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A B S T R A C T

The current body of evidence suggests that an aerobic exercise session has a beneficial effect on inhibitory
control, whereas the impact of coordinative exercise on this executive function has not yet been examined in
children with ADHD. Therefore, the present study aims to investigate the acute effects of aerobic and co-
ordinative exercise on behavioral performance and the allocation of attentional resources in an inhibitory
control task.

Using a cross-over design, children with ADHD-combined type and healthy comparisons completed a Flanker
task before and after 20 min moderately-intense cycling exercise, coordinative exercise and an inactive control
condition. During the task, stimulus-locked event-related potentials were recorded with electroencephalography.

Both groups showed an increase of P300 amplitude and decrease of reaction time after exercise compared to
the control condition. Investigating the effect of exercise modality, aerobic exercise led to greater increases of
P300 amplitude and reductions in reaction time than coordinative exercise in children with ADHD.

The findings suggest that a single exercise bout improves inhibitory control and the allocation of attentional
resources. There were some indications that an aerobic exercise session seems to be more efficient than co-
ordinative exercise in reducing the inhibitory control deficits that persist in children with ADHD.

1. Introduction

Attention-Deficit/Hyperactivity Disorder (ADHD) is considered to
be the most common neurodevelopmental disorder among children,
with a global prevalence rate of 6% (Polanczyk et al., 2014). The be-
havioral symptoms of this neuropsychiatric disorder comprise a de-
velopmentally inappropriate pattern of inattention and impulsiveness/
hyperactivity with an initial manifestation before children have
reached 12 years of age (American Psychiatric Association, 2013). In
60% of all cases those symptoms persist into adulthood (Sibley et al.,
2016), affecting people with ADHD at different stages throughout life.
Based on investigations of brain structure and function, volume re-
ductions and abnormal activation patterns of the fronto-parietal net-
work have been discussed as neurobiological mechanisms underlying
ADHD dysfunctions (Cortese et al., 2012; Rubia et al., 2014). Meta-
analytical findings have revealed that the behavioral consequences of
such functional abnormalities are deficits in inhibitory control, vigi-
lance and working memory (Willcutt et al., 2005). As failures in

inhibitory control have long been regarded as the core cognitive deficit
in ADHD (Lipszyc and Schachar, 2010), many researchers have used
neurophysiological indices to study possible underlying mechanisms. In
this respect, impaired inhibitory control in children with ADHD has
been related to a reduced allocation of attentional resources, delayed
processing and evaluation of stimuli as well as failures to implement
action monitoring (Doehnert et al., 2010; Kratz et al., 2011; Liotti et al.,
2010). Regarding evidence-based medicine, meta-analytical findings
have shown that treatment with methylphenidate (MPH) has only a
small, but positive effect on inhibitory control (Tamminga et al., 2016).
This limited efficacy highlights the need for additional complementary
or alternative interventions for managing cognitive deficits in ADHD.

Interestingly, physical exercise has been found to elicit acute ben-
efits for overall cognitive performance, particularly when the duration
of the exercise session is longer than 10 min (Chang et al., 2012a).
Focusing on moderately-intense exercise, a recent meta-analysis
showed that aerobic exercise (defined as the rhythmical contraction
and relaxation of large muscle groups over a prolonged time) had a

http://dx.doi.org/10.1016/j.dcn.2017.10.007
Received 3 July 2017; Received in revised form 25 October 2017; Accepted 25 October 2017

⁎ Corresponding author at: Department of Sport, Exercise and Health, Sport Science Section, University of Basel, Postal address: Birsstrasse 320 B, CH−4052 Basel, Switzerland.
E-mail address: sebastian.ludyga@unibas.ch (S. Ludyga).

Developmental Cognitive Neuroscience 28 (2017) 21–28

Available online 27 October 2017
1878-9293/ © 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/18789293
https://www.elsevier.com/locate/dcn
http://dx.doi.org/10.1016/j.dcn.2017.10.007
http://dx.doi.org/10.1016/j.dcn.2017.10.007
mailto:sebastian.ludyga@unibas.ch
https://doi.org/10.1016/j.dcn.2017.10.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dcn.2017.10.007&domain=pdf


moderate effect on different executive functions, including inhibitory
control, in healthy children (Ludyga et al., 2016). Likewise there is
accumulating evidence pointing to beneficial effects of acute aerobic
exercise in children with ADHD (Berwid and Halperin, 2012). Ac-
cording to Ludyga et al. (2017), experimental studies in children with
ADHD have consistently shown improvements of inhibitory control
following aerobic exercise at moderate intensity, whereas results were
heterogeneous for other executive functions.

Going beyond behavioral measures, researchers have used event-
related potentials (ERPs) to examine cognitive operations that con-
tribute to improved inhibitory control following aerobic exercise. Based
on a review of studies with healthy children, Hillman et al. (2011)
found that acute improvements of inhibitory control after aerobic ex-
ercise are associated with an increased amplitude of the P300 compo-
nent. According to Polich (2007), P300 amplitude is proportional to the
resources allocated towards the suppression of superfluous neuronal
activity to facilitate processing of target stimulus events. Consequently,
the exercise-induced increase of P300 amplitude observed across sev-
eral experimental studies with healthy populations (Hillman et al.,
2011) is considered to reflect an improved inhibition of extraneous
neuronal activity. Some studies also reported decreased P300 latency
following aerobic exercise (Hillman et al., 2003; Kamijo et al., 2007),
which supports an increase in stimulus classification speed (Polich,
2007). Investigating acute effects of moderately-intense aerobic in
children with ADHD and their healthy peers, Pontifex et al. (2013)
found increases of P300 amplitude and decreases of P300 latency
during a task tapping inhibitory control in both groups. In line with this
findings, previous studies have also reported that children with ADHD
improved behavioral performance in this cognitive domain after a
single session of aerobic exercise (Chang et al., 2012b; Piepmeier et al.,
2015).

Based on an examination of individual differences, Drollette et al.
(2014) further showed that children with low inhibitory control elicited
larger P300 amplitudes after moderate aerobic exercise than children
with high inhibitory control. Given that children with ADHD show
deficits in inhibitory control, this is a first indication that acute aerobic
exercise may elicit greater benefits in children with ADHD compared to
healthy comparisons. This is suggested to be due to a greater reserve for
cognitive enhancements in individuals with low inhibitory control
(Drollette et al., 2014; Sibley and Beilock, 2007). Additionally, greater
benefits can be expected in children with ADHD as the exercise-induced
increase of arousal (Kamijo et al., 2004; Kamijo et al., 2007) may
counteract the task-related hypo-activation that is evident ADHD
(Cortese et al., 2012). Further insights into the differential effects of
aerobic exercise in children with ADHD and healthy comparisons are
necessary to draw conclusions on whether exercise normalizes and/or
enhances the inhibitory aspect of executive control and the allocation of
attentional resources.

Whereas the majority of studies have focused on the acute effects of
aerobic exercise on executive functions, other modalities have received
far less attention. Evidence, albeit limited, suggests that exercises re-
quiring higher cognitive engagement, such as coordinative exercise,
elicits a greater enhancement of executive functions than simpler ex-
ercises characterized by lower cognitive demands (Best, 2010;
Tomporowski et al., 2015). Coordinative exercises are characterized by
complex motor movements that demand multiple degrees of freedom
and interaction with body parts and/or objects for goal-directed be-
haviors (Newell, 1985; Pesce, 2012). The execution of such motor tasks
results in a co-activation of the cerebellum and the prefrontal cortex
(Ito, 2008). In turn, increased activity of the prefrontal cortex has been
linked with improved inhibitory control in previous studies (Endo et al.,
2013; Yanagisawa et al., 2010). Consequently, it is reasonable to sug-
gest that coordinative exercise transiently benefits cognitive perfor-
mance. Although some experimental studies have already reported
improved inhibitory control and attention after such cognitively-enga-
ging exercise in healthy children (Jäger et al., 2014; Schmidt et al.,

2015), it remains to be elucidated whether or not children with ADHD
can expect similar benefits. Moreover, P300 amplitude and latency
have not yet been investigated as potential mechanisms that contribute
to enhanced inhibitory control following coordinative exercise. Further
research is necessary to determine if aerobic exercise or coordinative
exercise is more efficient for the promotion of inhibitory control in
children with ADHD and healthy peers.

The present study aimed to investigate the acute effects of aerobic
exercise and coordinative exercise on inhibitory control and the allo-
cation of attentional resources in children with ADHD and healthy
comparisons. As previous findings have shown superior benefits in in-
dividuals with low executive function (Drollette et al., 2014; Sibley and
Beilock, 2007), we expected that a single exercise session would im-
prove inhibitory control and the allocation of attentional resources
(Hypothesis 1a), with greater benefits elicited in children with ADHD
relative to healthy comparisons (Hypothesis 1b). Based on previous
reviews (Best, 2010; Tomporowski et al., 2015), it is further hypothe-
sised that coordinative exercise benefits behavioral performance on the
inhibitory control task and the allocation of attentional resources to a
greater extent than aerobic exercise (Hypothesis 2).

2. Material and methods

2.1. Participants

For an experimental study, children with ADHD (n = 7 f/11 m)
were recruited from local pediatricians and the University of Basel
Children's Hospital. Additionally, a healthy control group (n = 8 f/
10 m) was recruited from local schools. Participants were deemed eli-
gible if they were between 11 and 16 years of age, had corrected-to or
normal vision and right hand dominance based on the Edinburgh
Handedness Inventory (Oldfield, 1971). In addition to those criteria,
children with ADHD had to be diagnosed with ADHD-combined type
according to the DSM-IV and to be under therapy with MPH. These
criteria were chosen to reduce the risk that possible benefits elicited by
exercise are confounded by differences in the ADHD type and treat-
ment. The diagnosis of ADHD and the exclusion of Autism as comorbid
condition was based on multiple assessments (anamnesis including a
structured interview, standardized questionnaires, assessment of co-
morbidities) by neuropediatricians and pediatricians specialized on
ADHD. Participants with an acute or chronic disease, which is classified
as a contraindication for exercise according to ACSM standards and/or
which impairs the practicability of the scheduled exercise session or any
injury or disease affecting the functionality of the right hand were ex-
cluded. The characteristics of the participants that were included in the
final data analysis are displayed in Table 1. Prior to testing, all

Table 1
Participants’ characteristics.

ADHD (n = 5 f/
11 m)

Controls (n = 8 f/
10 m)

Student’s T-test

M SD M SD T p

Age in y 12.8 1.8 13.5 1.3 −1.26 0.217
Height in cm 160.6 10.9 165.2 10.9 −1.24 0.224
Body mass in kg 54.1 16.1 55.4 12.5 −0.27 0.791
Body mass index in

kg m−2
20.8 5.0 20.2 3.3 0.44 0.644

PWC170 in W kg−1 2.38 0.69 2.50 0.49 −0.59 0.557
DSM-IV inattention 63.6 6.4 47.1 11.1 5.24 <0.001
DSM-IV hyperactivity 68.1 6.6 50.2 8.0 7.04 <0.001
DSM-IV combined 67.1 5.6 47.9 10.6 6.46 <0.001

Note: ADHD = Attention deficit/hyperactivity disorder; DSM IV = Diagnostic and
Statistical Manual for Psychiatric Disorders, 4th edition; DSM-IV clinical symptoms were
assessed using the Conners 3 Scales− Parent Version; reported are T-values, corrected for
sex.
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participants as well as their legal guardians provided informed written
consent. Study procedures were in line with the Declaration of Helsinki
and ethical approval was granted by the local ethics committee.

2.2. Procedures

The present study comprised four laboratory visits. At the first visit,
participants were familiarized with the laboratory and completed a
health check-up, including electrocardiography, measurement of blood
pressure and pulmonary function. In the meantime, legal guardians
were asked to report the medical history of the participating child and
to fill in the validated German adaptation of the Conners 3 Scales −
Parent Version (Lidzba et al., 2013). Afterwards, participants completed
a practice block of a modified Flanker task (Eriksen and Eriksen, 1974)
and a submaximal exercise test (PWC 170) on a cycle ergometer (Bland
et al., 2012). This required participants to cycle at 60–70 rpm, while the
initial workload (20 W for< 50 kg; 30 W for> 50 kg) was increased
every two minutes. The power output for the subsequent stage was
based on the heart rate in the final ten seconds of each stage. The test
was terminated when the participant finished a stage with a heart rate
of ≥165 bpm.

Seven to 14 days after the screening visit, experimental sessions
were scheduled. Using a cross-over design, participants completed a
modified Flanker task before and ten minutes after aerobic exercise,
coordinative exercise and watching a video, on three separate days
respectively, at the same time of the day (± 2 h). During the cognitive
task, electroencephalographic activity was recorded continuously. The
order of the sessions was randomized and counterbalanced across
participants. In the aerobic exercise condition, participants were cy-
cling at moderate intensity over 20 min on an ergometer (E200 P,
COSMED, Italy). In accordance with Norton et al. (2010), 65–70% of
the maximum heart rate was used as heart rate target for moderate
intensity exercise. The maximal heart rate was estimated using the
formula 208-0.7*(age), which is recommended for children aged seven
to 17 years (Mahon et al., 2010). To ensure that participants remained
in their individual heart rate targets, power output was adjusted at
regular intervals if necessary.

In the 20 min coordinative exercise session, children performed
exercises demanding object control skills and bilateral coordination of
lower and upper extremities. For example, exercises included balancing
on an exercise ball, one leg stands on a balance board while catching
and throwing a ball, quickly switching between different variations of
jumping jacks, stepping through colored rings in a predefined order as
well as keeping balloons in the air using right or left hand or leg based
on the color of the balloon. The difficulty of each exercise was adjusted
to individual coordinative skills, so that participants were able to per-
form the exercise without mistakes over at least 30 s.

In the control condition, participants were seated in front of a
monitor and watched a 20 min documentary on exercise behavior in
adults. Similar to previous studies investigating acute effects of exercise
on cognitive performance, the video was not suggested to be cogni-
tively-demanding (Piepmeier et al., 2015; Stroth et al., 2009). All ses-
sions were performed in the laboratory, so that no transition from one
room to another one was required. In each condition, heart rate was
continuously recorded using heart rate monitors (V800, Polar Electro,
Finnland). Additionally, participants were asked to report perceived
exertion (RPE) in 5 min intervals during aerobic and coordinative ex-
ercise.

2.3. Inhibitory control task

Information processing and inhibitory control were assessed using a
modified Flanker task, which was administered with E-Prime Software
(Psychology Software Tools, USA). The task requires participants to
respond to a centrally presented target stimulus (in this case a fish)
amid lateral flanking stimuli. In congruent trials five fish were facing

the same direction (either left or right), whereas in incongruent trials
the direction of the centrally presented fish was different from flanking
fish. During the task, participants were required to respond by pressing
a button corresponding to the direction of the target stimulus. Prior to
testing, participants were instructed by the investigator. Additionally,
instructions were displayed on the screen to make sure that they un-
derstood the task. Following a practice round with 20 trials, partici-
pants completed four blocks with 40 trials each. The test blocks were
interspersed by a 30 s recovery period. The order of the trials was
randomized and congruency (congruent, incongruent) as well as di-
rectionality (left, right) of the stimuli was equiprobable. Black fish
(vertical visual angle: 1.8°; distance between fish: 1.4°) were presented
focally for 200 ms on a white background with a response window of
1000 ms. The inter-stimulus interval varied randomly between 1700
and 2100 ms. Cognitive performance was assessed by calculating the
mean reaction time for correct responses as well as mean accuracy in
both congruent and incongruent trials.

2.4. EEG recording and processing

Using a 128-channel HydroCel Geodesic Sensor Net (EGI, USA)
electroencephalographic activity was recorded continuously during the
modified flanker task at an environmental temperature of 20 °C.
Between the pre- and post-exercise assessments, the EEG net remained
on the participant’s head. As recommended for high input-impedance
amplifiers (Ferree et al., 2001), scalp electrode impedances were con-
trolled and maintained below 50 K Ω at both measurement time points.
During the acquisition, EEG data was amplified by a Net Amps 300
(EGI, USA) system, referenced to the vertex channel (Cz), low-pass
filtered at 100 Hz and digitized at a sampling rate of 250 Hz. Offline
processing was performed using the NetStation software package (EGI,
USA). Based on the timing delay of the video system that was measured
with a photosensor, the event codes were shifted to account for this
delay. A finite response (FIR) bandpass filter was applied on the col-
lected data, so that a frequency range of 0.5–30 Hz remained for ana-
lysis. Filtered data was inspected for eye movements and blinks by
using an automatic detection algorithm on VEOG and HEOG channels.
Continuous EEG data was then re-referenced to average mastoids and
segmented relative to the stimulus onset (−200 ms to 600 ms). Of the
resulting segments only congruent and incongruent trials with correct
responses were used for further analysis. Segments were marked as bad
if they contained blinks or eye movements, ten or more channels ex-
ceeded a voltage threshold of 180 μV or a transition threshold of
100 μV. The remaining segments were visually inspected for artifacts.
At least 25 good segments in both pre- and post-exercise were required
for a dataset to be included for further analyses. The total amount of
segments (control condition: 40 ± 4 at pre; 41 ± 6 at post; aerobic
exercise: 40 ± 5 at pre; 37 ± 7 at post; coordinative exercise:
39 ± 5 at pre; 37 ± 6 at post) was not different between groups and
conditions. Following baseline correction using the interval from
−200 ms to stimulus onset, artifact-free segments were averaged.

For the analysis of the P300 component of ERPs, amplitude and
latency measures were performed in a time window of 250–600 ms
after the stimulus onset. The selection of the time window was based on
previous lab experience and a review of the literature. Adaptive mean
was calculated as the average amplitude of 20 ms prior to and 20 ms
after the peak, as this measure has been shown to be an efficient esti-
mator of the true ERP signal particularly for individual-subject latency
variability (Clayson et al., 2013). P300 latency was assessed using the
fractional latency metric, defining 70% of the peak amplitude as re-
lative criterion for the onset (Kiesel et al., 2008). Latency measures
were obtained from Pz and amplitude measures were averaged for the
parietal region (P1, P2, P3, P4 and Pz).
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2.5. Statistics

As recommended by Faul et al. (2007), sample size was calculated a
priori using G*Power 3.1. Based on effect sizes reported in previous
studies (Hillman et al., 2009; Pontifex et al., 2013) and an alpha level
set to 0.05, the initial power analysis indicated that ten participants per
group were required to reach 85% statistical power. The statistical
analysis of collected data was performed with SPSS 25.0 (IBM Statistics,
USA) for Windows. In advance, Gaussian distribution of the data was
verified with the Shapiro Wilk Test. Possible differences in submaximal
power output, age, BMI between healthy children and children with
ADHD were investigated using Student’s T-Test. This test was also ap-
plied to compare mean heart rate and RPE between the exercise con-
ditions. For these statistical comparisons, the level of significance was
set to p ≤ 0.05.

For overall analyses, a 2 (time: pre, post) × 3 (condition: aerobic
exercise, coordinative exercise, control condition) × 2 (congruency:
congruent, incongruent) × 2 (group: ADHD, controls) ANOVA was
applied to assess the acute effects of exercise on task performance and
P300. Main effects and interactions were reported. Subsequently, pre-
planned contrasts were calculated based on hypotheses. Firstly, the
effects of exercise (average of aerobic and coordinative exercise) were
compared with the control condition by assessing the interaction of
time and condition (Hypothesis 1a). Subsequently, the 3-way interac-
tion of time, condition and group was calculated to examine whether or
not exercise elicits greater benefits for inhibitory control and associated
cognitive processes (Hypothesis 1b). Secondly, the effects of aerobic
exercise were compared with coordinative exercise within the ADHD
and control group to examine whether or not coordinative exercise
elicits greater benefits in one of the groups (Hypothesis 2). For these
statistical analyses (overall and hypotheses tests), the level of sig-
nificance was adjusted for multiple comparisons on task performance
(reaction time and accuracy) and P300 measures (amplitude and la-
tency), so that effects were considered statistically significant at
p ≤ 0.025.

3. Results

Of 36 eligible participants, two children from the ADHD group
discontinued the study prematurely due to illness. Additionally, one
healthy child had to be excluded from the analysis of ERPs, because
data was contaminated by blinks. During the aerobic exercise session,
participants’ mean heart rate was not different from the predefined
heart rate target (139.4 ± 2.1 vs. 139.1 ± 0.8 bpm), T(33) = 0.7,
p = 0.474. Furthermore, the mean heart rate during aerobic exercise
was higher than the mean heart rate during coordinative exercise
(139.4 ± 2.1 vs. 131.3 ± 11.6 bpm), T(33) = 4.2, p < 0.001. In
contrast, mean RPE was not different between the exercise conditions
(13.0 ± 1.3 vs. 12.7 ± 1.1), T(33) = 1.2, p = 0.238. When partici-
pants were watching the video, the heart rate was not different from the
resting state (70.7 ± 8.9 vs. 71.9 ± 10.7 bpm), T(33) = 1.8,
p = 0.088.

3.1. Overall analyses

Based on the omnibus analyses, there was a main effect of con-
gruency on reaction time, F(1,32) = 131.3, p < 0.001, η2 = 0.80, and
accuracy, F(1,33) = 86.1, p < 0.001, η2 = 0.73, showing shorter re-
action time (334.4 ± 64.9 vs. 360.9 ± 71.9 ms) and higher accuracy
(93.8 ± 0.05 vs. 83.8 ± 0.08%) for congruent compared to incon-
gruent trials. For reaction time, main effects of group F(1,32) = 8.9,
p = 0.005, η2 = 0.22, and time were found, F(1,32) = 25.1,
p < 0.001, η2 = 0.44, indicating shorter reaction times in healthy
comparisons relative to children with ADHD (318.1 ± 39.2 ms vs.
380.8 ± 79.1 ms) and at post-test compared to pre-test
(354.9 ± 70.2 ms vs. 340.4 ± 67.2 ms). Additionally, there was an

interaction of time and condition for reaction time, F(2,31) = 9.8,
p = 0.001, η2 = 0.39, superseded by a time x condition x group in-
teraction, F(2,31) = 4.3, p = 0.023, η2 = 0.22. No further significant
interactions were observed for reaction time and accuracy (Table 2).

With regard to ERPs, there was a main effect of congruency for P300
amplitude, F(1,31) = 47.9, p < 0.001, η2 = 0.61, and latency, F
(1,31) = 24.8, p < 0.001, η2 = 0.45, indicating lower amplitude
(11.8 ± 4.9 vs. 13.1 ± 5.3 μV) and shorter latency (264.2 ± 56.8
vs. 282.9 ± 60.9 ms) for congruent compared to incongruent trials.
Additionally, a main effect of time on P300 amplitude was found, F
(1,31) = 24.3, p < 0.001, η2 = 0.44, so that participants had a higher
P300 amplitude at post-test compared to pre-test (13.0 ± 5.2 vs.
11.9 ± 5.0 μV). For P300 latency, a main effect of group, F(1,31)
= 6.5, p = 0.016, η2 = 0.17, indicated that healthy comparisons had
shorter latencies than the ADHD group (250.6 ± 41.4 vs.
298.0 ± 63.6 ms). Moreover, a time by condition interaction was ob-
served for P300 amplitude, F(2,30) = 15.9, p < 0.001, η2 = 0.52, but
not for P300 latency. No further significant interactions were observed
for amplitude and latency measures of the P300 component. Grand-
averaged ERP waveforms for each group and session are provided in
Fig. 1 and the topographic distribution of the P300 amplitude across the
scalp is displayed in Fig. 2.

3.2. Acute effects of exercise compared to the control condition

Contrasting general effects of exercise (independent of modality)
against the control condition, there was a significant interaction of time
and condition for reaction time, F(1,32) = 17.4, p < 0.001, η2 = 0.35,
indicating a greater decrease of reaction time following exercise

Table 2
Main effects and interactions obtained from the omnibus analyses.

F p Eta2 1-Beta

Reaction time in
ms

Time 25.1 < 0.001 0.44 0.99
Condition 0.1 0.897 < 0.01 0.06
Group 8.9 0.005 0.22 0.82
Congruency 131.3 < 0.001 0.80 1.00
Time x condition 11.8 < 0.001 0.27 0.99
Time x group 1.6 0.217 0.05 0.23
Condition x group 0.3 0.759 0.01 0.09
Time x condition x
congruency

0.3 0.764 0.02 0.09

Accuracy in% Time 0.9 0.349 0.03 0.15
Condition < 0.1 0.977 < 0.01 0.05
Group 2.6 0.119 0.07 0.34
Congruency 86.1 < 0.001 0.73 1.00
Time x condition 1.7 0.202 0.10 0.33
Time x group < 0.1 0.852 < 0.01 0.05
Condition x group 0.3 0.754 0.02 0.09
Time x condition x
congruency

0.5 0.587 0.03 0.13

P300 amplitude in
μV

Time 24.3 < 0.001 0.44 0.99
Condition 0.7 0.485 0.05 0.16
Group <0.1 0.837 < 0.01 0.06
Congruency 47.9 < 0.001 0.61 1.00
Time x condition 15.5 < 0.001 0.33 0.99
Time x group < 0.1 0.999 < 0.01 0.05
Condition x group 1.7 0.194 0.05 0.32
Time x condition x
congruency

1.5 0.228 0.09 0.30

P300 latency in ms Time 3.7 0.063 0.11 0.46
Condition 2.2 0.124 0.07 0.43
Group 6.5 0.016 0.17 0.70
Congruency 24.9 < 0.001 0.45 0.99
Time x condition 1.9 0.148 0.06 0.28
Time x group 0.8 0.364 0.03 0.15
Condition x group 0.7 0.479 0.02 0.17
Time x condition x
congruency

0.7 0.477 0.02 0.17
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compared to watching a video in both groups (Table 3). No such in-
teraction was observed for accuracy.

For P300 amplitude, there was an interaction of time and condition,
F(1,31) = 20.5, p < 0.001, η2 = 0.39, showing that P300 amplitude
was increased to a greater extent after exercise compared to the control
condition (Table 4). In contrast, changes in P300 latency from pre- to
post-test were not significantly different between the exercise and
control conditions. Furthermore, based on the first contrast, there was
no significant interaction of time, condition and group for any of the
dependent variables (see supplement for further details).

3.3. Acute effects of aerobic exercise compared to coordinative exercise

Contrasting the effects of aerobic exercise against the effects of
coordinative exercise, there was an interaction of time, condition and
group for reaction time, F(1,32) = 7.4, p= 0.01, η2 = 0.19, but not for
accuracy. Further examination revealed a time by condition interaction
for reaction time in children with ADHD, F(1,32) = 6.1, p= 0.025,
η2 = 0.26, indicating that aerobic exercise led to a greater reduction of
reaction time than coordinative exercise (Table 3). In healthy com-
parisons, exercise-induced changes in reaction time were not sig-
nificantly different between the two exercise modalities.

With regard to P300 measures, no interaction of time, condition and
group was found for latency and amplitude. As the interaction ap-
proached significance for P300 amplitude, F(1,31) = 3.8, p = 0.06,
η2 = 0.11, the time by condition interaction was further examined
within groups for exploratory purposes. In children with ADHD, a
greater increase of P300 amplitude following aerobic exercise com-
pared to coordinative exercise (Table 4) was supported by a time by
condition interaction, F(1,31) = 10.3, p = 0.006, η2 = 0.41. In con-
trast, the pre- to post-test change of P300 amplitude was not sig-
nificantly different between the aerobic and coordinative exercise
condition in healthy comparisons (see supplement for further details).

4. Discussion

The findings of the present study revealed that in comparison to an
inactive control condition, a single exercise session elicited benefits for
behavioral performance and the allocation of attentional resources in
children with ADHD and healthy comparisons. This improvement was
indicated by increased P300 amplitude and decreased reaction time on
congruent and incongruent trials of the Flanker task. Although there
were some indications that the magnitude of the effects on behavioral
outcomes is influenced by the ADHD status, the findings provide no
clear evidence that individuals with deficits in executive function can
expect greater exercise-induced improvements in this cognitive domain
(Drollette et al., 2014; Sibley and Beilock, 2007). Thus, the first hy-
pothesis was only partly supported, because exercise improved the al-
location of attentional resources to a similar extent in both children

Fig. 1. Grand-averaged event-related potentials at Pz
before and after A) aerobic exercise, B) coordinative
exercise and C) watching a video. Note:
ADHD = Attention-Deficit/Hyperactivity Disorder.

Fig. 2. Topographic plots of P300 amplitude before and after the experimental sessions in
children with ADHD and healthy comparisons. Note: ADHD = Attention-Deficit/
Hyperactivity Disorder; plots present the peak amplitude of stimulus-locked ERPs col-
lapsed across congruent and incongruent trials.
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with ADHD and healthy comparisons. When the influence of exercise
modality was assessed, children with ADHD showed greater improve-
ments of task performance and a tendency towards a higher increase of
the P300 amplitude following aerobic exercise compared to co-
ordinative exercise. In contrast, there was no evidence that modality
influences the exercise-induced benefits for inhibitory control in
healthy children. Consequently, the second hypothesis assuming that
coordinative exercise would be more beneficial than aerobic exercise
had to be rejected.

The present findings are in line with previous experimental studies
showing improved reaction time on inhibition tasks in children with
ADHD following a single exercise session (Chang et al., 2012b;
Piepmeier et al., 2015). In contrast to time-dependent measures, ac-
curacy on the Flanker task was not influenced by the exercise bout. This
argues against a speed-accuracy tradeoff, so that cognitive enhance-
ments seem to be due to different physiological mechanisms rather than
a change from prevention to promotion focus or vice versa (Förster
et al., 2003). As response time involves speed of stimulus classification,
stimulus evaluation, response selection, and motor preparation (Doucet
and Stelmack, 1999; Polich, 2007), a single exercise session seems to
benefit one or more of these processes.

Previous studies provide evidence for a decreased latency and in-
creased amplitude of the P300 component of ERPs following exercise in
both children with ADHD (Pontifex et al., 2013) and healthy compar-
isons (Hillman et al., 2009). The P300 latency is sensitive to task pro-
cessing demands and proportional to stimulus evaluation timing
(Polich, 2007), so that an exercise-induced decrease indicates faster
cognitive processing. Similar to previous studies, ADHD-related deficits
in classification speed were evidenced by a longer P300 latency
(Fallgatter et al., 2004; Monastra, 2008), but exercise did not reduce the
time required to detect and evaluate a target stimulus in the present
study. However, a single exercise session increased P300 amplitude in
children with ADHD and healthy comparisons. These specific changes
mirror the exercise-induced speeding of response times in both groups,
so that higher performance on the Flanker task is suggested to be partly

due to improved resource allocation. This is further supported by
Ramchurn et al. (2014), who have found that amplitude measures of
the P300 component rather than latencies are associated with slower or
faster responding. The present results are consistent with previous
studies, which have linked increased P300 amplitude with beneficial
effects of aerobic exercise on inhibitory control in children with and
without ADHD (Hillman et al., 2009; Hillman et al., 2011; Pontifex
et al., 2013). However, there is a possibility that changes in other
components of ERPs, which have not been assessed, have also con-
tributed to an increased inhibitory control.

Different mechanisms have been considered to account for cognitive
enhancements following moderate aerobic exercise. In this respect, fa-
vorable changes in cerebral metabolism, blood flow and release of ca-
techolamines in particular have been suggested to create a nutritive
environment within the brain (Kashihara et al., 2009; Secher et al.,
2008). Furthermore, aerobic exercise has been found to elicit transient
changes in cortical activation (Ludyga et al., 2015), whereby higher
activity of the prefrontal cortex is related to increased inhibitory control
(Yanagisawa et al., 2010). Therefore, it seems likely that aerobic ex-
ercise compared to coordinative exercise led to greater improvements
of reaction time in children with ADHD by reducing the task-related
hypo-arousal associated with ADHD (Cortese et al., 2012). In contrast,
both exercise modalities had similar impacts on inhibitory control in
healthy comparisons. Although previous studies have also found ben-
eficial effects of exercise with higher cognitive demands on this ex-
ecutive function component (Jäger et al., 2014; Schmidt et al., 2015),
the underlying mechanisms for different behavioral responses between
children with ADHD and healthy comparisons remain unclear. How-
ever, the reticular-activating hypofrontality model of acute exercise
might offer a possible explanation (Dietrich and Audiffren, 2011).
Based on this model, exercise triggers an activation of different neu-
rotransmitter systems that enhance cognitive control, but disengages
executive functions when motor execution demands the allocation of
additional resources. As the activity of the motor cortex increases as a
function of complexity of the movement (Leff et al., 2011), coordinative

Table 3
Reaction time for congruent and incongruent trials of the Flanker task before and after the experimental sessions in children with ADHD and healthy controls.

ADHD (n = 16) Controls (n = 18)

Pre Post Pre Post

M SD M SD M SD M SD

Reaction time on congruent trials in ms Aerobic exercise 390.1 99.4 354.1 78.5 309.8 37.3 301.1 41.0
Coordinative exercise 369.8 72.3 358.3 76.8 313.1 39.8 296.9 35.5
Control condition 363.2 82.2 365.5 78.9 306.4 35.2 306.0 41.4

Reaction time on incongruent trials in ms Aerobic exercise 417.9 107.3 375.9 81.9 338.0 50.6 321.1 48.6
Coordinative exercise 407.6 84.7 385.8 90.5 339.2 45.4 320.4 39.1
Control condition 391.6 74.8 390.3 89.9 335.1 53.9 330.1 50.5

Note: ADHD = Attention Deficit/Hyperactivity Disorder.

Table 4
P300 latency and amplitude before and after the experimental sessions in children with ADHD and healthy controls.

ADHD (n = 16) Controls (n = 17)

Pre Post Pre Post

M SD M SD M SD M SD

P300 adaptive mean amplitude in μV Aerobic exercise 10.7 3.5 13.8 3.8 11.9 5.9 14.3 6.7
Coordinative exercise 13.1 6.3 13.5 5.5 11.2 6.8 12.8 7.1
Control condition 12.4 3.6 12.4 3.6 12.0 6.0 11.6 6.2

P300 latency (70% peak amplitude) in ms Aerobic exercise 320.8 76.9 300.8 70.8 254.8 54.6 249.9 63.1
Coordinative exercise 303.6 89.5 298.1 79.6 266.6 48.4 241.2 35.3
Control condition 275.6 57.0 289.4 72.0 247.1 43.7 244.1 38.6

Note: ADHD = Attention Deficit/Hyperactivity Disorder; Data are collapsed across congruent and incongruent trials.
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exercise might prevent enhancements of inhibitory control in children
with ADHD due to a limited availability of resources that are necessary
for performing an executive function task. This is supported by Rubia
et al. (1999), who have found that ADHD is associated with hypo-
frontality during higher-order motor control.

For the interpretation of the present findings, some limitations have
to be taken into account. From a methodological perspective, it is likely
that findings of the present study were influenced by carry-over effects
due to the cross-over design. To reduce these effects, participants were
familiarized with the assessments 7–14 days prior to the experiment
and sessions were scheduled with at least fivedays between conditions
to ensure a sufficient wash-out period. With regard to the EEG assess-
ments, it is possible that sweating artifacts have affected data quality as
the EEG remained on the participant’s head during the exercise ses-
sions. However, it should be noted that the exercise sessions were
moderately-intense and lasted 20 min only. As the environmental
temperature was held constant at 20°, participants were not expected to
sweat a lot. Furthermore, it cannot be ruled out that the choice of the
control condition has influenced the present findings. However, com-
paring exercise-induced improvements with possible changes after
watching a video seem to be more ecologically valid than comparisons
with seated rest. This is due to the fact that children and adolescents
rarely have the chance to rest in settings, in which such improvements
would be highly advantageous (e.g. educational settings). Another
limitation related to the control condition was that children with ADHD
tended to have higher P300 amplitudes before watching the video
compared to pre-exercise assessments. Therefore, it might be assumed
that there was a greater reserve for improvements in inhibitory control
and associated cognitive processes prior to the exercise sessions.
Knowing that ADHD is associated with a high intra-individual varia-
bility of reaction time (Tamm et al., 2012), this pattern is considered to
be due to random day-to-day variability. As effects of exercise were
assessed in children with ADHD-combined type undergoing treatment
with methylphenidate, it remains unclear whether or not a single
aerobic session elicits similar benefits for inhibitory control in other
types of ADHD or children undergoing other forms of therapy (e.g.
neurofeedback, behavioral therapy). Additionally, it cannot be ruled
out that greater benefits of aerobic exercise for inhibitory control in
ADHD are confounded by methylphenidate treatment. However, a
previous study has shown that moderate aerobic exercise elicits similar
improvements of behavioral symptoms and attention in users and non-
users of methylphenidate (Medina et al., 2010). Moreover, the present
results do not allow conclusions on whether or not gender and/or in-
telligence moderate the beneficial effects of exercise for behavioral
performance and the allocation of attentional resources. A preliminary
examination of the interaction of gender, time and condition yielded no
significant results for the dependent variables. With regard to in-
telligence, it is less likely that this variable has influenced the present
results, because the number of participants with a higher educational
level was equal between groups. Furthermore, the present findings do
not permit any conclusions about the durability of the observed effects.
Due to the high practical relevance, future studies should therefore
examine the time course of the effects of aerobic and coordinative ex-
ercise on inhibitory control in children with and without ADHD.

In conclusion, acute exercise leads to transient improvements of
inhibitory control and the allocation of attentional resources in both
children with ADHD and healthy peers. In comparison to coordinative
exercise, an aerobic exercise session seems to be more efficient to
temporarily reduce the inhibitory control deficit that persists in chil-
dren with ADHD. Therefore, children should be encouraged to strate-
gically use a single exercise session to prepare for situations demanding
high inhibitory control, such as examinations and learning phases.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the

online version, at http://dx.doi.org/10.1016/j.dcn.2017.10.007.
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