, studies using free viewing paradigms divide the
stimulus presentation period into equal time intervals. During later time intervals, higher
fixation durations or proportion of dwell time indicates greater difficulty in disengagement,
whereas lower durations/proportion of dwell time on threat suggests attention avoidance
(e.g. In-Albon, Kossowsky, & Schneider, 2009; Seefeldt, Kramer, Tuschen-Caffier, &
Heinrichs, 2014).
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The majority of eye-tracking studies with anxious children have employed variations of free
viewing paradigms that present pairs of threatening and benign images. Studies suggest that
pediatric anxiety is characterized by heterogeneous patterns of attention bias. Shechner et al
(2013) found that, compared to their non-anxious group, 8- to 17-year-olds with anxiety
disorders show initial facilitated engagement to angry faces. In contrast, other studies in
children between 7 to 17 years of age showed that anxiety disorders are associated with
threat avoidance but not initial facilitated engagement towards threat (Gamble & Rapee,
2009; with 500ms face presentation; In-Albon, Kossowsky, & Schneider, 2009; Shechner et
al., 2017), or no anxiety-group differences in attention bias patterns (Dodd et al., 2014;
Gamble & Rapee, 2009, with 3000ms face presentation). Moreover, Seefeldt et al (2014)
indicated that 8- to 12-year-olds with SAD show difficulty in threat disengagement, indexed
by greater dwell time on threat relative to non-threat faces during the last time interval of
stimulus presentation (2501ms-3000ms). Together, existing free-viewing eye-tracking
paradigms incorporated various stimulus presentation duration, ranging from 500ms
(Gamble & Rapee, 2009) to 4000ms (In-Albon et al., 2009). Based on continuous measures
of attention, studies showed that pediatric anxiety might be associated with threat-related
attention that takes place at both early and late stages of visual information processing.

A limited number of studies have implemented dot-probe eye-tracking tasks with children
(Burris et al., 2017a; Burris et al., 2017b; Hilt, Leitzke, & Pollak, 2017; Price et al., 2013;
Price et al., 2016b; Tsypes, Owens, & Gibb, 2017). In the only study that examined the
relation between attention bias and anxiety symptoms, Price et al (2016b) assessed threat-
related attention using the dot-probe paradigm in 9- to 13-year-olds with anxiety disorders
just prior to receiving psychotherapy. Initial vigilance towards threat faces and the
percentage of dwell time on threat versus neutral faces do not correlate with anxiety levels
assessed at baseline and two years after treatment. However, a pattern of sustained threat
avoidance, indexed by both dwell time and pupil dilation, but not initial vigilance, predicts
the transition from anxiety to later depression symptoms post-treatment. Threat avoidance
may hinder the use of effective emotional regulation strategies, thus heightening the
vulnerability to develop depression despite anxiety treatment.

Interestingly, in two studies that compared eye-tracking and RT measures, Hilt et al (2017)
found that greater self-reported rumination is associated with longer dwell time on
emotional faces in 9- to 14-year-olds. Tsypes et al (2017) found that children (7-11 years
old) with suicidal ideation display greater dwell time to fearful faces, but show no bias in
dwell time towards happy faces. Neither study suggested that that RT attention bias
significantly differentiates between symptomatic vs. non-symptomatic groups, supporting
eye-tracking measures as a more sensitive index of symptom-related attention bias than RT
measures (Price et al., 2015).

No study has implemented eye-tracking paradigms to investigate the concurrent or
longitudinal association between fearful temperament and anxiety problems in children.
Hence, there is a gap in our understanding regarding how the specific pattern of normative
attention bias to threat (e.g. difficulty in disengaging from threatening faces) is maintained to
childhood, and how it may give rise to vulnerability to anxiety problems. Before pursuing
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this direction, a few methodological issues relating to eye-tracking paradigms need to be
considered.

First, existing free-viewing and dot-probe paradigms commonly present stimuli ranging
from relatively simple constellations, such as face pairs (e.g. Dodd et al., 2014; Gamble &
Rapee, 2009; Shechner et al., 2013), to more complex pictorial scenes (In-Albon et al.,
2009; Shechner et al., 2017). Variations in stimulus complexity may contribute to the mixed
attention bias patterns found in these studies, considering the argument that the overt
attention bias components associated with anxiety might be stimulus-dependent (Armstrong
& Olatunji, 2012; Gibb, McGeary, & Beevers, 2015; Richards, Benson, Donnelly, &
Hadwin, 2014). The adult literature indicates that studies adopting relatively simple stimulus
constellations might be biased to find facilitated initial engagement to threat, since
participants are restricted to direct their initial gaze to threat (Armstrong & Olatunji, 2012;
Richards et al., 2014).

Indeed, the two studies that used more complex visual displays found threat avoidance in
anxious youth (In-Albon et al., 2009; Shechner et al., 2017), echoing the pattern of attention
avoidance found in anxious adults using more naturalistic displays (Chen, Thomas, Clarke,
Hickie, & Guastella, 2015; Huijding, Mayer, Koster, & Muris, 2011). Incorporating eye-
tracking in visual search paradigms, which present an array of competing stimuli, provides
an effective tool for separately examining facilitated threat detection of threat targets versus
difficulty in threat disengagement from threat distracters (Armstrong & Olatunji, 2012). The
potential effect of stimulus complexity on threat-related attention also calls for the use of
more ecologically valid stimulus constellations that may better tap into the functioning of
threat-related attention in real-life contexts.

Second, eye-tracking indices of attention bias derived from a single task may have different
levels of reliability. Using the dot-probe paradigm, Price et al (2015) found that only eye-
tracking indices of early threat vigilance and overall threat preference, but not measures of
difficulty in threat disengagement, demonstrate satisfactory test-retest reliability in youth
(age 9-13 years). Individual paradigms may not be optimal for assessing all components of
attention bias. For example, the eye-tracking dot-probe tasks can capture latency in threat
disengagement only in trials where the participant fixated on both the face stimulus and the
probe that subsequently appeared in the opposite side of the face. In comparison, the overlap
task might be more effective for measuring threat disengagement. To facilitate interpretation
of eye-tracking findings, it is important to assess and report the reliability of eye-tracking
attention bias indices (Burris et al., 2017a; Price et al., 2015). Research can also benefit from
administering multiple eye-tracking tasks in the same sample to examine whether anxiety is
characterized by a convergent pattern of attention bias.

8. Implementing neural measures to study threat-related attention in

relation to anxiety

Findings from both behavioral RT and eye-tracking paradigms do not rule out the possibility
that anxiety and/or anxiety vulnerability may be linked to a constellation of attention bias
patterns rather than a single attention mechanism. Neural measures help to reveal underlying

Dev Rev. Author manuscript; available in PMC 2020 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fu and Pérez-Edgar Page 23

mechanisms contributing to the overt motor behavior or eye movement outputs (Table 1). As
reviewed above, neural circuits subserving automatic orienting are in place from infancy
(Leppénen & Nelson, 2009). Biologically-based and environmental factors may jointly
influence threat-related attention through their impact on brain functions (Caouette & Guyer,
2014; Monk, 2008; Pine, 2007). Hence, measuring neural activity facilitates the
identification of biomarkers of anxiety and anxiety vulnerability even when behavioral
measures do not reveal anxiety-based group differences (Perez-Edgar & Bar-Haim, 2010).

Specifically, studies that use ERPs and fMRI to track threat-related attention processes have
advanced theory and boost our understanding of the role of threat-related attention bias in
the development of socioemotional problems. Based on the neural evidence, the dual-
processing perspective highlights that bottom-up automatic and top-down controlled
processes jointly contribute to the development and maintenance of anxiety symptoms
(Bishop, 2008; Eysenck et al., 2007; Henderson et al., 2015; Henderson & Wilson, 2017). Bl
is rooted in a neural profile characterized by amygdala hyper-reactivity (Kagan, 2012) and
decreased connectivity in the ventral attention network (Sylvester et al., 2017), which
predispose children with Bl to display hypervigilance towards novel, potentially threatening
stimuli (Davis & Whalen, 2001; Shackman et al., 2016). The automatic information
processing style associated with fearful temperament impedes the development and
implementation of efficient and flexible attention control functioning, possibly by
potentiating executive attention processes that are employed to entrench, rather than
ameliorate, maladaptive behavior (Henderson et al., 2015; Henderson & Wilson, 2017).

8.1 ERP studies of threat-related attention processes associated with anxiety

ERPs provide an online, continuous, and covert measurement of neurophysiological
responses time-locked to stimulus presentation (Table 1). Thus, it is an ideal tool for
capturing bottom-up automatic attention processes that take place in early time windows and
top-down goal-directed processes that have a relatively late onset.

Studies measuring the amplitude of ERP components time-locked to face presentations
suggest that early facilitated engagement towards threat may contribute to the maintenance
of anxiety in childhood. O’Toole, DeCicco, Berthod, and Dennis (2013) administered a
modified version of the Attention Network Test (Fan et al., 2002) in 5-to-7-year-olds. They
found that children with higher anxiety levels maintained their anxiety symptoms when
assessed two years later if they also exhibited facilitated engagement towards task-irrelevant
angry relative to happy faces, indexed by enhanced face-locked N170 amplitudes. Hence,
initial vigilance towards task-irrelevant threat might be a moderating factor that influences
the development of anxiety.

With superior temporal resolution compared to RT measures, ERPs may be more sensitive in
detecting anxiety group differences in threat-related attention processes. Indeed, studies have
found that anxiety moderates ERPs indices of attention bias toward emotional faces, but not
parallel RT measures (e.g. Bar-Haim, Lamy, & Glickman, 2005; Rossignol, Campanella,
Bissot, & Philippot, 2013). In particular, healthy adults display initial facilitated attention
allocation towards threat images, indexed by significant N2pc potentiation observed in 175-
225ms following the onset of the threat-neutral stimulus pairs in dot-probe tasks. In contrast,
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RT scores do not show a significant attention bias to threat (Kappenman et al., 2014a;
Kappenman, MacNamara, & Proudfit, 2014b). Behavioral responses cannot capture rapid
covert attention shifts. It is possible that participants have already shifted attention away
from the threat location by the time they behaviorally responded to the probe (Kappenman et
al., 2014a; Kappenman et al., 2014b).

To examine the association between anxiety vulnerability and electrophysiological correlates
of attention bias, Thai, Taber-Thomas, and Perez-Edgar (2016) recorded ERPs during a dot-
probe task in 9- to 12-year-olds with varying levels of BI. They found that P2 time-locked to
face displays moderates the link between Bl and social anxiety. That is, Bl is negatively
related to social anxiety in children displaying greater P2 response. The deployment of
greater attention control may serve as a compensatory mechanism that reduces social anxiety
symptoms in children with high BI.

In addition, face-locked N2 moderates the relation between Bl and RT attention bias scores,
such that larger N2 predicts bias away from threat only in children with high BI. Threat
avoidance may hinder the use of effective emotional regulation strategies, thus heightening
the vulnerability for developing anxiety problems in temperamentally fearful children
(Morales et al., 2014). Together, the study indicates that voluntary attention control
processes modulate the behavioral expression of attention bias and social anxiety. Children
with temperamental risk for anxiety may allocate greater attentional resources to processing
threat information compared to healthy children. This may be a less efficient, compensatory
strategy to offset their initial heightened reactivity to threat (Thai et al., 2016).

The late positive potential (LPP) reflects sustained attention towards affectively and
motivationally salient stimuli (Hajcak, MacNamara, & Foti, 2012). The LPP has
demonstrated good test-retest reliability in 8- to 13-year-old children for measuring
attentional processing towards emotional stimuli over two years of development (Kujawa,
Kline, & Proudfit, 2012). In youth (7 to 19 years of age), enhanced LPP amplitudes time-
locked to the presentation of symptom-relevant threat stimuli are associated with anxiety
disorders (Kujawa, MacNamara, Fitzgerald, Monk, & Phan, 2015) and pediatric spider
phobia (Leutgeb, Schéfer, Kochel, Scharmiiller, & Schienle, 2010). Moreover, 5- to 7-year-
olds who show increased LPP response to unpleasant relative to neutral pictures during
passive viewing also display elevated fearful behavior observed in the laboratory (Solomon,
DeCicco, & Dennis, 2012). Collectively, pediatric anxiety is associated with sustained
attention processing towards threat, indexed by increased LPP potentiation in response to
threat stimuli. LPP potentiation might be a biomarker for threat-related attention bias
towards affectively and motivationally salient stimuli (Hajcak et al., 2012).

ERP research suggests that enhanced neural engagement supporting both initial facilitated
threat detection and voluntary attention processes towards threat may be associated with
pediatric anxiety, and contribute to the development of anxiety. Neuroimaging can
complement ERPs to help to identify perturbed neural networks that may underlie the link
between threat-related attention bias and anxiety.
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8.2 fMRI studies of threat-related attention processes in anxious and at-risk youth

Theoretical accounts and empirical evidence support the proposition that neural networks
implicated in anxiety overlap with circuitries underlying threat-related attention bias
(LeDoux & Pine, 2016; Shin & Liberzon, 2011). Dot-probe studies examining neural
correlates of threat-related attention processing in youth (between the ages of 7 to 17 years)
with high trait anxiety or anxiety disorders find that anxiety is associated with aberrant
activation in the amygdala, the ACC in the cingulo-opercular network, and various PFC
regions, including the vIPFC in the ventral attention network and the dIPFC in the fronto-
parietal network (Table 1; for reviews, see Blackford & Pine, 2012; Guyer, Masten, & Pine,
2013; Swartz & Monk, 2013).

Monk et al (2006), for example, found that youth (9—17 years old) with GAD display greater
VIPFC responses to angry faces presented for 500ms compared to healthy controls. Other
studies have focused on attention disengagement in the task by comparing incongruent
versus congruent neutral-threat trials. They found that youth with higher trait anxiety engage
greater dIPFC function when required to shift attention to the opposite location of threat
compared to the same location (9-12 years old, Fu et al., 2017; 11-18 years old; Telzer et
al., 2008). Clinically-anxious youth also exhibit reduced functional connectivity between the
limbic regions and the rostrodorsal ACC than non-anxious youth (9-13 years old; Price et
al., 2014).

Studies have also examined adolescents’ neural response to threat faces by manipulating
their attention state. Participants were asked to either passively view the face stimuli or rate
the faces based on their emotional (e.g. “how afraid are you of this face?”) or non-emotional
features (“how wide is the nose?”). Compared to healthy controls, adolescents with anxiety
disorders exhibit elevated amygdala response and increased connectivity between the
amygdala, ventral prefrontal cortex, and ACC when attending to their own subjective fear
relative to passive viewing (Beesdo et al., 2009; McClure et al., 2007). Taken together, the
neural underpinnings of pediatric anxiety is characterized by a combination of amygdala
hyper-reactivity and aberrant compensatory regulation of amygdala reactivity by the ACC
and PFC regions (Blackford & Pine, 2012; Guyer et al., 2013; Pine, 2007; Swartz & Monk,
2013).

Neural correlates of threat-related attention bias may have greater reliability than RT
measures of attention bias. Using the dot-probe paradigm, Britton et al (2013) found that
while RT bias scores in healthy youth (8-17 years old) are not stable across two assessment
points, participants reliably recruit greater vIPFC function in the threat-incongruent relative
to congruent trials across testing sessions. In another sample of 10- to 17-year-olds, White et
al (2016) replicated the earlier findings, indicating that dot-probe RT measures have low
reliability. However, VIPFC activation to the incongruent-versus-congruent contrast and the
amygdala-dIPFC connectivity to the threat-versus-neutral contrast are stable across the nine-
week period. In contrast to RT measures that reduce complex processes to one score,
neuroimaging might be an effective tool to identify more stable attention processes (Britton
etal., 2012, 2013; White et al., 2016).
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Research examining neural activities that support threat-related attention processing in
individuals with temperamental risk for anxiety suggests that concurrent and/or a history of
early Bl is associated with aberrant responding in the frontolimbic circuitries that overlap
with networks implicated in threat-related attention processing and anxiety. The Bl-related
neural perturbations are apparent even in the absence of full-fledged anxiety disorders
among Bl individuals (Pérez-Edgar & Guyer, 2014). Thus, the neutral perturbation might in
and of itself be a risk marker of anxiety problems.

Young adults characterized as Bl show atypical amygdala in response to novel faces (faster
response latency: Blackford, Avery, Shelton, & Zald, 2009; failure to habituate responses:
Blackford, Allen, Cowan, & Avery, 2012; Schwartz et al., 2012; greater magnitude: Pérez-
Edgar et al., 2007; Schwartz, Wright, Shin, Kagan, & Rauch, 2003). Individuals
characterized with Bl also exhibit aberrant frontal functioning underlying attention control
processes, even when they do not show greater behavioral attention bias compared to non-Bl
individuals. Hardee et al (2013) found that young adults with early BI display stronger
negative amygdala-dIPFC connectivity than individuals without childhood BI for the angry-
versus-neutral face contrast in a dot-probe task. Similarly, Fu et al (2017) found that Bl
children (9-12 years old) deploy greater dIPFC activation than non-BI children in response
to incongruent relative congruent trials. BI children might have recruited greater
compensatory attention processes in order to carry out goal-directed behavior (i.e. respond to
the probe appeared in the opposite location of threat). Furthermore, elevated dIPFC
activation predicted greater anxiety symptoms through Bl level.

It is possible that supraliminal presentation of threat may elicit more controlled processes
subserved by frontal regions and less limbic activities that support early, automatic attention
engagement (Monk et al., 2006). It is challenging to parse out the two processing in standard
dot-probe paradigms, due to fMRI’s limited temporal resolution. Studies have addressed this
issue by presenting subliminal faces (17ms) in the dot-probe task, in order to capture
bottom-up automatic attention processing. Monk et al (2008) found that adolescents (mean
age: 14 years) with GAD show greater amygdala responses to angry faces. Auday, Taber-
Thomas, and Pérez-Edgar (2018) showed that non-BI children (mean age: 11 years) display
greater activation in prefrontal and temporal regions that might function to modulate
responses toward threat. When exposed to subliminal threat, age-matched BI children may
be less efficient in engaging cognitive control to down-regulate initial threat responses.

Complementing ERP findings, neuroimaging studies support the argument that enhanced
threat vigilance and aberrant attention control functioning are attributed to perturbations in
the frontolimbic circuitry encompassing the amygdala, the prefrontal and ACC regions
(Blackford & Pine, 2012; Guyer et al., 2013; Swartz & Monk, 2013; Sylvester et al., 2012).
The neural network subserving automatic attention orienting is early appearing during
infancy (Leppéanen & Nelson, 2009). Disruption in the network is associated with the
development of Bl and may predispose temperamentally at-risk toddlers to develop habitual
biased attention to threat (Sylvester et al., 2017).

Cross-sectional ERP and neuroimaging studies thus far have advanced our understanding of
the attention mechanisms that fuel the relation between early temperamental risk and anxiety
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problems. Strong support for the dual-processing perspective will come from longitudinal
neural research, which tracks intraindividual changes in neural functions supporting
automatic and controlled attention processes, and examine how they interact with concurrent
socioemotional functioning to predict subsequent anxiety problems (Guyer, Pérez-Edgar, &
Croneg, 2018).

9. Future directions: Investigating threat-related attention processes and

socioemotional behavior in social-interactive contexts

Thus far, our understanding of the threat-related attention mechanisms that contribute to the
onset and development of anxiety relies on using well-controlled experiments that present
relatively artificial screen-based stimuli. Hence, attention processes that are delineated using
the computerized attention paradigms cannot be generalized to active, real-life, situations.
This review aims to underscore the importance of incorporating components of real-life
social interactions in the assessment of threat-related attention. There is a recent push to
examine the relevance of threat-related attention bias to every-day life (Shackman et al.,
2016). For example, Price et al (2016a) found that among youth (9 to 14 years old) with
anxiety disorders, greater attention bias toward threat indexed by dot-probe RT measures is
linked to reduced connectivity between the right amygdala and right dIPFC regions during
the task. Connectivity, in turn, predicts greater employment of attention avoidance strategies
when participants encountered negative life events, as assessed through repeated experience-
sampling.

However, measuring threat-related attention using the computerized paradigms reviewed up
to this point cannot capture the functioning of active attention selection in processing
complex stimulus constellations that exist in everyday environments. Evidence suggests that
individuals display more nuanced attention patterns towards naturalistic stimuli than
computerized presentations (Risko, Laidlaw, Freeth, Foulsham, & Kingstone, 2012; Risko,
Richardson, & Kingstone, 2016; Schilbach, 2014). More specifically, fearful temperament
and anxiety disorders share the core feature of displaying social difficulties. It is still unclear
how threat-related attention assessed in the context of online social interaction may impact
fear- and/or anxiety-related phenotypes. Perturbed threat-related attention patterns observed
in vivo might be a more proximal risk marker of disorders characterized by social
impairments (Chawarska, Macari, & Shic, 2012; Chevallier et al., 2015; Speer, Cook,
McMahon, & Clark, 2007).

9.1. Why do we need to study threat-related attention in naturalistic contexts?

Computerized attention paradigms commonly present static and relatively simple visual
displays (e.g. face pairs). As a result, these tasks primarily measure orienting to preselected
stimuli, rather than active attention selection (Birmingham & Kingstone, 2009; Todd et al.,
2012). Mobile eye-tracking offers a measurement tool for capturing person-centered
attention processes in real-life situations. A mobile eye-tracking device contains both scene
and eye cameras, allowing it to capture the visual field and parameters of eye movements
(Franchak, 2017). Additionally, the continuous recording allows for studying real-time
within-person changes in attention processes as the individual interacts with the
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environment. Compared to screen-based attention tasks, paradigms that allow participants to
selectively attend to and behaviorally navigate through competing stimuli may yield
enhanced ecological validity, and reveal different, more nuanced, attention patterns.

Using a mobile eye-tracking paradigm, Isaacowitz, Livingstone, Harris, and Marcotte (2015)
found that younger and older adults do not show differences in the valence of the stimuli
attended when they have the discretion to select objects to attend. The findings contradict
prior stationary eye tracking studies suggesting that older adults have a greater tendency to
fixate on positive versus negative stimuli, which in turn, leads to more positive mood
(Isaacowitz, 2012). Lange, Tierney, Reinhardt-Rutland, and Vivekananda-Schmidt (2004)
monitored looking behaviors of adults with subclinical spider phobia when they are in a
room with a live tarantula. They found that the participants make more scans of the room
than non-phobic individuals, possibly reflecting a state of hypervigilance towards threat
(Richards et al., 2014) or increased tendency to seek safety (Lange et al., 2004).

One critical advantage of examining attention in real-life contexts lies in the enhanced
opportunity for studying the mutual influences of attention processes and social interaction,
a fundamental aspect of social cognition (Redcay & Warnell, 2018; Risko et al., 2012;
Schilbach et al., 2013). Paradigms that do not contain or model the reciprocity of social
interaction cannot capture to the dual function of gaze — both obtaining information from the
environment and communicating information to other people (Nasiopoulos, Risko, &
Kingstone, 2015; Risko et al., 2016).

A series of mobile eye-tracking studies (Foulsham, Walker, & Kingstone, 2011; Freeth,
Foulsham, & Kingstone, 2013; Kretch & Adolph, 2015; Laidlaw, Foulsham, Kuhn, &
Kingstone, 2011) investigated the effect of social interaction on attention patterns by
allowing the opportunity for social contact during the tasks. They collectively indicate that
adults tend to avoid directly looking at strangers, possibly driven by their implicit
understanding of social customs. Foulsham, Walker, and Kingstone (2011) found that when
participants are walking on a university campus or watching video clips taken from the
perspective of a walker, they are equally likely to fixate on pedestrians who are at a distance.
However, when pedestrians are in close proximity to the walkers, the participants are less
likely to look at the pedestrians when they are walking (the potential for social interactions
is present) than when they are watching people walking (the potential for social interactions
is absent).

Consistent with the findings, Kretch and Adolph (2015) asked mothers to carry their infants
in a forward-facing carrier and walk through hallways. Mothers fixate less on other people
than their infants do. Moreover, Laidlaw, Foulsham, Kuhn, and Kingstone (2011) found that
participants initiate fewer fixations to an experimenter physically sitting in the room (the
potential for social interactions is present) than participants who view the videotaped
experimenter (no opportunity for social interactions). In a subsequent study (Freeth et al.,
2013), participants fixate more to the live experimenter’s face during a conversation when
the experimenter initiates eye contact than when the experimenter averts his gaze away. The
manipulation of the experimenter’s eye gaze direction does not affect viewing behavior in
adults who interact with a videotaped experimenter. Hence, during real-life social
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interactions, adults’ practical knowledge of social etiquette and expectations of others’
potential reactions may guide their gaze behavior (Klin, Jones, Schultz, & Volkmar, 2003).

To investigate whether different neural processes underlie social interaction versus social
observation, Redcay et al (2010) asked adults to interact with an experimenter via a live
video feed or watch video recordings of a previous experiment session with a different
participant. During live interactions, participants communicated their intent using eye gazes.
Thus, relative to the passive viewing condition, the live interaction condition allows for self-
relevance and contingency between participants’ and the experimenter’s behavior. They
found that live interactions elicit greater activations in regions associated with mentalizing,
attention, and reward processing. Further studies revealed that when adults (Rice & Redcay,
2016) and children (Rice, Moraczewski, & Redcay, 2016) simply believe that they are
communicating with a live partner they exhibit enhanced activation in neural systems
implicated in social cognition. Taken together, mobile eye-tracking and fMRI evidence show
that screen-based attention paradigms that do not permit real or perceived social interactions
may not be as valid for delineating attention functioning in real-world social contexts
(Birmingham & Kingstone, 2009; Redcay & Warnell, 2018; Risko et al., 2012; Schilbach,
2014).

More specifically, a growing number of studies on attention processes associated with early
socioemotional maladjustments have adopted naturalistic stimuli and task paradigms to
assess social attention in children with autism spectrum disorder (ASD). Anxiety disorders
and ASD are both marked by deficiencies in social cognition and functioning, albeit
manifested in a disorder-specific manner (Monk, 2008). ASD is characterized by impaired
social attention, manifested as reduced fixations and dwell time on social stimuli, compared
to typically developing (TD) controls (Chita-Tegmark, 2016). Compared to using static
images, more realistic, dynamic stimuli that represent social interactions are more effective
in eliciting social attention patterns that can differentiate ASD from typically TD controls
(Chawarska et al., 2012; Chevallier et al., 2015; Speer et al., 2007). For example, Chevallier
et al (2015) found that, while ASD and TD children do not differ in fixation durations
towards static and dynamic displays of faces and objects, children with ASDs display more
attention avoidance from video clips of children playing together, compared to their TD
peers. Naturalistic stimuli that are more socially relevant might be more affectively and
motivationally potent to invoke disorder-related attention disturbances, and thus more
sensitive for detecting differences between the symptomatic and non-symptomatic control

group.

9.2. How can we study threat-related attention in social interactive contexts?

Mobile eye-tracking technology has been implemented to study ambulatory looking
behavior in naturalistic environments. Research on normative motor and cognitive
development has used mobile eye-tracking to examine infants’ gaze behaviors in locomotion
(Franchak & Adolph, 2010; Franchak, Kretch, & Adolph, 2017; Franchak, Kretch, Soska, &
Adolph, 2011; Kretch & Adolph, 2015; Kretch, Franchak, & Adolph, 2014) and joint
attention between infant-parent dyads (Yu & Smith, 2013, 2016a, 2016b, 2017). In addition,
an emerging literature has demonstrated that head-mounted eye-trackers can be implemented
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to assess social attention in young children with ASD. These studies highlighted that mobile
eye tracking provides a mean to study visual attention within a dynamic system that
encompasses on-line social interactions and sensory-motor co-ordinations between the body,
hands, and eyes (Smith, Yu, Yoshida, & Fausey, 2015; Thelen & Smith, 1994). Thus, the
technology facilitates researchers to delineate the dynamic changes in attention processes as
individuals’ behaviors unfold in real time.

One approach to capturing ambulatory threat-related attention processes in children is to
examine children’s gaze behavior as they experience fear-eliciting scenarios that contain
novel and potentially threatening objects or events. Two published studies used video
recordings during a fear episode taken from the Lab-TAB (Buss & Goldsmith, 2000), a gold-
standard protocol designed for assessing temperament, to examine toddlers’ attention
towards a putative threat stimulus (i.e. a gorilla mask). Kiel and Buss (2011) found that
sustained attention towards the scary mask at 24 months of age predicts increased social
inhibition in the kindergarten year. Moreover, toddlers’ behavioral avoidance moderates this
relation, such that those toddlers with attention bias to threat who also remain at a distance
from the threat stimulus develop greater social inhibition. A subsequent study (Hummel,
Premo, & Kiel, 2017) found that sustained attention towards the gorilla mask at 24 months
predicts reduced shyness a year later only for those toddlers with high externalizing
symptoms. These findings highlight that threat-related attention patterns in the context of
approach/withdrawal behavioral tendencies predict subsequent socioemotional adjustment
outcomes. However, traditional video recordings cannot allow for fine-grained assessment of
attention.

Mobile eye-tracking recording can be incorporated in standardized, developmentally
appropriate scenarios that elicit fear and withdrawal behavior. For example, Figure 1A
shows snapshots from videos of a 6-year-old boy and girl, each in the Stranger Approach
episode, taken from the Preschool version of the Lab-TAB (Buss & Goldsmith, 2000;
Goldsmith, Reilly, Lemery, Longley, & Prescott, 1994). In the episode, a male experimenter
that the child has never met walks toward the child, sits down, and initiates a conversation.
Figure 1B is a part of the recording taken from the Storytelling episode (Fox et al., 1995) of
a standard social dyad paradigm. Here, each 6-year-old boy was asked to stand up and give a
speech about his recent birthday party. Mobile eye-tracking paradigms enable researchers to
measure gaze behavior with superior spatial resolution compare to traditional video
recordings of the testing room. As shown in Figure 1A, the room recording (left) suggests
that both children are looking at the stranger. However, the mobile eye-tracking recording
(right) differentiates the girl who was looking directly at the stranger’s face versus the boy
who was looking at the stranger’s body.

9.3. How can the proposed paradigm advance our understanding of threat-related
attention and its role in the development of socioemotional problems?

By continuously recording children’s gaze locations from a first-person perspective, the
proposed mobile eye-tracking paradigm allows us to assess how children’s threat-related
gaze patterns evolve temporally as social interaction unfolds. As an illustration, Figure 2
presents gaze data collected from two children during the Stranger Approach episode. It
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shows gaze on three areas of interests (AOls: child him/herself, stranger’s body, and
stranger’s face during three types of vocalization events in the episode (stranger talking to
the child, child talking to the stranger, and no one is talking).

The prolonged, continuous, online recording of gaze offers three key advantages. First,
researchers can test the vigilance-avoidance hypothesis (Mogg & Bradley, 1998) — for
example, whether children with anxiety or anxiety vulnerability initially look more toward
the stranger, but gradually show gaze avoidance form the stranger. Second, data can reveal
both inter- and intra-individual differences in children’s attention patterns. For example, as
shown in Figure 2, while 93.96% of child one’s AOI gazes were on himself (Figure 2A),
child two (Figure 2B) never looked at himself during the episode. In terms of intra-
individual differences, children’s dwell times on different AOIls differed. In addition, the
differences in dwell times between AQIs differed across vocalization events. Existing
theories and research have primarily focused on studying anxiety-related inter-individual
differences in attention bias. Continuous and sensitive recording of gaze could uncover
whether there are anxiety-related inter-individual differences in the temporal dynamics of
attention processes during an online social interaction.

Third, incorporating ambulatory gaze measures in Lab-TAB fear-eliciting episodes enables
researchers to investigate whether trait level Bl (indexed by aggregated fear scores across
episodes and/or parent-report) interacts with state, in-the-moment, fearful behavior to
influence threat-related attention patterns. Moreover, in cross-sectional studies, investigating
the relation among trait level B, state fearful behavior and threat-related attention could
provide an informative snapshot of how the dynamic interplay between socioemotional
behavior and online attention processes predicts socioemotional outcomes (Morales, et al.,
2016; Pérez-Edgar et al., 2014). Thus, findings may facilitate the identification of more
proximal bio-psycho-behavioral risk markers of anxiety or broader socioemotional
problems.

Consistent with the recent call for measuring threat-related attention using multiple
paradigms at multiple levels of analysis (Price et al., 2015; Rodebaugh et al., 2016), studies
will also benefit from assessing threat-related attention using both naturalistic and screen-
based assessments within the same sample. Comparing threat-related attention patterns
captured by mobile eye-tracking with those revealed in computerized stationary eye-tracking
paradigms could help to delineate context-dependent and context-independent attention
processes. Such within-sample comparison could also reveal if threat-related attention bias
in vivo serves as a better risk marker of anxiety than traditional, static measures of attention
bias.

10. Concluding remarks

Threat-related attention bias is characterized by initial facilitated engagement towards threat,
followed by sustained attention to threat or difficulty in disengaging from threat, and
avoidance of threat (Amso & Scerif, 2015; Cisler & Koster, 2010). Over time, attentional
prioritization to threat becomes an automatic, default processing style that drives individuals
to orient to threat (Todd et al., 2012). We reviewed behavioral, eye-tracking, and neural
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evidence in an attempt to address the question of if and how threat-related attention impacts
the development of socioemotional maladjustments, specifically anxiety problems. We also
discussed attention assessment approaches that could advance our understanding of these
questions.

Normative threat-related attention is early appearing, largely supported by bottom-up neural
mechanisms that are functioning in infancy (Leppanen & Nelson, 2009, 2012). Individual
differences in infant temperament are associated with variations in threat-related attention
processes (Martinos et al., 2012; Nakagawa & Sukigara, 2012; Pérez-Edgar et al., 2017;
Ravicz et al., 2015). Early normative threat-related attention serves as an experience-
expectant foundation for the development of both attention and down-stream socioemotional
behavior through increasing exposure to social experiences (Leppénen & Nelson, 2009).

Longitudinal studies suggest that children with fearful temperament develop social
withdrawal and anxiety problems if they also show attention bias to threat, indexed by dot-
probe RT scores. Relative to behavioral RT measures, eye-tracking and ERP measures
provide a continuous recording of attention processes with superior temporal resolution.
Eye-tracking and ERP evidence indicates that pediatric anxiety is associated with altered
processing at both early (initial facilitated engagement to threat: e.g. O’ Toole et al., 2013;
Shechner et al., 2013) and later attention components (sustained attention to threat: e.g.
Kujawa et al., 2015; Seefeldt et al., 2014; threat avoidance: e.g. Shechner et al., 2017).
Neuroimaging evidence reveals that perturbed frontolimbic activities are linked to anxiety
and anxiety vulnerability. Importantly, neural evidence collectively highlights that the
interplay between hyperactive automatic threat-related attention processing and less
effective, less flexible attention control functioning might be the risk mechanism that binds
temperamentally fearful children to the developmental trajectory towards anxiety problems
(Henderson et al., 2015; Henderson & Wilson, 2017).

We advocate for the implementation of multiple attention paradigms at multiple levels of
analysis (Rodebaugh et al., 2016). Obtaining behavioral, eye-tracking, electrophysiological,
and neuroimaging measures of threat-related attention from the same individuals can
improve assessment reliability and validity, as well as enhance our ability to delineate fine-
grained, multidimensional threat-related attention profiles that convey risks for developing
socioemotional problems. Understanding the behavioral and neural signatures of aberrant
threat-related attention facilitates early identification of at-risk children and helps us to
pinpoint neurocognitive mechanisms that need to be targeted for intervention.

We propose that future research needs to take the assessment of threat-related attention to
naturalistic social interactive settings (Redcay & Warnell, 2018; Risko et al., 2012;
Schilbach et al., 2013) that afford opportunities for self-directed explorations and social
interactions. One strategy to achieve this is to leverage emerging mobile eye-tracking
technologies to continuously capture attention processes in real-time as children navigate a
variety of environments. Examining the fine-grained interplay between attention and online
behavior may enable us to identify more proximal risk markers of anxiety. As novel
methodologies are refined from cross-sectional studies, they can then be implemented in
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longitudinal studies to investigate how threat-related attention bias gives rise to anxiety and
other socioemotional maladjustments.
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Highlights:
Threat-related attention plays a role in shaping socioemotional development.

Testing potential causal effects of attention relies on methodological
advancements.

Attention mechanisms must be measured at multiple levels of analysis.

Mobile eye-tracking offers fine-grained sampling of attention in real-life
settings.
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Fig 1. Eye-gaze Behavior during Social Interaction.
A) Recording of a girl and a boy (both 6 years old) in the Stranger Approach Episode, taken

from the Preschool Laboratory Temperament Assessment Battery (Lab-TAB; Goldsmith et
al., 1994). During the episode, a male stranger walks toward the child, sits down and
initiates a conversion. The room recording (left) and the mobile eye-tracking recording
(right) were synchronized offline for data coding. In the mobile eye-tracking recording,
recording from the eye cameras was overlaid onto the recording from the scene camera. B)
Recording of an age-matched boy dyad (both 6 years old) in the Storytelling episode, which
has been used to assess social reticence (e.g. Fox et al., 1995). The dyad plays a game of
show-and-tell during which each child is asked to stand up and give a speech about his
recent birthday party. The room recording and the mobile eye-tracking recording for each
child were synchronized. As Participant #7092 was giving the speech, he was looking at the
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experimenter, while Participant #7078 was looking at the speaker. The dyad paradigm allows
researchers to gauge the level of attention synchrony between the dyad.
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Fig 2. State space grids depicting gazes during the Stranger Approach episode.
The state space grids were produced using GridWare (Lamey, Hollenstein, Lewis, & Granic,

2004; Lewis, Lamey, & Douglas, 1999). The areas of interest are child him/herself,
stranger’s body, and stranger’s face. The vocalization events of interest are stranger
vocalization, child vocalization and no vocalization. Data from two children are presented in
Panel A and B. The hollow circle represents the starting point for each child. The lines
depict the transition of AOI gazes across vocalization events. The size of the circle is
proportional to the duration of a continuous gaze on an AOI. Bigger circles indicate longer
continuous gaze on the AOI.
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