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A B S T R A C T

Background: Children with ADHD demand for effective intervention with minimum side effect to improve ex-
ecutive function (EF) and health well-being.
Method: This study used a three-arm partially-blinded randomized controlled trial to test the effects of two
different kinds of 8-week game-based training programs (game-based HIIT program, GameHIIT; and game-based
structured aerobic exercise program, GameSAE) on EF and other health indicators of children with ADHD, which
was compared with a non-treatment control group.
Results: A total of 49 children with ADHD completed the program. Analyses of EF tests and parental survey
indicated that (i) there is no significant intragroup difference among all measures between pre-/post-intervention
tests for two game-based intervention groups. The only significant intergroup difference was observed in self-
monitor score of parent-reported child’s EF between GameSAE group and the control (large effect). Similarly,
cerebral hemodynamic responses also found no significant group effect for all EF tests. However, the time effects
were observed in several channels in the GameHIIT group in two EF tests (Color Words Stroop Test and Tower of
London Test). No significant change of participants’ overall ADHD symptoms was found in the pre-/post-tests for
three groups. Nonetheless, further analyses revealed that both of two game-based training programs exhibited
the significant positive effects on child’s PA levels and the large effects on levels of physical fitness, when they
were compared to the control.
Conclusion: By this study, a significant enhancement in physical fitness and PA levels were found in both game-
based PA interventions when they were compared with control group. However, the effectiveness of game-based
PA interventions on improving EF or reducing ADHD symptoms remains unclear. This implies that a larger
intervention dosage or a tailored intervention design may be warranted to improve the EF of children with
ADHD.
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1. Introduction

Worldwide, 5.9%–7.1 % of children are currently diagnosed with
attention-deficit/hyperactivity disorder (ADHD).1,2 The most common
symptoms include inattention, hyperactivity/impulsivity, or combined.3

Children with ADHD often demonstrate executive dysfunction, which is
believed to be responsible for many of their commonly observed
behavioral problems.1,4 Executive function (EF) is generally regarded as
a high-level cognitive process, which plays an important role in many
aspects of a child’s development such as successful learning, intake of
healthy food, academic achievement, and sports participation.5

Although different methods (e.g., medication, psychotherapy, behavior
management, etc.) have been applied to treat ADHD, physical activity
(PA) has been regarded as one of the most effective ways.6–8 PA has not
been reported to have those severe negative side effects that are often
associated with pharmacological interventions.8

In general, there is evidence showing the acute positive effects of
exercise on cognitive function including EF and attention.9 As for
chronic effects, several studies have found that long-term exercise may
have medium to large effects on inhibition and attention in children with
ADHD.10 In addition, a recent meta-analysis reported the preliminary
effectiveness of structured PA on well-being of children with ADHD in
terms of reduction of inattention and mental health issues, and
improvement of EF and physical fitness.11 However, existing evidence
gathers around mixed exercise programs with low-to moderate-intensity
aerobic nature (i.e., running and stationary cycling have been the most
common exercise modes); however, the effect of mixed exercise pro-
grams on improving EF or attention in children with ADHD are still
inconsistent.12–15

The habitual PA patterns in children are usually games or “unpre-
dictable” sports activities such as football, basketball.16 When it is
compared to structured aerobic exercise used in most of previous
studies, games-based PA may provide a more attractive, acceptable,
sustainable and enjoyable exercise model for young children.17

Although mixed exercise protocols have generally been used in inter-
vention programs for children with ADHD, only a few studies involved
team sport-based games as part of their exercise intervention.14,18 A
12-week table tennis exercise program was reported to have positive
effects on the gross motor skills and inhibitory control in the ADHD
training group, which was compared with their peers in ADHD
non-training group or the healthy controls.19

Recently, high-intensity interval training (HIIT) has emerged as
feasible and efficacious for increasing physical health outcomes,
including the executive performance of children and adolescents.20,21

These benefits may extend to children with ADHD. One recent study
found that a traditional HIIT was more effective for children with ADHD
in improving motor skills, self-esteem, friends, competence, and sub-
jective ratings of attention, than standard multimodal therapy
(TRAD).22 Although a traditional HIIT program can be completed in a
short period while providing physiological adaptations equivalent to
those provided by longer sessions of traditional aerobic training, it
generally involves shuttle runs or cycling,20,23,24 activities that many
children are not likely to enjoy. This may lead to their subsequent
disinterest in the program. In contrast to running or cycling, team games
closely resemble the habitual physical activity patterns of children and
so they may find these activities more acceptable and enjoyable.21 In
previous studies, some game-based activities have been used as part of
mixed exercise programs to promote the physical/mental health of
children with ADHD. However, most of these game-based activities are
actually low-to moderate-intensity exercise in nature. Therefore, if the
demands of HIIT are embedded in team games, this may integrate the
benefits of both game-based activities and HIIT.

Therefore, to inform the development of specific exercise programs
targeted at children with ADHD, this study aimed to investigate the
effectiveness of an 8-week game-based HIIT program (GameHIIT) on
children with ADHD, which was compared with a game-based

structured aerobic exercise program (GameSAE), and/or a non-
treatment control group (Control). Primary outcomes of this study
include EF, and the embedded mechanism related to cerebral hemody-
namic responses, and secondary outcomes are the anthropometric
measures, overall ADHD symptoms, PA levels, and physical fitness.

2. Method

2.1. Participants and sample size

The inclusion criteria were (1) Chinese children aged 8–13 years; (2)
a clinical diagnosis of ADHD by developmental pediatricians or clinical
psychologists/psychiatrists; (3) a physician/psychologist’s recommen-
dation for participation. The exclusion criteria were: (1) diagnosed with
a major neurodevelopmental or psychiatric disorder (e.g., autism spec-
trum disorder, intellectual disability, etc.); (2) acute:/chronic diseases
that may affect engagement in physical activity; and (3) a tendency to
experience convulsions.

According to the sample size calculated using G*Power 3.1, to
elucidate the differences in the executive function tests with a statistical
power of 0.9, a conservative effect size of 0.65 was adopted based on a
previous systematic review, which suggested the average effect size
calculated regarding the effect of exercise on executive function in
children with ADHD.25 With a two-tailed alpha level of 0.05, it was
determined that 10 participants per group will provide adequate power
to detect statistically significant differences. Assuming a 30 % loss in the
intervention, at least 42 eligible participants should be recruited to
achieve the planned sample.

Participants were recruited from 15 different parties including
community organizations, professional institutes, and local schools
(both regular and special schools). Informed consent was obtained from
the school principal, parents, and participating children before the study
began. Ethics approval was obtained from the Human Research Ethics
Committee of the University.

2.2. Study design

A three-arm partially-blinded randomized controlled trial (RCT) was
conducted to evaluate the effects of two different kinds of 8-week game-
based training programs on the EF of children with ADHD. The protocol
was registered at ClinicalTrials.gov and previously published.26 Partici-
pants were randomly assigned to the GameHIIT group, the GameSAE
group, or a non-treatment control group. Participants were not blinded
to treatment allocation because of the intervention nature. To avoid
contamination between treatment groups, intervention deliverers were
provided with a list of students in the intervention program. Only those
on the list participated in the intervention. During the 8-week inter-
vention period, participants in Control group maintained their regular
PA levels. All assessments were conducted by trained research staff
blinded to group allocation.

Intervention protocols of GameHIIT group. A specially designed
game-based training program with HIIT in nature was delivered to the
participants as an after-school activity for 8 weeks. A small-sided games
(SSGs) approach in rugby were adopted in this intervention program as
it was effective in developing physical and technical capabilities in
children,27 and provided similar physical stimulus, regardless of the
experience of the children.28 Importantly, rugby has been introduced in
a large scale to primary and secondary schools in Hong Kong. There
were two training sessions each week. In each training session, there
were four sets of training programs separated by 3 min of passive re-
covery in accordance with a previous study.29 Each set of activities
lasted for around 5 min; therefore, the total duration of each training
session was approximately 30 min. A brief description of the proposed
training program was given in Supplemental Material Table S1. A small
group size (4–6 children per group) was adopted to facilitate individual
supervision and adaption of the exercise program. Also, certain social,
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cognitive and coordinative elements related to EF were included. All the
training programs were organized for participants after school hours. A
qualified rugby coach was hired to implement the training program. To
encourage maintenance of an appropriate level of exercise intensity,
participants were fitted with heart rate monitors (Polar H7), which were
connected to a central iPad application. The coach was able to view
real-time HR data during training. The exercise intensity was adjusted to
ensure that HR can reach the target HR zone.

Intervention protocols of GameSAE group. Participants attended a
tailor-made game-based after-school exercise training program designed
by the research group.30 Similar to GameHIIT, the intervention
comprised 8 weeks of structured aerobic exercise (SAE) sessions, lasting
1 h on average in each session and up to twice per week. Six to eight
stations of multidimensional exercises were set up for each session.
Children were instructed to finish the exercises in all stations one after
another in a predetermined order. The exercise program had 3 stages
and each stage lasted around two to three weeks. In the first stage, the
aim was to build trust to their coaches, and paired group activities were
included. In the second stage, the exercise intensity was increased to
promote cardiopulmonary endurance and muscular strength. In the final
stage, the exercise intensity for each session was higher than that of the
previous stages and there were large group activities as well.

2.3. Procedures of measurements

Pre- (T0) and post- (T1) the 8-week intervention period, several
different indicators were recorded, including EF, cerebral hemodynamic
response, ADHD symptoms, PA levels, and physical fitness. Trained
research staff were blinded to group allocation in all assessments. To
ensure the accuracy and consistency of the measurements, a measure-
ment training session and protocol manual, including specific in-
structions for conducting all assessments, were provided to the research
staff. A senior researcher presented during all the testing sessions. All
physical assessments were conducted in a sensitive manner (e.g.,
weight/waist circumference were measured in a private setting), and the
EF tests and questionnaires were completed under exam-like conditions.
Also, participants were instructed to follow similar diets on the test days.
Only distilled water was allowed before the tests in the main trials.

2.4. Primary outcomes

Executive function (EF). EF was assessed by both objective tests and
parent-reported scale. The objective EF tests were conducted by using a
battery of tests on an iPad, which took approximately 20 min to com-
plete. The battery of tests included the Colour- Wisconsin Card Sorting
Test (WCST), Word Stroop Test (CWST), Tower of London Test (ToLT),
and Corsi Block-tapping Test (CBTT), which are classic tasks that mea-
sure cognitive flexibility, inhibition control, organization, and working
memory. In the test, both reaction time and response accuracy were
recorded and analyzed. This battery was also used previously by
research group to investigate the effect of exercise on cognition in young
people.31 The instructions for each test were provided to the participants
and they were allowed to ask questions for clarification. Participants
were familiarized with the testing battery seven days prior to the main
trial, and each test started with 3–6 practice stimuli to re-familiarize
participants with the task at hand and eliminate any potential learning
effects. In the main trial, participants completed the tests individually. In
addition to the four EF tests, parent-reported Behavior Rating Inventory
of Executive Function (second edition, BRIEF-II32,33) was also applied in
this study with good validity (Cronbach’s α = 0.873 in pre-test and
0.875 in post-test). The following variables were measured including
inhibit, self-monitor, total behavioral regulation index (BRI), shift,
emotional control, total emotional regulation index (ERI), initiate,
working memory, plan/organize, task-monitor, organization of mate-
rials, total cognitive regulation index (CRI) and global executive com-
posite (GEC).

Cerebral hemodynamic response. Accompanied by the EF test, the
cortical hemodynamic response in the prefrontal cortex was recorded
using a multi-channel fNIRS (Octamon fNIRS system, Artinis, Nether-
land) applying two wavelengths of near-infrared light (785 and 830
nm). The device consists of eight light sources and two detectors secured
onto a head cap. The device was placed over the left and right prefrontal
cortex according to the guidelines provided by the manufacturer. The
data were analyzed as described in the literature.34

2.5. Secondary outcomes

Anthropometry. Body height, weight, and waist and hip circumfer-
ence were measured three times. All measurements followed the
Anthropometry Procedures Manual of National Health and Nutrition
Examination Survey (NHANES).35

ADHD symptoms. Overall ADHD symptoms were reported by par-
ents using the Attention-Deficit/Hyperactivity-symptoms and Normal-
behaviors (SWAN) rating scale.36

Physical activity (PA). Children’s leisure-time PA was determined
using both an accelerometer (ActiGraph, Shalimar, USA) and a validated
and modified version of the Physical Activity Questionnaire for Children
(PAQ-C).37 Participating children were required to wear an accelerom-
eter on their right hip for seven days to collect objective data of PA
levels. The time on and time off of wearing the accelerometer each day
were recorded, and the data was used to estimate the time spent in
moderate-to-vigorous PA (MVPA). Method of using accelerometers to
measure the participants’ PA is included in Supplemental Material Ap-
pendix S2. The PAQ-C was a 7-day parent-reported questionnaire
designed to assess daily activities from moderate to vigorous range, and
the score was in a continuous range from 1 (low active) to 5 (high
active).

Physical fitness. Cardiovascular fitness, muscular strength and
speed-agility of participants were assessed using the ALPHA fitness test
battery.38 Briefly, cardiovascular fitness was assessed by the 20m shuttle
run test (Beep test); muscular strength was assessed by the handgrip
strength test and standing long jump test; and speed-agility was assessed
by the 4 × 10m shuttle run test.

2.6. Statistical analyses

Statistical analyses were conducted with the IBM SPSS Statistic for
Windows, Version 29.0.1.0 (SPSS Inc., IBM Company Armonk, NY). All
data was presented as mean and standard deviation (SD), whereas sig-
nificant different was perceived as p < 0.05 during data analysis. Except
the data of fNIRS, intervention effects for study outcomes were firstly
examined by paired t-test to investigate the difference between pre-/
post-intervention tests. Subsequently, the changes between pre-/post-
tests of three groups were further compared by one-way ANOVA anal-
ysis. Effect sizes (ES) was presented as partial eta squared values (η2, for
total three groups) or Hedge’s g (for any two groups), if any significant
difference in changes between pre-/post-intervention tests was found
among three groups.

In terms of fNIRS data, after excluding those participants with poor
quality of signal, a total of 35 participants (13 in GameHIIT, 13 in
GameSAE, and 9 in CON) were included in subsequent analysis. The raw
data was exported to MATLAB (Oxysoft2matlab version 1.86) and
visually inspected to understand the signal’s morphology and detect
noisy channels (e.g., large head motion, and sudden amplitude changes).
Then, the raw data was preprocessed by some in-built preprocessing
functions in the environment of Homer3 version 1.80.2 in MATLAB
R2022a. The detailed preprocessing procedures were shown on Fig. 1.
After this, the concentration changes of oxyhemoglobin (HbO) and
deoxyhemoglobin (HbR) were obtained. Estimation of the hemody-
namic response function (HRF) was completed with the General Linear
Model (GLM) using NIRS-SPM toolbox.39 The △β values (changes in β
value between baseline and stimulus condition obtained in each
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participant at each channel) were reconstructed and submitted to a
two-way repeated measures ANOVA. This is to identify the potential
intervention effect on cortical activation of participants during the EF
test. Post-hoc test (with Bonferroni correction) was applied if the main
factor was significant. Lastly, the false discovery rate (FDR) correction
was applied to the significant results from the previous steps.40,41

3. Results

3.1. Characteristics of participants

The study was implemented from January 2021 to June 2023, during

which the data collection process was heavily affected by the Covid-19
pandemic. A total of 63 children with ADHD were recruited. They were
randomly assigned to three groups: GameHIIT group (n = 23), GameSAE
group (n = 20), and the control group (n = 20). The attrition rate of
participants is 22.2 %. At last, a total of 49 children with ADHD
(GameHIIT group: n = 16, GameSAE group: n = 15; Control group: n =

18) completed the programme and the post-intervention tests, whose
data was enrolled in the further analyses. Among the 49 participants
who provided valid data, (i) they were 10.10 ± 1.83 years old on
average; (ii) 75.5 % of them were males; and (iii) regarding ADHD type,
4.1 % of them were diagnosed as having hyperactivity or impulsiveness,
24.5 % of them were affected with inattention, and other 71.4 % of them

Fig. 1. Results of brain activity.
Note. * Significant if p < 0.05. There were eight transmitter optodes and two receiver optodes, which compose of 8 channels covering the dorsolateral prefrontal
cortex. The CH1, CH2, CH5 and CH6 lie in the right dorsolateral prefrontal cortex (dlPFC), while the CH3, CH4, CH7 and CH8 lie in the left dlPFC. Rugby (group)
denotes GameHIIT group, and fitness (group) denotes GameSAE group.
(A) During pre-test, the brain activation of participants at CH1 while performing Wisconsin Card Sorting Test (WCST) was significantly higher than baseline. During
post-test, the brain activation of participants at CH2 and CH7 while performing the Colour-Word Stroop Test (CWST) was significantly higher than baseline. (B) In the
GameHIIT group, the brain activation of participants during post-test at CH3 and CH7 was significantly higher than that during pre-test, while the difference did not
exist in the other groups. (C) During pre-test, the brain activation of participants in the GameHIIT group at CH3 while performing Tower of London Test (ToLT) was
significantly higher than that in the control group. Error bars represent standard errors.
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had the combined ADHD types.

3.2. Executive function and brain activity

Results of intragroup difference and intergroup difference are pre-
sented in Tables 1 and 2, respectively. Detailed results are included in
Supplemental Material, whereas Table S3 presents the number of par-
ticipants involved in each test, and mean and SD of study groups in each
test is shown in Table S4.

According to Tables 1 and 2, there is no significant intragroup dif-
ference among all EF measures between T0 and T1 for two game-based
intervention groups (either parent-reported child’s EF or objective EF
tests, see Table 1). In contrary, a significant overall improvement was
observed in the performance of ToLT in the Control group (all p < 0.05).
Furthermore, Table 2 shows that the only significant intergroup differ-
ence was observed in self-monitor score of parent-reported child’s EF
measured by BRIEF-II between participants of GameSAE group and
Control group (Hedge’s g = 0.743, 95%CI: 0.017 to 1.458, large effect, p
= 0.048), whereas self-monitor score marginally decreased in Control
group between T0 and T1 (p = 0.061).

Furthermore, relationships between brain activity and two EF tests
(i.e., CWST and ToLT) were found in this study (Fig. 1). Given CWST, the
repeated measures ANOVA revealed a significant main effect of time at
CH8 (F(1,31) = 4.877, p < 0.05, η2 = 0.136). No significant interaction
effect had been observed. Pairwise comparison found significant dif-
ference at CH1(mean difference = 0.000053, p < 0.05, η2 = 0.142), CH3
(mean difference = 0.000086, p < 0.01, η2 = 0.233), and CH7 (mean
difference = 0.000061, p < 0.01, η2 = 0.203) between pretest and
posttest in GameHIIT group. After FDR correction, the significant effect
only remained at CH3 and CH7 between pretest and posttest in Game-
HIIT group. Regarding ToLT, the repeated measures ANOVA revealed a
significant main effect of group at CH2 (F(1,31) = 3.913, p < 0.05, η2 =

0.202), and CH3 (F(1,31) = 3.594, p < 0.05, η2 = 0.188). No significant
interaction effect had been observed. Pairwise comparison found sig-
nificant difference at CH2 (mean difference = − 0.000040, p < 0.05, η2 =

0.202) between GameHIIT and CON, CH3 (mean difference =

− 0.000074, p < 0.01, η2 = 0.325) between GameHIIT and CON at pre-
timepoint, CH3 (mean difference = − 0.000058, p < 0.05, η2 = 0.325)
between GameSAE and CON at pre-timepoint, CH7 (mean difference =

− 0.000060, p < 0.05, Partial η2 = 0.181) between GameHIIT and CON
at post-timepoint, and CH7 (mean difference = 0.000077, p < 0.05, η2 =

0.159) between pre-timepoint and post-timepoint in GameHIIT group.
After FDR correction, the only survived difference of brain activity be-
tween GameHIIT and CON was found in CH3 at the pre-timepoint.
However, no significant result was found by the two-way repeated
measures ANOVA for relationships between brain activity and WCST/
CBTT.

3.3. Physical fitness and PA levels

Among the study outcomes, significant intragroup enhancements
were revealed in levels of physical fitness and PA levels of two game-
based intervention groups (p < 0.05). These include (i) levels of phys-
ical fitness, i.e., right-handgrip (GameSAE), long-jump (GameSAE), 4 ×

10m shuttle run (GameHIIT), and beep test (GameSAE); (ii) parent-
reported PA levels, including lunch time PA (GameSAE) and evening
PA (GameHIIT); and (iii) percentage of daytime exposed to light
measured by accelerometer (GameHIIT). However, unfavourable
changes were found in control group regarding BMI (a marginal in-
crease, p = 0.088), long jump test (a marginal decrease, p = 0.057), and
PA levels in PE class (a significant decrease, p = 0.017). Furthermore,
significant intergroup differences were observed among three groups in
the long jump test [F(2,37) = 4.675, η2 = 0.202, 95%CI: 0.008 to 0.384,
large effect, p = 0.015] and the 4 × 10m shuttle run test [F(2, 37) =

4.559, η2 = 0.198, 95%CI: 0.006 to 0.380, large effect, p = 0.017].
Compared to Control group, large effect was found in both game-based

Table 1
Intragroup difference between pre-/post-intervention tests by P values of the
paired t-test.

Variables GameHIIT GameSAE Control

Executive function
Parent-reported BRIEF-II (n=14) (n=13) (n=18)

Inhibit 0.900 0.673 0.275
Self-monitor 0.583 0.316 0.061†
Total Behavioral Regulation Index

(BRI)
0.864 0.940 0.105

Shift 0.671 0.192 0.595
Emotional control 0.179 0.616 0.869
Total Emotional Regulation Index (ERI) 0.425 0.259 0.784
Initiate 0.321 0.730 0.801
Working memory 0.690 0.522 0.335
Plan/organize 0.260 0.816 0.384
Task-monitor 0.283 1.000 0.231
Organization of materials 0.905 0.445 0.736
Total Cognitive Regulation Index (CRI) 0.426 0.874 0.367
Global Executive Composite (GEC) 0.753 0.727 0.287

Wisconsin Card Sorting Test (WCST) (n=11) (n=15) (n=15)
Total corrects 0.641 0.320 0.236
Percentage of corrects 0.833 0.123 0.241
Perseverative errors 0.780 0.238 0.220
Percentage of perseverative errors 0.988 0.732 0.366
Perseverative responses 0.535 0.328 0.557
Percentage of perseverative responses 0.707 0.520 0.951

Color Word Stroop Test (CWST) (n=11) (n=15) (n=15)
Percentage of corrects 0.514 0.365 0.624
Percentage of corrects in congruent

trial
0.452 0.333 0.706

Percentage of corrects in incongruent
trial

0.444 0.475 0.604

Percentage of corrects in control trial 0.919 0.341 0.715
Mean reaction time 0.820 0.868 0.652
Mean reaction time in congruent trial 0.896 0.125 0.313
Mean reaction time in incongruent trial 0.451 0.977 0.617
Mean reaction time in control trial 0.715 0.657 0.534

Tower of London Test (ToLT) (n=11) (n=15) (n=15)
Total score 0.293 0.132 0.134
Mean solution time 0.153 0.397 0.000***
Mean execution time 0.180 0.414 0.001**
Mean solution time of correct solutions 0.387 0.460 0.002**
Mean execution time of correct

solutions
0.144 0.559 0.002**

Corsi Block-tapping Test (CBTT) (n=11) (n=15) (n=15)
Total score 0.622 0.327 0.580

Anthropometric indicators (n = 12) (n = 11) (n = 17)
Bodyfat (%) 0.864 0.101 0.778
BMI (kg/m2) 0.823 0.557 0.088†
Waist-to-hip ratio 0.211 0.456 0.544

Parent-reported ADHD symptoms by
SWAN

(n = 14) (n = 13) (n = 18)

Hyperactivity/impulsiveness 0.885 0.289 0.917
Inattention 0.090† 0.524 0.553

Physical fitness (n = 12) (n = 11) (n = 17)
Left handgrip (kg) 0.212 0.082† 0.429
Right handgrip (kg) 0.313 0.003** 0.811
Long Jump (cm) 0.252 0.048* 0.057†
4 × 10m Shuttle Run (s) 0.028* 0.647 0.243
Beep test (level) 0.637 0.006** 0.666

PA levels
Parent-reported PA level by PAQ (n=14) (n=13) (n=12)

Spare time 0.426 0.746 0.891
PE class 0.720 1.000 0.017*
Recess time 0.089† 0.071† 0.555
Lunch time 1.000 0.028* 0.104
After school 0.336 1.000 0.082†
Evening 0.021* 1.000 0.767
Weekend 0.055† 0.721 0.491
Seven days 0.426 0.584 0.586
PAQ-C 0.037* 0.209 0.447

Daytime activity by accelerometer (n=14) (n=13) (n=18)
% Sedentary 0.116 0.900 0.785
% Light 0.007** 0.638 0.617
% Moderate 0.425 0.399 0.411
% MVPA per day 0.407 0.399 0.411
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intervention groups by long jump test, i.e., Hedge’s g = 0.790, 95%CI:
0.035 to 1.532, p = 0.021 (GameHIIT), and Hedge’s g = 0.921, 95%CI:
0.136 to 1.691, p= 0.011 (GameSAE). The large effect was also observed
in GameHIIT group by 4 × 10m shuttle run test when it was compared
with Control group (Hedge’s g = − 0.981, 95%CI: 1.737 to − 0.209, p =

0.005).

3.4. ADHD symptomology

Neither significant intragroup nor intergroup difference was found in
overall ADHD symptoms among all three groups (all p > 0.05).

4. Discussion

According to the literature, it is evident that exercise has acute
positive effects on EF and attention of children with ADHD. Previous
studies found that acute aerobic exercise had a positive effect on a va-
riety of measures in children with ADHD,10 among which a
medium-to-large effects on EF were reported.42,43 Long-term exercise
interventions have been mainly described as an improvement of
behavioral and emotional problems.9,10 However, effect of mixed ex-
ercise programs on EF of children is inconsistent in the literature. For the
current study, although the design of HIIT or SAE was combined with
game-based activities, the assessment results failed to support these
game-based PA interventions were significantly effective to improve EF
or mitigate the overall ADHD symptoms of children with ADHD. Opti-
mization on intervention design is further warranted in terms of sport
type, intensity, or duration.44

As a non-invasive and relatively cost-effective neuroimaging tech-
nology, the fNIRS technology was adopted in the present study to
explore the possible mechanisms between changes of EF and cerebral
hemodynamic response to cognitive tasks. Considering the quality of
data, only part of participants (n = 35) was included in the final data
analysis. For the results of two-way repeated measures ANOVA, no
interactive effects were observed for all fNIRS measurements which is
consistent with the results of EF tests. After FDR correction, the only
intergroup difference was observed in pre-test β value of CH3 during
ToLT test. It was significantly higher in GameHIIT group than control
group. This result is unexpected and reasons remain to clarify. In
accordance, we observed the improvement in the ToLT performance in
the control group but not the other two groups. For the CWST, the time
effect of β value was observed in CH3 and CH7 but only in GameHIIT
group. In addition, results of t-test analysis indicated a significant
intragroup change in β value at CH2 and CH7 among GameHIIT par-
ticipants. These results indicated the potential event-related activation
of left prefrontal cortex especially left dorsolateral prefrontal cortex
(dlPFC) after GameHIIT training. One previous study observed the
improved brain activity in the prefrontal cortex of adolescent with
ADHD after aerobic exercise.13 Our previous study also suggested that
left dlPFC was partially responsible for the changes of EF after
high-intensity interval exercise in healthy young adults.45 Furthermore,
one recent systematic review reported the increased level of HbO in the
prefrontal cortex of individuals with ADHD following pharmaco-
therapy.46 Therefore, a high-intensity game-based exercise may exhibit
similar pharmacotherapeutic effect to a certain extent. Several recent
studies have tried to adopt fNIRS technology to explore the different

Note. Significant different if P value < 0.05*, <0.01**, <0.001***; marginal
difference if P value < 0.10†. Sample sizes of three groups in different tests are
presented in parentheses. GameHIIT denotes the intervention group of a rugby-
game-based high-intensity interval training. GameSAE denotes the compared
group of a game-based structured aerobic exercise training. Control denotes a
non-treatment group. BRIEF-II: Behavior Rating Inventory of Executive Function
(version II); SWAN: Child ADHD Symptom Assessment; BMI: body-mass index;
PAQ-C: Physical Activity Questionnaire for Older Children; PA: physical activity;
MVPA: moderate-to-vigorous intensity physical activity; PE: physical education.

Table 2
Intergroup difference of changes between pre-/post-intervention tests by P
values of one-way ANOVA test.

Variables Total GameHIIT
vs.
GameSAE

GameHIIT
vs.
Control

GameSAE
vs.
Control

Executive function
Parent-reported child’s executive function by BRIEF-II

Inhibit 0.672 0.695 0.337 0.650
Self-monitor 0.138 0.253 0.412 0.048*
Total Behavioral

Regulation Index (BRI)
0.441 0.865 0.321 0.251

Shift 0.440 0.270 0.980 0.254
Emotional control 0.583 0.314 0.470 0.716
Total Emotional

Regulation Index (ERI)
0.326 0.144 0.601 0.295

Initiate 0.857 0.674 0.599 0.945
Working memory 0.495 0.500 0.629 0.238
Plan/organize 0.902 0.657 0.875 0.752
Task-monitor 0.656 0.506 0.849 0.374
Organization of

materials
0.848 0.570 0.735 0.787

Total Cognitive
Regulation Index (CRI)

0.877 0.711 0.916 0.621

Global Executive
Composite (GEC)

0.889 0.919 0.649 0.735

Wisconsin Card Sorting Test (WCST)
Total corrects 0.241 0.498 0.101 0.285
Percentage of corrects 0.699 0.498 0.985 0.450
Perseverative errors 0.407 0.581 0.191 0.404
Percentage of

perseverative errors
0.816 0.849 0.701 0.533

Perseverative
responses

0.579 0.966 0.382 0.366

Percentage of
perseverative responses

0.928 0.932 0.722 0.769

Color Word Stroop Test (CWST)
Percentage of corrects 0.910 0.763 0.670 0.892
Percentage of corrects

in congruent trial
0.902 0.852 0.658 0.780

Percentage of corrects
in incongruent trial

0.958 0.902 0.774 0.858

Percentage of corrects
in control trial

0.808 0.527 0.627 0.872

Mean reaction time 0.972 0.935 0.818 0.872
Mean reaction time in

congruent trial
0.666 0.563 0.819 0.382

Mean reaction time in
incongruent trial

0.839 0.556 0.751 0.768

Mean reaction time in
control trial

0.999 0.996 0.975 0.977

Tower of London Test (ToLT)
Total score 0.951 0.911 0.761 0.834
Mean solution time 0.316 0.999 0.215 0.179
Mean execution time 0.503 0.772 0.276 0.382
Mean solution time of

correct solutions
0.540 0.748 0.495 0.278

Mean execution time
of correct solutions

0.690 0.667 0.394 0.644

Corsi Block-tapping Test (CBTT)
Total score 0.463 0.289 0.259 0.940

Anthropometric indicators
Bodyfat (%) 0.863 0.596 0.718 0.826
BMI (kg/m2) 0.170 0.665 0.181 0.080†
Waist-to-hip ratio 0.299 0.226 0.145 0.904

Parent-reported ADHD symptoms by SWAN
Hyperactivity/
impulsiveness

0.810 0.534 0.635 0.847

Inattention 0.294 0.160 0.881 0.180
Physical fitness

Left handgrip (kg) 0.982 0.900 0.853 0.963
Right handgrip (kg) 0.539 0.690 0.504 0.282
Long Jump (cm) 0.015* 0.755 0.021* 0.011*
4 × 10m Shuttle Run (s) 0.017* 0.091† 0.005** 0.293
Beep test (level) 0.498 0.392 0.815 0.252

PA levels
Parent-reported PA level by PAQ

(continued on next page)
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characteristics of ADHD47–49; however, evidence for the benefits of ex-
ercise on EF is still insufficient. Therefore, future efforts are still war-
ranted to clarify the potential mechanisms underlying the different
exercise strategies which contribute to improve the EF of children and
adolescents with ADHD.

Over the past two decades, meta-analytic evidence supports the
significant association between the two conditions - ADHD and
obesity,50 i.e., for children, pooled crude odds ratio (cOR) = 1.20, 95 %
CI: 1.05 to 1.37; for adults, cOR = 1.55, 95 % CI: 1.32 to 1.81. Regarding
this, Fliers et al. (2013)51 found that children with ADHD were likely to
be overweight about twice as often as their typically functioning peers;
conversely, children with overweight were twice as likely to exhibit
elevated rates of ADHD symptoms than their counterparts with normal
weight. The similar phenomenon (Table 1), that is, a marginal increase
of BMI was also observed in Control group of this study. However,
participants of both game-based intervention groups had a declined
trend in BMI (not significant, Table 1). To date, the casual relationship
between ADHD and obesity is unclear yet by the existing evidence,52

whereas a complex bidirectional association, rather than simple unidi-
rectional ones, is more likely to be involved.50

Furthermore, previous evidence demonstrated that children with
ADHD had less engagement to PA. Mercurio et al. (2021) revealed that
children diagnosed with ADHD had 21 % lower chance to engage in
daily PA but an increase of being unlikely to report additional PA days
than their nondiagnosed peers.53 In the current study, children of Con-
trol group had a significant decrease in PA levels during PE class but a
marginal increase in the after-school time. Opposite to this, participants
of game-based intervention groups showed an increased PA level in the
leisure time (i.e., recess, lunch time, evening, or weekend). Particularly,
GameHIIT group was reported to have a significantly increase of overall
PA levels by parents and demonstrated a significantly increase of time
exposed to light. This may be interpreted that GameHIIT may be effi-
cient to improve the healthy behaviors of participants and increase their
outdoor PA due to the nature of a rugby sport.

Moreover, in line with previous literature,19,54 this study indicated a
significant effectiveness of game-based interventions (both GameHIIT
and GameSAE) on physical fitness of children with ADHD. Results of
ALPHA fitness battery suggested a significant enhancement in cardio-
vascular fitness, muscle strength, and speed-agility after participants
completed the intervention of either GameHIIT or GameSAE. In

particular, GameHIIT and GameSAE were equivalent to significantly
improve the physical fitness of participants, which both significantly
much improved than their peers in Control group.

4.1. Strengths and limitations of this study

There are several strengths of this study. First, this is the first RCT to
investigate the effect of a game-based HIIT program on well-being of
children; such intervention is especially important for children with
ADHD as it involved not only physical exercise, but also social behavior
and sports skills. Second, the largest developmental changes in child
functioning (such as EF and motor skills) occur from early childhood,
through adolescence, into adulthood. Accordingly, implementing
effective interventions in the early stages of life may potentially maxi-
mize their impact. Third, the potential mechanism behind the beneficial
effects of game-based exercise interventions on EF was also explored. As
improvement in EF has been suggested to be related to changes in pre-
frontal oxygenation (e.g., higher O2Hb), a non-invasive fNIRS mea-
surement was used in this study to monitor the cerebral hemodynamic
response as participants performed the cognitive tasks. Therefore, the
findings of the proposed study contributed to the literature in this
research area.

This study also has limitations. First, the study period had over-
lapped with the lockdown of the Covid-19 pandemic for 1.5 years, which
largely increased the challenges and difficulties for participant recruit-
ment and study implementation. Although the numbers of participants
eventually met the minimum of planned sample size, it is still a small
size, which may limit the generalization of the study findings. Second,
the originally planned 12-week intervention period was shorten to 8-
week with cancelling of follow-up measurements,26 because 2/3 of
study period was negatively influenced by the lockdown during the
Covid-19 pandemic. As a consequence, the efficacy of interventions
implemented in this study may be declined, and the reasons of partici-
pants’ drop out or missing in some tests were unclear. Third, because the
participants were children with ADHD, the parent-reported data was
inevitable, which may be influenced by recall bias or social-desirability
bias (i.e., parents were not blinded to intervention). However, partial
blindness was adopted by this study to minimize the bias emerged in the
assessments, that is, outcome assessors of this study were blinded to the
intervention received by study participants. Fourth, an unclarified in-
formation of participants’ taking medication during the intervention
may confound intervention effects. Fifth, this study assessed the im-
mediate effect after the intervention, whereas a follow-up test for
long-term intervention effect is warranted for future study. Last but not
least, the energy expenditure was not directly measured in the present
study which may affect the findings. Further studies are required to
verify whether the energy expenditure is matched between the different
exercise protocols.

5. Conclusion

In this study, an 8-week game-based HIIT program (GameHIIT) tar-
geting on children with ADHD was evaluated by a three-arm RCT in
terms of effectiveness on anthropometric indicators, PA levels, physical
fitness, and EF. When it was compared with an 8-week game-based
structured aerobic exercise program (GameSAE), GameHIIT showed
an advanced efficiency in improving child’s PA levels, or an equivalent
effectiveness in enhancing the physical fitness among children with
ADHD. In addition, both game-based interventions demonstrated a
significant higher effect on weight management of children with ADHD
than the non-treatment control group. However, the present study has
no obvious evidence to support the effectiveness of game-based in-
terventions on EF or overall ADHD symptoms of children with ADHD.
Future efforts are needed to optimize the intervention design.

This study was substantially supported by General Research Fund,
Research Grants Council of the Hong Kong Special Administrative

Table 2 (continued )

Variables Total GameHIIT
vs.
GameSAE

GameHIIT
vs.
Control

GameSAE
vs.
Control

Spare time 0.852 0.660 0.605 0.931
PE class 0.216 0.767 0.166 0.102
Recess time 0.738 0.802 0.596 0.447
Lunch time 0.283 0.224 0.142 0.778
After school 0.396 0.421 0.554 0.179
Evening 0.101 0.089† 0.051† 0.765
Weekend 0.440 0.211 0.423 0.671
Seven days 0.573 0.295 0.642 0.577
PAQ-C 0.650 0.422 0.435 0.995

Daytime activity by accelerometer
% Sedentary 0.642 0.552 0.362 0.751
% Light 0.577 0.437 0.334 0.843
% Moderate 0.864 0.904 0.600 0.698
% MVPA per day 0.862 0.903 0.597 0.696

Note. Significant different if P value < 0.05*, <0.01**, <0.001***; marginal
different if P value < 0.10†. GameHIIT denotes the intervention group of a
rugby-game-based high-intensity interval training. GameSAE denotes the
compared group of a game-based structured aerobic exercise training. Control
denotes a non-treatment group. BRIEF-II: Behavior Rating Inventory of Execu-
tive Function (version II); SWAN: Child ADHD Symptom Assessment; BMI: body-
mass index; PAQ-C: Physical Activity Questionnaire for Older Children; PA:
physical activity; MVPA: moderate-to-vigorous intensity physical activity; PE:
physical education.
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Region, China (Ref. No. EdUHK 18603120).
This randomized controlled trial was registered at ClinicalTrials.gov

(Identifier: NCT05308758).
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