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Despite that previous studies have supported relationships between motor ability
and inhibitory function, and between resting brain theta/beta power ratios (TBR) and
inhibition in children with attention deficit/hyperactivity disorder (ADHD), little research
has examined the mechanism within these relationships. The purpose of this study
was to investigate whether TBR would mediate the relationship between motor ability
and inhibitory function. A total of 71 children with ADHD were recorded resting
electroencephalographic (EEG) data during eyes-open. Motor abilities were evaluated
by Movement Assessment Battery for Children-2 (MABC-2) and inhibitory ability were
assessed by a modified Eriksen'’s flanker task. The results of mediation analyses revealed
that TBR could completely mediate the relationship between motor competence and
response speed (indirect effect = —0.0004, 95% CI [-0.0010, —0.0001]) and accuracy
(indirect effect = 0.0003, 95% CI [0.0000, 0.0010]) in the incongruent condition of the
flanker task. This study suggests that TBR may be one of the mechanisms between
motor ability and inhibition function in children with ADHD.

Keywords: ADHD, TBR, motor ability, interference, mediator

INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is one of the most pervasive childhood
developmental disorders and approximately 27% of children with ADHD suffer from deficits
in inhibition function (Kofler et al., 2019). Inhibition refers to the ability to inhibit responses,
which is associated with executive neuropsychological functions that appear to depend on it for
their effective execution such as working memory, regulation of motivation, internalization of
speech, and reconstitution (Barkley, 1997), as well as fine and gross motor abilities (Band and
van Boxtel, 1999). Inhibitory dysfunctions typically result in long-term consequences as problems
in mood regulation, family life, peer relationships, academic achievement and future prospects
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among children with ADHD (Youn et al., 2019). Although
medication and behavioral treatments for ADHD symptoms are
recommended, some potential side effects and costs often reduce
their overall effectiveness (Rajeh et al., 2017) and thus making it
important to explore lifelong adjunctive or alternative treatment
options that may benefit children with ADHD. Based on this
concern, factors associated with inhibition functions in children
with ADHD and their mechanisms deserve further investigation.

For children with ADHD, problems of fine and gross motor
skills, coordination skills, and motor control have been found
to relate to inattentive or combined symptoms (Fenollar-Cortés
et al., 2017). Therefore, deficits in motor competence are
often accompanied by cognitive impairments in children with
ADHD. Motor competence refers to the degree of proficiency in
performing a wide variety of motor skills including both gross
(e.g., jumping) and fine (e.g., manual dexterity or precision)
motor skills as well as the underlying mechanisms including
coordination, control, and quality of movement. There is
extensive research examining potential relations between motor
competence and inhibition functions in different populations.
Recent research within typically developing children has reported
a significant relationship between motor competence and
response inhibition (Albuquerque et al., 2021), and children with
typical development exhibit better inhibitory performance than
children with motor impairments (Yu et al., 2020). Also, motor
competence such as coordination associated with throwing and
striking and hand dexterity could predict inhibitory performance
at a Go/No-Go task in children with ADHD (Hung et al., 2013).
Several intervention studies have identified beneficial effects of
motor skill training programs on inhibition and attention in
children with ADHD. For example, Verret et al. (2012) found
that a 10-week ball games program (basketball and soccer) not
only improved fitness and gross motor skills but also information
processing and sustained auditory attention. Similarly, Pan
et al. (2016) reported a 12-week table tennis exercise program
improved motor skills (e.g., locomotor and object-control skills)
and performance on tasks involving planning and inhibition.
Furthermore, the relationship between motor competence and
inhibition function appears to be causal since it has been shown
that an 8-week coordination exercise program led to improved
inhibition in kindergarten children (Chang et al., 2013). Previous
research has indicated that common mechanisms associated
with the cognitive deficits and motor difficulties of children
with ADHD may involve several brain structures (Halperin
and Healey, 2011) and neurotransmitter systems (Prince, 2008).
Therefore, high levels of motor competence might contribute to
enhanced inhibition via the restoration of normal functioning
involving these brain areas and neurotransmitter systems.

Motor cortical regions of the frontal cortex are considered to
be highly associated with the acquisition and/or consolidation of
skilled motor behaviors, as well as rich dopaminergic pathways
(Luft and Buitrago, 2005). Furthermore, by using a technique
of transcranial magnetic stimulation, short interval cortical
inhibition (SICI) evoked in motor cortex is significantly reduced
in children with ADHD compared to typically developed children
(Gilbert et al., 2011). Reduced SICI in motor cortex is viewed to
correlate with the presence and severity of hyperactive impulsive

behaviors in children with ADHD as well as with commonly
observed delays in motor control. Therefore, the neural substrate
of these motor delays and inhibition dysfunction may include
mechanisms within or adjacent to the motor cortex. Given
that children with ADHD are commonly featured by motor
difficulties and inhibitory control deficits, the association between
low motor competence and weak inhibition might be mediated by
some stable and predisposed variables. A resting EEG indicator,
theta/beta ratios (TBR), might be one of the mediators. Inhibition
dysfunction in children with ADHD is identified to be resulted
from cortical under-arousal (Clarke et al., 2001) as indicated by
increased ratios of EEG slow waves to fast waves, such as TBR,
during the resting state. Previous research has demonstrated a
negative relationship between TBR and inhibition performance
(Putman etal., 2010) and suggested that TBR may serve as a stable
biomarker for inhibition in children with ADHD (Zhang et al,,
2017). Moreover, in a randomized controlled trial, neurofeedback
training aimed at reducing TBR resulted in reduced symptoms
in children with ADHD (Janssen et al, 2016). Regarding the
association between motor competence and TBR, previous
research has found that children with ADHD show worse motor
competence and higher TBR than typical development children
(Huang et al., 2018). Based on maturational lag and hypo-arousal
model, elevated TBR in children with ADHD is partly associated
with delayed development of the brain’s ascending reticular
activation system that leads a disturbance in thalamus-cortical
transactions (Saad et al., 2018). By using a sample of normal adult
mice, the acquisition of motor skills has been found to induce
synaptic modifications in the primary motor cortex in which the
stabilization of motor thalamus can be enhanced (Hasegawa et al.,
2020). Although little evidence has directly shown the causal
relationship between motor competence and TBR, high levels
of motor competence may contribute to develop more efficient
thalamocortical pathways which may be reflected by reduced
TBR. Therefore, it is postulated that a negative association
between motor competence and TBR might be expected in
children with ADHD.

While a positive relationship has been demonstrated between
motor competence and inhibition in children with ADHD, there
is limited research as to the underlying mechanism (Chang et al.,
2013; Hung et al., 2013). Given that motor competence (Halsband
and Lange, 2006), TBR (Chabot and Serfontein, 1996), and
inhibition (Casey et al., 1997) all involve the frontal cortex and it
is known that reduce in TBR may reflect improved inhibition, it is
possible that the influence of motor competence on inhibition is
mediated through the biological/physiological pathways reflected
by TBR. Therefore, the main purpose of this study was to examine
whether TBR could mediate the relationship between motor
competence and inhibition in children with ADHD.

METHOD

Participants

A total of 71 children with ADHD (mean age = 9.90 & 1.54 years)
from local elementary schools in Taipei were included in this
study (Table 1). They were referred by special education teachers
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TABLE 1 | Demographic and physical characteristics of the participants.

Characteristics Mean + SD
Gender (boy: girl) 48:23
BMI (kg/m?) 19.50 + 1.5
ADHD type

ADHD- 30
ADHD-HI 5
ADHD-C 36

BMI, body mass index; ADHD-I, predominantly inattentive subtype; ADHD-HI,
predominantly hyperactive-impulsive subtype; ADHD-C, combined hyperactive-
impulsive and inattentive subtype.

and parents to participate in this study. Sample size was
determined to ensure sufficient power by using power analysis
software (G*Power 3.1). We set the following input parameters
for using a linear multiple regression with alpha = 0.05,
power = 0.80, effect size f> = 0.15 (medium), and 2 predictors.
The resulting sample size specification was 68. Therefore, the
current sample was shown to have a greater than 80% probability
of detecting a medium size effect. Recruitment criteria were as
follows: (1) aged between 8 and 12 years; (2) diagnosed by a
pediatric psychiatrist as having ADHD based on the criteria of the
fifth edition of the Diagnostic and Statistical Manual for Mental
Disorders (DSM-5; American Psychiatric Association, 2013);
(3) no co-morbid conditions, such as conduct/oppositional
defiant disorder, autism spectrum disorders, or serious affective
disorders; and (4) no history of brain injury or neurological
conditions, such as epileptic seizures, serious head injuries, or
periods of unconsciousness. In addition, the legal guardians of
our participants confirmed the presence of the ADHD symptoms
using the Child Behavior Checklist (CBCL), a component in the
Achenbach System of Empirically Based Assessment (Achenbach
and Rescorla, 2001). For the purpose of this study, only the
items relevant to the assessment of ADHD were utilized. The
average ADHD scale score for the participants in the current
study was 67.18 £+ 6.8. While the clinical cutoff score for a
diagnosis of ADHD is above 70 (Achenbach and Rescorla, 2001),
score ranging from 65 to 69 are considered clinically borderline.
All participants were instructed to stop medications for at least
24 hours prior to the start of this study. Their parents completed
a written assessment and gave informed consent. This study was
approved by the Institutional Review Board of National Taiwan
Normal University (201010HS001).

Measure

Motor Competence

This study used the Movement Assessment Battery for Children-
2 (MABC-2) to assess participants’ motor abilities, a test designed
to identify and describe impairments in motor performance of
children and adolescents 3 through 16 years of age (Henderson
et al., 2007). The MABC-2 includes 3 subtests: manual dexterity
(placing pegs, threading and drawing), aiming and catching (two
handed catching and beanbag throwing), and balance (on-board
balancing, walking heel to toe, and hopping). The three subsets of
the MABC-2 were converted into standard scores, then transform

to the percentile scores on these subsets. Although some items of
the MABC might need to be adjusted in Asia-pacific countries
(Chow et al., 2006), the reliability and validity of the MABC-2 are
still fair based on a large sample of Chinese preschool children
(Hua et al., 2013).

Inhibition

The Eriksen’s flanker task was used to examine interference
control and inhibition. The task included two types of
trials. In ‘congruent’ trials stimuli consisted of a horizontal
array of five arrows all facing in the same direction
(i.e, <<<<<or >>>>>). In ‘incongruent’ trials, the central
target arrow was flanked by two arrows on each side facing in the
opposite direction (i.e., <<><< or >> <>>). By replicating
the protocol used in a previous study (Tsai et al, 2017), the
flanking stimuli were presented as 3 x 3-cm figures, at a 2.87°
visual angle, in the center of a computer screen, 60 cm from the
participant, on a black background. Participants completed 5
blocks of 32 trials presented with equiprobable congruency and
directionality. Left and right target arrows were presented with
equal probability and were randomized within each block. Each
trial began with a central fixation cross (+) for 1000 ms, followed
by the presentation of the target stimulus in the center of the
computer screen for 200 ms. A blank screen was then shown
for 1500 ms. The next trial began after a response was made, or
at the end of the response window, i.e., 1700 ms after the target
stimulus presentation. Participants were instructed to respond
to the central target arrow by pressing the keyboard letters
‘V’ (with their left index finger) or ‘N’ (with their right index
finger) as quickly and accurately as possible, to indicate whether
the stimulus presented pointed to the left or right respectively.
Participants were allowed a one-minute break between blocks.
The total duration of the task was approximately 12 min.

The behavioral performance measures including reaction time
(RT) and accuracy (correct responses) were calculated in the
congruent and incongruent trials, respectively. RT was defined
as the interval between the onset of a stimulus and a response.
Only RTs recorded from correct responses occurring within the
response window (between 150 ms and 1000 ms) were included
for subsequent analysis.

EEG Recording and Data Reduction

Electroencephalographic activity was recorded from 28 midline
and lateral Ag/AgCl electrodes positioned according to the
International 10-20 system using a NeuroScan Quik-Cap (Neuro
Inc., Charlotte, NC, United States). Vertical electrooculogram
(VEOG) was collected from electrodes placed above and below
the left eye and the horizontal electrooculogram (HEOG) from
the outer canthus of each eye. A ground electrode was attached
to the middle of the forehead, and all electrodes were referenced
to linked ears. Electrode impedance was kept below 10 kQ.
EEG and EOG were amplified with a bandwidth of DC-to-
100 Hz. The sampling rate was 500 Hz. In addition, a 60-
Hz notch filter was utilized during the data acquisition. Prior
to data processing, EEG data were filtered using a band-pass
cutoft of 1-30 Hz (12 dB/octave) and EOG corrected by an
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algorithm. The continuous EEG data were segmented into 2-
s epochs. After a baseline correction and visual inspection for
artifact, the cleaned EEG data were Fast Fourier transformed and
subsequently In-transformed. Power estimates were calculated
using fixed frequency (4-7.5 Hz for theta and 13.5-25 Hz for
beta) bands at the Cz site, which has been found to have
the greatest ability to distinguish between ADHD and healthy
controls (Monastra et al., 1999). Furthermore, the ratio coeflicient
of theta/beta was computed.

Procedure

Each participant came into the laboratory on a single occasion.
The day before participants were reminded to avoid caffeine and
food products containing alcohol. On arrival in the laboratory,
participants were familiarized with the testing procedure as well
as the laboratory environment. Written informed consent forms,
as well as health and demographic questionnaires were provided
to the accompanying adults. Participants were then asked to
complete a test of motor competence, after which they were fitted
with an electrode cap, and impedances and the quality of the EEG
signal were checked. Then, sitting calmly in a comfortable chair
with eyes open in a sound-attenuated testing room, EEG data was
collected twice for one minute each. After these two EEG data
collections, the participants then engaged in the flanker task.

Statistical Analysis

Descriptive statistics were computed, and Pearson correlation
coefficients were estimated among motor competence (the
MABC-2 score), the resting TBR, and inhibition indicators (RT
and accuracy rate at the flank task). A bootstrapping method
was performed using SPSS PROCESS Macro (Hayes, 2013) to
examine if the resting TBR mediated the relationship between
motor competence and behavioral performance of the flanker
task in children with ADHD. The mediation analyses were
conducted with 1,000 bootstrapping resamples to obtain bias-
corrected 95% confidence intervals. All statistical analyses were
performed using SPSS 21.0 with a significance level of 0.05.

RESULTS

Preliminary Analysis

As shown in Table 2, motor competence (the MABC-2 score)
was negatively correlated with the TBR, RT in the congruent
trials (C-RT), and RT in the incongruent trials (IC-RT), as
well as positively correlated with accuracy in the congruent
trials (C-ACC) and accuracy in the incongruent trials (IC-ACC).
Regarding the subsets of the MABC-2, the percentile score of
manual dexterity was negatively correlated with C-RT and IC-
RT, as well as positively correlated with C-ACC and IC-ACC.
The percentile score of aiming and catching was negatively
correlated with the TBR and positively correlated with C-ACC.
The TBR was negatively correlated with IC-ACC and positively
correlated with C-RT and IC-RT. All significant levels reached at
p < 0.05.

Mediation Analyses
The purpose of this study aimed to examine whether TBR
could mediate the relationship between motor competence and
inhibition in children with ADHD. A bootstrapping method
was performed using SPSS Process Macro to conduct the
mediation analyses. As shown in Table 3, the motor competence
(independent variable) could significantly predict C-RT of
the flanker task (dependent variable), and the resting TBR
(mediator). Next, the resting TBR was a significant predictor
of C-RT of the flanker task. While controlling for resting
TBR, the result showed that the motor competence was still a
significant predictor of C-RT of the flanker task. The results
of the indirect effect based on 1000 bootstrap samples revealed
that a significant indirect negative relationship between motor
competence and C-RT of the flanker task was partially mediated
by the resting TBR.

As shown in Table 4, the motor competence was significant
predictors of C-ACC of the flanker task and the resting TBR.
However, the resting TBR was not a significant predictor of

TABLE 2 | Correlations among Motor Competence, TBR, and Inhibitory Performance.

1 2 3 4 5 6 7 8 9
1. MABC-2 (%) -
2. Manual 0.71**
dexterity (%)
3. Aiming & 0.78** 0.36**
catching (%)
4. Balance (%) 0.59* 0.12 0.31*
5. TBR (ratio) -0.25% -0.11 -0.27* -0.18
6. C-RT (sec.) -0.32** -0.28* -0.19 -0.14 0.35"* -
7. C-ACC (%) 0.38** 0.38** 0.27* 0.02 -0.14 -0.15 -
8. IC-RT (sec.) -0.29* -0.29* -0.14 -0.13 0.32** 0.95** -0.11 -
9. IC-ACC (%) 0.29* 0.32** 0.23 0.06 -0.30** -0.07 0.69** -0.12
M 56.93 52.99 55.09 56.82 2.67 0.57 0.88 0.66 0.76
SD 26.20 26.41 29.57 26.75 0.40 0.13 0.08 0.16 0.15

*n < 0.05 and *p < 0.01. MABC-2, average percentile of the three subsets of the Movement Assessment Battery for Children-2; TBR, theta/beta ratio; C-RT, RT in the
congruent condition;, C-ACC, accuracy rate in the congruent condition; IC-RT, RT in the incongruent condition; IC-ACC, accuracy rate in the incongruent condition.
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TABLE 3 | Mediation Analysis for RT in the Congruent Trials of the Flanker Task (C-RT).

Variable/Effect b SE t p 95% CI

MC—TBR —0.0038 0.0018 -2.10 0.0391 —0.0074 —0.0002
TBR —C-RT 0.0949 0.0372 2.55 0.0130 0.0206 0.1691
MC—C-RT —0.0012 0.0006 —-2.16 0.0340 —0.0024 —0.0001
Effect

Direct —0.0012 0.0006 -2.16 0.0340 —0.0024 —0.0001
Indirect —0.0004 0.0002 —0.0009 —0.0000
Total —0.0016 0.0006 —2.77 0.0072 —0.0028 —0.0004

MC, motor competence; TBR, theta/beta ratio, Cl, confidence interval.

C-ACC of the flanker task. The resting TBR played no role
in the relationship between motor competence and C-ACC of
the flanker task.

As shown in Tables 5, 6, the motor competence could
significantly predict IC-RT and IC-ACC of the flanker task and
the resting TBR. Next, the resting TBR was a significant predictor
of IC-RT and IC-ACC of the flanker task, respectively. While
controlling for resting TBR, the result showed that the motor
competence could not significantly predict IC-RT and IC-ACC
of the flanker task. The results of the indirect effect indicated that
the resting TBR could completely mediate a significant indirect
negative relationship between motor competence and IC-RT, as
well as a significant indirect positive relationship between motor
competence and IC-ACC of the flanker task.

DISCUSSION

The purpose of the present study was to explore the relationships
among motor competence, TBR, and inhibition function in
children with ADHD. Results showed a positive association
between motor competence and inhibition, whereas negative
associations of TBR with motor competence and inhibition.
More importantly, this study found that TBR could mediate
the relationship between motor competence and inhibition.
Specifically, TBR completely mediated the relationship between
motor competence and response speed and accuracy in the
incongruent condition of the flanker task, and partially mediated
the relationship between motor competence and response speed
in the congruent condition.

The results showed that motor competence was positively
correlated with inhibition, which is consistent with previous
findings indicating that higher motor competence is associated
with better inhibition function and cognitive flexibility in
children with ADHD (Hung et al, 2013; Chang et al,
2014; Pan et al, 2016). Even a single session of combined
motor coordination and aerobic exercise could improve
inhibition and the allocation of attentional resources in
children with ADHD (Ludyga et al, 2017). Evidence from
healthy individuals also indicates that motor competence is
positively associated with perceived competence and multiple
aspects of health including physical activity, cardiorespiratory
fitness, muscular strength, muscular endurance, and a

healthy weight status (Utesch et al, 2019). For example,
Wu et al. (2017) showed that infants’ gross motor ability
assessed at 1 or 2 years old predicted cognitive inhibitory
control and working memory performance 2 years later.
Early developmental delay of motor competence has been
found to negatively impact or coexist with additional
developmental domains (e.g., cognitive, social) and/or
lead to long-term health-related consequences (Brian
et al., 2019). Therefore, the longitudinal impact of motor
competence in early childhood should be emphasized as
motor competence may influence cognitive, social, and
health domains from different pathways. This is possibly
due to shared neural substrates as previous research
has shown that basal ganglia, the cerebellum, and the
prefrontal cortex are co-activated in top-down control
of behavior in both complex cognitive and motor tasks
(Leisman et al., 2016).

The present study found that TBR was negatively correlated
with inhibition. This finding is compatible with studies
employing a Go/No-Go task (Putman et al., 2010), a flanker
task (Zhang et al, 2017), and the Attentional Control Scale
(Putman et al., 2014) to assess inhibition in children with
ADHD or healthy individuals. Elevated theta, decreased beta, and
increased TBR during the resting stage in children with ADHD
may reflect a dysfunction in the frontal cortical regulation of
subcortical processes (Schutter and van Honk, 2006). Compared
to controls, ADHD was associated with disrupted connectivity
between within-default mode network and cognitive control and
affective/motivational and salience networks (Sutcubasi et al.,
2020). This dysfunction may lead to inattention symptoms and
inhibitory control deficits presented by a series of cognitive
indicators such as increased omission errors, slower RTs, and
elevated RT variability (Gambin and Swi¢cicka, 2009). As
such, a negative association between TBR and inhibition is
to be expected. The present result also revealed a negative
correlation between motor competence and TBR. Although no
existent research identifies the influence of motor competence
on TBR, Huang et al. (2018) reported that children with ADHD
exhibited lower motor competence and higher TBR than typical
development children. As high levels of motor competence are
linked to both high working memory maintenance and effective
task preparation in adolescents (Ludyga et al., 2018), the potential
role of motor competence in promoting positive or negative

Frontiers in Psychology | www.frontiersin.org

June 2021 | Volume 12 | Article 649154


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Linet al.

Resting EEG and ADHD Inhibition

TABLE 4 | Mediation analysis for accuracy rate in the congruent trials of the flanker task (C-ACC).

Variable/Effect b SE t p 95% CI

MC—TBR —0.0038 0.0018 —-2.10 0.0391 —0.0074 —0.0002
TBR —C-ACC -0.0111 0.0254 —0.44 0.6631 —0.0617 0.0395

MC—C-ACC 0.0012 0.0004 3.17 0.0023 0.0005 0.0020

Effect

Direct 0.0012 0.0004 3.17 0.0023 0.0005 0.0020

Indirect 0.0000 0.0001 —0.0001 0.0003

Total 0.0013 0.0004 3.40 0.0011 0.0005 0.0020

MC, motor competence; TBR, theta/beta ratio, Cl, confidence interval.

TABLE 5 | Mediation Analysis for RT in the Incongruent Trials of the Flanker Task (IC-RT).

Variable/Effect b SE t p 95% CI

MC—TBR —0.0038 0.0018 —-2.10 0.0391 —0.0074 —0.0002
TBR —IC-RT 0.1059 0.0465 2.28 0.0259 0.0131 0.1987

MC—IC-RT —0.0014 0.0007 —-1.92 0.0593 —0.0028 0.0001

Effect

Direct —0.0014 0.0007 —-1.92 0.0593 —0.0028 0.0001

Indirect —0.0004 0.0002 —0.0010 —0.0001
Total —0.0018 0.0007 —2.48 0.0155 —0.0032 —0.0003
MC, motor competence; TBR, theta/beta ratio; Cl, confidence interval.

TABLE 6 | Mediation Analysis for Accuracy Rate in the Incongruent Trials of the Flanker Task (IC-ACC).

Variable/Effect b SE t p 95% CI

MC—TBR —0.0038 0.0018 —-2.10 0.0391 —0.0074 —0.0002
TBR —IC-ACC —0.0918 0.0429 —2.14 0.0359 —-0.1774 —0.0062
MC—IC-ACC 0.0013 0.0007 1.96 0.0530 0.0000 0.0026

Effect

Direct 0.0013 0.0007 1.96 0.0530 0.0000 0.0026

Indirect 0.0003 0.0002 0.0000 0.0010

Total 0.0017 0.0007 2.51 0.0145 0.0003 0.0030

MC, motor competence; TBR, theta/beta ratio,; Cl, confidence interval.

trajectories of brain function should be noticed. Our result can
be explained by the fact that high levels of motor competence is
beneficial to the function of motor cortical regions such as frontal
cortex and cerebellum (Halsband and Lange, 2006), which are
under-aroused during the resting state in children with ADHD
(Clarke et al., 2001). That is, a higher level of motor competence
implies better development of these brain regions reflected by
more normalized TBR.

In support of our hypothesis, inhibition, measured by
response accuracy and RT at the flanker task, was predicted
by motor competence, and this relationship was mediated
by TBR. Previous studies indicated that ADHD-related
deficits are associated primarily with the frontal-striata and
frontal-parietal network (Durston et al., 2003), which are
also activated during tasks requiring motor skill execution
and inhibition. Therefore, high motor competence may
be accompanied by improved inhibition in children with

ADHD; meanwhile, biological/physiological pathways in the
frontal cortex are frequently activated during the process of
establishing motor competence. This positive development
of neurophysiological pathways in the frontal cortex can
be reflected in reduced resting TBR. Specifically, TBR was
entirely responsible for the relationship between motor
competence and inhibition in the incongruent condition of
the flanker task, whereas TBR accounted for only part of
this relationship in the congruent condition. The differences
could be due to a higher demand of inhibition function in
the incongruent condition. Previous studies have shown that
children with ADHD make relatively more errors in the flanker
task than normally developing children, especially in the
incongruent condition (Crone et al., 2003). While conducting
tasks exerting more complex demands on the inhibitory
ability, individuals are required to make increased activation
in the inferior frontal cortex, dorsolateral prefrontal cortex,
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and the pre-supplementary motor area to achieve the tasks
(Criaud and Boulinguez, 2013). On the other hand, task
performance in the congruent condition may be affected by
brain regions other than the frontal cortex due to there being
less demand on executive function. For individuals who have
higher motor competence, they may exhibit fewer inattentive
symptoms reflected by reduced resting TBR. Therefore, in
more complex tasks, they are more likely to mobilize relevant
cognitive resources to meet the high levels of cognitive demand.
The mediating role of TBR in the relationship between motor
competence and inhibition in children with ADHD is becoming
increasingly apparent under this situation. These ideas are
speculative and future work is required before any definitive
conclusions can be drawn.

Caution should be exercised when interpreting the results
of this study. First, although the results found possible
relationships among motor competence, resting TBR, and
inhibition, experimental studies are needed to provide stronger
evidence for the causal nature of this relationship. Second,
the number of correct trials in the incongruent condition
would be too small to calculate RT appropriately. Although
the current study followed the research protocol used in Tsai
et al. (2017), a smaller number of trials and higher error rate
in the incongruent condition may result in inaccurate estimate
of RT. Third, given that increased TBR and weaker inhibition
function in ADHD populations compared with healthy control
groups have been identified, this study did not utilize a sample of
normally developing children as a control group. The inclusion
of such a group would enable a determination of the extent to
which the mediating effect of TBR in the relationship between
motor competence and inhibition is specific to children with
ADHD, or if it reflects a general relationship between motor
competence and inhibition regardless of whether ADHD is
present. In summary, the current study found that inhibition
is predicted by motor competence, and this relationship is
mediated by TBR in children with ADHD. This finding has
significant implication in the interpretation of the relationship
between motor competence and inhibition function in children
with ADHD. Also, given that inhibition is thought to play
an important role in mood regulation, social relationships,
academic learning and future development in children with
ADHD, participation in physical exercise aiming at improving
both motor abilities and physical fitness may have greater

REFERENCES

Achenbach, T., and Rescorla, L. (2001). Manual for the ASEBA School-Age forms
and Profiles: An Integrated System of Multi-Informant Assessment. Burlington,
VT: University of Vermont.

Albuquerque, M. R, Renné, G. V. C,, Bruzi, A. T., de Sousa Fortes, L., and Malloy-
Diniz, L. F. (2021). Association between motor competence and executive
functions in children. Appl. Neuropsychol. 25, 1-9. doi: 10.1080/21622965.2021.
1897814

American Psychiatric Association (2013). Diagnostic and statistical manual for
mental disorders (5th ed., DSM-5). Washington D. C: American Psychiatric
Association.

Band, G. P. H. and van Boxtel, G. J. M. (1999). Inhibitory motor
control in stop paradigms: Review and reinterpretation of neural

implications for their development. For future researchers, our
findings suggest that other mediators could exist and need to
be further explored. It is also recommended that future studies
look at the relationship of different facets of motor competence
to subcomponents of executive functions in order to describe this
relationship in more detail.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by The Institutional Review Board of National
Taiwan Normal University. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

C-FL and C-JH were responsible for the research idea,
implementing the study, and manuscript writing up. C-LH
was responsible for the statistical support and discussion
commentary. Y-JT and T-YC were responsible for assisting on the
data collection and analysis. Y-KC was responsible for consulting
the methodology and interpretation of the findings. T-MH was
responsible for the discussion of the research idea, supervision
of the data collection, and comment on the manuscript writing
up. All authors contributed to the article and approved the
submitted version.

FUNDING

This work is particularly supported by the “Institute for
Research Excellence in Learning Sciences” of National Taiwan
Normal University (NTNU) within the framework of the Higher
Education Sprout Project by the Ministry of Education (MOE)
in Taiwan.

mechanisms. Acta Psychol. 101, 179-211. doi: 10.1016/S0001-6918(99)00
005-0

Barkley, R. A. (1997). Behavioral inhibition, sustained attention, and executive
functions: Constructing a unifying theory of ADHD. Psychol. Bull. 121, 65-94.
doi: 10.1037/0033-2909.121.1.65

Brian, A., Pennell, A., Taunton, S., Starrett, A., Howard-Shaughnessy, C.,
Goodway, J. D., et al. (2019). Motor competence levels and developmental
delay in early childhood: A multicenter cross-sectional study conducted
in the USA. Sports Med. 49, 1609-1618. doi: 10.1007/s40279-019-01
150-5

Casey, B., Castellanos, F. X., Giedd, J. N., Marsh, W. L., Hamburger, S. D.,
Schubert, A. B., et al. (1997). Implication of right frontostriatal circuitry in
response inhibition and attention-deficit/hyperactivity disorder. J. Am. Acad.
Child Adolesc. Psych. 36, 374-383. doi: 10.1097/00004583-199703000-00016

Frontiers in Psychology | www.frontiersin.org

June 2021 | Volume 12 | Article 649154


https://doi.org/10.1080/21622965.2021.1897814
https://doi.org/10.1080/21622965.2021.1897814
https://doi.org/10.1016/S0001-6918(99)00005-0
https://doi.org/10.1016/S0001-6918(99)00005-0
https://doi.org/10.1037/0033-2909.121.1.65
https://doi.org/10.1007/s40279-019-01150-5
https://doi.org/10.1007/s40279-019-01150-5
https://doi.org/10.1097/00004583-199703000-00016
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Linet al.

Resting EEG and ADHD Inhibition

Chabot, R. J., and Serfontein, G. (1996). Quantitative electroencephalographic
profiles of children with attention deficit disorder. Biol. Psych. 40, 951-963.
doi: 10.1016/0006-3223(95)00576-5

Chang, Y. K., Hung, C. L., Huang, C. J., Hatfield, B. D., and Hung, T. M. (2014).
Effects of an aquatic exercise program on inhibitory control in children with
ADHD: A preliminary study. Arch. Clinical Neuropsychol. 29, 217-223. doi:
10.1093/arclin/acu003

Chang, Y. K, Tsai, Y. J., Chen, T. T., and Hung, T. M. (2013). The impacts
of coordinative exercise on executive function in kindergarten children:
an ERP study. Exp. Brain Res. 225, 187-196. doi: 10.1007/s00221-012-
3360-9

Chow, S., Hsu, Y., Henderson, S., Barnett, A., and Lo, S. (2006). The Movement
ABC: A cross-cultural comparison of preschool children from Hong Kong,
Taiwan and the USA. Adapt. Phys. Activ. Q. 23, 31-48. doi: 10.1123/apagq.
23.1.31

Clarke, A. R, Barry, R. ], McCarthy, R, and Selikowitz, M. (2001).
EEG-defined subtypes of children with attention-deficit/hyperactivity
disorder. Clin. Neurophysiol. 112, 2098-2105. doi: 10.1016/S1388-2457(01)
00668-X

Criaud, M., and Boulinguez, P. (2013). Have we been asking the right questions
when assessing response inhibition in go/no-go tasks with fMRI? A meta-
analysis and critical review. Neurosci. Biobehav. Rev. 37, 11-23. doi: 10.1016/
j.neubiorev.2012.11.003

Crone, E. A, Richard Jennings, J., and Van Der Molen, M. W. (2003). Sensitivity
to interference and response contingencies in attention—deficit/hyperactivity
disorder. J. Child Psychol. Psych. 44, 214-226. doi: 10.1111/1469-7610.
00115

Durston, S., Tottenham, N. T., Thomas, K. M., Davidson, M. C,, Eigsti, I. M., Yang,
Y., et al. (2003). Differential patterns of striatal activation in young children
with and without ADHD. Biol. Psych. 53, 871-878. doi: 10.1016/S0006- 3223(02)
01904-2

Fenollar-Cortés, J., Gallego-Martinez, A., and Fuentes, L. J. (2017). The role of
inattention and hyperactivity/impulsivity in the fine motor coordination in
children with ADHD. Res. Devel. Disabil. 69, 77-84. doi: 10.1016/j.ridd.2017.
08.003

Gambin, M., and Swiecicka, M. (2009). Relation between response inhibition and
symptoms of inattention and hyperactivity-impulsivity in children. Br. J. Clin.
Psychol. 48, 425-430. doi: 10.1348/014466509X449765

Gilbert, D. L., Isaacs, K. M., Augusta, M., Macneil, L. K., and Mostofsky,
S. H. (2011). Motor cortex inhibition: A marker of ADHD behavior and
motor development in children. Neurology 76, 615-621. doi: 10.1212/WNL.
0b013e31820c2ebd

Halperin, J. M., and Healey, D. M. (2011). The influences of environmental
enrichment, cognitive enhancement, and physical exercise on brain
development: Can we alter the developmental trajectory of ADHD? Neurosci.
Biobehav. Rev. 35, 621-634. doi: 10.1016/j.neubiorev.2010.07.006

Halsband, U., and Lange, R. K. (2006). Motor learning in man: A review of
functional and clinical studies. J. Physiol. Paris 99, 414-424. doi: 10.1016/].
jphysparis.2006.03.007

Hasegawa, R., Ebina, T., Tanaka, Y. R., Kobayashi, K., and Matsuzaki, M. (2020).
Structural dynamics and stability of corticocortical and thalamocortical axon
terminals during motor learning. PLoS One 15:€0234930. doi: 10.1371/journal.
pone.0234930

Hayes, A. F. (2013). Introduction to Mediation, Moderation, and Conditional
Process Analysis. New York: Guilford Press.

Henderson, S. E., Sugden, D. A, and Barnett, A. L. (2007). Movement Assessment
Battery for Children-Second Edition [Movement ABC-2].

Hua, J.,, Gu, G.,, Meng, W., and Wu, Z. (2013). Age band 1 of the Movement
Assessment Battery for Children-Second Edition: Exploring its usefulness in
mainland China. Res. Devel. Disabil. 34, 801-808. doi: 10.1016/j.ridd.2012.
10.012

Huang, C. J., Huang, C. W., Hung, C. L., Tsai, Y. J., Chang, Y. K., Wu, C. T,
etal. (2018). Effects of acute exercise on resting EEG in children with attention-
deficit/hyperactivity disorder. Child Psych. Hum. Devel. 49, 993-1002. doi: 10.
1007/s10578-018-0813-9

Hung, C. L, Chang, Y. K,, Chan, Y. S, Shih, C. H.,, Huang, C. J., and Hung,
T. M. (2013). Motor ability and inhibitory processes in children with ADHD:

A neuroelectric study. J. Sport Exerc. Psychol. 35, 322-328. doi: 10.1123/jsep.35.
3.322

Janssen, T. W., Bink, M., Geladé, K., van Mourik, R, Maras, A., and
Qosterlaan, J. (2016). A randomized controlled trial into the effects of
neurofeedback, methylphenidate, and physical activity on EEG power spectra
in children with ADHD. J. Child Psychol. Psych. 57, 633-644. doi: 10.1111/jcpp.
12517

Kofler, M. ., Irwin, L. N., Soto, E. F., Groves, N. B., Harmon, S. L., and Sarver, D. E.
(2019). Executive functioning heterogeneity in pediatric ADHD. J. Abnor. Child
Psychol. 47, 273-286. doi: 10.1007/s10802-018-0438-2

Leisman, G., Moustafa, A. A., and Shafir, T. (2016). Thinking, walking, talking:
Integratory motor and cognitive brain function. Front. Publ. Health 4:94. doi:
10.3389/fpubh.2016.00094

Ludyga, S., Brand, S., Gerber, M., Weber, P., Brotzmann, M., Habibifar, F.,
et al. (2017). An event-related potential investigation of the acute effects
of aerobic and coordinative exercise on inhibitory control in children
with ADHD. Devel. Cogn. Neurosci. 28, 21-28. doi: 10.1016/j.dcn.2017.
10.007

Ludyga, S., Herrmann, C., Miicke, M., Andrd, C., Brand, S., Pithse, U., et al.
(2018). Contingent negative variation and working memory maintenance
in adolescents with low and high motor competencies. Neural. Plasticity
2018:9628787. doi: 10.1155/2018/9628787

Luft, A. R, and Buitrago, M. M. (2005). Stages of motor skill learning. Mol.
Neurobiol. 32,205-216. doi: 10.1385/MN:32:3:205

Monastra, V. J., Lubar, J. F., Linden, M., VanDeusen, P., Green, G., Wing, W.,
et al. (1999). Assessing attention deficit hyperactivity disorder via quantitative
electroencephalography: An initial validation study. Neuropsychology 13, 424
433. doi: 10.1037/0894-4105.13.3.424

Pan, C. Y., Chu, C. H,, Tsai, C. L., Lo, S. Y., Cheng, Y. W,, and Liu, Y. J. (2016).
A racket-sport intervention improves behavioral and cognitive performance
in children with attention-deficit/hyperactivity disorder. Res. Devel. Disab. 57,
1-10. doi: 10.1016/j.ridd.2016.06.009

Prince, J. (2008). Catecholamine dysfunction in attention—deficit/hyperactivity
disorder. J. Clin. Psychopharmacol. 28, 39-45. doi: 10.1097/JCP.
0b013e31817492a

Putman, P., van Peer, J., Maimari, L., and van der Werff, S. (2010). EEG theta/beta
ratio in relation to fear-modulated response-inhibition, attentional control,
and affective traits. Biol. Psychol. 83, 73-78. doi: 10.1016/j.biopsycho.2009.
10.008

Putman, P., Verkuil, B., Arias-Garcia, E., Pantazi, I., and van Schie, C. (2014). EEG
theta/beta ratio as a potential biomarker for attentional control and resilience
against deleterious effects of stress on attention. Cogn. Affect. Behav. Neurosci.
14, 782-791. doi: 10.3758/s13415-013-0238-7

Rajeh, A., Amanullah, S., Shivakumar, K., and Cole, J. (2017). Interventions
in ADHD: A comparative review of stimulant medications and
behavioral therapies. Asian J. Psych. 25, 131-135. doi: 10.1016/j.ajp.2016.
09.005

Saad, J. F., Kohn, M. R,, Clarke, S., Lagopoulos, J., and Hermens, D. F. (2018). Is
the theta/beta EEG marker for ADHD inherently flawed. J. Attent. Disor. 22,
815-826. doi: 10.1177/1087054715578270

Schutter, D. J., and van Honk, J. (2006). An electrophysiological link between the
cerebellum, cognition and emotion: Frontal theta EEG activity to single-pulse
cerebellar TMS. Neurolmage 33, 1227-1231. doi: 10.1016/j.neuroimage.2006.
06.055

Sutcubasi, B., Metin, B., Kurban, M. K., Metin, Z. E., Beser, B., and Sonuga-
Barke, E. (2020). Resting-state network dysconnectivity in ADHD: A system-
neuroscience-based meta-analysis. World J. Biol. Psych. 21, 662-672. doi: 10.
1080/15622975.2020.1775889

Tsai, Y. J., Hung, C. L., Tsai, C. L., Chang, Y. K., Huang, C. J., and Hung,
T. M. (2017). The relationship between physical fitness and inhibitory ability in
children with attention deficit hyperactivity disorder: An event-related potential
study. Psychol. Sport Exerc. 31, 149-157. doi: 10.1016/j.psychsport.2016.
05.006

Utesch, T., Bardid, F., Biisch, D., and Strauss, B. (2019). The relationship between
motor competence and physical fitness from early childhood to early adulthood:
A meta-analysis. Sports Med. 49, 541-551. doi: 10.1007/s40279-019-01
068-y

Frontiers in Psychology | www.frontiersin.org

June 2021 | Volume 12 | Article 649154


https://doi.org/10.1016/0006-3223(95)00576-5
https://doi.org/10.1093/arclin/acu003
https://doi.org/10.1093/arclin/acu003
https://doi.org/10.1007/s00221-012-3360-9
https://doi.org/10.1007/s00221-012-3360-9
https://doi.org/10.1123/apaq.23.1.31
https://doi.org/10.1123/apaq.23.1.31
https://doi.org/10.1016/S1388-2457(01)00668-X
https://doi.org/10.1016/S1388-2457(01)00668-X
https://doi.org/10.1016/j.neubiorev.2012.11.003
https://doi.org/10.1016/j.neubiorev.2012.11.003
https://doi.org/10.1111/1469-7610.00115
https://doi.org/10.1111/1469-7610.00115
https://doi.org/10.1016/S0006-3223(02)01904-2
https://doi.org/10.1016/S0006-3223(02)01904-2
https://doi.org/10.1016/j.ridd.2017.08.003
https://doi.org/10.1016/j.ridd.2017.08.003
https://doi.org/10.1348/014466509X449765
https://doi.org/10.1212/WNL.0b013e31820c2ebd
https://doi.org/10.1212/WNL.0b013e31820c2ebd
https://doi.org/10.1016/j.neubiorev.2010.07.006
https://doi.org/10.1016/j.jphysparis.2006.03.007
https://doi.org/10.1016/j.jphysparis.2006.03.007
https://doi.org/10.1371/journal.pone.0234930
https://doi.org/10.1371/journal.pone.0234930
https://doi.org/10.1016/j.ridd.2012.10.012
https://doi.org/10.1016/j.ridd.2012.10.012
https://doi.org/10.1007/s10578-018-0813-9
https://doi.org/10.1007/s10578-018-0813-9
https://doi.org/10.1123/jsep.35.3.322
https://doi.org/10.1123/jsep.35.3.322
https://doi.org/10.1111/jcpp.12517
https://doi.org/10.1111/jcpp.12517
https://doi.org/10.1007/s10802-018-0438-2
https://doi.org/10.3389/fpubh.2016.00094
https://doi.org/10.3389/fpubh.2016.00094
https://doi.org/10.1016/j.dcn.2017.10.007
https://doi.org/10.1016/j.dcn.2017.10.007
https://doi.org/10.1155/2018/9628787
https://doi.org/10.1385/MN:32:3:205
https://doi.org/10.1037/0894-4105.13.3.424
https://doi.org/10.1016/j.ridd.2016.06.009
https://doi.org/10.1097/JCP.0b013e318174f92a
https://doi.org/10.1097/JCP.0b013e318174f92a
https://doi.org/10.1016/j.biopsycho.2009.10.008
https://doi.org/10.1016/j.biopsycho.2009.10.008
https://doi.org/10.3758/s13415-013-0238-7
https://doi.org/10.1016/j.ajp.2016.09.005
https://doi.org/10.1016/j.ajp.2016.09.005
https://doi.org/10.1177/1087054715578270
https://doi.org/10.1016/j.neuroimage.2006.06.055
https://doi.org/10.1016/j.neuroimage.2006.06.055
https://doi.org/10.1080/15622975.2020.1775889
https://doi.org/10.1080/15622975.2020.1775889
https://doi.org/10.1016/j.psychsport.2016.05.006
https://doi.org/10.1016/j.psychsport.2016.05.006
https://doi.org/10.1007/s40279-019-01068-y
https://doi.org/10.1007/s40279-019-01068-y
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Linet al.

Resting EEG and ADHD Inhibition

Verret, C., Guay, M., Berthiaume, C., Gardiner, P., and Béliveau, L. (2012).
A physical activity program improves behavior and cognitive functions in
children with ADHD: An exploratory study. J. Attent. Disor. 16, 71-80. doi:
10.1177/1087054710379735

Wu, M, Liang, X,, Lu, S., and Wang, Z. (2017). Infant motor and cognitive
abilities and subsequent executive function. Infant Behav. Devel. 49, 204-213.
doi: 10.1016/j.infbeh.2017.09.005

Youn, C., Meza, J. L, and Hinshaw, S. P. (2019). Childhood social functioning
and young adult intimate partner violence in girls with and without ADHD:
Response inhibition as a moderator. J. Attent. Disor. 23, 1486-1496. doi: 10.
1177/1087054718778119

Yu, J. J., Tsai, C. L., Pan, C. Y., Lim, R, and Sit, C. H. P. (2020). The relationship
between physical activity and inhibition in children with and without motor
impairments. J. Phys. Activity Health 17, 1118-1124. doi: 10.1123/jpah.2020-
0091

Zhang, D. W., Roodenrys, S., Li, H., Barry, R. ], Clarke, A. R, Wu, Z., et al. (2017).
Atypical interference control in children with AD/HD with elevated theta/beta
ratio. Biol. Psychol. 128, 82-88. doi: 10.1016/j.biopsycho.2017.07.009

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Lin, Huang, Tsai, Chueh, Hung, Chang and Hung. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychology | www.frontiersin.org

June 2021 | Volume 12 | Article 649154


https://doi.org/10.1177/1087054710379735
https://doi.org/10.1177/1087054710379735
https://doi.org/10.1016/j.infbeh.2017.09.005
https://doi.org/10.1177/1087054718778119
https://doi.org/10.1177/1087054718778119
https://doi.org/10.1123/jpah.2020-0091
https://doi.org/10.1123/jpah.2020-0091
https://doi.org/10.1016/j.biopsycho.2017.07.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Resting Theta/Beta Ratios Mediate the Relationship Between Motor Competence and Inhibition in Children With Attention Deficit/Hyperactivity Disorder
	Introduction
	Method
	Participants
	Measure
	Motor Competence
	Inhibition

	EEG Recording and Data Reduction
	Procedure
	Statistical Analysis

	Results
	Preliminary Analysis
	Mediation Analyses

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


