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Abstract Decades of research have examined the
neurocognitive mechanisms of cognitive control, but the mo-
tivational factors underlying task selection and performance
remain to be elucidated. We recently proposed that anterior
cingulate cortex (ACC) utilizes reward prediction error signals
carried by the midbrain dopamine system to learn the value of
tasks according to the principles of hierarchical reinforcement
learning. According to this position, disruption of the ACC—
dopamine interface can disrupt the selection and execution of
extended, task-related behaviors. To investigate this issue, we
recorded the event-related brain potential (ERP) from children
with attention deficit hyperactivity disorder (ADHD), which is
strongly associated with ACC—dopamine dysfunction, and
from typically developing children while they navigated a
simple “virtual T-maze” to find rewards. Depending on the
condition, the feedback stimuli on each trial indicated that the
children earned or failed to earn either money or points. We
found that the reward positivity, an ERP component proposed
to index the impact of dopamine-related reward signals on
ACC, was significantly larger with money feedback than with
points feedback for the children with ADHD, but not for the
typically developing children. These results suggest that dis-
ruption of the ACC—dopamine interface may underlie the
impairments in motivational control observed in childhood
ADHD.
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Experimental psychologists are well familiar with “good”
participants who happily engage with their assigned task to
the best of their ability despite little or no compensation, as
well as participants who appear disinclined to perform the
same task irrespective of the incentives offered. What deter-
mines subjects’ motivation for participating in and completing
an experiment? Research over the past two decades has
highlighted the critical role of dorsolateral prefrontal cortex
(DLPFC) in executing such goal-directed, effortful behaviors
(Stuss & Knight, 2013). In particular, DLPFC is said to apply
top-down control over the execution of “task sets” (Cohen,
Dunbar, & McClelland, 1990; Miller & Cohen, 2001), or the
“configuration of cognitive processes that is actively main-
tained for subsequent task performance” (Sakai, 2008, p. 219).
This proposal was originally formalized in a computational
model based on principles of parallel distributed processing in
which “task demand units” in prefrontal cortex facilitate pro-
cessing along stimulus—response pathways responsible for
task execution (Cohen et al., 1990), and elucidated by subse-
quent studies that examined how DLPFC regulates the degree
of top-down control according to evolving task dynamics
(Botvinick, Braver, Barch, Carter, & Cohen, 2001).
Nevertheless, the success of this theoretical framework not-
withstanding, it remains to be determined how DLPFC selects
what task to execute in the first place, as well as how much
control to exert over the task once selected.

Recent developments in reinforcement learning theory may
provide an answer to this question. The principles of hierar-
chical reinforcement learning (HRL) extend standard ap-
proaches to reinforcement learning by representing complex
sequences of behaviors at higher levels of temporal abstrac-
tion (Botvinick, 2012). These abstract behaviors, called
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options, are learned about and manipulated as units, which
enhances computational efficiency for problems characterized
by hierarchical structure. On the basis of similarities between
the concepts of options and task sets, Botvinick, Niv, and
Barto (2009) suggested that DLPFC may be responsible for
option selection and maintenance. Alternatively, we have
developed this proposal further by suggesting that a different
brain structure for cognitive control—anterior cingulate cortex
(ACC)—subserves this role (Holroyd & Yeung, 2012; see
also Shenhav, Botvinick, & Cohen, 2013). According to this
account, ACC learns the value for the task at hand by utilizing
reward prediction error signals carried by the midbrain dopa-
mine (DA) system, which encodes the discrepancy be-
tween the expected and actual reward outcomes
(Schultz, 2002; Schultz, Dayan, & Montague, 1997)
for the purpose of reinforcement learning and decision
making (Montague, Hyman, & Cohen, 2004).
Subsequently, ACC selects tasks for execution on the
basis of their learned value and biases DLPFC activity
to enforce top-down control over the selected task. This
proposal, which unifies a wide body of literature on
control, reward processing, and decision making (reviewed
in Holroyd & Yeung, 2012; see also Holroyd, 2013; Holroyd
& McClure, 2014), suggests that disruptions to the ACC-DA
system should impair motivation of task-appropriate
behaviors.

Attention deficit hyperactivity disorder (ADHD) provides a
model for investigating these behavioral and neurocognitive
issues. One of the most common neurodevelopmental disor-
ders in childhood, ADHD is characterized by a persistent
pattern of age-inappropriate inattention, hyperactivity, and/or
impulsivity that is estimated to occur in approximately 3 %—
7 % of school-age children (American Psychiatric
Association, 2013). Although both genetic and environmental
factors are believed to contribute to ADHD, its etiology and
neurobiological basis remain unclear (Swanson et al., 2007).
Impairments in cognitive control related to inhibition, atten-
tion, and working memory are commonly reported (Barkley,
1997; Chamberlain et al., 2011; Nigg, 2005, 2006; Quay,
1997; Schachar & Logan, 1990; Sergeant, Geurts,
Huijbregts, Scheres, & Oosterlaan, 2003; Sonuga-Barke,
2002, 2003; Willcutt, Doyle, Nigg, Faraone, & Pennington,
2005). Children with ADHD also show various behavioral
impairments associated with reward processing. For example,
they process the costs and benefits of ongoing events differ-
ently from typically developing children, which gives rise to
altered reinforcement learning and to motivational deficits
(Luman, Oosterlaan & Sergeant 2005; see Luman, Tripp, &
Scheres, 2010, for a review). Children with ADHD appear
atypically sensitive to rewards (C. L. Carlson & Tamm, 2000;
Mclnerney & Kerns, 2003), especially to the consistency of
reward delivery (Douglas & Parry, 1994) and to recent re-
wards, which strongly impacts their behavior, due to a failure

to integrate their previous reward history over time (Sonuga-
Barke, Taylor, Sembi, & Smith, 1992; Tripp & Alsop, 1999,
2001). They are also relatively insensitive to changing rates of
reinforcement (Kollins, Lane, & Shapiro, 1997) and to in-
creases in penalty sizes (Luman, Oosterlaan, Knol, &
Sergeant, 2008). Further evidence suggests that externally
provided motivators such as monetary incentives, tokens,
and social rewards tend to normalize their impairments in
cognitive control (Dovis, Van der Oord, Wiers, & Prins,
2012; Kohls, Herpertz-Dahlmann, & Konrad, 2009; Konrad,
Gauggel, Manz, & Schoéll, 2000; Shiels et al., 2008), perhaps
because salient incentives tend to invigorate their otherwise
diminished response to abstract rewards.

At a neural level, ADHD is strongly associated with ab-
normal function of both the ACC and the DA system (but see
also Nigg & Casey, 2005; Sonuga-Barke, 2002, 2003).
Dysfunctions within the frontal, cingulate, and striatal regions
are well-documented, highlighting in particular structural and
functional abnormalities in ACC (Bush, 2009; see Bush,
2011, for a review) and striatum (Plitcha & Scheres, 2014).
For example, ACC is hypoactive in children with ADHD
when they are engaged in tasks that demand cognitive control
(e.g., Konrad, Neufang, Hanisch, Fink, & Herpertz-
Dahlmann, 2006; Rubia et al., 2010; Rubia et al., 2008),
possibly due to impaired utilization of reinforcement—action
contingencies for motivating task-appropriate behaviors
(Bush, 2009). Further, administration of psychostimulants
such as methylphenidate (e.g., Ritalin, Concerta), which in-
creases extrasynaptic DA levels by blocking DA reuptake in
the striatum (see Cragg & Rice, 2004, for a review; Kuczenski
& Segal, 1975; Wilens, 2008), normalizes ACC hypoactivity
(Bush, 2009), and improves the behavioral and cognitive
symptoms of ADHD (Arnsten, 2006; Rubia et al., 2009;
Wilens, 2008). Stimulant medications are also suggested to
normalize the size of ACC, which is otherwise smaller in
medication-naive children with ADHD (Semrud-Clikeman,
Pliszka, Bledsoe, & Lancaster 2012; Semrud-Clikeman,
Pliszka, Lancaster, & Liotti, 20006).

Converging lines of evidence also point to altered process-
ing by the midbrain dopamine system, which is believed to
code for when events are “better” or “worse” than expected, as
phasic increases and decreases from baseline activity, respec-
tively (Schultz et al., 1997). Several recent theories have
proposed that the behavioral impairments observed in children
with ADHD stem from the functional consequences of
disrupting these phasic signals. For example, a prominent
DA-related theory of ADHD, the dynamic developmental
theory (DDT), holds that DA hypofunctioning results in im-
paired learning of behavior—outcome associations, producing
a short and steep delay-of-reinforcement gradient and poor
behavioral extinction (Sagvolden, Johansen, Aase, & Russell,
2005). A similar hypothesis by Tripp and Wickens (2009)
proposes that the DA system fires normally in response to
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rewards, but that these phasic signals are not effectively trans-
ferred back to cues and actions that predict future reward
delivery, resulting in impaired anticipatory cue learning.
Other theories propose exaggeratedly large positive and neg-
ative reward prediction errors (Grace, 2001), abnormally
small (Volkow, Wang, Fowler, & Ding, 2005) or large
(Seeman & Madras, 2002) positive prediction errors, or im-
paired cortical-subcortical circuits involving the DA pathway
(Frank, Santamaria, O’Reilly, & Willcutt, 2007; Nigg &
Casey, 2005; Sonuga-Barke, 2002, 2003). Cockburn and
Holroyd (2010) investigated a range of these hypotheses by
systematically manipulating the size of positive and negative
phasic DA signals in a computational simulation of perfor-
mance on a reinforcement learning task. They found that
simulations with asymmetrically larger phasic DA in-
creases (positive signals) relative to phasic DA de-
creases (negative signals) accounted best for the behav-
ior of children with ADHD relative to typically devel-
oping children. Finally, Silvetti, Wiersema, Sonuga-
Barke, and Verguts (2013) reported that simulated dis-
ruption to midbrain DA signals gives rise to disrupted
probabilistic learning, steep temporal discounting, and
impaired performance under a partial-reward schedule
as observed in ADHD. They concluded that the reduced
transmission of midbrain DA signals to ACC results in
the motivational deficits associated with ADHD.

Biological considerations also point to DA-system dys-
function. Although no single gene determines whether an
individual will exhibit the symptoms of ADHD, several DA-
related genes weakly predict increased risk for ADHD
(Banaschewski, Becker, Scherag, Franke, & Coghill, 2010).
Furthermore, a commonly studied rat model of ADHD is
characterized by increased expression of a gene that codes
for the dopamine transporter (DAT) in DA-innervated areas
(Sagvolden & Johansen, 2012), and administration of meth-
ylphenidate counteracts the synaptic effects of this increase by
blocking DA reuptake by DATs (Roessner et al., 2010).
Polymorphisms in the dopamine D4 receptor gene (DRD4),
which is expressed abundantly in prefrontal cortex (PFC) and
ACC, have also been associated with increased risk for
ADHD (Faraone, Doyle, Mick, & Biederman, 2001; Li,
Sham, Owen, & He, 2006; Swanson et al., 2000).

These converging lines of evidence suggest that disruption
of the ACC-DA interface may underlie the abnormalities in
reinforcement learning and motivational control observed in
ADHD. To investigate this possibility, we had previously
examined the reward positivity, also known as the feedback
error-related negativity or feedback-related negativity, in chil-
dren with ADHD (Holroyd, Baker, Kerns, & Miiller, 2008a; cf.
van Meel, Heslenfeld, Oosterlaan, Luman, & Sergeant, 2011;
van Meel, Oosterlaan, Heslenfeld, & Sergeant, 2005). The
reward positivity is a component of the event-related brain
potential (ERP) that is elicited in reinforcement learning and
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guessing tasks by unexpected positive feedback stimuli." This
ERP component is distributed over fronto-central areas of the
scalp and appears to index the impact of midbrain DA reward
signals on ACC (Holroyd & Coles, 2002; see Walsh &
Anderson, 2012, for a review; but see also J. M. Carlson,
Foti, Mujica-Parodi, Harmon-Jones, & Hajcak, 2011; Foti,
Weinberg, Dien, & Hajcak, 2011). In the previous study
(Holroyd et al., 2008a), the electroencephalogram (EEG) was
recorded from children with ADHD and typically developing
children as they navigated a virtual T-maze from a first-person
perspective to find monetary rewards (Baker & Holroyd,
2009). On each trial, the children selected between the left
and the right alleys of the maze by pressing one of two
corresponding buttons, and were presented with a feedback
stimulus indicating 5 cents or 0 cents (represented by images
of an apple and an orange) presented at the end of the selected
alley. Halfway through the experiment, the participants were
physically given their accumulated rewards. We found that
neither the amplitude of the reward positivity nor of any other
ERP components differed between the groups. However,
when the data were averaged separately before and after the
midway payment, the reward positivity amplitude was larger
for the children with ADHD following the payment than
before the payment. We interpreted this result as suggesting
that relative to typically developing children, children with
ADHD are abnormally sensitive to motivationally salient
rewards—such as the physical presence of money—relative
to more abstract rewards such as positive and negative feed-
back. In particular, motivationally salient rewards may nor-
malize an otherwise insensitive response to abstract rewards in
children with ADHD. These results point to a disturbance of
the ACC-DA interface in childhood ADHD.

Nevertheless, these findings are qualified by some meth-
odological concerns about the study. First, because the main
result was not predicted a priori, it may have been a statistical
anomaly. Second, the study did not rule out the possibility that
the larger reward positivity observed in children with ADHD
after they were rewarded in the second half of the experiment,
relative to before they were rewarded in the first half of the
experiment, was due to time on task rather than to reward
salience. Third, although the diagnoses for children with
ADHD and for the typically developing controls were con-
firmed by administration of a diagnostic questionnaire to their
parents and caregivers, this screening procedure would be

! Although the negative deflection in the ERP elicited by negative per-
formance feedback is often associated in the literature specifically with
errors, more recent evidence has suggested that the negative deflection is
actually the N200 ERP component, which is elicited by unexpected, task-
relevant events in general (Holroyd, 2004; Holroyd, Pakzad-Vaezi, &
Krigolson, 2008b). According to this view, unexpected positive feedback
stimuli would elicit phasic increases in dopamine that would suppress the
N200, giving rise to the reward positivity (Foti, Weinberg, Dien, &
Hajcak, 2011; Holroyd et al., 2008b).
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improved with independent clinical interviews. Finally, par-
ticipants’ intelligence quotient (IQ) scores were not measured,
leaving open the possibility that the results might reflect group
differences in IQ rather than the disorder itself (see also van
Meel et al., 2011).

Here, we examined the relationship between the reward
positivity and ADHD by replicating and extending the previ-
ous study. We recruited a new sample of typically developing
children and children with combined subtype ADHD from
local school districts. Most children in the ADHD group were
previously diagnosed with ADHD by qualified healthcare
professionals (e.g., registered psychologists, pediatric psychi-
atrists or neurologists, and pediatricians),” whereas the control
group excluded children with a previous diagnosis of ADHD.
The diagnoses were then independently confirmed by
doctorate-level students from the Department of Psychology
clinical program using the Diagnostic Interview for Children
and Adolescents (DICA-IV; Multi-Health Systems Inc.) and
were further supported by parent and teacher ratings on the
Conners-3 short versions (Multi-Health Systems Inc.).We also
assessed 1Q levels as well as the presence of common comor-
bid disorders, including oppositional defiant disorder (ODD),
conduct disorder (CD), generalized anxiety disorder (GAD),
depression, and learning disability. All children performed
two conditions of the T-Maze task (Baker & Holroyd, 2009),
the order of which was counterbalanced across participants: In
a points condition, the feedback stimuli represented abstract
points, and in a money condition, the feedback stimuli indi-
cated that actual money would be awarded to the participants
at the end of the experiment. After every block of trials in the
money condition, children were awarded their accumulated
earnings in Canadian nickels added to a clear glass jar placed
on a desk beside the computer screen. We predicted that the
children with ADHD would exhibit larger reward positivities
in the money condition than in the points condition, irrespec-
tive of condition order, whereas the typically developing
children would show comparably sized reward positivities
across the two conditions.

Method
Participants

Participants 8 to 13 years of age were recruited from three
school districts from and around Victoria by way of newslet-
ters sent home from school, flyers posted on the campus of the
University of Victoria, its surrounding areas, and in the offices

2 We included two children who were not officially diagnosed with
ADHD by qualified health care professionals, as well as two additional
children whose ADHD diagnoses were made by family physicians—
however, the presence of ADHD-combined type in these participants was
confirmed through our own clinical diagnostic interview procedure.

of local pediatricians, and advertisements in local parent mag-
azines. The effect size observed in our previous study
(Cohen’s d = 0.73; Holroyd et al., 2008a) indicated about 108
participants would be needed to attain a statistical power
>95.3 All children were first screened via a phone conversa-
tion with their parents or caregivers; to be included in the
study, all of the children with ADHD were previously diag-
nosed by a qualified healthcare practitioner (e.g., by a regis-
tered psychologist, pediatric psychiatrist, neurologist, or pedi-
atrician; see note 2 for the exceptions). Children who had
neurological or psychiatric disorders other than ADHD and
its associated comorbid disorders as reported by parents or
caregivers were excluded from the study.

After being informed that they would have a total of two or
three appointments, depending on the outcome of the first
session, the families of eligible children were invited to the
first appointment, which took place in our laboratory in a
standard testing room for children and a private interview
room for parents or caregivers. The Wechsler Abbreviated
Scale of Intelligence (WASI; Wechsler, 1999) was adminis-
tered to each child participant to obtain the verbal, perfor-
mance, and full-scale 1Q scores, as well as the reading and
mathematics sections of the Wechsler Individual Achievement
Test-II (WIAT-II; Psychological Corp., 2002), by either an
experienced psychometrician or an advanced graduate student
(minimum master-level assessment training) in the Clinical
Psychology program. In parallel, a doctorate-level graduate
student in the program administered the Diagnostic Interview
for Children and Adolescents (DICA; Reich, 2000) to the
child’s parent(s) or primary caregiver(s). This interview was
audio recorded and the diagnosis was subsequently con-
firmed by a blind interrater. Parents also completed a short
version of the Conners Rating Scale Revised (Multi-Health
Systems Inc.), as well as the Behaviour Rating Inventory of
Executive Function (BRIEF; Gioia, Isquith, Guy, &
Kenworthy, 2000). Finally, the Conners and BRIEF question-
naires designed for teachers were sent home with the parents
during the second session, to be given to and completed by
each child’s teacher. For the purpose of clinical evaluation and
diagnosis, children prescribed with medication were asked to
take it as usual prior to the first session, which lasted approx-
imately 2.5 h.

To be included in the ADHD group, children were required
to meet the Diagnostic and Statistical Manual of Mental
Disorders (DSM-1V) criteria for the ADHD-combined sub-
type from both the primary and secondary raters. Children
prescribed ADHD-related medications were not excluded.
None of the children presenting as typically developing (the
control group) met the criteria for a diagnosis of ADHD or

3 We initially ran approximately 40 participants and analyzed their data
for the purpose of a thesis defense, at which point it was decided to collect
a second wave of participants.
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were on any psychiatric medications; five children in the
control group were excluded due to their Conners behavioral
scores falling in the clinical range (see the Results section,
below). All children were required to have an 1Q above 85.
Children were excluded if they exhibited evidence of (1)
neurological or psychiatric disorders other than ADHD, as
assessed during the initial phone screening or during the
diagnostic interview (e.g., autism, Tourette’s disorder, fetal
alcohol syndrome, or seizure/epilepsy, excluding the comor-
bid disorders associated with ADHD); (2) a history of head
injuries or concussions; or (3) uncorrected visual or hearing
impairments. Because ADHD is a complex, heterogeneous
disorder that often co-occurs with other externalizing and
internalizing disorders (i.e., comorbid disorders), the presence
of the following comorbid disorders was also assessed with
the DICA: ODD, CD, GAD, and a major depressive episode
(MDE) past or present. Learning disorders (LD) were identi-
fied by comparing the math and reading WIAT-II scores
separately with the full-scale WASI 1Q scores; a discrepancy
equal to or larger than two standard deviations (=30) between
the full-scale WASI 1Q scores and the WIAT-II scores was
considered a LD. The comorbid disorders, LD, and ADHD-
related medication status were utilized to control for additional
sources of variance in the data as appropriate for the statistical
analyses. Each family’s socioeconomic status (i.e., gross an-
nual household incomes) was also obtained for the
participants.

During a second session on a different day, children per-
formed a simple reinforcement-based task (the T-maze task)
while ongoing EEG was recorded (Baker & Holroyd, 2009).
They subsequently performed a child-friendly version of the
Iowa Gambling Task (Bechara, Damasio, Damasio, &
Anderson, 1994; Bechara, Tranel, & Damasio, 2000), the
results of which are not reported here. All children diagnosed
with ADHD were required to withdraw from any ADHD-
related medications 24 h prior to this second session (21
children with ADHD were taking stimulant medications, and
two children with ADHD were taking other mediations* for
the disorder). The second session lasted on average 1.5 h. A
subset of these children were later invited back to participate
in a third, final session that involved another reinforcement-
based behavioral task called the probabilistic selection task
(Frank, Seeberger, & O’Reilly, 2004), the results of which are
reported in the supplementary materials, as well as a sequence
of memory-related tasks that will be reported elsewhere
(Talbot & Kerns, in press).

All sessions took place in our laboratories on the University
of Victoria campus. All participants except one completed
each appointment on separate weekends; most children com-
pleted the second appointment within a few months of com-
pleting the first. For each session, parents received $10 CAN

4 Clonidine and Strattera
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compensation for their time and reimbursement for any
parking costs and transportation fees. One family recruited
from outside the greater Victoria area was compensated for
room and board expenses. Children received a small toy
following each session and earned approximately $5 CAN
for their performance on the T-Maze task (see below). Written
assent and consent were provided by the parents and children
prior to participation. The experiment was approved by the
human subjects review board at the University of Victoria and
was conducted in accordance with the ethical standards pre-
scribed in the 1964 Declaration of Helsinki.

Procedure

During the second, ERP session, children were seated com-
fortably in front of a computer monitor in a dimly lit electro-
magnetically shielded room. The T-Maze task requires partic-
ipants to move in a T-shaped “virtual maze” by turning right or
left toward either arm of the maze to find rewards at the end of
the selected arm (Fig. 1; Baker & Holroyd, 2009). At the start
of each block of trials, participants were provided with an
overview of the maze (Fig. 1, top three panels). On every trial,
an initial screen image displayed the maze stem for 1,000 ms
(Fig. 1, lower left panel) followed by a green double arrow at
the end of the alley (Fig. 1, lower left-middle panel) that
served as a prompt for participants to choose which way they
wanted to turn. The arrow was presented until participants
responded by pressing either a left or a right button on a
stimulus—response box (Psychology Software Tools,
Pittsburgh, PA), corresponding to the left and right alleys,
respectively. When a response was made, an image of the
selected alley appeared for 500 ms, followed by an image of
either an apple or an orange for 1,000 ms, together with the
selected alley. Participants engaged in both “money” and
“points” reward conditions of the task, the order of which
was counterbalanced across subjects. In the money condition,
participants were told that a particular fruit (e.g., an apple)
indicated that they had earned a 5-cent reward, whereas a
different fruit image (e.g., an orange) indicated that they had
earned no money on that trial. In the points condition, these
same images indicated 5-point versus 0-point outcomes, con-
sistent with the reward mappings used in the money condition
(e.g., if the orange stimulus represented 5 cents in the money
condition, then it also represented 5 points in the points
condition). The mapping of stimuli across the reward condi-
tions was counterbalanced across participants. Participants
were told to navigate the maze so as to maximize their
reward/points earnings. Unbeknownst to the participants, the
feedback type was delivered at random with 50 % probability.
The feedback image was followed by a blank screen delay for
1,000 ms, and then the next trial began.

Both the points and money conditions of the T-maze task
were composed of four blocks of 50 trials each. Rest periods
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e o A AR R e
Start Alley Choice
1000 ms Button Press

Left Alley
500 ms 1000 ms

Feedback (apple)

Fig. 1 Top: View of the T-maze from above, as seen from three different
angles. Bottom: Example sequence of events and associated timings in
each trial, extending from the left to the right panel. The right panel
depicts an example image of reward feedback (apple). The bottom line

were provided between blocks, the durations of which were
controlled by the participants. During the money condition,
participants’ accumulated winnings were physically provided
to them during the rest period following each block by adding
the money to a clear glass jar placed on a table in front of
them, enabling them to visually see their earnings. Participants
were told that all the money that they earned would be theirs to
take home at the end of the experiment. Participants were not
told about the second condition until the first condition was
completed. All of the participants were encouraged to respond
quickly to keep them engaged in the task, especially if they
showed boredom or frustration.

ERP data acquisition and analysis

During the T-Maze task, participant EEGs were recorded from
19 electrode sites using BrainVision Recorder Software
(Brainproducts, GmbH, Munich, Germany). Signals were ac-
quired using sintered Ag/AgCl ring electrodes mounted in a
fitted nylon cap with a standard 10-20 layout and referenced
to a common ground. The horizontal electrooculogram (EOG)
was recorded from the external canthi of both eyes, and the
vertical EOG was recorded from the suborbit of the right eye
and electrode channel Fp2 for the purpose of artifact correc-
tion. Interelectrode impedances were kept below 15 kQ, and
two electrodes were placed on the right and left mastoids.
During recording all activity was referenced to an overall
average. The EEG data were sampled at a rate of 250 Hz
and amplified by low-noise electrode differential amplifiers

shows stimulus durations; the double arrow remained visible until the
buttonpress. (Note that the double arrow is enlarged here for the purpose
of illustration.)

with a frequency response of DC 0.017-67.5 Hz (90-dB
octave roll-off).

Postprocessing and data visualization were performed
using the Brain Vision Analyzer software (Brainproducts,
GmbH). The EEG data were filtered through a phase-shift-
free Butterworth filter with a passband of 0.10-20 Hz. An
800-ms epoch of data extending from 200 ms prior to
feedback stimulus onset to 600 ms following the stimulus
was extracted from the continuous EEG for analysis. Ocular
artifacts were corrected using the eye movement correction
algorithm described by Gratton, Coles, and Donchin (1983).
The EEG data were re-referenced to linked mastoid electrodes
and baseline corrected by subtracting from each sample the
average activity recorded at that electrode during the 200-ms
interval preceding stimulus onset. Trials with muscular and
other artifacts were discarded when the maximum change in
voltage at any channel exceeded 2001V across each 200 ms,
or 50uV across one sample. The EEG data were then
resegmented by condition (reward or no-reward).

The single-trial EEG time-locked to feedback type (reward
or no reward) was averaged for each electrode and participant,
to create ERPs separately across points and money conditions.
The reward positivity was measured at electrode site FCz,
where it typically reaches maximum amplitude (Holroyd &
Krigolson, 2007; Miltner, Braun, & Coles, 1997). The reward
positivity was extracted for each participant by subtracting the
average ERPs associated with reward from those associated
with no-reward feedback (Holroyd & Coles, 2002; Holroyd &
Krigolson, 2007). Reward positivity amplitude was then de-
termined by averaging the value of the difference wave from
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200 to 400 ms following feedback onset. Values for the “raw”
ERPs were also determined by averaging the ERPs separately
for reward and no-reward feedback trials during the same time
window.

Both ERP and behavioral measures were analyzed using the
Statistical Package for the Social Sciences (SPSS 17.0, IBM,
Armonk, NY). Standard errors of the means are reported along
with the means in all analyses, in parentheses. Cohen’s d was
calculated on the basis of the pooled raw score standard devia-
tions in the denominator for both the paired and unpaired ¢ tests.

Results

Of the 111 participants who completed the ERP session, five
children in the control group were excluded from the final ERP
analysis because of inattention and hyperactivity/impulsiveness
scores on the Conners questionnaire for parents that exceeded
threshold (¢ score > 70), and the data for one participant were
missing, yielding data for a total of 105 participants.

Demographic information

Table 1 presents the participants’ demographic information.
Although the small difference (7 points) on the WASI full-
scale 1Q measure between the typically developing children
and children with ADHD was statistically significant (p = .01),
no significant effects of sex, age, or IQ emerged in the electro-
physiological measures.” The family gross annual household
incomes for the participants (N = 102; 57 control) were coded
on a scale of 1 to 5 (1 = below $20,000, 2 = $20,000—-$40,000,
3 = $40,000-360,000, 4 = 360,000-380,000, and 5 = over
$80,000); the mean incomes were similar between the typically
developing children (4 £ 0.1) and the children with ADHD (3.7
+ 0.2), with close to half the families (N = 45) having over
$80,000 incomes. Diagnoses were confirmed by the Conners
scores reported by parents and caregivers, which revealed inat-
tention levels that were significantly higher for the ADHD group
(82.8 + 1.6) than for the control group (47.6 £ 0.9), #95) =

5 The analyses we conducted were as follows: The continuous variables
(age and 1Q) were separately correlated with the dependent variables
(DVs): overall reward positivity (i.e., the average across the money and
points conditions) and the difference in reward positivity amplitudes
between the two conditions. This enabled us to examine whether age
and IQ correlated with reward positivity amplitude in general or showed
different effects, depending on the condition (e.g., whether higher 1Qs
correlated with a larger reward positivity to points feedback or with larger
reward positivity to money feedback). Because age and 1Q were not
correlated with the DVs, we did not use either of these variables as a
covariate in subsequent statistical analyses. Similarly, for the categorical
variable (sex), a simple univariate analysis of variance was performed on
the overall reward positivity amplitude and on the difference in reward
positivity amplitude between the two conditions. Again, because sex did
not interact with either DV, it was not used as a covariate.
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—20.83, p < .01, and hyperactivity/impulsivity levels that were
significantly higher for the ADHD group (85.3 + 2.5) than for
the control group (49.6 + 1.0), #95) = —14.79, p < .01. These
same measures, as reported by the teachers (80 % return rates),
supported the parental reports: The Conners scores for the
ADHD group (n = 28) were significantly higher than those for
the control group (7 =49) for both inattention (control, 52 + 1.6;
ADHD, 71.7 + 1.4), «75) = -8.36, p < .01, and hyperactivity/
impulsivity (control, 54.4 + 2.3; ADHD, 80.2 + 3.1), «75) =
—6.74, p < .01.We also examined the subset of reports by
teachers who confirmed that the children with ADHD were
not taking ADHD-related medications while in their care, which
yielded comparable results (z = 12) [inattention levels: control,
52 £ 1.6; ADHD, 75.3 + 3.2; #59) = —-6.52, p < .01;
hyperactivity/impulsivity levels: control, 54.4 + 2.3; ADHD,
82.3 £4.0; 1(59) =-5.56, p < .01].

Behavioral performance in the T-maze task

The reaction time (RT) data for the T-maze task were analyzed
for 93 children (54 controls and 39 with ADHD); the data of 12
children were excluded due to missing behavioral data (from
either one or both reward conditions). A three-way mixed-
design analysis of variance (ANOVA) on RTs with Group
(control, ADHD) and Order (money condition first group,
points condition first group) as between-subjects factors, and
Time on Task (Time 1 = task performed first, Time 2 = task
performed second) as a within-subjects factor revealed a main
effect of group, with the control group (683 £ 52 ms) being
significantly faster to respond than the ADHD group (895 +
60 ms), F(1,89)=7.15,p= .01, 77p2 =.07 (Fig. 2). A main effect
of time on task was marginally significant (Time 1, 823 +
41 ms; Time 2, 754 + 48 ms), p = .08. The interaction
of time on task and order was significant, F(1, 89) =
12.19, p < .01, np2 = .12, showing that the money condition
was performed faster than the points condition, irrespective of
condition order. No other effects were significant.

Next, we examined whether participants adjusted their
behavior in response to feedback by comparing RTs when
they failed to receive reward on the immediately preceding
trials with when they received reward. A mixed-design
ANOVA on RTs with Group (control, ADHD) and Feedback
Type on the Previous Trial (reward, no reward) as factors
revealed a significant main effect of group, with the control
group (683 £ 50 ms) performing significantly faster than the
ADHD group (896 + 59 ms), F(1,91)=7.6,p = .01, np2 =.08.
The same analysis on the RT data separately for the money
condition revealed only a significant main effect of group
(control, 633 + 48 ms; ADHD, 800 + 57 ms), F(1, 91) =5,
p = .03, 77p2 = .05 (Fig. 3). For the points condition, the
analysis revealed significant main effects of group (control,
732 £ 64 ms; ADHD, 993 £ 75 ms), F(1,91)=7,p= .01, npz =
.07, and of feedback, such that when participants had failed to
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Table 1 Participant demographic information for typically developing children (controls) and children with attention deficit hyperactivity disorder

(ADHD)
Controls ADHD
Mean SD Range Mean SD Range
n=>58 n=47

Sex (M:F) 35:23 34:13

Age (years) 991 1.57 8-13 10.02 1.65 8-13
n=>56 n=41

FSIQ (standard score) 119 13.14 91-153 113 12.92 83-143

Inattention (¢ score) 47.57 6.59 39-63 82.76 10.03 58-105

Hyperactivity/impulsivity (¢ score) 49.55 7.67 40-69 85.34 15.76 48-116
Number of Participants Number of Participants

Learning disability (Reading:Math) 3:5 4:13

Medication (current) 0 23

ODD 2 30

CD 0

MBDE (both present and past) 2

GAD 1

The full-scale intelligence quotient (FSIQ) is based on the WASI full score. Inattention and hyperactivity/impulsivity scores are based on the Conners
scale. Learning disability was estimated on the basis of the WASI full scale and WIAT-1I scores separately for the reading and math scores (excluding five
children in the control group, who were identified with learning disorders and who were involved in a language immersion or English-as-a-second-
language program at the time of experimental testing). ODD = oppositional defiant disorder, CD = conduct disorder, MDE = major depressive episode

(present and past), GAD = general anxiety disorder

receive points on the previous trial they responded more
slowly on the current trial (900 £ 57 ms) than when they had
received points on the previous trial (825 + 48 ms), F(1,91) =

—a—Cnt M1st

--2-Cnt P1st
ADHD M1st
ADHD P1st

1100

T
900 I
t

RT (ms)

T
700 I TS T{'
!

500
Time2

Time on Task

Fig.2 Reaction times (RTs) for the task that was performed first (Time 1)
and second (Time 2), shown separately for typically developing children
(Cnt, black) and children with attention deficit hyperactivity disorder
(ADHD, gray), which are divided further into children who performed
the money condition first, followed by the points condition (M1st), and
children who performed the points condition first, followed by the money
condition (P1st). The y-axis indicates RT in milliseconds. Cnt M1st =
children in the control group who performed the money condition first;
ADHD M1st = children with ADHD who performed the money condi-
tion first; Cnt P1st = children in the control group who performed the
points condition first; ADHD P1st = children with ADHD who performed
the points condition first. For instance, Time 1 shows RTs for the money
condition for the Cnt M1st group, and for the points condition for the Cnt
P1st group. Error bars indicate standard errors of the means.

Timel

3.8,p=.05, npz = .04. The interaction of group and previous
feedback was not significant.

Electrophysiological results

The reward positivity was maximal at channel FCz for both
the control and ADHD groups, averaged across money and
points conditions and separately for the two conditions (see

RT in response to previous feedback

ADHD M
1100
ADHD P
w —a-CntM
E 900
= & -&-Cnt P
o

700 i----_ ........ —_E

R NR

Previous Reward Feedback

Fig. 3 Reaction times (RTs) on the current trials in response to the
feedback received on the previous trials for the control group (Cnt) and
the attention deficit hyperactivity disorder group (ADHD). ADHD M =
the money condition for the ADHD group; ADHD P = points condition
for the ADHD group; Cnt M = money condition for the control group;
Cnt P = points condition for the control group. The x-axis indicates
whether the previous trial provided reward (R, left) or no reward (NR,
right). Error bars indicate standard errors of the means.

500
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Figs. 4d—f)—except for the points condition for the ADHD
group, in which the component was maximal at channel Cz
but was not statistically different from FCz (p > .05) (Fig. 4f,
right column). Inspection of the ERPs in Fig. 4(a—c) reveals a
sequence of negative, positive, and negative deflections in the
raw ERP occurring at approximately 150, 200, and 300 ms
postfeedback, respectively, consistent with previous observa-
tions of feedback ERPs in this age group (Holroyd, Baker,
et al., 2008a; Lukie, Montazer-Hojat, & Holroyd, in press).
On the basis of our previous study (Holroyd, Baker, et al.,
2008a), our a priori prediction was that reward positivity am-
plitude would be larger in the money condition than in the
points condition for the ADHD group, but not for the control
group. A paired ¢ test revealed that reward positivity amplitude
was significantly larger in the money condition (-5.7 +

-6 (a) Both Conditions
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£ 4 _ADHDR
£ 6 ----CnthR
g —CntR
1o ~—=-ADHDDW
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>
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©
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L 2
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(=)
= 6
8
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=200 -100 0O 100 200 300 400 500 600
time (ms)
Fig. 4 Event-related brain potentials (ERPs) elicited by reward and no-
reward feedback stimuli and associated scalp distributions for the children
with attention deficit hyperactivity disorder (ADHD) and the typically
developing children. Left column: ERPs recorded at channel FCz aver-
aged (a) across the money and points conditions, (b) for the money
condition only, and (c) for the points condition only. Difference waves
are shown in thick black and denoted by ADHD DW and Cnt DW for the
ADHD and control groups, respectively. ADHD NR and ADHD R
correspond to the ERPs for the no-reward and reward conditions,
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(d) Control

(e)

()

0.84V) than in the points condition (3.9 + 0.7 4V) for the
ADHD group, #(46)=-2.6, p=.01, Cohen’s d = 0.36, whereas
reward positivity amplitudes for the control group were sim-
ilar between the two conditions (p = .58), confirming the
prediction. Furthermore, when comparing across groups, re-
ward positivity amplitudes in the money condition were sim-
ilar between groups (p = .4), whereas reward positivity am-
plitudes in the points condition were significantly reduced for
the ADHD group (-3.9 + 0.7 V) as compared to the control
group (6.2 £0.4 V), #103)=-3.0, p <.01, Cohen’s d = 0.58
(Fig. 5). These results confirm that children with ADHD
exhibit reduced reward positivity amplitudes to feedback in-
dicating points, relative to feedback indicating monetary re-
wards, and that the difference in reward positivity amplitudes
between children with ADHD and typically developing

ADHD

300ms

300ms

470 pv 0 pV 4.70 pV 35V 0pv 35V

respectively, for the ADHD group. Cnt NR and Cnt R correspond to the
ERPs for the no-reward and reward conditions, respectively, for the
control group. 0 on the x-axis corresponds to time of feedback onset,
and negative is plotted up by convention. Middle and right columns:
Scalp voltage maps associated with the peak values of the difference
waves at 300 ms following feedback onset (d) across both reward condi-
tions, (e) for the money condition alone, and (f) for the points condition
alone, provided separately for the control (middle column) and ADHD
(right column) groups.
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Fig. 5 Reward positivity amplitudes for the money (solid lines) and
points (dashed lines) conditions for the control (black lines) and the
attention deficit hyperactivity disorder (ADHD; gray lines) groups, mea-
sured at channel FCz. Negative is plotted up by convention. 0 on the x-
axis corresponds to time of feedback onset.

children is mainly due to the smaller reward positivity associ-
ated with points feedback for the children with ADHD.

The results were further analyzed with an exploratory
three-way mixed-design ANOVA on reward positivity ampli-
tude with Group (control, ADHD) and Order (money condi-
tion first group, points condition first group) as between-
subjects factors, and Time on Task (Time 1 = task performed
first, Time 2 = task performed second) as a within-subjects
factor (Fig. 6). The main effects of group (control, —6.4 +
0.51V; ADHD, 4.8 £0.51V), F(1,101)=4.7, p=.03, np2 =
.04, and of time on task (Time 1, 5.1 £ 0.4 V; Time 2, 6.1
0.41V), F(1, 101) = 4.3, p = .04, ,> = .04, were statistically
significant. In addition, the interaction of time on task and
order was significant, F(1, 101)=5.3, p = .02, np2 = .05, and
the three-way interaction of group, order, and time on task was
marginally significant, F(1, 101)=3.3, p = .07, np2 =.03. No
other effects were significant. To explore this three-way inter-
action, we conducted separate mixed-design ANOVAs with
order and time on task for the two groups, revealing only a
marginally significant effect of time on task for the control
group (Time 2 > Time 1, p =.09), and a significant interaction
of order and time on task for the ADHD group, F(1,45)=6.8,
p=.01, np2 = .13. This result indicates that both money and
points feedback stimuli elicited a relatively large reward pos-
itivity in typically developing children, whereas money feed-
back stimuli but not points feedback stimuli, irrespective of
task order, elicited a relatively large reward positivity in
children with ADHD.

For exploratory purposes, we also investigated whether the
“raw” ERPs to the positive and negative reward feedback
were different for the two groups. A mixed-design ANOVA
on the ERP mean amplitudes associated with positive and
negative feedback with Group (control, ADHD) and
Feedback (reward, no reward) as factors, collapsing across
conditions (money, points), revealed a significant main effect

-8.00 i —— Cnt M1st
A ~-4~-Cnt P1st

g e e ADHD M1st
IE -6.00 V ADHD P1st
o= +
o 5,
= = 5.00
] i
5 4.00
o -3.00

-2.00

Timel Time2
Time on Task

Fig. 6 Reward positivity amplitudes evaluated at channel FCz for the
task that was performed first (Time 1) and second (Time 2), separately for
the children with and without attention deficit hyperactivity disorder
(ADHD), for children who performed the money condition first followed
by the points condition (M 1st), and for children who performed the points
condition first followed by the money condition (P1st). The y-axis indi-
cates reward positivity amplitude. Cnt M1st = children in the control
group who performed the money condition first; ADHD M1st = children
with ADHD who performed the money condition first; Cnt Plst =
children in the control group who performed the points condition first;
ADHD Pl1st = children with ADHD who performed the points condition
first. For instance, Time 1 shows the reward positivity amplitude for the
money condition for the Cnt M 1st group, but for the points condition for
the Cnt Plst group. Negative is plotted up by convention. Error bars
indicate standard errors of the means.

of feedback, with the reward feedback ERP (5.7 £ 0.6 V)
being more positive than the no-reward feedback ERP (4.3 +
0.5uV), F(1, 103) = 27.4, p < .01, 77102 = .21, no significant
main effect of group, and a significant interaction of group and
feedback, F(1, 103)=8.5,p<.01, 77p2 =.08 (Fig. 4a). Separate
t tests on the reward and no-reward feedback ERPs (collapsing
across money and points) revealed that the interaction was
driven mainly by the reward feedback ERP, which showed a
trend toward being more positive for the control group (6.8 +
0.8 4V) than for the ADHD group (4.5+0.9uV), #103)=1.9,
p = .06, Cohen’s d = 0.38, as opposed to the no-reward
feedback ERPs, which were similar between groups, p = .5.
We followed up with separate exploratory analyses for the
money and points conditions. A mixed-design ANOVA on
ERP amplitudes in the money condition with Group (control,
ADHD) and Feedback (reward, no reward) as factors (Fig. 4b)
revealed a significant main effect of feedback (reward, 6.0 +
0.6 uV; no reward, 4.5 + 0.6 V), F(1, 103) = 21.5, p < .01,
np2 =.17, no main effect of group, and a marginally significant
interaction of group and feedback (p =.08). The same analysis
for the points condition (Fig. 4c) revealed a significant main
effect of feedback (reward, 5.3 = 0.64V; no reward, 4.1 +
0.5uV), F(1,103)=14.2, p <.01, npz =.12, no main effect of
group, and a significant interaction of group and feedback,
F(1,103)=84,p= .01, 77p2 = .08. Follow-up ¢ tests revealed
that this significant interaction was driven by the reward
feedback ERPs being more positive for the control group
(6.6 £ 0.84V) than for the ADHD group (4.0 = 0.9uV),
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#(103)=2.2, p = .03, Cohen’s d = 0.43, rather than by the no-
reward feedback ERPs. These results indicate that neural
activity associated with receiving reward, but not with failing
to receive one, appeared to drive the group difference, espe-
cially for the points condition.

Correlations between RTs and reward positivity amplitude

We also examined whether reward positivity amplitude cor-
related with RTs within and across groups. RTs and reward
positivity amplitude were inversely correlated across partici-
pants across groups (larger reward positivities were associated
with faster RTs) in the points condition (N = 93, Pearson’s r =
.33, p<.01) but not in the money condition (p > .4). When the
two groups were analyzed separately, the correlation between
RT and reward positivity amplitude in the points condition
remained significant for the control group (V= 54, Pearson’s
r=.33, p=.01) and showed a trend for the ADHD group (N =
39, Pearson’s r = .24, p = .13), indicating that the overall
correlation was not driven entirely by the control group.

Correlations between ADHD symptoms and reward positivity
amplitude

To examine whether variance in ADHD symptomatology was
predictive of reward positivity amplitude, we correlated the
parents’ ratings on the Conners Scales of Inattention and
Hyperactivity/Impulsiveness with reward positivity ampli-
tudes in the money and points conditions. The data of eight
children were excluded from this analysis: The Conners scores
from two children were missing (one control), and scores from
six children (one control) yielded “probably invalid” positive
or negative impressions (indicating that parental/caregiver
reports of their children’s behavior were extremely skewed
relative to normal). Therefore, a total of 97 children (56
control) were included in this correlation analysis.
Inattention and hyperactivity/impulsivity scores were signifi-
cantly positively correlated with each other (Pearson’s »=.79,
p < .01) and with reward positivity amplitude in the points
condition (inattention, Pearson’s r = .21, p = .04;
hyperactivity/impulsivity, Pearson’s » = .29, p <.01), but not
in the money condition, indicating that higher inattention and
hyperactivity/impulsivity levels are associated with reduced
reward positivity amplitudes to points feedback. To explore
these results further, for each participant we computed the
difference in reward positivity amplitudes between the money
and points conditions, yielding a measure of the relative
difference in reward positivity amplitudes across conditions,
and correlated this measure with ADHD symptom levels
(Fig. 7). This analysis revealed that whereas the inattention
scores were not correlated with the difference in reward pos-
itivity amplitude across conditions (p = .14), the hyperactivity/
impulsivity scores were negatively correlated with the
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difference in reward positivity amplitude (Pearson’s r =
—23, p = .03): Higher hyperactivity/impulsivity levels were
associated with larger (more negative) reward positivity am-
plitudes in the money condition than in the points condition.
When restricted to the data of children with ADHD, the
correlations of the hyperactivity/impulsivity scores with re-
ward positivity amplitude in the points condition (Pearson’s
r=.29, p =.07) and with the difference in reward positivity
amplitudes between the money and points conditions
(Pearson’s r = —.24, p = .14) were marginally statistically
significant, indicating that the correlations were not entirely
driven by the overall group difference. These results are in line
with the previous finding that the group difference in reward
positivity amplitudes was driven by the points condition, but
not by the money condition.

Medication status, ODD, and LD effects on reward positivity
amplitude

We checked whether the group difference observed in reward
positivity amplitudes was due to the medication status of the
ADHD group. Out of the 47 children diagnosed with ADHD,
18 reported never having taken medications for their diagnosis
(never-medicated group), 23 reported being currently on med-
ications (medicated group), and six reported a history of
taking ADHD-related medications. Separate ¢ tests on overall
reward positivity amplitudes (collapsing across the money and
points conditions), reward positivity amplitude in the money
condition, and reward positivity amplitude in the points con-
dition for the medicated versus the never-medicated groups
revealed no significant effects of medication.

A comparable analysis of the effect of ODD diagnosis on
reward positivity amplitudes for the children with ADHD (17
children not diagnosed with ODD vs. 30 diagnosed; only two
children in the control group were diagnosed with ODD)
revealed no significant effect of ODD diagnosis on overall
reward positivity amplitude, reward positivity amplitude in
the money condition, or reward positivity amplitude in the
points condition.

We also found a significant effect of reading LD on overall
reward positivity amplitude, such that the reward positivity
amplitude was reduced in children with reading LD (n =7) as
compared to children without reading LD (n = 98) (p = .05).
Note, however, that we also found an interaction between
reading LD and group, indicating that the reduction in reward
positivity amplitude associated with reading LD for the
ADHD group was unlikely to be due only to LD. Because
the sample sizes of the children with reading LDs in this study
were very small (three children with ADHD and four typically
developing children), the possible impact of reading LD on
the reward positivity awaits further research. Nevertheless, as
a check we reanalyzed our a priori predictions excluding the
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Fig. 7 Correlations between the inattention (left panel) and hyperactiv-
ity/impulsivity (right panel) scores, as measured by the Conners behav-
ioral rating index for parents and the difference in reward positivity
amplitudes measured at channel FCz between the money and points
conditions. More-negative values on the y-axis indicate that the reward

data of these seven children, and the findings remained statis-
tically significant (p <.05).

Discussion

We have recently proposed that the ACC functions to moti-
vate sequences of goal-directed actions (Holroyd & Yeung,
2012). This theory, which is supported by a wealth of neuro-
imaging, neurophysiological, and lesion data in both humans
and nonhuman animals (Holroyd & McClure, 2014; Holroyd
& Yeung, 2012), is based on the proposal that a neural mech-
anism for task selection learns task values according to the
principles of HRL (Botvinick et al., 2009). By this view, ACC
determines task values on the basis of reward signals carried
there by the midbrain dopamine system (Holroyd & Coles,
2002; Holroyd & Yeung, 2012), selects tasks on the basis of
these learned values, and directs DLPFC to apply the appro-
priate level of top-down control needed to support the desired
level of performance (Umemoto & Holroyd, 2014). This
theoretical framework holds ACC responsible for executing
extended behaviors such as whether and how enthusiastically
a participant decides to take part in a psychology experiment
(Holroyd & Yeung, 2012). Consistent with this proposal,
substantial empirical evidence (Bush, 2009, 2011; but see also
Nigg & Casey, 2005; Sonuga-Barke, 2002, 2003) and the
results of computational simulations (Cockburn & Holroyd,
2010; Silvetti et al., 2013) suggest that impairments related to
control, motivation, and reinforcement learning in ADHD
result partly from disruption of the ACC-DA system. These
observations converge on a suggestion that studies of the
reward positivity, a putative index of the reinforcement learn-
ing function mediated by the ACC-DA interface (Holroyd &
Coles, 2002; Walsh & Anderson, 2012; but see J. M. Carlson
et al., 2011; Foti et al., 2011), can provide insight into the

positivity to money was larger (more negative) than that to points,
whereas more-positive values indicate that the reward positivity to points
was larger than that to money. The black squares represent the data of the
typically developing children, and shaded circles represent the data of the
children with attention deficit hyperactivity disorder (ADHD).

deficits in motivational control associated with childhood
ADHD.

Here we found that when the reward positivity was aver-
aged across reward conditions, the reward positivity ampli-
tude for children with ADHD was smaller than that for typi-
cally developing children, which in that age group is compa-
rable to that for adults (Lukie et al., in press). Furthermore,
consistent with our predictions, when averaged separately
according to the money and points conditions, the sizes of
reward positivity were comparable between the two reward
conditions for the control group, whereas the reward positivity
amplitude in the points condition was significantly smaller
than that in the money condition for the ADHD group (al-
though the interaction between group and condition was not
statistically significant). Furthermore, the sizes of the reward
positivity in the money condition were also comparable be-
tween groups, whereas the reward positivity amplitude in the
points condition was significantly reduced for the ADHD
group relative to the control group. These results were unre-
lated to the participants’ IQ levels, current medication status,
presence of comorbid disorders (i.e., ODD), or learning dis-
abilities. Furthermore, reward positivity amplitude was posi-
tively correlated with parent and caregiver ratings of both
inattention and hyperactivity/impulsivity levels for the points
condition, but not for the money condition, suggesting that
increasing severity of ADHD symptoms are associated with
decreased sensitivity to the acquisition of points.

These results indicate that—whereas both abstract,
nonsalient rewards, such as feedback indicating points, and
motivationally salient rewards, such as feedback indicating
monetary gains, elicit a relatively large reward positivity in
typically developing children—only salient rewards, but not
abstract rewards, elicit a relatively large reward positivity in
children with ADHD. In our previous study, we concluded
that children with ADHD are more sensitive to salient than to
abstract rewards (Holroyd et al., 2008a). Our present results
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corroborate the previous findings and further indicate that the
salient rewards “normalize” a relative insensitivity to abstract
rewards (since the latter rather than the former was what
actually differed between groups). That said, we emphasize
that we have only investigated two points along the subjective
value functions for the two groups (e.g., Trepel, Fox, &
Poldrack, 2005), and it remains possible that especially prized
rewards (such as an exciting toy) could elicit even larger
reward positivities in children with ADHD relative to typi-
cally developing children. Such flexibility in reward valua-
tions is suggested by their sometimes elevated behavioral
sensitivity to rewards, since the motivational effect of rein-
forcement is larger for children with ADHD than for typically
developing children (C. L. Carlson & Tamm, 2000; Luman,
Oosterlaan, & Sergeant, 2005; Mclnerney & Kerns, 2003).
Social approval also appears to be a more salient reinforcer for
children with ADHD than for typically developing children
(e.g., Kohls et al., 2009), although not always (Demurie,
Roeyers, Baeyens, & Sonuga-Barke, 2011).

Such flexibility in reward valuation also appears to be at
play in special populations of adults. For example, the reward
positivity amplitude elicited by monetary reward is reduced in
substance-dependent individuals relative to controls (Baker,
Stockwell, Barnes, Haesevoets, & Holroyd, 2014; Baker,
Stockwell, Barnes, & Holroyd, 2011), and this insensitivity
is normalized by feedback stimuli indicating acquisition of
drug rewards (viz. cigarette puffs; Wood, Baker, & Holroyd,
2013). Problem gamblers in a guessing task also produce
especially large reward positivities to feedback indicating
monetary gains, which presumably for them is relatively
potent (Hewig et al., 2010). Likewise, high temporal dis-
counters produce larger reward positivities to immediate re-
wards than do low temporal discounters (Cherniawsky &
Holroyd, 2013).

The terms “abstract,” “salient,” “motivation,” and so on are
themselves imprecise and are sources of confusion. For ex-
ample, it might be suggested that monetary rewards are more
“immediate” than points rewards, rather than more salient per
se. Arguing against this possibility, participants saw abstract
feedback stimuli at the time of reward presentation (i.c.,
images of an apple and an orange) in both of the reward
conditions. The monetary rewards were indeed more imme-
diate than points feedback, since physical coins were present-
ed to the participant following each block of trials in the
former case, but not in the latter. However, the points feedback
also elicited a reward positivity (albeit reduced in size), de-
spite the fact that the children understood that no physical
winnings would ever actually be delivered. In our view, the
terms “abstract” and “salient” characterize this dimension of
the feedback stimuli more accurately than do “immediate” and
“delayed.”

As well, the fact that children with ADHD responded more
strongly to salient rewards is also compatible with the idea that
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children with ADHD need more reinforcement than do con-
trols to achieve equivalent levels of performance (Slusarek,
Velling, Bunk, & Eggers, 2001; cf. Demurie et al., 2011). We
suggest that the larger reward positivity to monetary rewards
reflects the role of ACC in “motivating” performance. Larger
reward positivity amplitudes were also associated with faster
RTs, but only in the points condition (because reward positiv-
ity amplitudes were uniformly large across participants in the
money condition). These observations suggest a common
process underlying both fast responses and large reward pos-
itivities during high task engagement: For the less-motivated
participants, the slow responses and smaller reward positivi-
ties in the points condition were normalized by the motivating
effect of monetary rewards in the money condition. Although
other accounts are possible, our suggestion is in line with the
fact that the children with ADHD were slower to respond
overall than were the typically developing children, consistent
with previous reports (Leth-Steensen, King Elbaz, & Douglas,
2000) and with observations that performance incentives can
decrease RTs in this population (e.g., Andreou et al., 2007;
Kuntsi, Wood, Van Der Meere, & Asherson, 2009).

As we discussed in the introduction, several neurobiological
theories of ADHD have proposed that the motivational deficits
associated with the disorder stem from underlying disruption to
DA system function. In particular, Cockburn and Holroyd (2010)
compared the predictions of several theories by systematically
manipulating the sizes of the positive and negative phasic DA
signals in a computational simulation to evaluate the effects of
disrupted DA processing on reinforcement learning. Their sim-
ulations suggested that, relative to that of typically developing
children, the reinforcement system in children with ADHD
responds disproportionately more strongly to rewards than to
nonrewards® (though both signals may be either larger or smaller,
relative to those of typically developing children). We also
explored this prediction by separately averaging the ERPs to
reward and no-reward feedback and found that whereas the
ERP responses to no reward were relatively constant across
groups, the ERP responses to positive outcomes were strongly
modulated by the saliency of the reward for children with
ADHD: Abstract rewards such as points generated a relatively
weak neural response, and salient rewards such as money
normalized this outcome, producing a stronger response. This
observation seems to counter the prediction of Cockburn and
Holroyd (2010), which was that the positive reward signal should
be larger for children with ADHD than for typically developing
children when—as occurred in the present experiment—the
negative reward signal is the same size across groups.

© Tentative support for this proposal is provided by an analysis of the
probabilistic selection task results (see the supplementary online mate-
rials), which suggests that more children with ADHD exhibited a bias to
learning from positive feedback than a bias to learning from negative
feedback, whereas the typically developing children were about equally
divided between positive and negative learners.



Cogn Affect Behav Neurosci (2014) 14:698-714

711

However, in line with our discussion above, it is also possible
that the rewards in that study sampled an even more valuable part
of the value function for both groups. We speculate that espe-
cially rewarding outcomes, like a desirable toy, could increase the
amplitude of the reward positivity even further. In this case, the
difference between positive and negative feedback would be
larger for the children with ADHD than for the typically devel-
oping children.

It is also likely that other mechanisms besides reward
processing are involved in the underlying dysfunction of
ADHD. For example, the dual-pathway model holds that at
least two independent, DA-related neural pathways contribute
to the disorder (Sonuga-Barke, 2002, 2003), and an integra-
tive theory involving multiple neural pathways emphasizes
PFC dysregulation (Nigg & Casey, 2005). Although the pres-
ent study does not directly speak to other pathways involved,
future research should consider the neural mechanisms under-
lying different ADHD subtypes (i.e., inattentive, hyperactive/
impulsive, and combined), which appear to constitute separate
disorders with distinct impairments (e.g., Barkley, 1997;
Milich, Balentine, & Lynam, 2001).

Our present results are generally consistent with the find-
ings of our previous study (Holroyd et al., 2008a). In that study,
children performed the same simple pseudo-reinforcement-
learning task utilized here, wherein they navigated through a
virtual maze to find monetary rewards. But unlike our present
study, in which the conditions were counterbalanced, in the
previous study the accumulated monetary rewards were
placed conspicuously on the table midway through the exper-
iment for all of the participants. Children with ADHD showed
a statistically significant increase in reward positivity ampli-
tude following the midway monetary payment, whereas typ-
ically developing children showed a nonsignificant decrease
in reward positivity amplitude, resulting in a significant inter-
action of group and time (before vs. after the midway
payment).

Nevertheless, this finding was qualified by the fact that it
was not predicted a priori, increasing the probability that it
was a statistical fluke. In the present study, we addressed this
concern by replicating the finding, and further improved on
the previous study design in several ways. First, we manipu-
lated the saliency of the rewards such that all of the children
performed the task in two counterbalanced conditions that
differed in reward saliency: In the “points” condition, the
reward feedback indicated a gain of 5 points and no-reward
feedback 0 points, whereas in the “money” condition, the
reward feedback indicated a gain of 5 cents and no-reward
feedback O cents. Second, we conducted independent diag-
nostic interviews to confirm the diagnosis of ADHD for
children with the disorder, both to exclude children from the
control group who might have had the disorder and to assess
the presence of common comorbid disorders such as ODD
and CD. Finally, for all of the children we assessed the severity

of ADHD-related symptoms, learning disabilities, and IQ
levels. In contrast to the previous results, however, the typi-
cally developing children in the present study showed an
increased reward positivity amplitude in the second half of
the experiment relative to the first half of the experiment,
irrespective of the order of the reward conditions. This dis-
crepancy may have been due to the small sample size of the
control group in the previous study (N = 14) as compared to
the present study (V = 58), or perhaps to the length of the
experiment, which was twice as long in the present as in the
previous study. This discrepancy would need to be examined
in future investigations.

Our results are generally consistent with the existing liter-
ature on altered midbrain DA function (Levy, 1991; Luman
et al., 2005; Luman et al., 2010; Swanson et al., 2000;
Swanson et al., 2007; see Tripp & Wickens, 2009, for a
review), atypical ACC structure and function (Bush, 2009,
2011), and abnormal behavioral sensitivity to rewards (C. L.
Carlson & Tamm, 2000; Luman et al., 2005; Mclnemey &
Kerns, 2003) in children with ADHD as compared to typically
developing children. The findings dovetail with previous re-
search showing that motivationally salient rewards can nor-
malize the impaired cognitive functions associated with
ADHD (Dovis et al., 2012; Kohls et al., 2009; Konrad et al.,
2000; Rubia et al., 2009; Shiels et al., 2008), and with the
proposal that ACC is responsible for motivating task selection
and execution (Holroyd & Yeung, 2012). According to this
view, an impaired ability to learn and use task values for
motivating task-relevant behaviors due to disruption of the
ACC-DA interface, as suggested by the abnormal reward
positivity, may underlie the motivational and control deficits
observed in childhood ADHD (Bush, 2009; Silvetti et al.,
2013).
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