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Abstract The current study examined whether children with
ADHD were more distracted by a stimulus previously associ-
ated with reward, but currently goal-irrelevant, than their
typically-developing peers. In addition, we also probed the
associated cognitive and motivational mechanisms by exam-
ining correlations with other behavioral tasks. Participants in-
cluded 8–12 year-old children with ADHD (n = 30) and typ-
ically developing controls (n = 26). Children were instructed
to visually search for color-defined targets and received mon-
etary rewards for accurate responses. In a subsequent search
task in which color was explicitly irrelevant, we manipulated
whether a distractor item appeared in a previously reward-
associated color. We examined whether children responded
more slowly on trials with the previously-rewarded distractor
present compared to trials without this distractor, a phenome-
non referred to as value-driven attentional capture (VDAC),

and whether children with and without ADHD differed in the
extent to which they displayed VDAC. Correlations among
working memory performance, immediate reward preference
(delay discounting) and attentional capture were also exam-
ined. Children with ADHDwere significantly less affected by
the presence of the previously rewarded distractor than were
control participants. Within the ADHD group, greater value-
driven attentional capture was associated with poorer working
memory. Although both ADHD and control participants were
initially distracted by previously reward-associated stimuli,
the magnitude of distraction was larger and persisted longer
among control participants.
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Introduction

ADHD is the most commonly diagnosed mental health disor-
der in childhood involving persisting and impairing develop-
mentally inappropriate levels of inattention or distractibility,
hyperactivity, and impulsivity (American Psychiatric
Association 2013; Visser et al. 2014). Difficulties with atten-
tion regulation and distractibility are present in most individ-
uals with ADHD and persist throughout development
(Willcutt et al. 2012). Despite the centrality of distractibility
to ADHD phenomenology and the empirical and theoretical
emphasis on atypical motivation in ADHD, the extent to
which valuable or reward-related stimuli are more distracting
in children with ADHD has not yet been examined. The
value-driven attentional capture (VDAC) paradigm
(Anderson et al. 2011a, b; Anderson and Yantis 2013; Yantis
et al. 2012), based in a cognitive neuroscience framework,
allows us to directly examine the extent to which childrenwith
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ADHD are distracted by previously reward-related stimuli
relative to typically developing controls. The purpose of this
study is to clarify the mechanisms contributing to distractibil-
ity in ADHD by translationally applying advances from cog-
nitive neuroscience using a well-validated measure of atten-
tional capture by valuable stimuli.

The deployment of attention has traditionally been thought
to involve two inter-related modes: 1) a voluntary, goal-
directed mode, in which attention is guided by contextually
appropriate goals and intentions, and 2) an involuntary,
stimulus-driven mode, in which attention is captured by phys-
ically salient stimuli (Theeuwes 1992, 1994, 2010). Thus, the
likelihood that a stimulus will be attended, referred to as the
stimulus’s attentional priority, reflects both the stimulus’s
physical properties as well as the moment-by-moment goals
of the observer (Folk et al. 1992, 2002; Wolfe et al. 1989).
However, children with ADHD do not differ from their age-
matched controls in the degree to which the presence of a
highly physically salient distractor induces oculomotor cap-
ture in visual search (Van der Stigchel et al. 2007). ADHD-
associated deficits in attentional control are therefore unlikely
to arise simply from an inability to suppress attentional
orienting toward physically salient stimuli. Instead, ADHD
may be associated with greater attentional orienting toward
valuable (i.e., reward-related) stimuli.

Recent work has demonstrated that the brain is optimized
to learn about perceptual stimuli that signal the potential for
procuring reward. Accordingly, rewarding stimuli can exert a
powerful influence on attentional deployment (Sali et al.
2016; Seitz et al. 2009; Shuler and Bear 2006). In fact, many
studies have shown that reward facilitates voluntary attention
to task-relevant stimuli, and that attentional performance is
strongly influenced by reward-based strategies (Della Libera
and Chelazzi 2006, 2009; Engelmann and Pessoa 2007;
Hickey et al. 2010a, 2010b; Kiss et al. 2009; Kristjansson
et al. 2010; Navalpakkam et al. 2009; Peck et al. 2009;
Pessoa and Engelmann 2010; Raymond and O'Brien 2009).
However, involuntary attentional capture by rewarding stimuli
can be maladaptive when it conflicts with contextually appro-
priate goals, i.e., when more immediately rewarding stimuli
serve to distract a person from achieving a longer-term goal.
For example, if a child is supposed to attend to their teacher
but their attention is captured by more attractive and reward-
ing stimuli such as friends playing outside or thoughts of
videogames, they may miss important information presented
in class. Similarly, stimuli that have come to be associated
with reward have been shown to cause significant and persis-
tent distraction, suggesting that there exists an involuntary
mechanism of attentional selection that is uniquely value-
driven (Anderson et al. 2011a, b; Anderson and Yantis 2012,
2013). Further, there is some evidence that greater VDAC
correlates with greater self-reported impulsivity and poorer
working memory performance among healthy college

students (Anderson et al. 2011b), and is associated with im-
pulsive non-planning behaviors in HIV+ patients (Anderson
et al. 2016a). Thus, there is good reason to suspect greater
VDAC among individuals with ADHD.

Individuals with ADHD may differ from typically devel-
oping children in their susceptibility to VDAC due to altered
reward sensitivity. Research over the past few decades has
shown that children with ADHD respond differently to reward
both in terms of their behavior and physiology (see reviews by
Luman et al. 2005, 2010). For example, studies have shown
that performance-based rewards improve cognitive task per-
formance among children with ADHD (e.g., Bubnik et al.
2015; Epstein et al. 2011; Rosch et al. 2016; Rosch and
Hawk 2013; Shiels et al. 2008; Strand et al. 2012) and that
individuals with ADHD tend to show less activation in the
striatum, a brain region central to reward processing, in re-
sponse to cues predicting reward (see review by Plichta and
Scheres 2014). However, further research is necessary to elu-
cidate the nature of this atypical response to reward given the
breadth of this topic and the numerous ways in which reward
sensitivity can be defined and measured. To our knowledge,
no previous studies have examined the extent to which indi-
viduals with ADHD are distracted by rewarding stimuli as
reflected in the VDAC paradigm.

There are also few studies examining the relationship be-
tween cognitive and motivational processes implicated in
ADHD. Prevailing theoretical models of ADHD postulate that
executive dysfunction and a strong preference for immediate
over delayed reward (e.g., delay discounting) underlie diffi-
culties with behavioral control characteristic of ADHD
(Barkley 1997; Sagvolden et al. 2005; Sonuga-Barke 2002).
Based on previous research demonstrating that working mem-
ory is related to VDAC among healthy adults (Anderson et al.
2011b; Anderson and Yantis 2012) and evidence of working
memory deficits in ADHD (see meta-analysis by Martinussen
et al. 2005), working memory may contribute to VDAC
among children with ADHD. In addition, delay discounting,
a motivational process that is implicated in theories of ADHD
(Sagvolden et al. 2005; Sonuga-Barke 2003; Sonuga-Barke
et al. 2010) and supported by the empirical literature (see
meta-analysis by Patros et al. 2016) may be related to
VDAC. One possibility is that the heightened sensitivity to
immediate reward (i.e., greater delay discounting) often ob-
served in children with ADHD places greater demands on
executive control to maintain attention to the primary task in
the presence of valuable or rewarding distractors. Thus, it is
reasonable to suspect separate and interactive contributions of
working memory and delay discounting to increased distract-
ibility to rewarding stimuli in ADHD as reflected in VDAC.

The current study is the first to our knowledge to directly
examine the extent to which children with ADHD are more
distracted by rewarding stimuli with a well-validated experi-
mental paradigm. Specifically, we compared the performance
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of children with ADHD and typically developing controls on
the VDAC paradigm, which measures the extent to which an
irrelevant non-salient distractor, previously associated with
reward, captures attention (Anderson et al. 2011a, b;
Anderson and Yantis 2012; Sali et al. 2014). Given evidence
that children with ADHD are more sensitive to reward out-
comes than are their typically-developing peers, one possible
outcome is that participants with ADHD will show greater
VDAC than will control participants. However, just as chil-
dren with ADHD discount the future value of reward relative
to their typically-developing peers, it is also possible that
ADHD will be associated with a reduction in the magnitude
of capture since the distractor stimuli are goal-irrelevant and
no longer predict rewards. Finally, previous studies have
shown that children with and without ADHD demonstrate
similar degrees of saliency-driven attentional capture (Van
der Stigchel et al. 2007) and thus we may find no difference
among diagnostic groups in VDAC. Lastly, given the possi-
bility that children with and without ADHD may demonstrate
extinction of reward learning to different extents, all analyses
are presented both collapsed across the entirety of the exper-
iment and broken down by experimental half. The results of
the current study will therefore shed light on how reward
learning influences future settings of attentional priority in
ADHD. Further, we examined associations with ADHD
symptom severity and the mechanisms underlying distractibil-
ity to reward in ADHD by evaluating whether VDAC corre-
lates with working memory and delay discounting. We hy-
pothesized that greater VDAC would correlate with weaker
working memory and greater delay discounting. Importantly,
if there is heterogeneity in the magnitude of VDAC among
participants with ADHD, it is possible that these correlational
analyses will detect relationships among VDAC and working
memory or delay discounting even if there is no significant
difference based on diagnosis at the group level.

Method

Participants

The VDAC paradigm was administered to 56 children (ages
8–12 years), including 30 participants diagnosed with ADHD
and 26 typically developing (TD) controls, who participated in
a larger study comparing children with ADHD to TD children
on various neuropsychological assessments and neuroimaging
measures. Participants were primarily recruited through local
schools, with additional resources including community-wide
advertisement, volunteer organizations, medical institutions,
and word of mouth. This study was approved by the Johns
Hopkins University School of Medicine Institutional Review
Board and all data was obtained in compliance with their
regulations. After complete description of the study to the

participants, written informed consent was obtained from a
parent/guardian and assent was obtained from the child.

To determine study eligibility, an initial screening was con-
ducted through a telephone interview with a parent. Children
with a history of intellectual disability, learning disability, sei-
zures, traumatic brain injury or other neurological illnesses
were excluded from participation. Intellectual ability was
assessed using the Wechsler Intelligence Scale for Children,
Fourth and Fifth Editions (Wechsler 2003, 2014) and partici-
pants with full-scale intelligence quotient (FSIQ) scores below
80 were excluded. In addition to inquiring about a history of a
learning disability, children were also administered the Word
Reading subtest from the Wechsler Individual Achievement
Test, Second Edition (Wechsler 2002) to further screen for a
reading disorder and were excluded for Word Reading scores
below a standard score of 85.

Diagnostic status was established through administration
of either the Diagnostic Interview for Children and
Adolescents (n = 26), Fourth Edition (DICA-IV; Reich et al.
1997) which follows DSM-IV criteria for all disorders
(American Psychiatric Association 1994) or the Kiddie
Schedule for Affective Disorders and Schizophrenia for
School Aged Children Present Lifetime version (n = 30)
(Kaufman et al. 2013) which follows DSM-5 criteria for all
disorders (American Psychiatric Association 2013). Children
meeting criteria for diagnosis of conduct, mood, generalized
anxiety, separation anxiety or obsessive–compulsive disorders
based on the diagnostic interview were excluded. A comorbid
diagnosis of oppositional defiant disorder (ODD) was permit-
ted given the high base rate comorbidity between ADHD and
ODD. Parents and teachers (when available) also completed
the Conners’ Parent and Teacher Rating Scales-Revised Long
Version (n = 2) (CPRS and CTRS; Conners 1997) or the
Conners-3 (n = 54) (Conners 2008) and the ADHD Rating
Scale-IV, home and school versions (DuPaul et al. 1998).
Although teacher report was not always available, we obtain-
ed information from the parent about the child’s symptoms
and functioning at school during the diagnostic interview with
parents. A child would only meet diagnostic criteria for
ADHD if the primary caregiver reported ADHD symptoms
and associated impairment at home and at school or in other
settings. This information was then reviewed and the diagno-
sis was confirmed by a child neurologist or psychologist.

An ADHD diagnosis was established based on the follow-
ing criteria: (1) T-score of 65 or higher on the ADHD
Inattentive or Hyperactive/Impulsive scales on the CPRS or
CTRS, when available, or a raw score of 2 or 3 on at least 6/9
items on the Inattentive or Hyperactivity/Impulsivity scales of
the ADHD-RS and (2) an ADHD diagnosis on the DICA-IV
or KSADS-PL. This information was then reviewed and the
diagnosis was confirmed by a child neurologist or psycholo-
gist based on DSM-5 criteria. Children taking psychotropic
medications other than stimulants were excluded from
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participation and all children taking stimulants were asked to
withhold their medication the day of and day prior to the
laboratory visit, as in prior work including children on long-
acting stimulants.

Inclusion in the control group required scores below clinical
cutoffs on the parent and teacher (when available) rating scales
(CPRS, CTRS, and ADHD-RS). Control participants could not
meet diagnostic criteria for any psychiatric disorder based on
DICA-IVor KSADS-PL nor could they have history of neuro-
logical disorder, learning disability, or be taking any psychotro-
pic medication. They were also required to have an FSIQ of at
least 80 on the WISC and a score of at least 85 on the WIAT-II
word reading subtest. Finally, children with a history of color
blindness were excluded from participation and the Ishihara test
of color blindness was administered as an additional screening
measure on the first visit to the laboratory.

Participation in the current study was part of a larger multi-
session battery involving neuropsychological tasks and neuro-
imaging administered over the course of two to three laboratory
visits lasting from approximately 8:30 AM to 3:30 PM. The
VDAC paradigm was administered on the second testing day
for the majority of participants and occasionally on the third
testing day for children who participated in multiple studies.
Participants were offered frequent breaks throughout the day
to prevent fatigue and maintain motivation. The order of tasks
administered varied across participants alternating between
computer-based tasks and more active tasks, such as motor
assessments. The VDAC paradigm included two training ses-
sions followed by a testing session administered over the course
of the morning (between 8:30 AM 12:00 PM) with various
tasks administered in between the training and test sessions.1

Research assistants administering the VDAC had either a
Bachelors or Masters degree and were well-trained on testing
pediatric populations in general and the VDAC task in partic-
ular. The experimenter carefully reviewed a set of standardized
instructions with participants and would only proceed with the
task once the participants could accurately explain the task.
Participants were compensated for their time ($50 per day) in
addition to the money earned during the VDAC task, which
was added to their check upon completion of the study.

Value-Driven Attentional Capture Task

Training Phase Participants first completed a visual search
task (Psychophysics toolbox, Matlab) in which the target
stimulus’s color predicted the magnitude of trial-by-trial mon-
etary rewards. On each trial, participants viewed a search array
that consisted of six colored circles (4.76° × 4.76°) arranged

along the outside of an imaginary circle with a radius of ap-
proximately 8° around a central fixation cross (1.59°; see Fig.
1a) on a computer monitor positioned approximately 70 cm
from the participant. The target in each array was defined as
the circle that was either red or green, and participants were
informed that there would never be both a red and a green
circle present in the same array. The colors of the nontarget
circles were randomly selected on each trial from blue, yellow,
white, orange, cyan, and purple. The target in each array
contained an arrow line segment that pointed to either the left
or to the right. For the nontarget stimuli, the arrows were
bidirectional. Participants were instructed to press the Z key
(labeled with a left-pointing arrow) of a standard computer
keyboard if the enclosed arrow pointed to the left or the M
key (labeled with a right-pointing arrow) if the arrow pointed
to the right. As in earlier studies (Anderson et al. 2011a; Sali
et al. 2014), participants received monetary rewards for cor-
rectly identifying the orientation of the arrow in the target stim-
ulus. All earnings were added to the value of the check they
received as compensation. Critically, the target color (red or
green) predicted whether the participant would receive a high
(8 cents) or low (2 cents) magnitude reward on 80% versus
20% of the trials, respectively. For 24 participants, a red target
was associated with the potential for a high magnitude reward
on 80% of trials and a low magnitude reward on the remaining
20% of trials, while a green target was associated with a low
magnitude reward on 80% of trials and a high magnitude re-
ward on the remaining 20% of trials. The remainder of the
participants received the opposite target-color reward magni-
tude probability contingencies. Although the test phase ulti-
mately only included the high-magnitude reward-associated
stimulus, it is important that both high and low magnitude
reward stimuli were included in the traning phase since previ-
ous studies have shown that VDAC occurs only when stimulus
features predict trial-by-trial reward outcomes (Sali et al. 2014).
If only the high-value target was included in the training phase,
stimulus color would not uniquely predict reward outcomes
above and beyond any of the other stimulus features and thus
participants would not learn the stimulus-reward association.

Trial structure was as follows: fixation cross (variable 400–
600 ms), search array (1500 ms), blank screen (1000 ms),
feedback (money earned per trial and running total;
1500 ms), and blank screen (1000 ms). Incorrect responses
or responses >1500 ms produced no feedback or monetary
gain. In order to increase the salience of the reward magnitude
difference, low and high rewards were always accompanied
by a single or double presentation of a cash register Bcha-
ching^ sound, respectively. For trials in which participants
failed to respond, they heard a 1000 hz tone for 250 ms. To
maximize participants’ potential to learn the reward associa-
tions between target color and monetary reward, participants
completed two separate training sessions of 120 trials each
(~15 min) within the same day of testing with one self-paced

1 One participant in the control group completed the second training session
and the testing session on a separate day from the first training session due to a
power outage. This participant’s overall value-driven attentional capture score
was less than 0.5 SD below the mean of all control participants and was
therefore not an outlier in the final sample.
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break halfway through each session and a longer break in-
between sessions. Thus, the current paradigm was closely
matched to previous studies of VDAC in healthy adults
(e.g., Anderson et al. 2011b) with the exception of the follow-
ing modifications to make the task more appropriate for chil-
dren while still maintaining the main task components: (1)
longer stimulus presentation (as in, e.g., Anderson et al.
2013a), (2) additional cash register sound during reward feed-
back presentation, (3) the addition of a second training session
to maximize the potential of reward learning (as in, e.g.,
Laurent et al. 2015), and (4) participants were instructed to
respond based on the direction of the enclosed arrow rather
than the orientation of a line segment.

Test Phase Immediately following the second training ses-
sion, all participants completed an additional visual search
task that was designed to test whether the training phase asso-
ciation between color and reward differentially modulated at-
tentional priority across the two participant groups. Critically,
participants now searched for a shape singleton in each array,
which was either a diamond among circles or a circle among
diamonds, and again reported the orientation of the enclosed
arrow line segment (see Fig. 1b). As before, the nontarget
stimuli encompassed bidirectional arrows so that they were
not preferentially associated with either direction.
Importantly, on half of the trials, one of the nontarget items
appeared in the previously high value reward-associated color
(distractor present trials), and on the remainder of trials, the
high-value reward-associated color was absent from the array
(distractor absent trials). In order to maximize the possibility
of detecting value-driven attentional capture while limiting the
duration of the test phase to prevent fatigue, we restricted this
manipulation to the high value color from training and conse-
quently, the low value color never appeared during the test
phase. The test phase target stimulus never appeared in a

previously rewarded color so that current search goals (e.g.
find the unique shape) were never compatible with attentional
selection of the previously rewarded item. The test phase par-
adigm therefore provided a means to test the degree to which
reward-associated stimuli involuntarily captured attention (as
reflected in a slowing of response time on distractor present
trials) when divorced from behavioral goals.

In order to ensure that participants remained highly moti-
vated to respond as quickly and accurately as possible during
the test phase, we again employed a reward manipulation
(e.g., Anderson et al. 2013b). The new reward manipulation
was orthogonal to the associations set up during the training
phase such that target shape, rather than target color, predicted
the magnitude of subsequent reward outcomes and used re-
duced reward magnitudes relative to training so as to mini-
mize the possibility of overriding the training phase learning.
Specifically, for approximately half of the participants in each
diagnostic group, a diamond target was associated with a high
magnitude reward of 4 cents and a circle target was associated
with a low magnitude reward of 1 cent on 80% of all trials.
These reward magnitudes were reversed on the remaining
trials. All other participants received the opposite shape-
reward magnitude contingencies.

The test phase consisted of a single session of 120 trials
with similar structure to the training sessions (see Fig. 1b) and
lasted for approximately 15 min. Participants again received a
single self-paced break in the middle of the test phase task.
The test phase was thus similar to previous studies of healthy
adults, but included modifications that were related to those of
the training phase, such as an increase of trial length and the
use of arrow stimuli to simplify the stimulus-response map-
ping. The increase in response times for distractor present
trials relative to distractor absent trials, a difference that can
only be attributed to learned reward associations, served as the
primary metric of interest.

Fig. 1 a Training phase value-
driven attentional capture task. b
Test phase value-driven
attentional capture task
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Spatial Span Task

Visual–spatial working memory was assessed via a com-
puterized adaptation (Shiels et al. 2008) of the spatial
span subtest from the WISC-IV or WISC-V Integrated
that incorporated features of the spatial span task from
the CANTAB (Luciana 2003). In this task, an array of
ten white squares on a black background is presented on
the computer screen. On each trial, a yellow smiley face
appears in two to eight of the squares at a rate of one
square per second. Children were instructed to use a com-
puter mouse to click on the squares in the same order in
which the smiley face appeared (forward span) or in the
reverse order (backward span), the latter requiring manip-
ulation of visual–spatial information. Forward span was
always administered before backward span. For each di-
rection (forward and backward), there were two trials at
each level of difficulty, beginning with two-location se-
quences and advancing to a maximum of eight-location
sequences. The task terminated when both trials within a
difficulty level were incorrect. Task duration varied across
subjects depending on performance but it typically ranged
from 5 to 15 min. The primary measure of interest from
this task is the total number of trials completed correctly
for the backward span with a higher score indicative of
better working memory.

Monetary Delay Discounting Task

Participants completed a computer-based delay discounting
task (Rosch and Mostofsky 2016; Wilson et al. 2011) involv-
ing 91 choices between a varying amount of money now
($0–$10.50 in $0.50 increments) or $10.00 after a varying
delay (1, 7, 30, or 90 days) in which some of the choices were
real (i.e., participants receive the amount of money at the
chosen delay for two randomly-selected choices in the form
of gift cards or prizes). As in previous research (Rosch and
Mostofsky 2016), an indifference point was identified for each
delay to determine the area under the curve (Myerson et al.
2001), with smaller values indicating greater delay
discounting thought to reflect a stronger preference for imme-
diate reward.

Data Reduction and Analysis

A total of 8 participants (6 ADHD, 2 control) were ex-
cluded from all analyses for having overall behavioral
accuracies in the test phase of the VDAC task falling
below 70%. To ensure that we had sufficient power to
detect a difference in the magnitude of VDAC between
children with and without ADHD, we conducted a power
analysis. Although our study is the first to test VDAC in
children with ADHD, two recent studies have compared

the magnitude of VDAC in healthy controls to inviduals
with depression (Anderson et al. 2014b) and drug addiction
(Anderson et al. 2013a). When collapsing data across both
studies and focusing on the comparison of high value
distractor present trials versus distractor absent (the com-
parison most relevant to the current study), we found an
effect size, as indexed by partial eta-squared, of ηp = .161.
Applying this effect size to a power analysis in G*Power
(Faul et al. 2007) indicated that we would need 46 partic-
ipants to reach 80% power. Thus, our final sample of 48
participants is sufficient to detect a group difference in
VDAC scores between children with and without ADHD.

For each participant, all RTs greater than 2.5 standard de-
viations above or below the mean of each condition were
excluded from the analysis. Together, this procedure resulted
in a loss of less than 2% of all trials across all participants. In
order to test whether previous reward learning differentially
modulated the setting of attentional priority in children with
and without ADHD, we employed three main analyses. First,
using a 2 diagnostic group (ADHD vs. control) × 2 target
value (low value vs. high value) × 2 training session factorial
analysis of variance (ANOVA), we tested whether behavioral
accuracies varied across diagnostic groups during training.
This analysis allowed us to rule out the possibility that differ-
ences in training performance, and thus the extent of reward
feedback received, could account for test phase differences in
attentional capture. Next, we tested for differences in behav-
ioral accuracy in the test phase with a 2 distractor presence
(present vs. absent) × 2 diagnostic group (ADHD vs. control)
ANOVA. Finally, as our primary measure of interest, we com-
puted an index of attentional capture for each participant by
subtracting mean response times (RTs) for distractor absent
trials from distractor present trials in the test phase, referred
to below as a VDAC score. We then subjected these scores to
an additional 2 diagnostic group × 2 experimental half (first
vs. second) ANOVA to determine whether the degree to which
the reward associated distractor captured attention varied
across groups and time. All post-hoc t-test comparisons of
the training and test phase VDAC data were corrected for
multiple comparisons by controlling the false discovery rate
according to a linear step-up procedure as implemented in
Matlab R2014B (Benjamini and Hochberg 1995). All report-
ed t-test p-values have been corrected accordingly and signif-
icance was determined at q = .05.

Lastly, we ran a series of exploratory correlational analyses
to quantify the relationship between VDAC and (1) dimen-
sional measures of ADHD symptom severity (parent-reported
ADHD rating scale raw scores) among children with ADHD
and (2) measures of working memory and delay discounting
within each diagnostic group for a subset of participants who
completed these additional tasks. Given that correlations are
more susceptible to outliers than the main analysis described
above, we adopted an outlier removal procedure for the
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correlational analyses linking themagnitude of VDAC towork-
ing memory, delay discounting and symptom severity. For each
of the task measures, as well as for the VDAC task, we exclud-
ed participants who fell more than 2.5 standard deviations away
from the mean of their respective diagnostic group. Due to the
small sample size and to maximize our power, we conducted
this outlier removal procedure on a test-by-test basis. Applying
this criterion resulted in the exclusion of two participants for the
working memory correlation, one participant for the delay
discounting correlation, and one participant for the symptom
severity correlation. Given the small sample size for each task
correlational test (ranging from n = 20 to n = 23 per diagnostic
group), we discuss the magnitude of the relationship such that
small, medium, and large effects are represented by r = .10, .30,
and .50, respectively. T-tests evaluating differences in WM and
delay discounting scores across diagnostic groups were not
included in the FDR correction procedure described above be-
cause they were planned comparisons of independent data.
Lastly, we report partial eta-squared and Cohen’s d as measures
of effect size for all ANOVA and t-test results, respectively. For
Cohen’s dwe consider d = 0.2 to be a Bsmall^ effect, d = 0.5 to
be a Bmedium^ effect, and d = 0.8 as a Blarge^ effect. For partial
eta-squarred, we consider ηp = .01 to be a Bsmall^ effect,
ηp = .09 to be a Bmedium^ effect, and ηp = .25 to be a Blarge^
effect.

Results

Sample Characteristics

Demographic information for the sample included in the
primary VDAC analyses is provided in Table 1, along
with inferential statistics regarding diagnostic group dif-
ferences. The sample was drawn from largely middle class
socioeconomic status (Hollingshead 1975) and was 63%
caucasian. Diagnostic groups did not significantly differ
in several important demographics including age, sex, eth-
nicity, socioeconomic status and intellectual reasoning
ability.

Training Phase Performance

We first examined the behavioral accuracies from the ini-
tial training phase sessions in which target stimulus color
predicted trial-by-trial reward magnitudes. Since partici-
pants only received monetary rewards for correct re-
sponses, significant differences in training phase perfor-
mance across the two diagnostic groups could account
for differences in subsequent test phase VDAC.
Importantly, there was no significant main effect of diag-
nostic group, F(1,46) = 1.25, p = .269, ηp = .026, ruling
out the possibility that differences in subsequent test phase

attentional capture could be attributed to differences in
training phase performance, and behavioral accuracies
were overall very good (approximating 90%) for both di-
agnostic groups (see Fig. 2a). The main effect of session,
F(1,46) = 3.59, p = .065, ηp = .072, the main effect of
target value, F(1,46) = 3.20, p = .080, ηp = .065, and the
three-way interaction of Diagnostic Group × Session ×
Target Value, F(1,46) = 3.29, p = .076, ηp = .067,
approached statistical significance. Although the three-
way interaction was not significant, we were particularly
interested in the performance of children with ADHD and
controls on high value trials during session two to deter-
mine whether diagnostic groups had similar exposure to
the high value reward outcome prior to beginning the test
phase. We found that behavioral accuracy did not differ
between ADHD and control participants for high value
trials during training session 2, t(46) = 0.33, p = .795,
d = 0.10, suggesting similar exposure to reward outcomes just
prior to the test phase. All other main effects and interactions
failed to reach statistical significance, Fs < 0.898, ps > .348
(see Table 2).

Test-Phase Performance

We next examined test phase behavioral accuracies. Overall,
test phase accuracies were greater for control participants than
for ADHD participants, F(1,46) = 5.33, p = .025, ηp = .104.
However, there was no evidence of a significant main effect of
distractor, F(1,46) = 2.40, p = .128, ηp = .050, or a distractor
presence by diagnostic group interaction, F(1,46) = 0.01,
p = .944, ηp < .001, suggesting that the RT results were not
due to a speed accuracy tradeoff (see Fig. 2b).

Next, we tested whether participants were slowed by the
presence of a previously rewarded distractor in the search
array and whether the extent of slowing differed for partic-
ipants with and without ADHD over the course of the test
phase. For these analyses, we calculated a difference score
reflecting the degree to which the previously rewarded
distractor slowed participants (see Data Reduction and
Analysis). The results of the 2 diagnostic group × 2 exper-
imental half (first vs. second) ANOVA indicated a main
effect of diagnostic group, F(1,46) = 14.97, p < .001,
ηp = .246, such that control participants, t(23) = 5.63,
p < .001, d = 1.15 , but not those wi th ADHD,
t(23) = 0.26, p = .795, d = .05, demonstrated significant
value driven attentional capture when collapsing across
the entire test phase (Fig. 3).

Due to the possibility of differences in the rate of extinction
of learning across the two diagnostic groups, we probed
changes in VDAC scores over the course of the test phase
for both groups. A main effect of experimental half indicated
that, regardless of diagnostic group, participants were less
distracted by the reward-associated distractor in the second
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half of the test phase than in the first half, F(1,46) = 5.76,
p = .021, ηp = .111, providing evidence in favor of extinction
of learning. The interaction of diagnostic group by experimen-
tal half failed to reach statistical significance, F(1,46) = 0.62,
p = .436, ηp = .013, suggesting that the rate of extinction did
not reliably vary based on diagnosis. However, further prob-
ing of changes in VDAC over the test phases revealed the
following pattern. During the first half of test phase trials
when the strength of learning was presumably the strongest
prior to any extinction, both control, t(23) = 5.15, p < .001,
d = 1.05, and ADHD, t(23) = 2.32, p = .047, d = 0.47,
participants were significantly slower for trials in which
the previously rewarded distractor was present in the search
array than when it was absent, suggesting that participants in

both groups formed an initial reward association. Moreover,
VDAC scores were greater for control than for ADHD par-
ticipants in the first half of trials alone, t(46) = 2.22,
p = .047, d = .64. In contrast, during the second half of
the test phase, only control participants showed significant
VDAC, t(23) = 3.68, p = .004, d = 0.75, whereas children
with ADHD did not, t(23) = −1.09, p = .368, d = 0.22.
VDAC scores were again greater for control than for
ADHD participants, t(46) = 2.79, p = .017, d = 0.81. This
pattern of results suggest that although children with and
without ADHD both showed evidence of value driven atten-
tional capture early in the test phase, this capture was stron-
ger in control participants than in those with ADHD
throughout the test phase.

Table 1 Demographic and
clinical characteristics of study
participants

Control n = 24 ADHD n = 24 Group comparisons
Mean (SD) Mean (SD) p-value

Age (years) 10.2 (1.2) 10.4 (1.3) .468

Sex (boys: girls) 13:11 17:7 .233

Ethnicity (% caucasian) 58% 67% .551

SES 52.6 (9.6) 54.3 (10.0) .555

WISC FSIQ 112.6 (12.3) 109.0 (8.4) .244

WISC GAI 112.7 (13.5) 111.2 (9.3) .666

ADHD-RS Inatt Raw 3.9 (3.2) 19.3 (4.2) <.001

ADHD-RS HypImp Raw 2.4 (2.7) 13.8 (6.8) <.001

CPRS Inatt T 45.4 (7.1) 76.6 (9.2) <.001

CPRS HypImp T 45.1 (6.0) 71.9 (16.2) <.001

ADHD Subtype (Com:Inatt) n/a 17:7 n/a

Comorbid ODD % n/a 38% n/a

Stimulant medication % n/a 42% n/a

Control typically developing control group, ADHD attention-deficit/hyperactivity disorder group, SES socioeco-
nomic status from Hollingshead total score,WISC FSIQWechsler Intelligence Scale for Children Fourth (n = 24)
or Fifth (n = 24) Edition Full Scale Intelligence Quotient,WISC GAIGeneral Ability Index, ADHD-RS Inatt Raw
DuPaul Parent Inattentive raw score (range 0–27),ADHD-RS HypImp RawDuPaul Parent Hyperactive/Impulsive
raw score (range 0–27); CPRS Inatt T Conners Parent Rating Scale-Revised (n = 2) or Conners-3 Parent (n = 50)
DSM Inattentive Index T-score, CPRS HypImp T Conners DSM Hyperactive/Impulsive Index T-score, ADHD
Subtype (Com: Inatt) ADHD Combined and Inattentive subtypes, ODD Oppositional Defiant Disorder

Fig. 2 Behavioral accuracies
during a both training phase
sessions and b the test phase of
the VDAC task. Error bars denote
1 standard error of the mean
above and below each mean
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Correlations with ADHD Symptoms

Among children with ADHD, we found a non-significant
correlation with parent-reported total ADHD symptoms
raw score (r(21) = −.21, p = .336), although it was in the
expected direction (i.e., greater VDAC was associated with
fewer ADHD symptoms). When examining VDAC in re-
lation to each individual symptom domain, there was a
marginally significant correlation with hyperactive/
impulsive total score (r(21) = −.39, p = .063; medium ef-
fect), but not with inattentive symptoms (r(21) = .197,
p = .367).

Correlations with Working Memory and Delay
Discounting Tasks

Lastly, we examined bivariate correlations between VDAC
and individual differences in working memory and delay
discounting separately among children with ADHD and con-
trols (see Fig. 4). Among controls, there was no evidence of a
relationship between VDAC and either working memory,
r(18) = −.11, p = .653, or delay discounting, r(21) = −.01,
p = .967. Within the ADHD group, greater VDAC scores
correlated with backward span, r(19) = −.44 (medium effect),
p = .045 (see Fig. 4a), but not with monetary delay
discounting (AUC), r(19) = −.04, p = .855 (see Fig. 4b).
This pattern of correlation suggests that participants with
ADHD with the weakest spatial working memory capacity
were slowed the most by the presence of a previously
rewarded distractor. Furthermore, immediate reward prefer-
ence was unrelated to the degree to which participants with
ADHDwere slowed by the presence of a previously rewarded
distractor. Of note, children with ADHD and their TD peers
did not significantly differ in their performance on the back-
ward span, t(39) 1.63, p = .111, d = .51, or delay discounting
tasks, t(42) = −.49, p = .624, d = .15, with medium and small
effect sizes observed, respectively.

Discussion

In the current study, we found that children with ADHD were
significantly less slowed by the presence of a previously
reward-associated distractor in a visual search task than were
their typically-developing peers. Critically, as in earlier studies

Table 2 ANOVA results
Effect F-statistic (p-value) Partial eta-squared

Training phase behavioral accuracies

Main effect of session 3.59 (.065) .072

Main effect of target value 3.20 (.08) .065

Main effect of diagnostic group 1.25 (.269) .026

Diagnostic group x target value 0.38 (.543) .008

Diagnostic group x session 0.90 (.349) .019

Session x target value 0.76 (.388) .016

Diagnostic group x session x target value 3.29 (.076) .067

Test phase behavioral accuracies

Main effect of diagnostic group 5.33 (.025) .104

Main effect of distractor presence 2.40 (.128) .050

Diagnostic group x distractor presence 0.01 (.944) < .001

Test phase VDAC

Main effect of diagnostic group 14.97 (< .001) .246

Main effect of experimental half 5.76 (.021) .111

Diagnostic group x half 0.62 (.436) .013

Fig. 3 Value-driven attentional capture scores (distractor present RT –
distractor absent RT) as a function of diagnostic group over the course of
the test phase. Error bars denote 1 standard error of the mean above and
below each mean
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(Anderson et al. 2011b), these reward-associated distractors
were always goal-irrelevant and did not differ from reward-
neutral distractor items in low-level physical characteristics.
Thus, any slowing due to the presence of the previously
rewarded distractor can be attributed to the learned reward
associations rather than to goal-oriented or stimulus-driven
attentional orienting processes (Sali et al. 2014). However,
children with ADHD were still significantly slowed by the
presence of the distractor in the first half of the test phase when
reward associations were likely the strongest. Participants in
both diagnostic groups therefore formed reward associations
that modulated settings of attentional priority, making our re-
sults consistent with earlier accounts applying the VDAC par-
adigm to healthy adolescents (Roper et al. 2014).

Our finding of less VDAC in children with ADHD in com-
parison to control participants failed to support our predictions
that reward learning may contribute to symptoms of inatten-
tion in ADHD by boosting the attentional priority of goal-
irrelevant, but high value-associated, stimuli. Theoretical
models of ADHD emphasize altered reinforcement sensitivity
(see review by Luman et al. 2010), although the nature of the
reinforcement deficit remains unclear due to inconsistencies in
behavioral and neuroimaging findings. In general, there is
evidence that children with ADHD display a stronger prefer-
ence for immediate over delayed rewards than do typically
developing children (Patros et al. 2016) and improved cogni-
tive performance in response to reward (e.g., Fosco et al.
2015; Rosch et al. 2016), as well as atypical activation of
reward circuitry (see meta-analysis by Plichta and Scheres
2014). In contrast to our predictions, we found that children
with ADHD were less distracted by stimuli previously asso-
ciated with reward. One possible explanation for reduced
VDAC is that children with ADHD did not learn the reward
associations to the same degree as did control participants
despite similar training exposure. However, the presence of
VDAC in participants with ADHD at the beginning of the test
phase suggests that our ADHD group did learn the reward
association. Alternatively, it is possible that children with
ADHD were less distracted by the reward-associated stimulus

because it did not predict test phase reward outcomes; instead,
new stimulus-reward contingencies were introduced to main-
tain task engagement. Children with ADHD may have fo-
cused on earning rewards in the test phase and failed to main-
tain the value of the previously reward-associated stimulus,
resulting in less VDAC than their typically developing peers.
The reward associations acquired during the training phase
may also extinguish more rapidly among children with
ADHD such that once a stimulus is no longer rewarded, it
loses its value more quickly. Although the diagnostic group
by test phase half interaction was not significant in the current
study, it will be important to replicate and extend these find-
ings in a larger sample. Furthermore, delay discounting was
not correlated with VDAC among children with ADHD, sug-
gesting that these behavioral indicators may reflect different
components of reward sensitivity implicated in ADHD.

As in earlier studies of healthy adults (Anderson et al.
2011b; Anderson and Yantis 2012), we also observed a sig-
nificant relationship between the magnitude of VDAC and
spatial working memory capacity in children with ADHD.
Poorer working memory was associated with more pro-
nounced VDAC among children with ADHD. Interestingly,
we did not observe this pattern for control participants, who
showed greater VDAC as a group and generally show greater
working memory capacity (see Anderson et al. 2013a for a
similar finding in drug addiction). This pattern of findings
may reflect the heterogeneity of cognitive and motivational
deficits in children with ADHD, such that while we may not
see greater VDAC in the ADHD group as a whole compared
to controls, those children with ADHD with greater WM im-
pairments show greater VDAC. There are few studies exam-
ining working memory in relation to VDAC, and the present
study is the first to do so among children and among individ-
uals with ADHD. Individuals with poorer working memory
may have more difficulty controlling their attention in the face
of distraction and are therefore more distracted by stimuli
previously associated with reward (Anderson et al. 2011b;
Fukuda and Vogel 2011). In particular, spatial working mem-
ory capacity has been linked to the ability to resist attentional

Fig. 4 Correlations between
value-driven attentional capture
scores and a backward spatial
span, b money delay discounting
AUC
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capture, and thus, our correlational analysis focused on the test
phase in which attentional capture is measured. At this time, it
is unclear whether other executive functions, such as response
inhibition and attention regulation, relate to VDAC. This will
be an important question for future research. It is also impor-
tant to acknowledge research suggesting that performance on
memory span tasks may reflect short-termmemory rather than
working memory (Engle et al. 1999), although it is unclear
whether this is true for visual-spatial tasks as this literature is
based on verbal span tasks. Thus, it will be important for
future research to examine more complex span tasks and other
validated measures of visual-spatial working memory to ex-
pand upon these preliminary findings.

Unlike most previous studies, we observed significant ex-
tinction of learning for both control and ADHD participants
over the course of the test phase. VDAC in adults has been
shown to persist throughout experimental sessions longer than
that used in the current study (Anderson et al. 2011a, b;
Anderson and Yantis 2012), although other studies have also
shown extinction of VDAC within the test phase among
healthy adults (Roper et al. 2014). Furthermore, VDAC has
even been observed when participants completed a test phase
similar to that used in the current experiment 6 months after
the initial reward learning (Anderson and Yantis 2013). Thus,
in adults, value-based attentional priority persists long after
these associations are no longer goal-relevant. Conversely,
our study suggests that, regardless of diagnostic group, the
modulatory role of reward associations in attentional control
in children is potentially more vulnerable to extinction over
time. However, it is also important to recognize that the test
phase in our paradigm differed from that of most previous
studies in that participants were rewarded for performance
(see Anderson et al. 2013b for a similar reward at test
paradigm). The introduction of new stimulus-reward associa-
tions may increase the rate of extinction for the stimulus-
reward associations learned during the training phase.
However, this paradigm change was important in order to
maintain task engagement due to pilot data suggesting a large
decline in performance once rewards could no longer be
earned during the test phase relative to the training phase,
especially among children with ADHD who may be particu-
larly sensitive to the removal of rewards (e.g., Shiels et al.
2008).

The robust difference in the degree of VDAC between
children with and without ADHD in the current study pro-
vides further evidence that VDAC operates through mecha-
nisms that are distinct from those that are implicated in goal-
oriented and stimulus-driven attentional control. Specifically,
well-validated measures of visual search from basic science
thought to relate to inattention symptoms have largely failed
to detect any diagnostic group differences. For example, while
children with ADHD are slower to identify a target stimulus
among distractors, the relative slowing associated with the

introduction of additional distractors is equivalent to that in
typically developing children (Hazell et al. 1999; Mason et al.
2003, 2004). Moreover, children with ADHD are equivalently
slowed by the presence of a physically salient distractor in
tests of covert and overt attentional orienting (Van der
Stigchel et al. 2007). Thus, goal-oriented and stimulus-
driven attentional orienting mechanisms appear to be similar
in children with and without ADHD. Conversely, a growing
body of literature has illustrated the link between VDAC and
reinforcement learning. Specifically, VDAC only occurs in
situations in which stimulus features generate reward predic-
tion errors (Sali et al. 2014), has been linked to activation of
the midbrain and striatum rather than frontoparietal brain re-
gions (Anderson 2017; Anderson et al. 2016b; Anderson et al.
2017; Anderson et al. 2014a), and occurs even for stimuli that
are never goal-relevant (Le Pelley et al. 2015). Taken together,
the observed diagnostic group difference in VDAC provides
additional evidence that reward learning shapes settings of
attentional priority in a way that is distinct from behavioral
goals and stimulus salience and may be differentially affected
in ADHD.

The current study was designed to provide an initial
test of the role reward learning plays in the rapid instan-
tiation of attentional priority in children with ADHD, and
thus, future research is needed to expand on our findings
and address several limitations. First, the small sample
recruited in the current study is not well-suited for testing
whether the magnitude of VDAC varies across ADHD
subtypes and genders. In the current sample, roughly
30% of participnats had ADHD-Inattentive, whereas
70% had ADHD-combined. A replication of our findings
in a larger sample would therefore extend our understand-
ing of the group difference observed here in VDAC mag-
nitude between TD children and those with ADHD.
Furthermore, the exclusion criteria of the current study
were set based on a larger battery of neuropsychological
and neuroimaging tasks for which the current data are a
small subset. While we set our exclusion criteria based on
low FSIQ, this likely eliminated individuals with poorer
processing speed and working memory performance often
observed in children with ADHD, which may have weak-
ened the relationship between working memory and
VDAC. Future research should consider excluding partic-
ipants based on the general ability index (GAI), an esti-
mate of intellectual reasoning ability that does not factor
in performance on the processing speed and working
memory tests, rather than FSIQ. Lastly, it will be impor-
tant for future research to consider other cognitive deficits
that might be related to variability in VDAC among chil-
dren with and without ADHD in addition to working
memory and delay discounting. By studying the relation-
ship between VDAC and other measures of the compo-
nent processes of executive functioning, future research
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will clarify the reasons why some individuals experience
greater VDAC than do others.

Children with ADHD included in the current study were
diagnosed with limited comorbid conditions (i.e., ODD).
Therefore, findings might not generalize to a more severe/
clinical ADHD population. Inclusion of additional, lower base
rate comorbidities (e.g., major depressive disorder, anxiety
disorders) in future studies will serve to increase generalizabil-
ity of findings to clinical populations of children with ADHD.

In the current study, we examined the extent to which
reward-associated stimuli involuntarily capture the focus of
attention in children with ADHD in comparison to their typ-
ically developing peers. Using the VDACparadigm, we found
that children with ADHD demonstrated significantly less at-
tentional capture by stimuli previously associated with reward
than did control participants. Our results contribute a novel
behavioral finding to the empirical literature characterizing
atypical response to reward in ADHD by demonstrating that
ADHD may be associated with a decrease in the degree to
which goal-irrelevant reward associations influence the setting
of attentional priority. This finding might suggest that height-
ened distractibility outside of the laboratory among individ-
uals with ADHD may not be due to the presence of stimuli
previously associated with reward when a reward is offered
for the primary task, as in the current study. Clinically, this
may mean that rewarding a target behavior (e.g.. performance
of a particular task), as is often done in behavioral contingency
management treatment, may effectively reduce distractibility
among children with ADHD. It may also be that children with
ADHD fail to maintain stimulus-reward associations once
new contingencies are in place, focusing instead on the cur-
rently available rewards in their environment. This also has
important clinical implications as a possible explanation for
the finding that problematic behavior often re-emerges upon
discountinuation of the behavioral treatment involving reward
and punishment contingencies. Thus, there are several impor-
tant questions to be addressed in future research aimed at
elucidating the mechanisms of diminished value-driven atten-
tional capture among children with ADHD and its relevance
to real-world distraction in ADHD.
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