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ARTICLE INFO ABSTRACT

Background: A reduced willingness to perform effort based on the magnitude and probability of potential re-
wards has been associated with diminished dopamine function and may be relevant to attention-deficit/hy-
Effort peractivity disorder (ADHD). Here, we investigated the influence of ADHD status and methylphenidate on effort-
Methylphenidate based decisions. We hypothesized that ADHD participants would make fewer high-effort selections than non-
Attention ADHD subjects, and that methylphenidate would increase the number of high-effort selections. Furthermore, we
hypothesized there would be associations among ADHD severity and methylphenidate-related changes in effort-
based and attentional performance across all participants.
Methods and participants: ADHD (n = 23) and non-ADHD (n = 23) adults completed the Effort Expenditure for
Rewards Task in which participants select between low-effort and high-effort options to receive monetary re-
wards at varying levels of reward magnitude and probability. A test of attentional performance was also com-
pleted.
Results: Overall, participants made more high-effort selections as potential reward magnitude and probability
increased. ADHD participants did not make fewer high-effort selections than non-ADHD participants, but ADHD
participants showed greater methylphenidate-related increases in high-effort selections. ADHD participants had
worse attentional performance than non-ADHD participants. ADHD severity was associated with methylpheni-
date-related changes in high-effort selections, but not changes in attentional performance.
Conclusions: These results indicate that methylphenidate increases the willingness to perform effort in in-
dividuals with ADHD, possibly due to disorder-related motivational deficits. This provides support for theories of
insufficient effort allocation among individuals with ADHD.

Trial registration: Clinicaltrials.gov Identifier, NCT02630017.

Keywords:
Attention-deficit/hyperactivity disorder

1. Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a childhood-
onset neuropsychiatric disorder marked by symptoms of inattention,
hyperactivity, and impulsivity that interfere with school, work, and
social responsibilities (APA, 2013). About half of childhood cases of
ADHD are thought to persist into adulthood (Biederman et al., 2000)
and ADHD is estimated to affect 2.5% of the U.S. adult population
(Simon et al., 2009). ADHD is well known to cause problems with
cognitive performance (Hervey et al., 2004; Boonstra et al., 2005). In
addition, several theoretical models posit that attention deficits are
associated with altered reinforcement sensitivity and reduced motiva-
tion (Nigg, 2005; Tripp and Wickens, 2009; Luman et al., 2010) based

on research indicating that ADHD subjects prefer smaller, immediate
over larger, delayed rewards and their cognitive performance improves
when provided with larger reinforcements for performance (Marx et al.,
2013; Modesto-Lowe et al., 2013). Many of these theoretical models
suggest altered reinforcement sensitivity and motivation are related to
dysregulated or diminished dopamine function (Nigg, 2005; Tripp and
Wickens, 2009; Luman et al., 2010).

ADHD symptoms may arise from hypo-active dopamine (DA) and
other catecholamine systems (Faraone and Biederman, 1998; Faraone
et al., 2015). Indeed, adults with ADHD have reduced markers of DA
function in the reward pathway (Volkow et al., 2009), and reduced DA
receptors in adults with ADHD have been shown to correlate with less
trait motivation (Volkow et al., 2011). DA is an important regulator of
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effort and energy expenditure, which are important components of
motivation (Salamone et al., 2016). Effort expenditure is costly, and
effort-based decision making weighs the value or preference of a re-
inforcer, as well as the likelihood of receiving it, against the amount of
effort needed to obtain it (Salamone et al., 2016). Preclinical and
clinical studies have shown that increasing or decreasing DA trans-
mission via drugs, DA depletions, or genetic manipulations can enhance
or diminish (respectively) behavioral responding for a reinforcer,
especially when a large amount of effort is required to obtain it (Caul
and Brindle, 2001; Floresco et al., 2008; Venugopalan et al., 2011;
Wardle et al., 2011; Beierholm et al., 2013; de Jong et al., 2015). Im-
portantly, the hedonic value of the reinforcer does not appear to be
affected, e.g., rodents with dopamine depletions/antagonists still prefer
highly-palatable foods to standard chow and maintain low-effort re-
sponding for palatable food and its consumption (Salamone et al.,
2016). The willingness to exert effort to obtain reinforcers is an im-
portant feature of healthy decision making. DA transmission may en-
able the decision to engage in effortful activity and alterations in DA-
ergic activity may result in individual differences in effortful decision
making. This decision making may be impaired in psychiatric disorders
marked by dysfunction in the DA system, such as ADHD.

It has been theorized that deficits in cognitive performance and
motivation reported among individuals with ADHD may be related to
insufficient effort allocation (Sergeant, 2005), however, little empirical
research has been conducted. One study using a verbal learning test
reported ADHD children use less effortful learning strategies, which
could account for poor memory performance (Egeland et al., 2010).
Another study used a handheld dynamometer to test the willingness to
perform physical effort among children with and without ADHD
(Winter et al., 2016). Participants chose between a high effort-high
reward option and a low effort-low reward alternative. Individuals with
ADHD did not choose fewer high effort-high reward options, although
they did fail to recruit sufficient effort to successfully perform the high
effort task more often than controls (Winter et al., 2016). However,
participants were not asked to refrain from using medication to treat
ADHD on the study day, and stimulant medication may have mitigated
any performance differences (Winter et al., 2016).

A common stimulant medication for ADHD is methylphenidate
(MPH), which increases extracellular DA levels in the brain (Volkow
et al., 2002). MPH modestly improves cognitive performance deficits,
such as working memory, reaction time variability, and vigilance
(Pievsky and McGrath, 2018). MPH may indirectly improve cognitive
performance by enhancing the saliency of a cognitive challenge, thus
making it more interesting (Volkow et al., 2004). MPH has also been
shown to affect performance on progressive ratio tasks, which require
an increasing number of lever presses to obtain a reinforcer, thus testing
the willingness to exert effort. DA depletion decreases persistence on
progressive ratio tasks in preclinical studies (Salamone et al., 2006),
and, conversely, MPH has been shown to increase progressive ratio
persistence in children with ADHD (Wilkison et al., 1995; Chelonis
et al,, 2011). Altogether, this suggests that diminished DA function
produces deficits in motivation and effort allocation reported in ADHD,
and DA-ergic medications such as MPH may improve these specific
deficits.

In the present study, medication-free male and female adults with
and without ADHD were administered a single dose of MPH (40 mg) or
placebo in counter-balanced order on two separate study days. They
were administered a measure of willingness to exert effort known as the
Effort Expenditure for Rewards Task (EEfRT). This task presents a
choice between a low-effort button-pressing task for a small monetary
reward and a high-effort button-pressing task for a larger monetary
reward. The probability of receiving a reward upon successful task
completion, and the magnitude of the high-effort reward, vary across
trials so that the selection of high-effort tasks is informed by the ex-
pected value (probability X magnitude) of the reward (Treadway et al.,
2009). The design of this task is based on preclinical work in animal

15

Pharmacology, Biochemistry and Behavior 183 (2019) 14-21

models revealing DA modulation of effort expenditure (Salamone et al.,
2016). In healthy adults, drugs that enhance DA transmission increase
effort expenditure in the EEfRT (Wardle et al., 2011; Treadway et al.,
2012b). In the present study, participants were also administered a
measure of attentional performance and reaction time to explore
whether differences in effort expenditure were associated with cogni-
tive deficits. This measure, the Attention Network Test (ANT), assesses
the efficiency with which reflexive and voluntary attention is oriented
to special cues (Fan et al., 2002). We hypothesized that, in the placebo
condition, participants with ADHD would select fewer high-effort se-
lections than non-ADHD controls, and that MPH would increase the
number of high-effort selections from the placebo condition. Further-
more, we hypothesized that there would be associations among ADHD
severity and changes in performance from placebo to MPH in EEfRT
and ANT measures across all participants.

2. Methods
2.1. Participants

Participants were recruited from the Durham, North Carolina
(n = 14 ADHD, 9 non-ADHD) and Little Rock, Arkansas (n = 14 ADHD,
9 non-ADHD) communities via social media, flyers, and word-of-mouth.
Participants completed a phone interview and in-person screening
session to determine eligibility. Eligible participants were between the
ages of 18-45 years. To be eligible, ADHD participants had to have T-
scores =65 for inattentive and/or hyperactive-impulsive symptoms on
the Conners' Adult ADHD Rating Scale (CAARS) (Conners et al., 1998),
and were evaluated to meet criteria for a primary diagnosis of ADHD
based on the Conners' Adult ADHD Diagnostic Interview for DSM-IV
(CAADID) (Epstein et al., 2001). Non-ADHD participants had to have T-
scores < 55 for inattentive, hyperactive-impulsive, and total symptoms.

Participants were excluded if they reported serious health problems
(e.g., uncontrolled cardiovascular disease) or neurological problems
(e.g., seizure disorder or traumatic brain injury), met criteria for a
psychiatric disorder other than ADHD (except for symptoms of de-
pression or anxiety co-morbid with ADHD) based on the MINI
International Neuropsychiatric Interview (Sheehan et al., 2009), re-
ported drug or alcohol dependence in the past 12 months (other than
tobacco), reported daily use of medication for ADHD in the past
6 months, had hypertension (i.e., blood pressure > 140/90 mmHg), or
had contraindications for MPH (e.g., motor tics). Participants were also
excluded if they tested positive for drugs (iCup, Alere Toxicology Ser-
vices Portsmouth, VA), alcohol (Alco-Sensor III, Intoximeters Inc. St.
Louis, MO), or pregnancy (QuickVue+, Quidel Corporation San Diego,
CA).

Seventy-nine individuals were consented and screened to partici-
pate in the study, and 28 participants were ineligible because they did
not meet ADHD/non-ADHD criteria (n = 11), had hypertension
(n = 6), had a positive drug screen (n = 4) had another Axis I diagnosis
(n = 3), withdrew before the study day (n = 4). Of the 51 participants
that met eligibility criteria and began the study, 46 participants com-
pleted all aspects of the study and were included in the data analysis.
Participants provided written informed consent and this protocol was
approved by Duke University's and University of Arkansas for Medical
Sciences' Institutional Review Boards.

2.2. Effort Expenditure for Rewards Task (EEfRT) (Treadway et al., 2009)

In each trial of the EEfRT, participants choose between two task
options to earn money. Both task options consist of repeated manual
button presses within a short amount of time, and completed button
presses are represented onscreen by the height of a vertical bar. The low
effort option requires 30 button presses with the dominant index finger
within 7s. The high effort option requires 100 button presses with the
nondominant little finger within 21s. Participants were monitored
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Choose Your Task:
Probability of win: 50%

Button Press:

Easy Task  Hard Task

$1.00 $3.20

You won!

$3.20

Fig. 1. Representation of a single trial of the Effort Expenditure for Rewards Task (EEfRT). a) Participants are shown information about the reward magnitude of the
high-effort task and the probability of receiving the reward for that trial. b) Participants made button presses to complete the chosen task for 7 s (low-effort task) or
21 s (high-effort task). c) Participants received feedback indicating whether and how much reward was received for that trial.

during the task to ensure they used the correct finger.

In low-effort trials, participants could receive $1.00 if they com-
pleted the task on time. In high-effort trials, participants could receive a
variable amount between $1.24 and $4.30 (i.e., reward magnitude).
Across trials, the likelihood of receiving money upon successful com-
pletion of the task was either 12%, 50%, or 88% (i.e., reward prob-
ability). The probability level applied to both the low and high effort
tasks. At the start of each trial, participants were shown the reward
magnitude for both task options and the probability level. They had 5s
to make a choice or else they would be randomly assigned to a task.
Then, they completed the button press task and received feedback in-
forming them if the task was completed successfully or not, and whe-
ther they received money for that trial. Participants were told a single
trial that resulted in money reward would be selected at random at the
end of the EEfRT, and the participant would be given this amount as
bonus pay. See Fig. 1.

Low-effort trials lasted approximately 15s, and high-effort trials
lasted approximately 30s. Participants were told they had 20 min to
play as many trials as possible. They were informed of the trade-off
between choosing too many high-effort tasks and missing out on
playing large-magnitude, large-probability trials later in the game to
discourage the exclusive selection of either the low-effort or high-effort
task. This also helped ensure that decisions were based on the expected
value of the reward, and not based on a strategy to always select high-
effort or low-effort trials. Trials were presented in the same randomized
order to all participants. The primary dependent variable was the per-
cent high-effort selections by reward probability and magnitude (di-
vided into 4 bins with an equal number of trials for analysis). Other
performance metrics consisted of total number of trials completed and
the ratio of high-effort trials completed/selected.

2.3. Attention Network Test (ANT) (Fan et al., 2002)

The ANT combines a cued reaction-time test and flanker test to
measure the efficiency and accuracy of three cognitive networks:
alerting, orienting, and conflict (Posner and Petersen, 1990). On each
trial, a row of five horizontal black lines, with arrowheads pointing left
or right, is shown onscreen above or below a center fixation cross. The
target is the center arrow. The target is flanked by arrows pointing in
the same direction (congruent condition), or in the opposite direction
(incongruent condition) or by lines (neutral condition). Participants
indicate the direction of the target arrow using the arrow keys. The
arrows are preceded by four types of cues (no cue, center cue, double,
spatial cue), which either indicate the arrows will appear soon and/or
predict the location of the arrows above or below the fixation cross. The
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primary dependent variables were the alerting, orienting, and executive
function scores. The alerting score is the difference in reaction time
between the temporally informative cue condition and the temporally
uninformative cue condition. The orienting score is the difference in
reaction time between the spatially informative cue condition and the
spatially uninformative cue condition. The conflict score is the differ-
ence in reaction time between the congruent flanker condition and the
incongruent flanker condition. Other performance metrics consisted of
overall percent accuracy and average reaction time.

2.4. Procedure

After consenting and eligibility evaluation, the participants were
scheduled for two study visits. These study visits were scheduled within
two weeks of each other, but were at least 48 h apart. For each parti-
cipant, both study visits occurred either in the afternoon or the
morning. Participants were instructed to skip the meal prior to the
study visit (i.e., either breakfast or lunch). Participants were adminis-
tered either immediate-release methylphenidate (MPH: 40 mg) or a
matching placebo (PLA) under double-blind conditions. Drugs were
ordered and compounded through a pharmacy, and the placebo con-
sisted of lactose. The prescription and medical oversight was provided
by a study physician. After administration, participants were given two
cereal bars, a fruit cup, and 8 oz. of water and rested for 1 h to allow for
drug absorption. The study visit lasted for a total of 3 h, and the EEfRT
and ANT were completed approximately 2.5h after drug administra-
tion. The Positive and Negative Affect Scale (PANAS) (Watson et al.,
1988) was administered prior to drug administration and at the end of
the study visit. At the end of the visit, participants also rated to what
extent they felt a drug effect on a scale from 1 (not at all) to 10 (ex-
tremely). Compensation for participation was provided at the end of the
study and participants were told they could earn up to $5 in bonus pay
for each task, depending on their task performance.

2.5. Data analysis

Participant demographics were analyzed using independent-sam-
ples t-tests and Chi-Square tests. Age was included as a covariate in
subsequent analyses due to differences between groups. The drug ef-
fects questionnaire, PANAS positive and negative scales, performance
metrics in the EEfRT and ANT, and ANT dependent variables were
analyzed using separate 2 (Group) X 2 (Drug) repeated-measures
ANCOVAs. Percent high-effort selections in the EEfRT were analyzed
using a 2 (Group) X 2 (Drug) X 4 (Reward Magnitude) x 3 (Reward
Probability) repeated-measures ANCOVA. Follow-up comparisons were



M.A. Addicott, et al.

Table 1
Participant demographics for ADHD and non-ADHD groups, mean * standard
deviation.

ADHD (n = 23) Non-ADHD p-Value
(n =23)
Sex (M/F) 12/11 11/12 p>.7
Age (years) 329 * 8.4 27.8 = 6.5 p =.027
Years of education 16.0 = 3.1 15.8 = 2.8 p>.8
Race (White/Black/other) 18/0/5 12/7/4 p =.016
CAARS DSM Inattentive T- 825 = 8.6 41.1 = 45 p < .001
score
CAARS DSM Hyperactivity T- 71.3 = 11.7 39.5 + 5.3 p < .001
score
CAARS DSM ADHD T-score 81.7 = 9.9 39.2 = 51 p < .001

univariate ANCOVAs. Since participants could complete a variable
number of trials during the 20 min of the EEfRT, only data from the first
50 trials were used for consistency (Treadway et al., 2012a). Associa-
tions between CAARS scores and the EEfRT and ANT dependent vari-
ables were performed using partial correlations (controlling for age).
Data were analyzed using SPSS v24 (Chicago: SPSS Inc.).

An initial exploration of the EEfRT and ANT performance metrics
revealed no differences by site (UAMS vs Duke); thus, site was not in-
cluded as a covariate in the analyses.

3. Results
3.1. Participants

A total of 23 ADHD (12 men) and 23 non-ADHD (11 men) partici-
pants were included in the analysis. Participant demographics are
shown in Table 1. Groups did not differ in sex ratio or years of edu-
cation. The ADHD group was older (t(44) = 2.3, p = .027) and had
fewer Black individuals (Chi-square(2) = 8.3, p = .016). As expected,
the ADHD group had greater CAARS T-scores for Inattentive Symptoms
(t(44) = 20.5, p < .001), Hyperactivity Symptoms (t(44) = 11.9,
p < .001), and DSM ADHD score (t(44) = 18.3, p < .001).

On the PANAS, positive mood scores decreased from (M * SD)
26.6 = 6.8t021.2 + 5.8 after PLA, and increased from 26.4 + 6.6 to
27.5 * 7.1 after MPH across both groups (Drug x Time interaction
effect: F(1,42) = 5.8, p = .020). Negative mood scores decreased from
12.2 = 2.2t011.0 * 1.4 after PLA, and increased from 11.9 = 1.9 to
12.3 + 2.2 after MPH across both groups (Drug X Time interaction
effect: F(1,42) = 6.6, p = .014). Across both drug conditions, negative
mood scores decreased from 13.1 + 2.4 to 11.7 = 2.0 in the ADHD
group and increased from 11.0 + 2.4 to 11.6 + 2.0 in the non-ADHD
group (Group X Time interaction effect: F(1,42) = 8.8, p = .005).
There were no other significant effects of group, drug, or time on
PANAS scores. PANAS data from a non-ADHD participant was missing
and the participant was excluded from the data analysis.

The participants reported feeling a greater drug effect after MPH
(M #= SD: 5.0 = 3.0) compared to PLA (1.8 = 1.5) (F(1,42) = 7.0,
p = .012). There were no other significant effects of group or
group X drug interactions in drug effects scores.

3.2. EERT

The performance metric analyses revealed no differences between
groups or drug conditions in the number of trials completed (M = SD:
63.4 = 8.2) or the ratio of high-effort trials completed/selected
(0.87 = 0.22), indicating no differences between groups, drug condi-
tions, or group X drug interactions in the ability to perform the task.

Across all participants, high-effort selections in the EEfRT increased
as the reward magnitude increased (Magnitude effect: F(3,41) = 3.3,
p =.029) and increased as the reward probability increased
(Probability effect: F(2,42) = 9.7, p < .001). See Fig. 2.
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Between groups, MPH had a greater effect on high-effort selections
among the ADHD group than the non-ADHD group (Group X Drug in-
teraction effect: F(1,43) = 13.6, p = .001). This was due to a greater
increase in the average number of high-effort selections from PLA to the
MPH condition among ADHD (mean difference = SD: 0.10 = 0.10)
compared to non-ADHD (—0.01 = 0.10) (F(1,43) = 13.6, p = .001).
See Fig. 3.

Across both drug conditions, reward probability had a greater effect
on high-effort selections among the ADHD group than the non-ADHD
group (Group X Probability interaction effect: F(2,42) = 3.4,
p = .044). This was due to a greater increase in high-effort selections
from the 50% to the 88% probability conditions among ADHD (mean
difference + SD: 0.26 + 0.16) compared to non-ADHD
(0.14 = 0.16) (F(1,43) = 6.4, p = .015). There were no other sig-
nificant main or interaction effects.

3.3. ANT

The performance metric analyses revealed no differences between
groups or drug conditions in overall percent accuracy (M = SD:
0.96 + 0.05) and average reaction time (619.1 = 111.3msec), in-
dicating no differences between groups or drug conditions in the ability
to perform the task.

Across all participants, the alerting score was smaller after MPH
(M + SD: 34.5 + 18.0) compared to PLA (42.2 = 21.6) (Drug effect:
F(1,43) = 4.3, p = .045). Between groups, the alerting score was larger
(i.e., indicating worse performance) among the ADHD group
(46.7 = 22.8) than the non-ADHD group (30.0 *= 22.8) (Group effect:
F(1,43) = 5.8, p = .020). See Fig. 4. There was no significant group by
drug interaction effect, nor were there any significant effects for or-
ienting scores or conflict scores.

3.4. Correlations across variables

Partial correlations (controlling for age) were conducted to test
whether the CAARS DSM ADHD T-score was associated with changes in
performance (MPH minus PLA) for the EEfRT and ANT dependent
variables (EEfRT percent high-effort selections; ANT alerting, orienting,
and conflict scores). The ADHD T-score only correlated with the dif-
ference in EEfRT percent high-effort selections (averaged across all
reward magnitudes and probabilities) (r = 0.484, p = .001). In other
words, as ADHD symptoms became more severe, MPH produced a
larger increase in the percent of high-effort selections. There were no
significant correlations between EEfRT and ANT dependent variables.

4. Discussion

The goal of this study was to investigate the effects of MPH on ef-
fort-based decision making in medication-free adults with and without
ADHD. Participants selected between low-effort/low-reward and high-
effort/high-reward alternatives, with the probability of both rewards
and the magnitude of the high-effort alternative varying across trials.
We report that MPH had a greater effect on increasing high-effort se-
lections among the ADHD group, although the ADHD group did not
make fewer high-effort selections than the non-ADHD group during the
PLA condition as hypothesized. Across both MPH and PLA conditions,
the ADHD group was more sensitive to changes in high-effort reward
probability than the non-ADHD group. In contrast, attentional perfor-
mance on a separate measure of cognition was worse among the ADHD
group than the non-ADHD group. MPH improved attentional perfor-
mance across both groups, although this effect appeared to have been
driven primarily by changes in the non-ADHD group. ADHD severity
correlated with MPH-related increases in effort-based decision making,
but not in attentional performance. To our knowledge, this is the first
study to relate ADHD severity to the effects of MPH on effort-based
decision making, and the results suggest that MPH increases the
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Non-ADHD

Fig. 2. The percent high-effort selections made across reward magnitude (x-axis) and reward probability (different colored bars) in ADHD (on the left) and non-
ADHD (on the right) groups. Across all participants and drug conditions, high-effort selections increased as reward magnitude and probability increased (p's < 0.05).
Shown are the estimated marginal means (including age as a covariate of no interest). Error bars are S.E.M.
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Fig. 3. The percent high-effort selections among
ADHD and non-ADHD groups after placebo (PLA,
white bars) and methylphenidate (MPH, black bars).
MPH had a greater effect in the ADHD group than
the non-ADHD group (Group X Drug interaction ef-
fect, p = .001). Shown are the estimated marginal
means (including age as a covariate of no interest).
Error bars are S.E.M.

ADHD

willingness to perform effort in individuals with ADHD. This change in
motivation may have indirect effects on other cognitive functions and
goal-directed behavior.

Many previous studies on motivation and decision-making in ADHD
have focused on delay of gratification or delay discounting (i.e., an
aversion to a delay to reward receipt). Individuals with ADHD have
been shown to prefer smaller-sooner over larger-later rewards more
than non-ADHD peers (Jackson and MacKillop, 2016; Patros et al.,
2016). Delay discounting and other types of risky decision making as-
sociated with ADHD are considered forms of impulsivity (Malloy-Diniz
et al., 2007; Drechsler et al., 2008; Matthies et al., 2012). A diminished
willingness to perform effort could also be construed as an impulsive
behavior, in that low-effort/small-rewards are preferred to high-effort/
large-rewards. It is possible that effort discounting is modulated by the
same underlying mechanism as delay discounting, and MPH has been
shown to reduce experiential delay discounting in children with ADHD
(Shiels et al., 2009). However, a meta-analysis in healthy adults found
that delay, probability, and effort discounting were unrelated and all
were generally uncorrelated with DA D2 receptor availability

18

non-ADHD

(Castrellon et al., 2019). Furthermore, evidence from behavioral eco-
nomic and neuroimaging research conducted with healthy subjects in-
dicates that physical effort is dissociable from delay- and risk-related
decision making (Prevost et al., 2010; Burke et al., 2013; Klein-Flugge
et al., 2015). In support of this, adolescents with ADHD were shown to
have steeper experiential delay discounting than non-ADHD peers, but
groups did not differ in effort discounting (Mies et al., 2018). Poten-
tially, constructs that are dissociable in healthy subjects may be less
separable in individuals with psychiatric disorders, as psychopatholo-
gies differ in how DA function and its downstream effects are disrupted,
and more research is needed to understand the relationship between
effort and delay discounting among individuals with motivational def-
icits (Castrellon et al., 2019).

Previous research using the EEfRT has shown that participants with
major depressive disorder were less likely to make high-effort selections
(Treadway et al., 2012a; Yang et al., 2014) and were less sensitive to
reward magnitude and probability than non-depressed controls
(Treadway et al., 2012a). Similarly, participants with schizophrenia
were less sensitive to reward magnitude and probability, although they
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Fig. 4. The alerting score from the Attention Network Test (ANT) among ADHD
and non-ADHD groups after placebo (PLA, white bars) and methylphenidate
(MPH, black bars). Across both groups, the alerting score was smaller after
MPH, and between groups, the alerting score was larger among the ADHD
group than the non-ADHD group (p's < 0.05). Shown are the estimated mar-
ginal means (including age as a covariate of no interest). Error bars are S.E.M.

were not less likely to make high-effort selections than healthy controls
(Barch et al., 2014; Treadway et al., 2015). These two psychiatric dis-
orders have also been linked to DA dysfunction (Davis et al., 1991;
Nestler and Carlezon, 2006; Pierce and Kumaresan, 2006; Volkow et al.,
2009). However, in the present study ADHD participants were more
sensitive to reward probability than non-ADHD participants. While this
is somewhat inconsistent with previous studies (Luman et al., 2009), it
does support theories of altered reinforcement sensitivity in ADHD
(Luman et al., 2010). However, this raises the question of how DA
dysfunction could give rise to either a heightened or diminished sen-
sitivity to the expected value of rewards. The answer may lie in how
large-scale brain networks are affected by different psychopathologies
(Castellanos and Proal, 2012).

The EEfRT is a measure of willingness to perform physical energy,
but attentional and executive function deficits reported in ADHD have
been related to a willingness to perform cognitive energy (APA, 2013;
Hsu et al., 2017). The willingness to exert physical versus cognitive
effort may or may not be separable dimensions (Verguts et al., 2015;
Westbrook and Braver, 2015). Cognitive effort does not have the me-
tabolic cost of physical effort, and little is known about the core me-
chanisms underlying the decision to engage in cognitive effort
(Westbrook and Braver, 2015). In addition, different neural systems
may subserve cognitive (e.g., prefrontal-parietal network) versus phy-
sical effort (e.g., motor cortices) (Schmidt et al., 2012). Yet, like phy-
sical effort, cognitive effort (e.g., adaptive working memory allocation)
is modulated by DA (Westbrook and Braver, 2016) and there is evi-
dence that physical and cognitive effort share a common motivational
hub in the striatum, putatively modulated by DA (Schmidt et al., 2012).
Furthermore, a study using simulated data from a neurocomputational
model of reinforcement learning predicted that cognitive and physical
effort relies on similar circuitry and performance would be correlated
(Verguts et al., 2015). There are cognitive effort tasks, one in particular
parallels the structure of the EEfRT (Lopez-Gamundi and Wardle,
2018), which could be used in conjunction with physical effort tasks to
test this prediction.

In the current study, we report that the ADHD group had worse
alerting scores on the ANT than the non-ADHD group, but groups had
similar conflict and orienting scores. This is similar to two previous
studies in children with and without ADHD (Mullane et al., 2011;
Samyn et al., 2017). Most studies report differences in conflict scores
(reviewed in Casagrande et al., 2012), although there is a great deal of
heterogeneity in ANT performance across studies (reviewed in
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Casagrande et al., 2012; Samyn et al., 2017). Indeed, heterogeneity has
been noted across measures and cognitive domains (Mostert et al.,
2015), making it difficult to isolate a particular deficit for therapeutic
intervention. While the ANT is not a measure of motivation or will-
ingness to perform cognitive effort, we had hypothesized that improved
motivation/willingness to perform effort would translate into improved
attentional performance, which does not appear to be the case. Alter-
natively, the ANT might not be the best measure of the effects of MPH
on attentional deficits and future studies should include other tasks
(e.g., Continuous Performance Test) that may be better suited for this
purpose (Losier et al., 1996).

The strengths of this study include a placebo-controlled, counter-
balanced design and the use of an effort-based measure shown to have
good test-retest reliability (Reddy et al., 2015). However, participants
reported a greater drug effect after receiving MPH than PLA, suggesting
discrimination of the stimulant medication. Another method of blinding
the participants would be to provide a list of alternative medications
(e.g., caffeine) they may receive during the study visit, with MPH and
PLA being two possibilities. Another potential limitation is that many
children with ADHD have abnormal motor skills (Kaiser et al., 2015),
which could have made it more difficult for the ADHD group to perform
the EEfRT. However, the performance metrics indicated that the ADHD
group completed the same ratio of high-effort completions to selections
and completed a similar number of trials compared to non-ADHD
group, so this confound appears to be minimal. Although a better way
of eliminating this confound would be to measure finger tapping speed,
to eliminate potential motor function differences between groups
(Barch et al., 2014). Other limitations include the potential for varia-
tion across individuals in the salience of the EEfRT task and the
monetary reward, the sample size may have been underpowered to
detect group differences in EEfRT performance in the placebo condi-
tion, and the lack of group-matching based on race.

In summary, this study suggests that increasing ADHD severity re-
lates to a larger effect of MPH on increasing the willingness to perform
physical effort. The results of this study may have clinical implications.
Children with ADHD tend to have academic problems related to their
symptoms (Faraone et al., 1993), and adults with ADHD self-report
lower levels of trait achievement (Volkow et al., 2011). MPH improves
lab-based cognitive performance (Coghill et al., 2014; Pievsky and
McGrath, 2018), as well as academic achievement in children and
adolescents with ADHD (Evans et al., 2001; Hechtman et al., 2004;
Kortekaas-Rijlaarsdam et al., 2019). The effects of MPH on cognitive
performance may be directly or indirectly modulated by motivation
level and the willingness to exert effort. Little research has been con-
ducted on effort-based decision making in ADHD, but such research
could help shed light on the relationship between DA function and
motivation.
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