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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is characterized by deficits in impulse control
across a range of behaviors, from simple actions to those involving complex decision-making (e.g.,
preference for smaller-sooner versus larger later rewards). This study investigated whether changes
in motor response control with increased cognitive load and motivational contingencies are
associated with decision-making in the form of delay discounting among 8-12 year old children
with and without ADHD. Children with ADHD (n = 26; 8 girls) and typically developing controls
(n =40; 11 girls) completed a standard go/no-go (GNG) task, a GNG task with motivational
contingencies, a GNG task with increased cognitive load, and two measures of delay discounting:
a real-time task in which the delays and immediately consumable rewards are experienced in real-
time, and a classic task involving choices about money at longer delays. Children with ADHD,
particularly girls, exhibited greater delay discounting than controls during the real-time
discounting task, whereas diagnostic groups did not significantly differ on the classic discounting
task. The effect of cognitive load on response control was uniquely associated with greater
discounting on the real-time task for children with ADHD, but not for control children. The effect
of mativational contingencies on response control was not significantly associated with delay
discounting for either diagnostic group. The findings from this study help to inform our
understanding of the factors that influence deficient self-control in ADHD, suggesting that
impairments in cognitive control may contribute to greater delay discounting in ADHD.
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Attention-deficit/hyperactivity disorder (ADHD) is the most common psychiatric disorder of
childhood, affecting approximately 4-12% of school-age children (American Psychiatric
Association, 2013; Getahun et al., 2013). Individuals with ADHD present with
developmentally inappropriate levels of inattention, hyperactivity, and impulsivity, which
can be associated with detrimental functional impairment both academically and socially
(American Psychiatric Association, 2013). ADHD is characterized by deficits in impulse
control across a range of behaviors, from simple actions (see review by Willcutt, Doyle,
Nigg, Faraone, & Pennington, 2005; e.g., Wodka et al., 2007) to those involving complex
decision-making (e.g., preference for smaller-sooner versus larger-later rewards) (see meta-
analysis by Patros, Alderson, Kasper, et al., 2015; e.g., Rosch & Mostofsky, 2016). Early
etiological models posited that a central core deficit in response inhibition underlies the
executive function deficits and behavioral symptoms characteristic of ADHD (Barkley,
1997), while others have emphasized the role of atypical motivation, reinforcement
sensitivity, and steeper delay discounting (Johansen, Aase, Meyer, & Sagvolden, 2002;
Luman, Tripp, & Scheres, 2010; Sagvolden, Johansen, Aase, & Russell, 2005), and the
interaction between cognitive deficits and atypical motivation (Castellanos, Sonuga-Barke,
Milham, & Tannock, 2006; Sonuga-Barke, 2005).

Impulsive decision-making, defined as a preference for smaller-sooner rewards over larger-
delayed rewards, is prominent in multifactorial models of ADHD (Sonuga-Barke, 2002,
2003) and etiological theories emphasizing altered reinforcement sensitivity (see review by
Luman et al., 2010). In the ADHD literature, impulsive decision-making is typically
assessed with delay of gratification tasks, involving repeated choices between a fixed
smaller-sooner reward and a fixed larger-later reward with the dependent variable as the
number of choices made for the immediate or delayed option. Fewer studies have used delay
discounting tasks, designed to identify the point along a continuum of delays at which the
value of immediate and delayed rewards is roughly the same through the use of varying
delays and reward amounts. A recent meta-analysis reported comparable effect sizes have
been obtained from delay of gratification (g=.47) and delay discounting (g=.50) studies of
individuals with ADHD (Patros, Alderson, Kasper, et al., 2015). However, there have been
inconsistent findings across studies, likely due in part to variability in characteristics of the
task. Specifically, delay discounting is influenced by reward magnitude (Myerson & Green,
1995), delay length, type of reward (e.g., monetary versus non-monetary) (Chapman &
Elstein, 1995; Demurie, Roeyers, Baeyens, & Sonuga-Barke, 2013; Friedel, DeHart,
Madden, & Odum, 2014; Killeen, 2015), and whether the rewards are immediately
consumable (e.g., food versus money) (Forzano, Michels, Sorama, Etopio, & English, 2014).
We recently found ADHD-associated increases in delay discounting to be specific to girls
and specific to a novel real-time discounting task involving immediately consumable
rewards, but not a classic monetary discounting task, suggesting that inconsistent findings
across studies may also be due to task differences or individual characteristics such as sex
(Rosch & Mostofsky, 2016). Thus, the current study examined delay discounting with two

J Abnorm Child Psychol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinelli et al.

Page 3

tasks: a commonly used classic discounting task involving monetary rewards and longer
delays to permit comparisons to the existing literature and a novel real-time discounting task
involving immediately consumable rewards (playing a preferred game) delivered at shorter
delays, which may provide a more valid assessment of decision-making in children.

Delay discounting is often discussed as reflecting atypical motivation or response to reward
in the ADHD literature, but there is strong evidence from the computational and cognitive
neuroscience literatures that delay discounting involves the interaction of neural mechanisms
underlying reward processing and cognitive control. Specifically, basal-ganglia-frontal
circuits are believed to contribute to reward-based decision-making (Frank & Claus, 2006;
Frank, Scheres, & Sherman, 2007), including valuation circuits in ventromedial prefrontal
cortex and striatum and choice circuits in lateral prefrontal cortex and parietal cortex (Kable
& Glimcher, 2009). The extent to which an individual engages in delay discounting may
reflect interindividual variability in the neural mechanisms underlying delay discounting,
including reward valuation, cognitive control, and prospection (see review by Peters &
Buchel, 2011). Despite the growing evidence that delay discounting involves multiple
interacting brain systems related to self-referential, executive, and reinforcement processes
(Sonuga-Barke, Cortese, Fairchild, & Stringaris, 2015), the mechanisms of delay
discounting in ADHD are poorly understood. The prevailing models suggest that the
behavioral preference for immediate rewards observed in individuals with ADHD may be
related to an atypical response to reward, deficient cognitive control, or both. Evidence of
distinct neuropsychological profiles within ADHD (van Hulst, de Zeeuw, & Durston, 2015)
suggests that greater delay discounting often observed in individuals with ADHD may be
due to executive dysfunction (Nigg, Willcutt, Doyle, & Sonuga-Barke, 2005; Willcutt et al.,
2005), such that diminished cognitive control leads to difficulty delaying gratification, or an
atypical response to reinforcement (Luman, Oosterlaan, & Sergeant, 2005; Luman et al.,
2010) resulting in differential valuation of immediate and delayed rewards.

One approach to improving our understanding of delay discounting in relation to ADHD is
to examine how it relates to other forms of impulse control implicated in ADHD, such as
control of rapid responses rather than more deliberative decision-making processes (Patros,
Alderson, Kasper, et al., 2015). Among adults with ADHD, weaker response control
assessed during a stop signal task was strongly correlated with greater delay discounting
(Crunelle, Veltman, van Emmerik-van Oortmerssen, Booij, & van den Brink, 2013). Among
children with ADHD, Solanto et al. (2001) found that delay of gratification was uncorrelated
with response control (during a stop signal task) among children with and without ADHD,
whereas other studies have found significant relationships between delay of gratification,
working memory, and response control (Karalunas & Huang-Pollock, 2011; Patros,
Alderson, Lea, et al., 2015; Sjowall, Roth, Lindgvist, & Thorell, 2013; Sonuga-Barke,
Bitsakou, & Thompson, 2010). None of these studies involving children with ADHD
examined the relationship between response control and delay discounting, although similar
relationships may be expected.

Consistent with the multi-pathway conceptualization of ADHD, there has been growing
interest in the impact of cognitive and motivational factors on response control. For instance,
some studies have demonstrated that increased cognitive load impacts response control in
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children with and without ADHD (Vaurio, Simmonds, & Mostofsky, 2009; Wodka et al.,
2007). We recently expanded upon these initial findings, which were conducted in primarily
male ADHD samples, to include a large sample of boys and girls with ADHD to evaluate
potential sex differences in response control (Seymour, Mostofsky, & Rosch, 2016). The
results of this study suggest that increasing cognitive load differentially impacted response
control for girls, but not boys, with ADHD compared to typically developing control
children. Specifically, girls with ADHD demonstrated poorer response control only under
conditions of greater cognitive load, whereas response control was impaired among boys
with ADHD regardless of cognitive load (Seymour et al., 2016).

There is also a large literature demonstrating improvement in cognitive task performance
with motivational contingencies (i.e., reinforcement and punishment) (e.g., Bubnik, Hawk,
Pelham, Waxmonsky, & Rosch, 2015; see review by Luman et al., 2005; e.g., Shiels et al.,
2008; Strand et al., 2012), including measures of response control (Rosch et al., 2016).
Another recent study from our laboratory expanded upon this work by including a large
sample of boys and girls to address potential ADHD-related sex differences in the effect of
motivational contingencies on cognitive task performance (Rosch, Dirlikov, & Mostofsky,
2015). This study showed that boys with ADHD showed similar improvements in response
control with motivational contingencies as did control boys and girls, whereas girls with
ADHD did not show this improvement (Rosch et al., 2015).

Altogether, these studies suggest that individuals with ADHD tend to display greater delay
discounting and that motivational contingencies and cognitive load differentially impact
response control in children with ADHD. Furthermore, recent evidence suggests that girls
and boys with ADHD differ in their degree of delay discounting and the extent to which
motivational contingencies and cognitive load impact response control. Examination of the
relationship between increased delay discounting and changes in response control with
motivational contingencies (Rosch et al., 2015) and cognitive load (Seymour et al., 2016)
may elucidate the cognitive and motivational processes underlying delay discounting in
ADHD (Rosch & Mostofsky, 2016) and inform our understanding of ADHD-related sex
differences.

This study investigated whether changes in response control with cognitive load and
motivational contingencies demonstrated in our previous studies are associated with delay
discounting among children with and without ADHD. We included participants from our
previous studies who had completed multiple go/no-go (GNG) tasks (standard, complex, and
motivational; Rosch et al., 2015; Seymour et al., 2016), as well as the real-time and classic
delay discounting tasks (Rosch & Mostofsky, 2016) in order to examine whether and how
the separate findings of (a) poorer response control with increased cognitive load (Seymour
et al., 2016), (b) diminished benefits of motivational contingencies (Rosch et al., 2015), and
(c) greater delay discounting in children with ADHD (Rosch & Mostofsky, 2016), are
related. This study is novel in its integration of previous findings from our previous study
examining delay discounting (Rosch & Mostofsky, 2016) with the same tasks included in the
current study and several prior studies characterizing response control using the various
go/no-go tasks examined here (Rosch et al., 2015; Seymour et al., 2016; Vaurio et al., 2009;
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Wodka et al., 2007) to improve our understanding how cognitive and motivational effects on
response control relate to delay discounting in children with ADHD.

Our specific hypotheses are as follows: (1) Poorer response control with increasing cognitive
load will be associated with greater delay discounting, (2) a lack of improvement in response
control with performance-based motivational contingencies will be associated with greater
delay discounting, and (3) these relationships will be specific to children with ADHD,
although we plan to examine them in control children as well.

Methods

Participants

Analyses were conducted on a sample of 66 8-12 year-old children including 26 children
with ADHD combined-type (ADHD-C; 8 girls) and 40 control children (11 girls). For the
current analyses, we restricted inclusion to children with the combined subtype of ADHD
given the theoretical and empirical emphasis on hyperactive/impulsive symptoms in relation
to delay discounting and atypical motivation (Sagvolden et al., 2005; Scheres & Hamaker,
2010; Scheres, Lee, & Sumiya, 2008).l 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 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.

An initial screening was conducted through a telephone interview with a parent. Children
with a history of intellectual disability, learning disability, seizures, traumatic brain injury or
other neurological illnesses were excluded from participation. Intellectual ability was
assessed using the Wechsler Intelligence Scale for Children, Fourth Edition (WISC-1V;
Wechsler, 2003) and participants with 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 (WIAT-II;
Wechsler, 2002) to further screen for a reading disorder and were excluded if their Word
Reading scores fell below a standard score of 85.

Diagnostic status was established through administration of the Diagnostic Interview for
Children and Adolescents, Fourth Edition (DICA-IV; Reich, Welner, & Herjanic, 1997),2
which follows DSM-IV criteria for all disorders (American Psychiatric Association, 1994).
Children meeting criteria for diagnosis of conduct, mood, generalized anxiety, separation
anxiety or obsessive—compulsive disorders on DICA-IV interview were excluded. A
comorbid diagnosis of oppositional defiant disorder (ODD) was permitted to obtain a more

Lafter selecting for all other inclusionary criteria, only one participant met for the hyperactive/impulsive subtype of ADHD. This
Earticipant was excluded in an effort to create a more uniform sample and avoid potential diagnostic confounds.

Data for the current study was collected as a part of a larger laboratory study, which recently transitioned from using the DICA-1V to
the Kiddie Schedule for Affective Disorders and Schizophrenia for School Aged Children Present Lifetime version (KSADS-PL;
Kaufman et al., 2013). Among the subset of participants selected for inclusion in the present study, one had been assessed for
diagnostic status using the KSADS-PL. All other participants (/7= 65) were diagnosed using the DICA-IV.
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representative sample given the high co-occurrence of ODD and ADHD (e.g., rates between
30-50%; Jensen et al., 2001) as often done in studies of children with ADHD (e.g., Coghill,
Seth, & Matthews, 2013; Gupta & Kar, 2009; Marco et al., 2009; Scheres et al., 2006;
Sjowall et al., 2013; Solanto et al., 2007; Sonuga-Barke et al., 2010; Wilson, Mitchell,
Musser, Schmitt, & Nigg, 2011). We chose not to permit comorbid internalizing
psychopathology such as anxiety and depression to maintain a sample with externalizing
psychopathology, which is broadly associated with greater delay discounting (Bobova, Finn,
Rickert, & Lucas, 2009). Parents and teachers (when available) also completed the Conners’
Parent and Teacher Rating Scales-Revised Long Version or the Conners-3 (CPRS and
CTRS; Conners, 2002, 2008) and the ADHD Rating Scale-1V, home and school versions
(ADHD-RS; DuPaul, Power, Anastopoulos, & Reid, 1998). Although teacher report was not
always available, we obtained information from the parent about the child’s symptoms and
functioning at school during the diagnostic interview.

An ADHD diagnosis was established based on the following 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. This information was then reviewed and the diagnosis was confirmed by a child
neurologist (S.H.M.) based on DSM-IV criteria. Children taking psychotropic medications
other than stimulants were excluded from 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 (Rosch et al., 2015; Rosch &
Mostofsky, 2016; Seymour et al., 2016). Fifteen participants within the ADHD group (58%)
were regularly taking a stimulant medication, 10 of which were taking long-acting
formulations.

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-IV nor could
they have history of neurological disorder, learning disability, or be taking any psychotropic
medication. They were also required to have an FSIQ of at least 80 on the WISC-IV and a
score of at least 85 on the WIAT-11 word reading subtest. Children included in the control
group also could not have an immediate family member diagnosed with ADHD. Participants
were enrolled in at least one of several ongoing studies in our lab. These studies involve at
least two full days of testing (7 hours each day) on a large battery of tasks and neuroimaging
measures. Given the overlap in task batteries across studies, participants were often enrolled
in additional studies, sometimes returning for a third visit, permitting additional data
collection for certain tasks. The sample examined in this study largely overlapped with three
prior publications comparing the performance of girls and boys with ADHD to same-sex
control children on delay discounting (88% of the current sample also included in Rosch &
Mostofsky, 2016), the effects of cognitive load on GNG performance (29% included in
Seymour et al., 2016), and the effects of motivational contingencies on GNG performance
(84% included in Rosch et al., 2015).
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The current analyses included participants who completed two delay discounting tasks and
three computer-based GNG paradigms: a standard GNG, a complex GNG with increased
cognitive load, and a motivational GNG with performance-based motivational contingencies
(Mostofsky et al., 2003; Shiels Rosch, Dirlikov, & Mostofsky, 2013; Vaurio et al., 2009;
Wodka et al., 2007). The standard GNG task was always administered before delay
discounting tasks and other GNG tasks. Complex GNG, motivational GNG, and delay
discounting tasks were not formally counterbalanced, however, there was variability in the
order of administration in this sample depending on the random assignment of participants
to the different studies. All participants completed the delay discounting tasks on the same
day and the vast majority completed the emotional and complex GNG tasks on the same day
as the discounting tasks (88% and 86%, respectively) whereas the simple GNG task was
completed on a different testing day for all but four participants (two per diagnostic group).

Classic Discounting Task—Participants completed a computer-based delay discounting
task involving 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) (Rosch & Mostofsky, 2016;
Wilson et al., 2011). Participants were instructed to indicate whether they preferred the
immediate or delayed option using a computer mouse. They were also told that some of the
choices were real and they would actually receive the amount of money at the specified
delay that they chose for some of the items in the form of gift cards or prizes (two choices
semi-randomly selected). This task took 10-15 minutes to complete.

Real-Time Discounting Task—The real-time delay discounting task involved
immediately consumable rewards and variable reward and delay amounts (Rosch &
Mostofsky, 2016). During this task, participants made nine choices between getting to play a
preferred game for a shorter amount of time (either 15, 30, or 45 seconds) immediately or
for a fixed longer amount of time (60 seconds) after waiting (either 25, 50, or 100 seconds).
Once the participant made a choice, they experienced the delays and rewards associated with
that choice in real-time prior to making their next choice. The trial duration was held
constant at 160 seconds (i.e., the length of the longest possible trial when the child chooses
to wait 100 seconds to play for 60 seconds) regardless of the child’s choice by imposing an
adjusting post-reward delay. Participants could bring their own game and were offered
several game options (handheld video game, coloring, Legos, etc.) to maximize the
rewarding value for each individual. Their preferred game was placed in a clear box in front
of them when they made their choices and while waiting to play. This task involved two
practice choices, during which participants experienced both the immediate and delayed
options, followed by nine test choices and took 40 minutes to complete. The immediate
reward values were presented in ascending order within each delay and the order of the
delays was fully counterbalanced across subjects.

Standard GNG task—Task stimuli consisted of green spaceships for go trials and red
spaceships for no-go trials (20% of trials) presented for 300 ms with an interstimulus
interval of 2000 ms, during which a fixation cross was present on-screen. Participants were
instructed to push the spacebar with their index finger as quickly as possible in response to
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green spaceships only. The use of familiar stimulus-response associations (green for go; red
for no-go) minimized the perceptual and cognitive demands of the tests. Go and no-go trials
appeared in pseudorandom order with the restrictions that there were never fewer than three
go trials before a no-go cue and never more than two no-go trials in a row. There were 11
practice trials followed by 240 experimental trials presented in a pseudorandom order.
Responses and reaction times (RT) were recorded for the entire trial duration. The task
duration was 8 minutes, 19 seconds. This task was typically administered on the first day of
testing.

Complex GNG task—The trial structure of the complex GNG task was nearly identical to
that of the standard GNG task but the cognitive load varied. The stimuli were identical to
those in the standard GNG task, consisting of red or green spaceships presented for 300 ms,
followed by a blank screen for 2000 ms. Children were instructed to push the button as
quickly as possible in response to a green spaceship and in response to a red spaceship
preceded by an even number of green spaceships. They were to refrain from responding to
red spaceships preceded by an odd number of green spaceships. There were five practice
trials to demonstrate an even sequence, six practice trials to demonstrate an odd sequence,
and 11 practice trials with each type of sequence. The task consisted of 207 experimental
trials including 163 green go cues; 21 red go cues (i.e., preceded by an even number of green
spaceships) and 23 red no-go cues (i.e., preceded by an odd number of green spaceships).
Responses and reaction times (RT) were recorded for the entire trial duration. The total time
of this task was 7 min, 56 s. This task was typically administered on the second day of
testing.

Motivational GNG task—-Participants also completed a task similar to the standard GNG
task with the addition of immediate trial-by-trial feedback paired with monetary gain and
loss (i.e., reinforcement and punishment). The stimuli were identical to those in the standard
GNG task, consisting of red or green spaceships presented for 300 ms, followed by a blank
screen for 1000 ms, the presentation of visual feedback for 1700 ms, and another blank
screen for 500 ms. Responses were recorded during the entire trial length. Contingencies
were structured to reinforce fast, accurate responses to go stimuli and to punish failures to
inhibit responses to no-go stimuli (commission errors). For correct go responses that were
faster than an individualized response deadline (mean + 1 standard deviation of go RT
during the standard GNG task), participants earned 10 cents and feedback consisting of three
yellow happy faces and picture of a dime was presented. For responses to no-go stimuli (i.e.,
commission errors), participants lost 50 cents and feedback consisting of three purple
frowning faces and 50 cents crossed out with a red X was presented. The total time of this
task was 13 min and it was typically administered on the second day of testing. Participants
received the money they earned during the task in a check mailed upon completion of the
study.

Data Reduction

The primary dependent variable derived from each discounting task was the area under the
curve (AUC) calculated based on the indifference point for each delay. For the classic
discounting task, the indifference point was defined as midway between the smallest value
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of the immediate alternative consistently accepted and the largest value consistently rejected
for each delay (Wilson et al., 2011). For the real-time discounting task, the indifference point
was defined as the lowest immediate value selected for each delay. These indifference points
were used to determine the AUC (Myerson, Green, & Warusawitharana, 2001), a common
approach to analyzing discounting data (e.g., Reynolds, Penfold, & Patak, 2008; Rosch &
Mostofsky, 2016; Scheres, Tontsch, Thoeny, & Sumiya, 2014; Shiels et al., 2009) that
eliminates some of the problems associated with measures assuming a hyperbolic function.
Smaller AUC values indicate greater delay discounting and greater impulsivity. The AUC
was calculated in excel (Reed, Kaplan, & Brewer, 2012).

Analysis of GNG performance focused on the difference in the commission error rate
(proportion of no-go trials on which participants responded; ACom) for no-go stimuli during
the complex and motivational GNG tasks relative to the standard GNG task. Specifically, a
difference score was calculated for each subject for the effect of cognitive load on
commission error rate (CogLoadACom = complex GNG commission error rate — standard
GNG commission error rate), such that a higher value represents a greater increase in errors
with greater cognitive load. A similar score was calculated for the effect of motivation on
commission error rate (MotivationACom = standard GNG commission error rate —
motivational GNG commission error rate), such that a higher value represents a greater
reduction in errors in the context of motivational contingencies.

Four dependent variables were obtained from the five tasks completed by all participants:
classic discounting AUC, real-time discounting AUC, CogLoadACom, and
MotivationACom.

Data Analysis

Data analysis was accomplished using SPSS Statistics Version 23 (IBM, Chicago). The
analyses conducted in this study examine correlations between delay discounting and GNG
task performance, expanding upon findings of diagnostic group differences reported in
published manuscripts on these exact delay discounting (Rosch & Mostofsky, 2016) and
GNG tasks (Rosch et al., 2015; Seymour et al., 2016) in larger samples. Although diagnostic
group differences are not the focus of the current analyses, results of the univariate analysis
of covariance (ANCOVA) for each of the dependent variables described above (classic
discounting AUC, real-time discounting AUC, CogLoadACom, and MotivationACom) with
the between-subjects factors of diagnosis (ADHD vs. control) and sex (girls vs. boys) are
presented to provide a context for examining task associations. The WISC-1V general ability
index (GAI), a measure of intellectual reasoning ability, was included as a covariate for all
analyses examining diagnostic group differences given the evidence for associations among
intelligence and delay discounting (Shamosh & Gray, 2008). We chose to use the GAl as a
covariate in the analyses rather than the full-scale intelligence quotient (FSIQ) because FSIQ
is influenced by difficulties in working memory and processing speed, which are often
present in children with ADHD. In contrast, GAI is based on verbal and perceptual
reasoning abilities and may therefore be a more appropriate measure of broad intellectual
ability in children with ADHD. For significant and trend-level findings for tests of
diagnostic group differences, Cohen’s d'is reported as a measure of effect size generally
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interpreted as = 0.2, 0.5, and 0.8, indicating a small, medium, and large effect, respectively
(Cohen, 1988).

Next, bivariate correlations were conducted in the overall sample examining associations
among each of the task dependent variables and GAI. Partial correlations controlling for
GAI were then conducted among the task dependent variables in the overall sample and
within diagnostic group. Fisher’s r-to-z transformation was used to test whether the
correlations differed between diagnostic groups based on a two-tailed test. Correlations of
interest were followed-up with hierarchical linear regressions to clarify the relationship
between changes in response control with increased cognitive load and motivational
contingencies and delay discounting among children with and without ADHD.

Sample Characteristics

Demographic information for the sample is provided in Table 1, along with inferential
statistics regarding diagnostic group differences and sex differences within the ADHD
sample. The sample was drawn from largely middle class socioeconomic status
(Hollingshead, 1975) and was 65% caucasian. Diagnostic groups did not significantly differ
in several important demographics including age, sex, ethnicity, SES, WISC-IV FSIQ or
GAL.

Diagnostic group differences—Examination of univariate tests for the effect of
diagnostic group revealed a significant effect for real-time discounting AUC, A1, 61) = 6.5,
p=.013, ¢=0.65, such that children with ADHD showed greater delay discounting (less
AUC) on the real-time discounting task than did controls. This effect was qualified by a
Diagnosis x Sex interaction, A1, 61) = 4.0, p=.050, d= 0.51, with greater discounting
among girls with ADHD compared to control girls (o= .009), but not among boys with
ADHD compared to control boys (p = .582). There were no significant effects of diagnosis
or Diagnosis x Sex interactions for the remaining dependent variables (see Table 2).

Correlations—Examination of bivariate zero-order Pearson correlations (see Table 3)
indicated that in the overall sample (/7= 66), GAIl was significantly positively correlated
with classic discounting AUC, 7(64) = .446, p< .001, such that children with higher GAI
scores displayed less discounting. Discounting on the classic and real-time tasks was also
positively correlated 7(64) =.285, p=.020. In addition, cognitive and motivational effects on
commission error rate were significantly negatively correlated, /(64) = -.572, p<.001,
indicating that children with less of an effect of motivational contingencies on their
performance displayed a greater effect of cognitive load on their performance.

Given the relationships between GAI and delay discounting and GNG task performance,
partial correlations among discounting and GNG task performance controlling for GAI were
conducted (see Table 3). Within each diagnostic group, strong negative partial correlations
were observed between CoglLoadACom and MoativationACom (ADHD: /(23) = -.497, p<.
001; control: A(37)=-.665, p<.001; Figure 1), similar to the findings in the full sample
without covarying for GAI. Furthermore, CogLoadACom was significantly negatively
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partially correlated with real-time discounting AUC among children with ADHD, 1(23) = -.
502, p=.011, such that children with ADHD who displayed a greater increase in
commission errors with greater cognitive load also showed greater delay discounting (i.e.,
less AUC) on the real-time task (Figure 2). This relationship was not significant among
controls, A(37) =.086, p=.603, with a reliably greater partial correlation in the ADHD
group (p=.01). In addition, MotivationACom was not significantly partially correlated with
real-time discounting AUC among children with ADHD, n(23) =.065, p=.758, a
significantly smaller partial correlation (p = .02) than reported above for CogL.oadACom and
real-time discounting. None of the remaining partial correlations were significant (see Table
3).

Regressions—\We ran separate hierarchical linear regression models within each
diagnostic group to examine whether CogLoadACom uniquely related to real-time
discounting after accounting for MotivationACom. In Model 1, we included GAI and
CogLoadACom as predictors to determine whether each variable was uniquely associated
with real-time discounting after accounting for the other variable. In Model 2,
MotivationACom was added to the regression model to determine whether CoglL.oadACom
significantly predicted real-time discounting after accounting for MotivationACom, which is
highly correlated with CogLoadACom, 7/(64) = -.572, in addition to GAI. Within the ADHD
group, the results of Model 1 suggest that GAl and CogLoadACom uniquely predicted real-
time discounting, (ps =.027 and .011, respectively). As shown in Model 2, both GAI and
CogLoadACom remained significant predictors (ps = .020 and .006, respectively), after
accounting for MotivationACom, which was not a significant predictor of real-time
discounting (p = .247) (Table 4). Consistent with the partial correlation results described
above, there were no significant relationships among real-time discounting AUC and
CogLoadACom and MotivationACom among controls (Table 4).

In one final set of regressions, we examined whether CogLoadACom accounts for diagnostic
group differences in real-time discounting. In Model 1, we included GAI and diagnostic
group as predictors of real-time discounting. In Model 2, CogLoadACom was added to
determine whether diagnostic group predicted real-time discounting above and beyond
CogLoadACom. Model 1 results suggest that diagnostic group marginally predicted real-
time discounting, p=-.036, p=.067. This effect persisted after accounting for
CogLoadACom, p=-.035, p=.074, and CogLoadACom did not approach statistical
significance, p=-.071, p=.431.

Discussion

Multi-pathway models of ADHD emphasize the interaction between systems involved in
cognitive control and motivation (Castellanos et al., 2006). Deficient cognitive control or
atypical motivation may contribute to greater delay discounting often observed in ADHD
(Peters & Buchel, 2011; Sonuga-Barke et al., 2015). The purpose of the present study was to
directly investigate the relationship between the effects of cognitive load and motivation on
response control and delay discounting. Our hypotheses stemmed from findings of previous
studies wherein a pattern of differential impairment emerged for girls with ADHD.
Specifically, girls with ADHD show impaired response control only under conditions of

J Abnorm Child Psychol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinelli et al.

Page 12

increased cognitive load (Seymour et al., 2016) suggesting weaker cognitive control, as well
as diminished improvement in response control when motivational contingencies were
introduced suggesting atypical reward sensitivity (Rosch et al., 2015), and greater delay
discounting (Rosch & Mostofsky, 2016). In this study we examined the relationship between
these findings to elucidate the cognitive and motivational processes underlying delay
discounting in ADHD and contribute empirical support to models emphasizing the interplay
between different neural systems involving cognition and motivation in delay discounting
(e.g., Peters & Buchel, 2011).

Our findings suggest that children with ADHD exhibited greater delay discounting than
controls on the real-time discounting task involving immediately consumable rewards. In
regard to response control, within and across diagnostic groups, children who experienced
poorer response control with increased cognitive load also demonstrated less improvement
in response control with motivational contingencies. Furthermore, a greater effect of
cognitive load on response control was a unique predictor (after accounting for GAI and the
motivational effect on response control) of greater delay discounting on the real-time task
for ADHD, but not control children. In contrast, the motivational effect on response control
was not significantly associated with delay discounting. This pattern of results suggests that
delay discounting in ADHD may be partially accounted for by poor cognitive control rather
than atypical motivation. However, diagnostic group differences in discounting remained
after accounting for cognitive control, suggesting that other factors are likely at play and
should be considered in future research.

The finding that children with ADHD exhibited greater delay discounting on the real-time
task than did controls (&= 0.65) is consistent with theoretical models that emphasize altered
reinforcement sensitivity (Luman et al., 2010) and with prior research (Rosch & Mostofsky,
2016; Scheres, Tontsch, & Thoeny, 2013; Scheres, Tontsch, Thoeny, & Kaczkurkin, 2010;
Schweitzer & Sulzer-Azaroff, 1995). Also consistent with our previous study (Rosch &
Mostofsky, 2016), diagnostic group differences were specific to girls with ADHD and we
did not observe significant diagnostic group differences on the classic delay discounting
task. In addition, the correlation between the cognitive load effect on response control and
delay discounting on the real-time discounting task (r=-.502) was twice as strong as for the
classic discounting task (7= -.215) among children with ADHD. Altogether, these findings
suggest that the real-time and classic discounting tasks may capture different aspects of
delay discounting in children with ADHD, as discussed in greater detail in our previous
paper (Rosch & Mostofsky, 2016). The classic discounting task was included to allow for
comparison with previous studies as this task is commonly used whereas the real-time task is
novel. We did not intend to compare the impact of specific aspects of each task, which differ
in many ways (i.e., type of reward, length of delays, task duration, experience of waiting in-
between choices, etc.), and are therefore unable to determine the precise mechanisms that
lead to differential sensitivity of these tasks to differentiating children with ADHD from
controls.

Among the full sample, children who displayed poorer response control with increased
cognitive load also demonstrated less improvement in response control with motivational
contingencies. A detrimental effect of cognitive load on response control may indicate
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greater executive dysfunction whereas a greater effect of motivational contingencies on
response control is thought to reflect increased responsiveness to reward (Fosco, Hawk,
Rosch, & Bubnik, 2015). Thus, our findings suggest that individuals with poorer cognitive
control tend to show a diminished response to reward, regardless of diagnosis. Multiple-
pathway models of ADHD identify neural pathways involved in cool executive functions
(EF), which refer to top-down cognitive processes as well those involved in hot EF, which
have a motivational, emotional component (Kelly, Scheres, Sonuga-Barke, & Castellanos,
2007), both of which may be deficient in ADHD. One possible interpretation of this finding
is that children with greater executive dysfunction are less able to improve their performance
with motivational contingencies due to a primary weakness in cool EF.

Cognitive control is crucial in the stages of decision-making that involve comparing and
deciding between choices as well as those that tap into reinforcement learning processes
(Sonuga-Barke et al., 2015), both of which would be implicated in decisions between
smaller-sooner and larger-later rewards. The complex GNG task requires significant
cognitive control due to the greater demands on working memory (i.e., counting green
spaceships and monitoring whether the count is even or odd) to guide response inhibition
(i.e., to select or inhibit response to select a red spaceship). Our findings are consistent with
previous studies demonstrating a relationship between neurocognitive deficits and delay
discounting in ADHD in that we show that the effect of increased cognitive load on response
control (placing demands on working memory and cognitive control) predicted greater delay
discounting, but this relationship was specific to children with ADHD and a real-time
discounting task. These findings are also in line with a recent study demonstrating that
greater working memory load increased delay discounting among adults with externalizing
psychopathology (Finn, Gunn, & Gerst, 2015). Furthermore, disruptions in the underlying
neurobiology in the choice circuits in lateral prefrontal cortex and parietal cortex (Kable &
Glimcher, 2009), particularly the dorsolateral PFC, may interfere with holding information
about different choice options in mind and reflecting on the relative value of each, resulting
in greater delay discounting (Sonuga-Barke & Fairchild, 2012).

Contrary to our hypothesis, the motivational effect on response control was not significantly
correlated with delay discounting in ADHD, and was reliably smaller than the relationship
between the cognitive control effect on response control and delay discounting. Furthermore,
the relationship between the cognitive control effect on response control and delay
discounting remained significant after accounting for the motivational effect on response
control. This pattern of findings might suggest that poor cognitive control may primarily
contribute to greater delay discounting in ADHD rather than atypical reward sensitivity as
assessed by our motivational GNG task. However, it is also possible that our motivational
GNG task is not isolating the effect of reward because it also incorporates an element of
response cost, particularly with regard to response inhibition (i.e., lost money for
commission errors). Future studies should attempt to isolate the effect of reward on response
control when investigating associations with delay discounting. Additionally, perhaps a more
direct measure of reward processing or valuation may be more strongly related to
discounting rather than the effects of reward on a cognitive process.
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Interpretation of these collective findings in relation to computational models of delay
discounting is important for guiding future research. Many computation models now include
at least three components: control, immediate valuation, and future valuation (see review by
Peters & Buchel, 2011). Our findings suggest that greater delay discounting in ADHD may
be due in part to weaknesses in cognitive control but not atypical reward sensitivity (perhaps
as a proxy for immediate reward valuation). It will be important for future studies to
consider alternative measures of reward sensitivity and to incorporate time estimation
measures to better characterize immediate and future valuation processes and their
contribution to delay discounting in ADHD.

It is important to address the limitations of this study with regard to the sample and methods.
First, due to our small sample of girls, this study was underpowered to examine whether
these relationships differed for girls and boys with ADHD. Instead, this study aimed to
investigate if cognitive and motivational effects on response control were associated with
greater delay discounting as a result of a broader neurocognitive profile rather than a sex-
specific relationship. Future studies should expand female samples in order to examine if
these associations are observed to a similar extent in both boys and girls with ADHD.
Second, participants were pooled from a larger sample enrolled in a neuroimaging study
wherein participants were recruited primarily from local schools, which may influence
sample characteristics such as 1Q and SES in comparison to clinic samples. In particular, the
average 1Q of our ADHD sample (mean FSIQ = 110) is relatively high compared to other
studies in the literature (e.g., Parke, Thaler, Etcoff, & Allen, 2015 report an average FSIQ of
102). While this reduces the potential confound of 1Q differences often present in delay
discounting studies of individuals with ADHD, it may also limit the generalizability of our
findings. Third, although we screened for learning disabilities, it is possible that participants
in our sample could have a learning disability as this was not comprehensively evaluated in
the context of this study. Fourth, the only comorbid condition explicitly permitted in our
sample of children with ADHD was ODD, despite the frequent association of ADHD with
various comorbidities (Rowland, Lesesne, & Abramowitz, 2002). Exploring the role of
comorbidities in terms of cognitive and motivational effects on response control and delay
discounting in future research may improve our ability to generalize these findings to the
broader population of individuals with ADHD. Finally, we did not fully counterbalance the
order of the tasks, although there was some randomization inherent in the study design that
reduces the potential for order effects.

In summary, this study provides new information regarding the relationship between
cognitive and motivational effects on response control and greater delay discounting in
ADHD. Although delay discounting is an important phenomenon guiding our actions on a
daily basis, it is not often considered within the context of ADHD assessment or treatment.
Thus, an important implication for clinicians working with individuals with ADHD is that
children presenting with greater executive dysfunction, which is often assessed when
considering a diagnosis of ADHD, are more likely to display a stronger preference for
immediate reward. Given the effectiveness of behavioral treatments emphasizing
contingency management through the use of reinforcement and punishment, this information
may be useful in guiding treatment planning. A valuable area for future research is to
examine whether delay discounting is related to an individual’s response to contingency

J Abnorm Child Psychol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martinelli et al.

Page 15

management. Also, given the implication of interacting neural pathways underlying both
cognition and motivation in contributing to our understanding of ADHD (Sonuga-Barke,
2002, 2003), delay discounting (Peters & Buchel, 2011), and decision-making (Sonuga-
Barke et al., 2015), future research including neuroimaging measures may be particularly
informative. Collectively, these findings contribute to our understanding of deficient impulse
control in children with ADHD both in terms of motor response control and reward-based
decision-making, and the relationships between these neurocognitive processes.

All procedures performed in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research committee and with the
1964 Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent was obtained from all individual participants included in the study.
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Figure 1.

The partial correlation between the effect of cognitive load (CogLoadACom) and
motivational contingencies (MotivationACom) on commission error rate during the Go/No-
Go tasks controlling for intellectual reasoning ability (WISC-1V general ability index (GAl))
within the attention-deficit/hyperactivity disorder (ADHD) and typically developing control
groups (Control). The unstandardized residuals for each variable regressed on GAl are
plotted here. Children who showed a greater effect of cognitive load on response control
(CogLoadACom) also showed less improvement in response control with motivational
contingencies (MotivationACom) within the ADHD group (/(23) = -.497, p=.011), and the
Control group (/(37) = -.665, p<.001).
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Figure 2.
The partial correlation between delay discounting as measured by area under the curve

(AUC) on the real-time discounting task and the effect of cognitive load on commission
error rate controlling for intellectual areasoning ability (WISC-IV general ability index
(GAI)) within the attention-deficit/hyperactivity disorder (ADHD) and control (Control)
groups. The unstandardized residuals for each variable regressed on GAI are plotted.
Children with ADHD who showed a greater increase in commission errors with greater
cognitive load also showed more delay discounting (/(23) = -.502, p=.011); no significant
relationship was observed in the Control group (/(37) = .086, p=.603).
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Table 1

Demographic and clinical characteristics of study participants.

Control (n=40) ADHD (n=26) Group Comparisons

Mean (SD) Mean (SD) p-value

Age (years) 10.0 (1.1) 9.7 (1.1) 271
Sex (boys: girls) 29:11 18:8 774
Ethnicity (% caucasian) 60.0% 69.2% .310
SES 53.2(9.3) 53.6 (9.1) .888
WISC-IV FSIQ 115.1 (12.3) 109.6 (12.5) .086
WISC-IV GAI 118.0 (13.3) 112.5 (13.2) .105
WISC-IV VCI 119.2 (13.0) 114.3 (12.9) 142
WISC-IV PRI 111.1 (12.9) 108.5 (13.4) 428
WISC-IV WMI 111.2 (15.0) 104.1 (13.6) .057
WISC-IV PSI 101.1 (13.9) 98.3 (13.4) 432
ADHD-RS Inatt Raw 3.2(2.9) 18.6 (4.5) <.001
ADHD-RS Hyplmp Raw 2.4(2.3) 15.0 (7.1) <.001
CPRS Inatt T 44.7 (6.0) 73.3(9.6) <.001
CPRS Hyplmp T 46.2 (5.6) 72.9 (15.3) <.001
Comorbid ODD % n/a 38.5% n/a

Stimulant medication % n/a 57.7% nla

Notes: Control = Typically Developing Controls; ADHD = attention-deficit/hyperactivity disorder; SES = socioeconomic status from Hollingshead
total score; WISC-1V FSIQ = Wechsler Intelligence Scale for Children Fourth Edition (WISC-1V) Full Scale Intelligence Quotient; WISC-1V GAI
= General Ability Index; WISC-1V VCI = Verbal Comprehension Index; WISC-1V PRI = Perceptual Reasoning Index; WISC-1V WMI = Working
Memory Index; WISC-IV PSI = Processing Speed Index; ADHD-RS Inatt Raw = DuPaul Parent Inattentive raw score (range 0-27); ADHD-RS
Hyplmp Raw = DuPaul Parent Hyperactive/Impulsive raw score (range 0-27); CPRS Inatt T = Conners Parent Rating Scale-Revised or Conners-3
Parent Inattentive Index T-score; CPRS Hyplmp T = Conners; Hyperactive/Impulsive Index T-score; ODD = Oppositional Defiant Disorder.
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