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1  |  INTRODUC TION

Attentional biases towards threat-related stimuli including fearful 
faces (Cisler & Koster, 2010) are a hallmark of anxiety disorders. 
Such biases in attention are a potential target for clinical treatments 

(Hakamata et al., 2010), may arise in infancy and are thought to play 
a causative role in the development and maintenance of anxiety 
symptoms (Pérez-Edgar et al., 2010; Van Bockstaele et al., 2014). 
Despite the putative etiological and clinical significance of atten-
tional biases in anxiety, the majority of studies investigating this 
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Abstract
Computational modelling can be used to precisely characterize the cognitive pro-
cesses involved in attentional biases towards threat, yet so far has only been applied 
in the context of adult anxiety. Furthermore, studies investigating attentional biases 
in childhood anxiety have largely used tasks that conflate automatic and controlled 
attentional processes. By using a perceptual load paradigm, we separately investigate 
contributions from automatic and controlled processes to attentional biases towards 
negative stimuli and their association with paediatric anxiety. We also use compu-
tational modelling to investigate these mechanisms in children for the first time. In 
a sample of 60 children (aged 5-11  years) we used a perceptual load task specifi-
cally adapted for children, in order to investigate attentional biases towards fearful 
(compared with happy and neutral) faces. Outcome measures were reaction time and 
percentage accuracy. We applied a drift diffusion model to investigate the precise 
cognitive mechanisms involved. The load effect was associated with significant differ-
ences in response time, accuracy and the diffusion modelling parameters drift rate and 
extra-decisional time. Greater anxiety was associated with greater accuracy and the 
diffusion modelling parameter ‘drift rate’ on the fearful face trials. This was specific to 
the high load condition. These findings suggest that attentional biases towards fearful 
faces in childhood anxiety are driven by increased perceptual sensitivity towards fear 
in automatic attentional systems. Our findings from computational modelling suggest 
that current attention bias modification treatments should target perceptual encod-
ing directly rather than processes occurring afterwards.
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have been conducted in adults. As anxiety disorders emerge early, 
constitute a major childhood psychiatric problem (Kessler et al., 
2005) and are highly persistent into adulthood it is critical to inves-
tigate how these mechanisms emerge and change in child develop-
ment (Lee et al., 2014).

At any given moment, attentional selection is the product of a 
dynamic interplay between stimulus-driven (automatic, involun-
tary) and goal-driven (controlled, voluntary) processes (Corbetta & 
Shulman, 2002; Serences et al., 2005). Automatic (or ‘bottom up’) at-
tentional processes can occur outside conscious awareness (Liddell 
et al., 2005) and bias attention towards salient environmental stim-
uli, based on sensory features (Buschman & Miller, 2007). Controlled 
attentional processes enable attention to remain in line with the de-
mands of the current situation, such as completing a task (Petersen 
& Posner, 2012). In this way, controlled attentional processes are 
sensitive to contextual factors such as current goals (Yantis, 2000).

The distinction between automatic and controlled attentional 
systems is important developmentally because neural systems sup-
porting automatic and controlled attentional processing display 
distinct developmental trajectories (Casey et al., 2008). Automatic 
attentional mechanisms, including the influence of emotion on at-
tention, develop early, with studies suggesting emotional influences 
on attention in infancy (Peltola et al., 2009). In contrast, attentional 
control develops later in childhood, supported by the development 
of the prefrontal cortex (Posner et al., 2014).

Alterations to both automatic and controlled processes may 
contribute towards attentional biases towards threat in anxiety. The 
Attentional Control Theory of anxiety posits that stimulus-driven 
processing is prioritised and top-down control over attention is 
weakened (Eysenck et al., 2007), suggesting the overall balance be-
tween the two systems is altered. In line with this, both heightened 
amygdala (McClure et al., 2007; Monk et al., 2008) and reduced 
prefrontal activity (Bishop et al., 2007) have been reported during 
processing of emotional faces. Studies that have investigated these 
mechanisms in childhood suggest that the development of con-
trolled and automatic processes may be etiologically meaningful. 
For instance, the normative attentional bias towards fearful faces 
present in infancy (Peltola et al., 2009) is subsequently down-regu-
lated over the course of development in children who do not go on 
to develop anxiety, with abnormality in this regulatory mechanism in 
children that do (Dudeney et al., 2015; Fu et al., 2017).

However, developmental studies are not always consistent and 
some studies report an absence of attentional biases in children with 
anxiety (Britton et al., 2012). Conflicting findings may relate to meth-
odological limitations (Rodebaugh et al., 2016; Schmukle, 2005), 
pointing to the need to use novel methods and new tasks to inves-
tigate these processes (Hauser et al., 2019; Price et al., 2019). The 
most commonly used tasks, the Dot-Probe and Emotional Stroop 
(Bar-Haim et al., 2007; Dudeney et al., 2015) conflate controlled and 
automatic attentional processes and thus do not allow these mecha-
nisms to be investigated separately. One paradigm that allows sepa-
rate investigation of automatic and controlled attentional processes 
is the perceptual load paradigm (Lavie, 1995; Lavie & Tsal, 1994). 

The paradigm uses varying ‘load’ conditions, which either fully or 
partially occupy perceptual resources. In a so-called ‘high load’ con-
dition, perceptual resources are fully occupied, causing early atten-
tional selection to occur. This is driven by perceptual features of the 
stimulus and in this way is considered to be ‘bottom-up’, or automatic 
(Theeuwes et al., 2004). Due to this, distractors are not perceived, 
indicated by low levels of distractor interference (Lavie, 1995). In a 
so-called ‘low load’ condition, characterised by a less complex per-
ceptual display, perceptual resources are not fully occupied. This 
causes ‘attentional spillover’, leading to the perception of irrelevant 
information (such as distractors). In this condition, attentional selec-
tion occurs late in perceptual processing, requiring top-down con-
trol to avoid distraction by irrelevant stimuli. These two conditions 
therefore allow a dissociation between early automatic and later 
controlled processes in attentional biases. Few studies have used the 
perceptual load paradigm in anxiety and so far only in adults. Those 
that do, have consistently reported increased distraction in adults in 
the high load condition (Bishop et al., 2007; Moriya & Tanno, 2010; 
Sadeh & Bredemeier, 2011; Soares et al., 2015). Whether this is also 
the case in childhood anxiety is unknown.

A second methodological factor that may influence current find-
ings is that current tasks looking at attentional biases to threat are 
hampered by methodological limitations (Rodebaugh et al., 2016; 
Schmukle, 2005), which may partly relate to the predominant use 
of average reaction time measures which conflate multiple cognitive 
processes (Enkavi et al., 2019). Recent developments in computa-
tional modelling have led to analysis approaches that are more re-
fined and demonstrate improved reliability in the context of anxiety 
(Price et al., 2019). An example of this is the drift diffusion model 
(Ratcliff & McKoon, 2008), which uses the response time distribu-
tions and correct/incorrect performance to produce parameters 
reflecting separate components of a speeded response and allow 
parsing of distinct processes of attentional biases. Of particular 
interest to the study of attentional biases in anxiety are the drift 

Research highlights

•	 This study provides the first application of computa-
tional modelling to attentional biases towards threat 
and its relationship to anxiety in children.

•	 By using a perceptual load paradigm, we separately in-
vestigate contributions from automatic and controlled 
processes to attentional biases.

•	 We report a specific relationship between anxiety and 
the computational modelling parameter ‘drift rate’, sug-
gesting an increased speed of information uptake, be-
fore a perceptual decision is made.

•	 These results have implications for current attention 
bias modification treatments, suggesting that these 
should target perceptual encoding directly rather than 
processes that occur afterwards.
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diffusion model measures, drift rate (V) and non-decisional process 
(t0). V reflects the speed of uptake of information from the stimulus 
and reflects perceptual processing speed and task difficulty. V may 
be sensitive to perceptual biases (Leong et al., 2019) and is influ-
enced by affective state (White et al., 2010) and has been linked to 
anxiety in recent studies (Aylward et al., 2019). T0 reflects encoding 
processes occurring before and after the decision, which may reflect 
eye movements (Price et al., 2019) and orienting to a stimulus, as 
well as motor execution.

Therefore, in the present study we sought to conduct the first 
investigation of the role of automatic and controlled processes in 
attentional bias to threat in state anxiety in a developmental sample 
aged 5-11 years, by applying computational modelling to a percep-
tual load paradigm using emotional stimuli. We hypothesized that 
high state anxious participants would be distracted by fearful faces, 
and that this would be specific for the high load condition, in line 
with alterations in processing, respectively.

2  |  MATERIAL S AND METHODS

2.1  |  Participants

One hundred and eight 5.49-11.36  year-olds (Mean age  =  7.76, 
SD  =  1.71) participated in the experiment. Participants were re-
cruited from a regular education school based in Greater London. 
Tasks were completed in a classroom as part of a battery of tests. 
Prior to their children's participation, informed consent was ob-
tained for all participants and the study was approved by the internal 
review and ethics board of University College London. Children who 
performed with an overall accuracy less than 67% on the Emotional 
Symbol Search task were removed from the analysis, based on pre-
vious studies investigating the load effect in an age-group similar 
to ours (Huang-Pollock et al., 2002). The final number of partici-
pants was 60 (Mean age = 8.04 which did not differ significantly in 
age from the original group; t(120) = 1.01, p = .32 SD = 1.74; range 
5.50-11.36 years).

2.2  |  Measures

2.2.1  |  Emotional symbol search

The task was presented on a portable laptop PC using MATLAB. The 
task was adapted from Bishop (2007). Due to reports that children 
may have difficulty perceiving letters during a perceptual load task 
(Huang-Pollock et al., 2002), we adapted the task to use symbols 
rather than letters (McDermott et al., 2007). Other than the target 
stimuli used, we replicated the task from the description of Bishop 
et al. (2007). On each trial, an array of six symbols comprising dif-
ferent single colour shapes was superimposed on a task-irrelevant 
unfamiliar face for 200  ms. The shapes included a circle, triangle, 
arrow, star, cross, square and a square rotated 45°. The field of view 

was consistent with that of Jenkins et al. (2005). The task was to 
decide whether the array contained a circle or a triangle, the ap-
pearance of which occurred randomly and equiprobably. A target 
was present on every trial. In the ‘high load’ condition, a triangle or 
circle appeared surrounded by five different shapes. In the ‘low load’ 
condition, the array consisted of six triangles or circles. Participants 
were instructed to press the ‘X’ key if they saw a circle, and press 
the ‘N’ key if they saw a triangle. Participants were instructed to 
respond as quickly as possible. Total trial length was 3 seconds 
and a fixation cross appeared for 1 second in between each trial. 
Participants wore headphones and received feedback for incor-
rect or omitted responses in the form of a computer tone (Huang-
Pollock et al., 2002). No tone was provided for correct trials. The 
presented faces were neutral, happy or fearful. Happy and fearful 
faces were presented pseudo-randomly, and were interspersed by 
neutral faces. There were two variants of the task; one using child 
emotional faces (LoBue & Thrasher, 2014), and the other using adult 
emotional faces (Lundqvist et al., 1998). All faces were edited to 
remove hair and were transformed to greyscale. Due to technical 
complications, the total number of trials experienced by participants 
varied (range = 101-356 trials, median = 203, mean = 220.88, stand-
ard deviation = 67.33).

2.2.2  |  State-trait anxiety for children

As we were seeking to understand how anxiety interacts with task 
performance, children were asked to rate how they felt at the time 
of testing. State anxiety symptoms were measured using the “State” 
component of the State-Trait Anxiety inventory for children (STAI-C) 
(Spielberger, 1973). There were 20 items, each of which had three 
options (for example, “I feel…” “very calm”, “calm” or “not calm”). 
Children did not complete the “trait” component of the measure. A 
greater score on the STAI-C corresponds to greater levels of anxiety. 
The STAI-C has high internal consistency and high test–retest reli-
ability (Spielberger and Gorsuch, 1983).

2.2.3  |  Data analysis and processing

For the Emotional Symbol Search task, the dependent variables 
were accuracy and reaction time across correct trials. Responses 
faster than 100 ms were removed from the analysis (as in previous 
studies, e.g. Huang-Pollock et al., 2005).

2.2.4  |  Drift-diffusion modelling (DDM)

Fast-dm software was used for calculation of DDM measures drift 
rate (V), extradecisional time (t0) and other measures, based on the 
trial-level reaction time and correctness (0 = incorrect, 1 = correct) 
data for each participant (Voss & Voss, 2007). The Kolmogorov–
Smirnov method was used to calculate drift rate (V), extradecisional 
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time (t0), decisional threshold separation (a), differences in response 
execution (d), and three variability measures (st0, sv, sz). Final pa-
rameter estimation was guided by the following model comparisons.

Following recommended guidelines (Voss et al., 2015), we first al-
lowed all model parameters to vary freely between conditions (high 
and low load; high load fearful, neutral, happy faces; low load fearful, 
neutral, happy faces), and compared this with constraining all parame-
ters to be equal across conditions. Whilst the model fits were good in 
both cases, there was a marginal increase in the mean model fit when 
the model parameters were able to vary between conditions (e.g. 
Kolmogorov–Smirnov test p-value improved from mean = .95 to .98), in 
line with recommendations. A limitation of this approach is that by sep-
arately modelling the specific task conditions we reduce the total trial 
numbers included in the model, which may be considered towards the 
lower end of recommended trial numbers. However, a recent system-
atic investigation of the impact of trial number on drift diffusion model 
parameter recovery demonstrated robust parameter estimation with 
small trial numbers (Lerche et al., 2017). Based on this we selected the 
option of modelling all parameters separately across task conditions.

Next, we assessed the impact on model fits of holding variability 
parameters (sv, st0, sz) at 0 or allowing them to be estimated in the 
data, following recommendations that holding the intertrial variabil-
ity parameters stable may improve estimation of other parameter 
values (Lerche et al., 2017). We found that holding these parameters 
at 0 marginally reduced the mean fit (Kolmogorov–Smirnov test p-
value from mean = 0.98 to 0.97).

Finally, we tested the recommendation that holding the percent-
age of contaminants at 0 and a priori decisional bias at 0.5 would lead 
to a better model fit, and found this to be supported (Kolmogorov–
Smirnov test p-value 0.98).

Therefore, the final model consisted of 7 model parameters, apply-
ing a "correctness" model to separately to the different trials (high and 
low load; high load fearful, neutral, happy faces; low load fearful, neu-
tral, happy faces). Percentage of contaminants (p) was set to 0 and a 
priori decisional bias (zr) was set to 0.5 (Voss et al., 2013). Model fit was 
assessed with the Kolgoromov–Smirnov tests. Data were excluded 
from the analysis where model fit did not reach > 0.6. Correlation 
heat-maps between drift diffusion model parameters (drift rate, V and 
non-decisional processes, t0) and canonical measures (mean response 
time and accuracy) are presented in Supplementary Figures S5 and S6.

2.2.5  |  Statistical analyses

We used R (R Core Team, 2012) and lme4 to perform a linear mixed 
effects analysis investigating the relationship between load, age 
(and the interaction between load and age) for each of the depend-
ent variables (accuracy, RT, V and t0). Separate analyses were run in-
vestigating each of these dependent variables. For each, we entered 
load and age as fixed effects, including the interaction term. Number 
of trials was also included as a fixed effect in order to control for this. 
Random intercepts were included for subjects and random slopes 
for load. When fitting the mixed-effects model with V and T0 as 

the dependent variables, the model failed to converge when random 
intercepts were included for subjects and random slopes for load. 
We therefore kept the intercept for subjects but removed the slope 
for load.

Continuous predictors were mean centred. Residual plots were 
visually inspected and did not reveal any deviations from homosce-
dasticity or normality. Likelihood ratio tests were used, comparing 
the full model to a model with the effect in question removed, to 
obtain p-values. Two-tailed Pearson's r correlations were used to 
test the relationship between state anxiety measures and mean per-
formance on the Emotional Symbol Search task, for the high and low 
load conditions separately, controlling for number of trials.

3  |  RESULTS

3.1  |  Load

Linear mixed effects analyses were conducted for RT, accuracy, and 
the diffusion measures V and t0, with perceptual load (low/high) and 
age as predictor variables (and the interaction between load and 
age), and number of trials controlled (see Supplementary Materials 
Table S1 for full model parameters including confidence intervals, 
Figure 1).

3.1.1  |  Accuracy

There was a significant interaction between age and load 
(X2(1) = 3.96, p = <0.05). Follow-up comparisons revealed a positive 
relationship between age and accuracy in the high load condition 
(r =  .39, p =  .002 CI [0.14, 0.58]) but not in the low load condition 
(p  >  .05). The main effect of load was significant (X2(1)  =  75.53, 
p  =  <0.001), with significantly greater accuracy in the low load 
(M = 0.89; SD = 0.32) compared to the high load condition (M = 0.75; 
SD = 0.44).

3.1.2  |  Reaction times

The interaction between age and load was not significant. The 
analysis revealed a significant main effect of load (X2(1)=65.03, 
p = <0.001), with significantly greater reaction times in the high load 
(M  = 918.61; SD = 488.94) condition compared with the low load 
(M = 668.07; SD = 390.49) condition. There was also a significant 
main effect of age (X2(1) = 23.70, p = <0.001), reflecting that children 
responded faster with increasing age.

3.1.3  |  Drift diffusion model measures

The main effect of load on V was significant (X2(1) = 62.09, p = <0.001), 
with significantly greater V in the low load condition (M  =  2.03; 
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SD = 0.76) than in the high load condition (M = 0.98; SD = 0.62). There 
was a significant main effect of age on V (X2(1)=10.00, p = 0.002), re-
flecting that V increases with age in both load conditions. There was 
also a significant main effect of load on t0 (X2(1) = 22.38, p < 0.001), 
with significantly greater t0 in the high load (M = 0.43; SD = 0.22) 
compared with the low load condition (M  =  0.30; SD  =  0.15). No 
other main effects or interactions were significant.

3.2  |  Relationship between load, emotional 
distractors and anxiety

To study the relationship between performance on the perceptual 
load task during the different distractor faces and state anxiety we 
conducted a series of correlations investigating this, across loads. 
Given the previous literature we anticipated effects during the pres-
entation of fearful faces. Two children did not complete the STAI-C 
due to time constraints during testing, therefore the number of par-
ticipants included in this analysis was 58. Means and standard de-
viations for RT and accuracy by perceptual load and expression are 
presented in Supplementary Materials Table S2.

3.2.1  |  Accuracy

There was a positive correlation between mean accuracy and state 
anxiety scores on trials where fearful faces were presented in the high 
load condition, (r = 0.30, p = 0.02 CI [0.05, 0.52]), but not in the low 

load condition (r = 00.02, p > 0.05 CI [−0.24 0.27]). This remained sig-
nificant when age (r = 0.34, p = 0.009 CI [0.09 0.55]) and performance 
on the fearful face trials of the low load condition were included as 
covariates (r = 0.37, p = 0.005 CI [0.13 0.57]). This finding was specific 
to fearful faces: there were no significant correlations between state 
anxiety and accuracy performance on either the happy or neutral tri-
als. To further investigate the specificity of this relationship we also 
conducted a partial correlation controlling for accuracy in the low load 
fearful face trials and accuracy on the other facial expression condi-
tions (high load), as well as number of trials, and the correlation re-
mained significant (r = 0.31, p = .02 CI [0.06 0.52]) (Figure 2a). Graphs 
of the relationship between accuracy and state anxiety for the other 
facial expressions and the low load condition are included in the sup-
plementary materials (Supplementary Figures S1-S4).

3.2.2  |  Drift diffusion model

To further investigate the relationship between state anxiety and 
performance on the fearful face trials, we conducted a correlation 
between the drift diffusion measures V and t0 and state anxiety on 
the fearful face trials. There was a significant correlation between 
state anxiety and drift rate on the fearful face trials of the high load 
condition (r = 0.31, p = 00.02 CI [0.06 0.52]), but not in the low load 
condition (r = −0.06, p > 0.05 CI [−0.31 0.20]). Z observation analysis 
for dependent correlations revealed these correlations to be signifi-
cantly different (z = 2.04, p = 0.04). The relationship in the high load 
condition remained significant when age (r = 0.36, p = .006 CI [0.12 

F I G U R E  1 (a) Differences between the high and low load conditions on reaction time, accuracy, drift rate and extra-decision time, (b) 
Relationship with age (in years) across high and low load. *p < 0.05, ***p < 0.001



6 of 10  |     THOMPSON and STEINBEIS

0.56]) and performance on the fearful face trials of the low load con-
dition (r = 0.40, p = 0.002, CI [0.16 0.59]) were included as covariates 
(Figure 2b). Correlations with the other facial expressions did not 
reach significance. Furthermore, when controlling for V in the low 
load fearful face trials and on the other facial expression conditions 
(high load), as well as number of trials, the correlation remained sig-
nificant, (r = 0.27, p = <0.05, CI [0.02 0.49]). There were no significant 
correlations between state anxiety and t0.

3.2.3  |  Reliability

To test the internal consistency of the perceptual load task, we con-
ducted a split-half reliability test on reaction times. We found that all 
our main effects have an internal consistency greater than r = 0.58, 
<0.001, suggesting high internal consistency.

3.2.4  |  Sensitivity analyses

We conducted sensitivity analyses, with minimum number of trials 
used for all subjects and on the participants that were excluded from 
the main analysis due to performing with overall accuracy of less than 
67% (N = 48), in order to test the sensitivity of our findings. When 
using minimum trial numbers across subjects we found that the re-
ported main effects hold. When conducting the analysis on the partici-
pants excluded on the basis of performance accuracy, we found that 
there was a significant load effect (accuracy, reaction time and V) and 
significant effect of age (reaction time, t0). There were no significant 
correlations between state anxiety and performance on fearful face 
trials. The full results from these analyses are included in the supple-
mentary material, under the section titled ‘Sensitivity Analyses’.

4  |  DISCUSSION

We used a perceptual load paradigm and applied computational 
modelling to investigate the processes underlying attentional biases 

towards threat in paediatric anxiety. Our main finding was that state 
anxiety was associated with increased accuracy on fearful face trials 
in the high load condition only. Application of diffusion modelling 
further clarified this association as we report that greater state anxi-
ety was also associated with faster speed of information processing, 
indicated by drift rate, on the fearful face trials. Below we discuss 
how our findings shed novel light on the etiology of anxiety and their 
implications for clinical treatments.

Increased attention towards threat has been reported across a 
range of anxiety sub-types, tasks and ages (Bar-Haim et al., 2007), 
and thus our findings are in line with this. However, compared to 
previous studies that have used tasks which conflate automatic and 
controlled processes, our study lends novel insight into the distinct 
contribution of these processes to attentional biases in childhood 
anxiety. Our specific effect in the high load condition is informative 
given the experimental manipulations of this condition. The load 
theory states that in the high load condition, attentional selection 
occurs early due to the attentional resources being fully occupied, 
causing perception of distractors to be less likely (Lavie, 1995). This 
is stimulus driven, rather than driven by control processes, and in 
this way is considered to tap into automatic attentional processes 
(Theeuwes, 2010). In this regard, our results suggest that state 
anxiety may alter early, automatic attentional processes. This is in 
line with other behavioural studies that report increased distrac-
tion under high load in adults with trait and social anxiety (Sadeh 
& Bredemeier, 2011; Soares et al., 2015) and suggest that a similar 
mechanism operates in paediatric anxiety.

Using computational modelling enables us to characterize the 
cognitive processes more precisely (Hauser et al., 2019). By sepa-
rating the time-course of a speeded response into components that 
occur before and after a decision is made, drift diffusion modelling 
enables separate investigation of the speed of perceptual encoding, 
known as drift rate. We report that heightened anxiety is associated 
with a faster speed of processing on trials where fearful faces were 
shown, in the high load condition. This was not the case either for 
trials with another emotional facial expression (happy) or for trials 
with neutral faces. As drift rate can be conceptualised as the amount 
of information extracted from the stimulus and is akin to information 

F I G U R E  2 Relationship between state anxiety scores and mean accuracy scores (left) and drift rate (right) on the ‘fearful faces’ trials in the 
high load condition only, when controlling for age, number of trials and accuracy performance on the fearful faces trials, low load condition
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processing, this suggests enhanced perceptual processing of threat 
and may reflect a perceptual bias (Leong et al., 2019). Previous diffu-
sion modelling studies have shown that affect influences perceptual 
encoding (Roberts & Hutcherson, 2019). Our findings may suggest 
that high anxiety causes individuals to give greater weight to neg-
ative affect in their perceptual processing, and that this can lead to 
a performance advantage (Gasper & Clore, 1998), in line with the 
association with increased accuracy reported in the present study.

Attention bias modification has often been used as a clinical 
treatment for childhood anxiety, however, it has produced highly 
inconsistent results (McNally, 2019). Attention-bias treatments 
primarily target attentional processes that occur after perceptual 
encoding has already occurred (such as targeting attention away 
from threat) (Mogg & Bradley, 2016). Our finding of heightened 
perceptual encoding suggests treatments should target this earlier 
occurring perceptual mechanism. As perceptual encoding may relate 
to motivational factors (Leong et al., 2019), such an approach may 
be in line with interventions that target the interpretation of stim-
uli, as opposed to directing attention away from stimuli after they 
have already been perceived (Mogg & Bradley, 2016). The increased 
level of detail provided by our modelling approach may also help to 
shed light on inconsistencies within the developmental literature, in 
which contrasting findings have been reported on the basis of mean 
reaction time measures.

Fearful faces, compared with happy or neutral, specifically ac-
tivate a fast-acting route to the amygdala (Méndez-Bértolo et al., 
2016). Because high load is thought to engage automatic attentional 
processes, the presentation of fearful faces may be associated with 
fast activation of the amygdala, which may then bias subsequent 
processing in both occipital and prefrontal regions, leading to better 
discrimination performance on the task. This may lead to a ‘facil-
itatory’ effect of the fearful faces. This is consistent with reports 
of enhanced processing of emotional stimuli (Pourtois et al., 2013), 
suggesting that increased levels of state anxiety may amplify this 
normative perceptual effect. Such a facilitatory effect could also 
occur in the low load condition, yet we did not find this in the cur-
rent study. Since low load engages automatic attentional processes 
less, it is possible that any initial fast-acting amygdala activation is 
subsequently modulated by contextual and goal-related factors, 
once the signal reaches the prefrontal cortex (for example, due to 
the irrelevance of the faces to performance on the task) (Corbetta 
& Shulman, 2002).

We also found that reaction time performance on both the high 
and low load conditions improve with age over mid-late childhood, 
however there was a specific improvement in accuracy performance 
in the high load condition with age. This runs counter to the findings 
of Huang-Pollock et al. (2002), who report that children aged 7-12 
performed as well as adults on the high load condition, but showed 
continued development on the low load condition. Huang-Pollock 
et al. (2002) explain their findings as supporting the hypothesis that 
high load taps into earlier developing, automatic attentional systems, 
whilst, in contrast, because the low load condition is thought to re-
quire attentional control, this may develop later. In contrast with all 

previous developmental studies investigating load (Couperus, 2011; 
Huang-Pollock et al., 2002, 2005), we used an adapted load task, 
which used symbols instead of letters as target stimuli, which may 
be more appropriate for this age range (McDermott et al., 2007). 
Our findings suggest that performance on both load conditions 
continues to develop in mid to late childhood and thus, that more 
bottom-up automatic attentional processes may also undergo con-
tinued development. Indeed, whilst the distinction between ‘auto-
matic’ and controlled processing in line with the perceptual load task 
is supported by numerous lines of evidence (Maylor & Lavie; Bishop, 
2007; Bishop, 2009; Handy & Mangun, 2000; Handy & Soltani 
2001), we cannot conclusively claim that face detection is limited to 
the automatic component of attention. The developmental findings 
that we present may suggest that these two conditions may not map 
as clearly onto the distinct attentional systems, as suggested by the 
original theory. Future studies could confirm this by using brief stim-
ulus presentations or by manipulating the response time window, in 
order to isolate the automatic component of attention.

An important consideration is whether the results presented 
here may be explained by other factors such as arousal or recog-
nition ability. Emotional facial expressions have greater subjective 
arousal ratings than neutral, but reports differ regarding the arousal 
levels of fearful and happy faces (Sato & Yoshikawa, 2007; Springer 
et al., 2007; Goeleven et al., 2008; Mancini et al., 2013). Some stud-
ies report no significant differences between arousal levels of fear-
ful and happy faces (Springer et al., 2007; Goeleven et al., 2008). 
Other studies, including in children aged 8-11 which overlaps with 
the age-group presented here (Mancini et al., 2013), report that 
happy faces are associated with significantly greater levels of arousal 
(Sato & Yoshikawa, 2007). This suggests that the specific effect of 
fearful faces that we report in the current study is unlikely to be 
due to baseline differences in arousal levels across the face stimuli 
presented.

However, there may be a specific interaction between arousal, 
valence and anxiety. For instance, negative stimuli of low arousal 
have been found to be associated with better task performance in 
anxious individuals (Sussman et al., 2013). This effect is not found 
for stimuli of positive valence or negative high arousal. Stimuli that 
are considered high arousal include those that signal a direct threat 
(i.e. a gun pointing directly at the viewer). In contrast, fearful facial 
expressions indicate the presence of threat in the environment, 
but its relevance to the viewer is not as immediate, and thus, com-
pared with stimuli containing more direct threats, fearful faces 
may be considered low arousal negative stimuli. This suggests 
that in the current study, anxious individuals might have a perfor-
mance advantage, specifically when processing fearful faces, due 
to these faces being negative low-arousal stimuli. Further studies 
are needed to determine whether the reported effect is specific to 
fearful faces per se, or whether a similar performance advantage 
would be present for other negative low-arousal stimuli, such as 
negative scenes.

Fearful faces have been shown to be less easy to recognize 
than other expressions, including happy and neutral (Gross & Ballif, 
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1991; Rapcsak et al., 2000; Herba & Phillips, 2004; Rodger et al., 
2018). It has been suggested that the threat processing system 
specifically promotes more processing of ambiguous stimuli, in 
order to determine whether or not they constitute a threat (Davis 
& Whalen, 2001). According to this interpretation, state anxiety 
could have provided a performance advantage on fearful face tri-
als specifically because, as ambiguous stimuli, the fearful faces 
may have led to more attentive processing. Importantly however, 
when considering the effects both of arousal and recognition dif-
ferences, it is of note that the performance advantage that we re-
port (in terms of accuracy performance, for state anxiety on the 
fearful face trials) was present only in the high load condition of 
the task, and not the low load condition. In relation to recognition 
abilities, it is unclear why such an effect would not also be present 
in the low load condition. If the results are explained by arousal, 
this would suggest that the high load condition may be associated 
with less arousal than the low load condition. As the high load con-
dition is considerably more demanding (indexed by greater error 
rates), we think this is implausible.

In the present study, we used an accuracy threshold of 67% 
for the main analysis. Such a threshold was deemed necessary 
to ensure that sufficient attention was paid to the task, and is 
in line with previous studies that have used a similar perceptual 
load task in children of a similar age to ours (Huang-Pollock et al., 
2002). However, it is important to note that the specific relation-
ship between anxiety and performance on fearful face trials was 
not found when a sensitivity analysis was run on the excluded 
participants.

The present study is the first to investigate attentional processes 
in anxiety in a developmental cohort, with a perceptual load task 
adapted for use with children and, to our knowledge, is the first 
study to apply a computational model to these processes in paedi-
atric anxiety. There was a specific ‘facilitatory’ effect of state anxi-
ety on accuracy performance on the high load condition trials when 
fearful faces were presented, and these trials were also associated 
with heightened information uptake, which may suggest increased 
perceptual processing. These findings provide novel insight into the 
developmental processes associated with perceptual biases in anxi-
ety and inform clinical treatments which seek to modify attentional 
processes in anxiety.
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