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Abstract
Objective—To examine the effect of a single bout of moderate-intensity aerobic exercise on
preadolescent children with attention-deficit/hyperactivity disorder (ADHD) using objective
measures of attention, brain neurophysiology, and academic performance.

Study design—Using a within-participants design, task performance and event-related brain
potentials were assessed while participants performed an attentional-control task following a bout
of exercise or seated reading during two separate, counterbalanced sessions.

Results—Following a single 20-minute bout of exercise, both children with ADHD and healthy
match-control children exhibited greater response accuracy and stimulus-related processing – with
children with ADHD also exhibiting selective enhancements in regulatory processes – compared
with after a similar duration of seated reading. In addition, greater performance in the areas of
reading and arithmetic were observed following exercise in both groups.

Conclusion—These findings indicate that single bouts of moderately-intense aerobic exercise
may have positive implications for aspects of neurocognitive function and inhibitory control in
children with ADHD.
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Attention-deficit/hyperactivity disorder (ADHD) affects over 2.5 million school-aged
children in the US (1–3). This disorder is characterized by developmentally inappropriate
levels of inattention, overactivity, distractibility, and impulsiveness, which manifest during
childhood (1,4,5). Research suggests that failures in inhibitory control, and the neural
processes subserving inhibitory control, may represent the core cognitive deficit underlying
the manifestation of ADHD (6). Specifically, a growing body of research has suggested that
ADHD-related deficits in inhibitory control are associated with failures in the cascade of
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processes underlying the stimulus-response relationship; including reductions in the
allocation of attentional resources, delays in the speed in which stimuli are processed, and
failures to appropriately implement action monitoring processes as assessed using
neuroelectric measures (7–16). Although pharmacological treatments have largely been
found effective in the management of ADHD symptoms (17), potential adverse effects, cost,
and incomplete response argue other treatments for children with ADHD (18,19).

Reports from parents, teachers, and scholars have suggested that one such option may be
single bouts of short-duration, moderate-intensity aerobic exercise (20–22). Despite some
recent findings by Medina et al (23) suggesting that single bouts of exercise may facilitate
reaction time-based measures of attentional vigilance, a paucity of empirically sound
evidence exists in children with ADHD to support such claims. The vast majority of support
for these assertions is drawn from previous research in healthy children, suggesting that
participation in a single bout of structured physical activities lasting at least 20 minutes is
beneficial for a variety of cognitive functions including aspects of concentration (24–26),
brief tests of reading and mathematics achievement (27,28), and inhibitory control (28). The
effects of single bouts of exercise also appear to mirror the neurocognitive deficits
associated with ADHD; such that a single bout of moderate-intensity aerobic exercise serves
to increase the allocation of attentional resources, and facilitates stimulus classification and
processing speed, with a disproportionately larger effect for task conditions with the greatest
inhibitory control demands (29–32). Accordingly, given the striking similarity between the
aspects of cognition, which are influenced by acute exercise and those that exhibit ADHD-
related deficits; the purpose of this study was to examine the effect of a single bout of
aerobic exercise on the modulation of inhibitory control deficits in children with ADHD
using objective measures of behavioral inhibition, neurocognitive function, and scholastic
performance. It was hypothesized that children with ADHD would experience similar
benefits from acute exercise as those experienced by children without ADHD (28), with
greater response execution, attentional allocation, and scholastic achievement being
observed after a bout of moderate-intensity exercise.

Methods
The ADHD group was comprised of 20 children (6 female) between the ages of 8 and 10
years recruited from the East-Central Illinois area based on suspected or diagnosed ADHD
free of any comorbid conditions (Table I). The term suspected ADHD refers to children
whose parents, school staff, or primary care provider expressed suspicion of ADHD; but no
diagnostic assessment had been sought from a developmental specialist (82). Clinical status
was verified through the ADHD supplement of the Kiddie-Sads-PL (K-SADS) semi-
structured diagnostic interview using DSM-IV-TR criteria for any subtype of ADHD,
including evidence for impairment in two or more settings and onset of symptoms before 7
years of age (1). Children with ADHD were screened to ensure that they were currently
exhibiting ongoing ADHD symptoms using the ADHD Rating Scale-IV (33). Healthy
match-control children were yoked by sex, age, pubertal status, and SES; with no significant
differences observed between groups (t’s (38) ≤ 1.6, p’s ≥ 0.12). All participants had normal
or corrected-to- normal vision, and were free of any central nervous system active drug
therapy for at least 1 month before testing. All participants were screened for comorbid
conditions, including autism spectrum disorders, using the Social Communication
Questionnaire (34), and anxiety, conduct, somatic, and affective disorders (including
depressive and bipolar disorders) using the DSM-oriented scores of the Child Behavioral
Checklist (35). All participants provided written assent and their legal guardians provided
written informed consent in accordance with the Institutional Review Board of the
University of Illinois at Urbana-Champaign and Carle Foundation Hospital.
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Inhibitory Control Task
Participants completed a modified version of the Eriksen flanker task (9,36) to assess
inhibitory aspects of cognitive control. This paradigm is conceptually simplistic in that it
requires the discrimination of a centrally presented target stimulus amid lateral flanking
stimuli. In this task, participants were required to make a left hand thumb press on a
Neuroscan STIM system switch response pad (Compumedics, Charlotte, NC) when the
target stimulus pointed left and a right hand thumb press when the target stimulus point
right. Thus, participants were instructed to respond as accurately as possible to the direction
of a centrally presented target fish amid either congruous (facing the same direction) or
incongruous (the target faces the opposite direction) flanking goldfish. The task also
manipulated stimulus-response compatibility to vary cognitive control requirements by
instructing participants first to complete a compatible condition (described above) and then
complete an incompatible condition whereby participants were instructed to respond in the
direction opposite that of the centrally presented target arrow (ie, when the target fish
pointed left the correct response was to the right, and vice-versa; 37). For each compatibility
condition, two blocks of 100 trials were presented with equiprobable congruency and
directionality. The stimuli were 3 cm tall yellow fish, which were presented focally for 200
ms on a blue background with a fixed inter-stimulus interval of 1700 ms. This task allows
for the assessment of a number of variables including median reaction time (to better
represent the central response tendency of children with ADHD; 38–40) and response
accuracy. Further, the trial-by-trial nature of the task allows for the assessment of median
RT for correct trials immediately following an error (n+1, termed post-error median RT) –
which provide a behavioral indicator of the increased recruitment and implementation of
top-down control (41,42) – as well as for correct trials following a match-correct trial (a
subset of correct trials matched to specific error trials based on RT (43).

Neuroelectric Assessment
A Neuroscan Synamps 2 amplifier (Compumedics, Inc, Charlotte, NC) was used to acquire
event-related brain potentials (ERPs) in response to the modified flanker task using
established protocols for data acquisition and processing (37). ERPs refer to a class of
electroencephalographic activity that occurs in response to, or in preparation for, an event
(44). Accordingly, the evaluation of ERPs provides additional insight into the subset of
processes that occur between stimulus encoding and response production. Of interest to the
present investigation are two prominent ERP components known as the P3 (also known as
the P300 or P3b) and the error-related negativity (ERN; also known as the Ne). The P3,
which occurs in response to a stimulus, is a positive-going deflection in the ERP waveform
with the size of the component reflecting the allocation of attentional resources towards
stimulus engagement (45). The latency of P3, which refers to the time point corresponding
to the maximum peak amplitude, is generally considered as a measure of stimulus
classification and processing speed (46). The P3 component was evaluated as the mean
amplitude within a 50 ms interval surrounding the largest positive going peak within a 300 –
700 ms latency window. The ERN, in contrast, occurs in response to conflicting actions,
such as erroneous behavior, and is thought to reflect activation of action monitoring
processes to initiate the upregulation of top-down compensatory processes (47). The ERN
component was evaluated as the mean amplitude within a 50 ms interval surrounding the
largest negative going peak within a 0 – 150 ms window relative to the response.

Academic Performance Assessment
Participants also completed the Wide Range Achievement Test - 3rd edition (WRAT3; Wide
Range, Inc., Wilmington, DE) to assess performance in reading comprehension, spelling,
and arithmetic. The WRAT3 is a brief (~15 minutes) assessment, which allows for repeated
administration through the use of two equivalent forms (48). Performance on the WRAT3
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has been found to strongly correlate with the California Achievement Test – Form E and the
Stanford Achievement Test (48). Administration order of the WRAT3 subtests was
counterbalanced across participants, yet fixed between experimental conditions.

Procedure
A within-participants design had participants visit the laboratory on three separate days (M =
6.45 ± 7.3 days apart, M = 2.0 ± 2.2 hours time of day difference) on which they had not
previously engaged in physical education. Following completion of the informed consent/
assent, participants completed the Kaufman Brief Intelligence Test (K-BIT; 49);
participants’ legal guardians completed the Physical Activity Readiness Questionnaire (50),
the modified Tanner Staging System questionnaire (51), the Social Communication
Questionnaire (34), the Child Behavioral Checklist (35), the ADHD Rating Scale IV (33),
the Disruptive Behavior Rating Scale (DBRS; 52), and a health history and demographics
questionnaire. Participants were then counterbalanced into two different session orders (day
2: Reading, day 3: Exercise vs. day 2: Exercise, day 3: Reading) to ensure that the observed
effects were not due to the specific order in which participants received the exercise and rest
conditions. No significant differences for any of the dependent variables (p ≥ 0.08) were
observed between session orders. The experimental conditions consisted of 20 minutes of
either seated reading or aerobic exercise on a motor-driven treadmill at an intensity between
65% and 75% of their maximum heart rate (HRduring exercise = 132.1 ± 10.3% bpm) recorded
in response to a maximal exercise test using a Polar heart rate monitor (Model A1, Polar
Electro, Finland; maximal exercise tests were conducted using the methodology reported in
28). Following the completion of the experimental conditions, participants were outfitted
with an electrode cap and provided task instructions and practice trials. Once HR returned to
within 10% of pre-experimental condition levels (28), the two conditions of the flanker task
were performed (Compatible: 16.0 ± 0.6 minutes post-exercise; Incompatible: 27.4 ± 0.8
minutes post-exercise) followed by administration of the WRAT3 (38.1 ± 1.4 minutes post
exercise).

Statistical Analyses
All statistical analyses were conducted using a significance level of p = .05, and analyses
with three or more within-subjects levels used the Greenhouse-Geisser statistic with
subsidiary univariate ANOVAs and Bonferroni corrected t tests for post hoc comparisons.
Analysis were conducted using a 2 (Group: ADHD, Healthy Match-Control) × 2 (Session:
Post Exercise, Post Reading) multivariate repeated measures ANOVA with additional
variables nested within the primary analytical procedure based on the specific analysis.
Specifically, analysis of task performance measures (median RT and response accuracy)
were conducted separately within 2 (Compatibility: Compatible, Incompatible) × 2
(Congruency: Congruent, Incongruent). Post-trial median RT was also assessed within 2
(Compatibility: Compatible, Incompatible) × 2 (Accuracy: Post Error, Post Match Correct).
The P3 ERP component was assessed separately for amplitude and latency within 2
(Compatibility: Compatible, Incompatible) × 2 (Congruency: Congruent, Incongruent) × 7
(Site: Fz, FCz, Cz, CPz, Pz, POz, Oz) (37). The ERN component was assessed at the FCz
electrode site (53–55) within 2 (Accuracy: Error, Match Correct). Finally, analysis of
academic performance was conducted separately for each academic subject. The data
analysis was performed in PASW Statistics, 19.0. A statistical summary table for all
variables of interest is provided in Table II.
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Results
Task Performance

Figure 1 illustrates the effects of Group and Session for response accuracy and post-error
slowing. Analysis revealed that children with ADHD (81.8 ± 2.7 %) exhibited decreased
overall response accuracy relative to the Healthy Match-Control group (88.8 ± 1.3 %; p = .
026, Cohen d = 1.7). However, following the single bout of exercise (87.1 ± 1.7 %), both
groups exhibited greater response accuracy relative to following reading (83.5 ± 1.8 %; p = .
011, Cohen d = .94). No significant main effects or interactions involving Group or Session
were observed for median RT (p ≥ 0.1). Analysis of median RT for trials immediately
following an error revealed greater post-error slowing following the exercise condition
(579.4 ± 35.1 ms) relative to following the reading condition (500.3 ± 32.4 ms) only for
children with ADHD, t (19) = 3.0, p = 0.008, Cohen d = 1.36.

Neuroelectric Measures
Figure 2 illustrates the topographic distribution of P3 amplitude across the scalp and
provides grand-average stimulus and response-locked ERP waveforms for each group and
session.

P3—Analysis of the P3 component revealed that children with ADHD exhibited smaller P3
amplitude (7.8 ± 0.6 μV) relative to the Healthy Match-Control group (10.1 ± 0.6 μV), only
for the incongruent trials of the flanker task, t (38) = 2.8, p = 0.009, Cohen’s d = .91.
However, both children with ADHD and the Healthy Match-Control children exhibited
larger P3 amplitude following the bout of exercise (10.9 ± 0.6 μV) relative to following
reading (7.9 ± 0.5 μV; p = < .001, Cohen’s d = .8). Further, shorter P3 latency was also
observed following exercise, relative to following reading, at the FCz, Cz, and CPz electrode
sites, t’s (39) ≥ 3.1, p ≤ 0.004, Cohen d = .99.

ERN—Previous research has established that a minimum of six error-of-commission trials
are necessary to obtain a stable ERN component (56). Thus, compatible and incompatible
trials were collapsed after matching error and correct trials within each compatibility in
order to account for potential artifacts that may exist due to differences in response latency
between correct and incorrect trials (43). Remaining participants with fewer than six errors
of commission were discarded from analysis of the ERN component (N = 4; 2 ADHD),
leaving a total of 36 participants. No significant differences between Groups were observed
in this subset of participants for demographic variables, t’s (34) ≤ 1.8, p ≥ 0.09.
Accordingly, analysis of the ERN component (i.e., the error’s trials in the Group × Session ×
Accuracy interaction, depicted in Figure 2c) revealed that children with ADHD exhibited
smaller ERN amplitude (−7.3 ± 1.1 μV) relative to the Healthy Match-Control group (−11.2
± 1.1 μV) following the reading session, t (34) = 2.5, p = 0.017, Cohen’s d = .86. However,
after the single bout of exercise no differences between the ADHD (−10.8 ± 1.0 μV) and
Healthy Match-Control (−10.8 ± 1.1 μV) groups were observed, t (34) = 0.03, p = 0.98,
Cohen’s d = 0.01. No main effects or interactions involving Group or Session were observed
for match correct response-locked trials (i.e., the match correct trials in the Group × Session
× Accuracy interaction; p ≥ 0.21, depicted in Figure 2d).

Academic Performance
Analysis revealed that both children with ADHD and Healthy Match-Control children
exhibited enhanced performance following exercise on tests of reading comprehension
(115.2 ± 2.2) and arithmetic (112.5 ± 2.7) relative to following the seated reading condition
(reading comprehension: 110.1 ± 1.8, p < .001, Cohen’s d = 1.58; arithmetic: 110.0 ± 3.1, p
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= .03, Cohen’s d = 1.25; see Figure 1). No main effects or interactions involving Group or
Session were observed for spelling (p ≥ 0.15).

Discussion
This investigation provides initial evidence suggesting that single bouts of moderate-
intensity aerobic exercise may be a tool in the non-pharmaceutical treatment of children with
ADHD. That is, utilizing objective measures to assess the effect of exercise on aspects of
cognition, these findings suggest that both children with ADHD and healthy match-control
children exhibit overall enhancements in inhibitory control and the allocation of attentional
resources, coupled with a selective enhancement in stimulus classification and processing
speed, following a single 20 minute bout of moderate-intensity aerobic exercise. Further,
acute exercise appears to have added benefit to children with ADHD who exhibited
exercise-induced facilitations in action monitoring processes (i.e., ERN amplitude) and
regulatory adjustments in behavior (i.e., post-error slowing). These acute exercise-induced
enhancements in response production and neurocognitive function may also have relevance
for maximizing scholastic performance in all children, as evidenced by the exercise-induced
improvements in the areas of reading comprehension and arithmetic – subjects which have
been found to depend heavily upon the successful inhibition of unrelated information
(57,58).

Interestingly, these findings provide partial support for the hypoarousal model of ADHD
(59), which suggests that cognitive and attentional deficits related to ADHD may arise as a
result of underarousal of the central nervous system (CNS). However, more recent research
has suggested that these deficits are not necessarily a result of deficient arousal, but instead
occur due to insufficient task-related activation (60). Consistent with this assertion, findings
from the present investigation revealed that children with ADHD exhibited smaller P3
amplitude following reading, relative to healthy match-control children, only in response to
the incongruent trials – replicating previous research, which has observed ADHD-related
deficits in the allocation of attentional resources for task conditions requiring the greatest
amount of inhibitory control (9). Accordingly, the finding that a single bout of physical
activity served to generally enhance the allocation of attentional resources towards stimulus
engagement suggests that such an intervention may act to reduce the core deficit associated
with ADHD proposed by the hypoarousal model of ADHD. Although pharmacological
treatments have largely been found effective in the short-term management of ADHD (17),
an estimated 30 to 50% of all clinically diagnosed cases persist into adulthood (61). Given
that ADHD represents one of the most prevalent childhood disorders in the United States
(1–3); a growing push has been towards non-pharmacological treatment strategies to reduce
the potential effects of, and costs associated with, long-term psycho-stimulant use (18).
These novel findings suggesting that single bouts of exercise may be an effective aid in the
treatment of ADHD, are both relevant, and timely to this growing movement and are
consistent with the aims of recently released guidelines for the treatment of ADHD (19).

Further, although speculative, given that changes in cognition associated with chronic
physical activity participation may be progressively accrued through repeated bouts of acute
exercise; such a treatment tool may also serve to create more long-term changes in
inhibitory control. That is, individuals with greater chronic physical activity participation
and aerobic fitness levels have been found to exhibit increased tissue volume in the basal
ganglia (62) and hippocampus (63) as well as a greater ability to recruit neural resources in
the frontal and parietal regions (64); in addition to functional enhancements in neural
processes related to the allocation of attentional resources (37,65), and greater integrity of
action monitoring processes (37). Given that these neural structures and processes mirror
those which exhibit deficits in children with ADHD (8,10–13,15,16,66–75), over the course
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of repeated bouts of acute aerobic exercise, these neuronal structures and functions may be
sufficiently enhanced to more enduringly alter, in part, the underlying etiology of ADHD
(20). Consonant with this assertion, an initial investigation into the effects of a chronic 10-
week physical activity program in 10 children with ADHD observed enhancements in
information processing, visual search, and sustained attention relative to a similarly-sized
control group (76). However, further research is necessary to better understand how chronic
physical activity participation may serve to influence inhibitory control processes in children
with ADHD.

Research is still necessary to understand the specific components of exercise that optimize
its influence on cognition and how other factors (i.e., age, personality, nutrition) may relate
to changes in cognition associated with acute exercise. Further, given that the ADHD group
used within the present investigation represents a subpopulation of children experiencing
less severe symptoms of ADHD, the extent to which the effects observed within the current
investigation generalize to children with more severe cases of ADHD, those with comorbid
conditions, or children undergoing pharmacological treatment is still unknown. Thus, future
research will need to investigate these factors further to better understand the utility of acute
exercise in enhancing inhibition in these populations and how acute bouts of exercise may
combine and compare with other more traditional ADHD treatment strategies. However,
given that approximately 44% of US children with ADHD do not undergo drug treatments
(77), these findings may have clinical utility in enhancing cognitive function in children
with ADHD.

It is also important to note that we do not yet have a clear understanding regarding the half-
life of a single bout of exercise as limited research in this area has investigated multiple time
points following an acute bout of physical activity to examine how long exercise-induced
modulations persist. Within the small body of existent research, conflicting findings have
emerged with some findings suggesting that acute exercise may only exhibit a short duration
influence over aspects of cognitive processing speed (78), and others have observed
exercise-induced enhancements in inhibition and working memory persisting for at least 60
minutes following the cessation of exercise (28,79). Clearly, one area of future research that
is much needed is to better characterize the duration of the potential benefits for cognition
incurred by an acute bout of physical activity, and such matters are likely complicated by the
mode, intensity, and duration of the exercise bout, as well as individual difference factors,
and the sensitivity of the measure of cognitive function utilized.

Given that previous research has observed that children with ADHD are less likely to
participate in vigorous physical activity and organized sports relative to children without
ADHD (80), the current findings suggest that motivating children with ADHD to be
physically active may have positive implications for aspects of neurocognitive function and
inhibitory control. These findings, which observed positive effects in children with and
without ADHD, provides additional support for recommendations by the National
Association for Sport and Physical Education that short bouts of exercise be incorporated
during the school day, as part of a comprehensive school-based physical activity program
(81).
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Abbreviations

ADHD attention-deficit/hyperactivity disorder

BMI body mass index

WRAT3 Wide Range Achievement Test 3rd edition

IQ intelligence quotient, SES, socioeconomic status

ERPs event-related brain potentials

ERN error-related negativity
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Figure 1.
Mean (± SE) response accuracy (A) and median (± SE) post error reaction time (B)
collapsed across compatibility and congruency conditions for each session by group. Mean
(± SE) standard score for each session on each of the three WRAT3 academic performance
tests collapsed across ADHD and Healthy Match-Control groups (C).
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Figure 2.
Topographic-plots of P3 amplitude collapsed across group (A), the stimulus-locked grand-
average waveform from the PZ electrode site (B), the response-locked grand average
waveform for error (C), and match-correct trials (D) for each group (solid lines indicate
ADHD group) and session (black lines indicate Post Exercise) with all graphs collapsed
across compatibility and congruency conditions.
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