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a b s t r a c t

Attention deficit hyperactivity disorder (ADHD) is one of the most commonly neuro-

developmental disorders with a complex symptomatology in children, and frequently

suffer from deficits in executive functions and motor abilities. Although medication-based

treatments usually have a positive effect, possible side effects may result in a need for an

adjunctive intervention. Present studies show positive effect of physical exercise on

cognitive function. Therefore, the purpose of the current study is thoroughly examine the

effects of physical exercise in children with ADHD. Preliminary evidence shows both acute

and chronic physical exercise are beneficial to ADHD symptoms, executive function, and

motor abilities. Benefits of acute exercise may gradually accumulate over time. Such

benefits reflect the positive correlation between cognition and physical activity, and these

benefits will also lead to changes in executive function after long-term training. Aerobic

could induce to increase the neurotransmitter ie. serotonin, dopamine, brain-derived

neurotrophic factor (BDNF) and brain blood flow. Perceptual motor and meditation could

lead to neuroplasticity in nerve cells and synaptic connections; furthermore, strengthening

the sensory-motor base contributes to the improvement of attention. An exercise program

for children with ADHD include to moderate to high intensity interval training and

cognitive tasks are suitable. The preliminary state of the evidence supports physical ex-

ercise as an adjunctive treatment for ADHD at this time.
Attention deficit hyperactivity disorder (ADHD) is one of the the typical symptoms of this disorder include inattention,
most common neurodevelopmental disorders seen in the

early childhood [1]. The global prevalence of the ADHD is

5.29%e7.2%, which is increasing in recent years [2]. Besides
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hyperactivity, and impulsivity [3], it was found that children

with ADHD often suffer from other comorbidities, of which

the proportions of patients with ADHD combined with
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oppositional defiant disorder [4], conduct disorder, depres-

sion, anxiety [5] and Tourette syndrome [6] are relatively high.

These children or adolescents with ADHD have impulsive

behavior, reduced information-processing capacity, or

inability to pay attention in class. Therefore, they are unable

to complete the homework assigned by their teachers in a

timelymanner, whichmay affect their academic achievement

[7]. Limited motor coordination, poor emotional regulation,

low frustration tolerance, and low sleep quality causes them

to encounter more difficulties in academic and interpersonal

relationships than normal children [8]. Furthermore, theymay

feel excluded as their peers to do not interact with them,

thereby developing social maladjustment and low self-

confidence [9].

Currently, treatment methods for ADHD mostly involve

medications, psychological counseling, and behavioral ther-

apy. Recent many studies found that the appropriate exercise

training can effectively reduce these symptoms. Studies

found that acute exercise [10] and regular physical activities

can induce physiological and psychological mechanisms that

not only promote physical and psychological health but also

improve physiological and cognitive functions, including

memory and executive function [11e14]. Based on the symp-

toms of ADHD (impulsiveness and hyperactivity), combining

exercise training with conventional treatment can increase

the benefits. Exercise can be considered as a category of

physical activity and refers to planned, structured, and re-

petitive physical activities that can increase or maintain an

individual's physical fitness [15]. Most physical activities or

exercise interventions in children with ADHD are clinical

rehabilitation exercises to improve the motor coordination,

cognitive function, and interpersonal skills or emotional dis-

orders [16]. Planned physical exercises are beneficial for ex-

ecutive function, emotional regulation, spatial memory,

learning performance, mood development, and interpersonal

relationships [13,17], and can induce structural and functional

neuroplasticity [18] in brain.

However, the above studies mostly examined the imme-

diate or long-term benefits of exercise intervention and less

analyze the neurophysiological and neuropsychological ef-

fects of exercise model, and exercise intensity. In addition,

although inattention problems in 50% of the children with

ADHD improve with age, impulsivity symptoms continue into

adulthood [19].

To verify the findings, we collected ADHD-related physio-

logical and psychological abnormalities and compiled studies

on the benefits of exercise in children and adolescents with

ADHD to provide a conceptual mechanism on exercise inter-

vention [20e22]. Hence, we compiled the benefits of exercise

in ADHD from the exercise intervention studies and discussed

these results based on the neurophysiological framework

presented. We cautiously provided exercise training sugges-

tions for ADHD children, including exercise duration, exercise

intensity, and exercise model for reference purposes.
Exercise and neurophysiology change

The core symptom of ADHD is neuropsychological deficit.

When responding to external stimuli, abnormalities in
attention selection or maintenance occur, which cause

response inhibition/delay. ADHD is also accompanied by

neurophysiological deficits. Research on brain operation

mechanisms found that ADHD is caused by physiological,

structural, and functional abnormalities in the central ner-

vous system [11]. Poor inhibitory function, dyspraxia, and

spatial workingmemory of the central nervous system [23] are

associated with insufficient dopamine and norepinephrine

secretion caused by dysfunction in the frontostriatal circuits

[24,25]. Moreover, functional magnetic resonance imaging

(fMRI) studies found that ADHD is associated with poor acti-

vation of the cerebrum, thalamus, and cerebellum [26,27]. We

included studies on neurophysiological improvement in

ADHD caused by exercise intervention to examine it can

improve these neurophysiological mechanisms.

When exercise intensity is moderateehigh, the body acti-

vates neurophysiological responses to induce the synthesis of

neurotransmitters, secrete brain-derived neurotrophic factor

(BDNF), and increase the blood flow to the brain, thereby

improving neuroplasticity and enhancing information-

processing capacity [28]. These effects can alleviate ADHD

symptoms and their comorbidities [29] and facilitate neural

growth and regulation in the brains of children with ADHD.

The mechanisms by which a single-bout of exercise affects

the nervous system include vagal activity and anti-pain and

anti-depression neurotransmitters (such as serotonin), which

are stress-decreasing hormones. Single-bout of exercises can

enhance cognitive function through instantaneous neuro-

chemical reactions, such as increasing the secretions of BNDF

and the levels of synaptic proteins, glutamate receptors, and

insulin-like growth factor availability, all of which seem to

improve cell proliferation and neuroplasticity [30,31]. Aerobic

exercise appears to have more immediate and long-term ef-

fects [21,29,31]. Tantillo et al. conducted a study on the ben-

efits of single-bout of exercises on children with ADHD. They

measured spontaneous eye blink rates, acoustic startle eye

blink response, and motor inhibition to indirectly prove that

single-bout of exercise at 65%e75% oxygen consumption (VO2

peak) can increase dopamine concentration in the brain [32].

Recent studies found that exercise intensity is critical for

inducing neuroplasticity and BNDF secretion. A study estab-

lished that lactic acid and BNDF produced by moderateehigh

intensity exercise is associated with neuroplasticity. In brain

metabolism, lactic acid plays an extremely complex role. After

moderateehigh intensity exercise, peripheral lactate levels

increase brain BNDF concentration, which in turn increases

neuroplasticity [18].

Therefore, aerobic exercise can induce the secretin of

neurotransmitters such as serotonin and dopamine in the

brain, increase brain blood flow and circulation, enhance the

metabolism, and activate the central nervous system.

Furthermore, moderateehigh intensity exercise can promote

BNDF synthesis, enhance neuroplasticity, and decrease the

risk of nervous system disorders.
Exercise and cognitive function change

Exercise not only improves the cognitive function in normal

children but also has positive and significant effects in
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children with neuropsychiatric disorder [6,14,33]. Present

studies showed that intervention of aerobic and exercise

stretching may be helpful for cognitive function and behavior

in children with ADHD and comorbid with Tourette disorders

[14]. Some studies showed a trend that chronic physical ex-

ercise appears to be beneficial at higher intensity for ADHD

children comorbid with Tourette syndrome; however, the ef-

fects of acute physical exercise are intensity-dependent,

where low-intensity aerobic exercise may alleviate and high-

intensity exercise may increase tic syndromes [34,35]. A study

showed that aerobic exercise may reduce the tic frequency in

children and young people with Tourette Syndrome. This

finding suggests that aerobic exercise can be a useful inter-

vention for improving self-regulation of tics, through neuro-

physiology change and enhancements in associated cognitive

control function [35].

The immediate effects of exercise on cognitive function

have attracted increasing attention in recent years. Meta-

analyses found that high-intensity exercise increases wake-

fulness and improves various cognitive functions. However,

single-bout of exercises may not result in long-term cognitive

function changes or have direct effects on impulsive behav-

iors and learning outcomes in children with ADHD [11,36].

Among these benefits, increase in executive function is a

significant immediate effect after exercise intervention. Etnier

et al. conducted a study comparing 8e12-year-old children

with ADHD who underwent moderate-intensity aerobic ex-

ercise and children with ADHD who watched videos for

20 min. The results indicated that the single-bout of

moderate-intensity aerobic exercise can improve executive

function in children with ADHD [37]. This finding shows that

moderate-intensity exercise can decrease impulsive behavior

and inattention in children with ADHD. Even though the im-

mediate cognitive benefits of exercise are limited, these ben-

efits may gradually accumulate over time. Such effects reflect

the positive correlation between cognition and physical ac-

tivity, and this benefit will also lead to changes in cognitive

function after long-term training [11].

Drollette et al. employed electroencephalography (EEG) to

observe inhibition control in children during the Flanker task

test. They found that therewas an immediate improvement in

response conflict and the speed of stimulus classification in

children who received exercise intervention. However, the

degree of improvement was greater in children with lower

inhibitory control capacity, and these children benefited the

most from single-bout of exercises [38]. These benefits are

more significant in ADHD children with inhibitory dysregu-

lation, which means that ADHD has a pervasive and extreme

characteristic. Therefore, a single-bout of exercises have

greater immediate effects on cognitive functions [11]. This

effect may be attributed to the fact that single-bout of

moderate-intensity exercises induce regulatory and attention

resources and effectively allocate themaswell as decrease the

load on neural activities associated with conflict detection.

These effects may be amplified in children with lower cogni-

tive functions [38].

In comparison, it was found that among ADHD children

with lower inhibitory control capacity, those with higher

aerobic fitness or greater activity level demonstrated a better

inhibitory control. In a study, boys with ADHD were asked to
wear an accelerometer for 1 week to evaluate their daily

physical activity level. The results indicated that childrenwith

moderateehigh physical activity had better executive func-

tion performance, which was the most significant aspect in

the results of Tower of London planning task. This finding

suggested that children with higher physical activity have

better executive function performance in working memory,

inhibitory control, and information-processing speed [39].

However, these correlations change with age. Brassell et al.

found that cardiopulmonary endurance is positively corre-

lated with inhibitory control in children with high ADHD risk.

Such children have better aerobic fitness and inhibitory

function and this phenomenon is more significant in younger

pre-school children. However, aerobic endurance, physical

fitness, and inhibitory function improve with age. Therefore,

aerobic exercise intervention is also an important prevention

strategy for children with ADHD risk [4].

Moreover, the duration of benefits generated by exercise is

also important for lifestyle and learning strategies in children

with ADHD. A single-bout of moderate intensity aerobic ex-

ercises and inhibitory control tests were performed on these

children. The data showed that response accuracy and con-

flict detection significantly improved within 60 min after the

moderate-intensity exercise regardless of the task difficulty.

This result signifies that the benefits of single-bout of aerobic

exercise intervention in inhibitory control can last for 60 min

in children with ADHD [10].

In summary, the intervention of single-bout of exercise

offers immediate and persistent benefits in cognitive function,

and long-term exercise training can effectively improve

overall fitness and exert long-lasting effects on cognitive

function in children. A meta-analysis collected 314 studies.

After screening and filtering, 31 studies were left. The results

showed that exercise intervention can effectively increase the

executive function in children and adolescents with ADHD

(SMD ¼ 0.611, 95% CI [0.386e0.836], p < 0.01), of which inhibi-

tory control (g ¼ 0.761, 95% CI [0.376, 1.146], p < 0.01) and

cognitive elasticity (g ¼ 0.780, 95% CI [0.331, 1.228], p < 0.001)

demonstrated themost significant improvements. Both single

bout of exercise intervention and long-term exercise training

have positive benefits, and long-term moderate-intensity ex-

ercise is currently the most recommended model for children

with ADHD [12,40].
Exercise model and exercise intensity

An analysis of exercise models found that both aerobic and

anaerobic exercises have potential short-term and long-term

benefits in cognition, social behavior, emotions, and phys-

ical/mental outcomes in patients with ADHD. Aerobic exer-

cises seem to have a greater potential for immediate as well as

long-lasting cognition and behavioral effects in children with

ADHD [31]. In a study on attention and executive function in

childrenwith ADHDand normal children and adolescents, the

type of exercise involved was mostly moderate-intensity

cycling or treadmill exercise, and the results showed that

both cycling and treadmill exercises had immediate benefits

for ADHD [41]. There are many types of aerobic exercise

training, and intensity is the key. Owing to the characteristics,
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impulsiveness, lack of motivation, impatience, and persis-

tence of children with ADHD, interval training is the most

recommended form of exercise. Therefore, the following

sections are divided into aerobic interval training and anaer-

obic exercise. There are diverse types of anaerobic exercise,

and the effects of perceptive motor training and mediation

training on children with ADHD are covered in the following

sections.

Aerobic with interval training

Interval training is a type of training involves repeated bouts

of high intensity effort followed by varied recovery times [15].

This exercise model is suitable for natural running and

jumping exercises and variable alternating fast and slow

movements, which is an interesting and low-cost training

method with no side effects. Clinical exercise therapy in

ADHD often employs moderateehigh intensity interval

training andmainly uses second-maximum intensity and less

time to achieve the results that are close to an aerobic training

[42]. According to the definition of American College of Sports

Medicine on exercise prescription, moderate intensity is 65%e

75% of the maximum heart rate of an individual (220-age) [15].

When moderate-intensity exercise is performed for

20e30 min, the body will enter the aerobic exercise stage. The

high intensity interval training (HIIT) refers to an exercise

intensity load that is >90% of the maximal heart rate or Rated

Perceived Exertion (RPE)Scale) > 17 and the intense work pe-

riods may range from 15 s to 4 min long. The recovery periods

may last equally as long as the work periods (1:1 training) and

are usually performed at 40%e50% of a person's estimated

maximal heart rate [42]. The workout continues with the

alternating work and relief periods about 20 min.

Boys with ADHD aged 7e15 years were given a single ses-

sion of high-intensity training (HIIT) with two times 10-min

sessions with a 1-min break in between, and the results

showed that 20 min of high-intensity exercise significantly

improved cognitive function and sustained attention [28].

When the exercise intensity was moderately high, ADHD

symptoms and other comorbidities significantly decreased

[29]. This result shows that short periods of HIIT can effec-

tively increase attention, decrease impulsivity, and improve

some cognitive functions in children with ADHD. However,

long periods of HIIT also improved physical fitness, motor

coordination, self-confidence, and interpersonal relationships

in boys with ADHD, particularly subjective attention [22] and

response inhibition function [43].

To increase the motivation and participation of children

with ADHD, the content of exercise training should include

game elements and employ psychological techniques. It is

also important to provide words of affirmation and positive

encouragement [16,44]. Therefore, some studies employed

combined exercise training to increase training completion in

children ADHD. In a study on 37 children with ADHD aged

8e11 years, 8 weeks of combined exercise training was given.

The training course included perceptual motor training and

20 min of moderate-intensity interval training. After 8 weeks,

complex information processing capacity and executive

function improved significantly in children with ADHD [21].

Another study provided 8 weeks of aquatic exercise to
children with ADHD (twice a week, 90 min per session). The

results showed that accuracy and motor skill coordination,

which are related to impulsivity tests, improved significantly

in the exercise group after the intervention. This result

showed that planned quantitation and qualitative exercise

improve inhibition behavior in children with ADHD [45].

Therefore, the planning of exercise model and exercise in-

tensity based on age, behavioral characteristics, and motor

skills of childrenwith ADHDhave positive effects on attention

and executive function.

Perceptive motor training and meditation

Perceptive motor training is an exercise training model that is

often performed in children. The primary objective of

perceptivemotor training is to promote coordination between

the perception system and motor control, emphasize sensory

stimulation, train the vestibular sensation and propriocep-

tion, tactility, judgment of visual and auditory spaces, regu-

lation of muscle tension changes, and visuomotor

coordination. The input of diverse perceptual information to

the central nervous system during exercise organizes and

integrates sensory information, which leads to neuroplasticity

in nerve cells and synaptic connections; furthermore,

strengthening the sensory-motor base contributes to the

attention performance [44]. A study was conducted on 14

children with ADHD with a mean age of 8 years, where sub-

jects underwent 30 min of rhythmic dancing. The content of

the activity was to dance along with music and included

vestibular, balance, tactile, proprioceptive, and rhythmic

movement elements. This exercise emphasized physical co-

ordination and rhythm, and the exercise intensity was 60% of

themaximumheartbeat. The results found that attentionwas

improved in children with ADHD after the rhythmic move-

ments [36].

The effects of mindfulness and mediation on emotional

regulation and attention have attracted immense attention in

recent years. Some studies examined the effects of mindful-

ness training or mediation on ADHD children and found that

the attention, awareness, and self-control ability of children

with ADHD are significantly improved after the trainings of

mindfulness and mediation [46,47]. Two meta-analyses were

performed, and one of them collected 4 studies on the benefits

of mediation, relaxation training, and yoga in 83 children with

ADHD. Owing to the limited number of studies, small sample

size, and the high risk of bias, a conclusion on the effective-

ness of mediation on ADHD could not be reached [48]. The

other study compiled 16 studies and performed a meta-

analysis. The results found that many studies did not

employ a control group, and a conclusion on the benefits of

mindfulness and mediation on ADHD could not be reached

[49]. There are many non-drug intervention methods for

ADHD, but empirical studies are required to ascertain if there

is evidence for efficacy. Che et al. (2021) compiled 83 inde-

pendent studies on ADHD involving 4996 subjects and 14 non-

drug treatments in ameta-analysis. These studies included (1)

mediation and awareness; (2) exercise training; (3) vitamins

and mineral supplements; and (4) cognitive behavioral ther-

apy. The results found that physical exercise training is

effective and has the most stable effects in improving the

https://doi.org/10.1016/j.bj.2021.11.011
https://doi.org/10.1016/j.bj.2021.11.011


b i om e d i c a l j o u r n a l 4 5 ( 2 0 2 2 ) 2 6 5e2 7 0 269
symptoms of attention deficit. This method was followed by

mediation, cognitive therapy, and cognitive behavioral ther-

apy, which are effective auxiliary tools [50].

In summary, lifestyle arrangements such as physical ac-

tivities or exercise are very important in children with ADHD,

which includes those suspected of high-risk ADHD and those

with lower cognitive processing speed. Systematic and plan-

ned moderate-high exercise courses should be administered

as soon as possible [17,19]. These interventions may help

alleviate inattention, hyperactivity/impulsivity symptoms,

and problems in interpersonal interactions to enhance the

adaptivity of the students in learning.

Conclusion

Appropriate exercise intervention can not only augment the

sensorimotor skills but also increase self-confidence and

improve communication and social interaction skills in chil-

dren. Exercise is an important tool for children with ADHD in

the developmental phase. Aerobic exercise or perceptual

motor training is beneficial to children with ADHD. Both

single-bout and long-term exercises can improve the blood

flow to the brain, enhance information processing capacity

and attention, decrease impulsiveness, and increase inhibi-

tory control, thereby improving interpersonal relationships.

With regard to exercise prescription, planned and combined

exercise courses should be selected, and the contents should

emphasize exercise intensity and perceptual motor exercises

combined with cognitive tasks (such as motor planning skills)

[51]. The teaching plan should include game content. This

approach can effectively improve the perceptual and cogni-

tive functions of children with ADHD.

We hope that the purpose of current studies is attracting

more scientific attention to the topic and provides important

directions for future researches by establishing a positive ef-

fect of exercise. If the effects of precise exercise for ADHD are

better substantiated in the future, we expect to have a

powerful complementary or alternative treatment. Finally, it

is recommended that for children suspected of having a high

risk for ADHD, appropriate exercise training can be integrated

into the overall ADHD intervention plan.
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