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Editorial on the Research Topic
 Exploring motor imagery across the lifespan – gaps between practical applications and theoretical frameworks




Motor imagery (MI), understood as the multisensory mental simulation of action, engages motor planning and higher-order cognitive networks, linking motor control with broader cognitive functions. Beyond simple rehearsal, MI reorganizes neural activity and supports the acquisition, refinement, and retention of motor skills throughout the lifespan. Its benefits have been demonstrated across rehabilitation, education, music, and sport (Bach et al., 2024; Hurst and Boe, 2022). When tailored to individual needs, MI protocols closely mirror physical training, serving as tools for optimization, adaptation, and recovery (Mendes et al., 2016). Yet despite its wide-ranging applications, key questions remain about how the quality of MI should be assessed, why its effectiveness varies across individuals and tasks, and how complex laboratory findings can be meaningfully translated into real-world contexts.

This Research Topic, Exploring motor imagery across the lifespan – gaps between practical applications and theoretical frameworks, addresses these questions through nine complementary contributions. Together they reframe MI as a dynamic, context-sensitive process that requires precise theoretical and methodological treatment.

The opening article by Villabona Orozco et al. examines the neurophysiological foundations of MI by investigating whether mu and alpha oscillations (8–14 Hz) serve as reliable markers of MI success. Electroencephalography recordings were collected from 19 healthy young adults performing the Test of Ability of Movement Imagery, and rhythmic activity was analyzed using parameters derived from the Better Oscillation Detection Method. Contrary to expectations, the study found no consistent associations between oscillatory magnitude and either intra-individual performance or inter-individual ability. Nonetheless, a significant reduction in amplitude during the initiation phase of imagery suggests a transient window of early neural engagement. These findings highlight the variability of sensorimotor rhythms and contribute to ongoing debates regarding their utility as biomarkers in MI research.

Where the previous authors focus on internal signals, Chye et al. explore how action observation combined with MI (AOMI) contributes to early-stage motor learning, focusing on the moderating role of model type. In a structured acquisition protocol involving novices learning the Ankle Pick takedown, they compare the effects of self- vs. other-model AOMI training. While physical practice remains the primary driver of performance gains, differences between model types suggest that the cognitive processing of observed movement varies meaningfully. These results point to the potential value of mixed-model strategies to enhance AOMI-based interventions, particularly in complex skill learning.

The capacity of motor imagery to serve public-health aims is illustrated by Zhou et al., who address the growing challenge of childhood myopia by testing whether MI, integrated into physical education, can serve as a non-pharmacological strategy to support visual and cognitive development. In a 16-week school-based intervention involving 154 children across four groups, they combined MI with visual tasks in various configurations. The results suggest that such integration may stimulate ciliary muscle activity while also enhancing motor and cognitive outcomes. By positioning MI as both a developmental and preventive tool, the study expands its relevance into the domain of public health and offers a model for holistic, school-based interventions.

Technology-mediated MI receives attention in the study by Bedir et al., who extend its scope into immersive environments by evaluating a Virtual Reality-Based Imagery (VRBI) protocol designed to enhance kinesthetic MI and muscle activation in athletes. Compared to established approaches such as Visual Motor Behavior Practice (VMBP) and Video Modeling (VM), the VRBI model demonstrated superior outcomes in both sensory vividness and neuromuscular adaptation. These findings suggest that virtual reality can amplify the effectiveness of mental training by enriching the sensorimotor experience, pointing toward new possibilities for imagery-based interventions in applied sport science.

Cognitive outcomes are the focus of two network meta-analyses. Song et al. examine how physical activity enhances cognitive function in children with attention-deficit/hyperactivity disorder, focusing on working memory as a core area of impairment. Their meta-analysis comparing exercise modalities shows that cognitively engaging aerobic activities yield the strongest benefits. The study offers compelling evidence for targeted, non-pharmacological interventions and highlights the importance of tailoring intensity and structure to optimize cognitive outcomes in clinical and educational settings. Guo et al. contribute to the understanding of youth cognitive development through a systematic review and network meta-analysis comparing the effects of various exercise modalities on working memory in healthy children and adolescents. Their findings reveal domain-specific benefits: dance enhances accuracy, while aerobic activity improves processing speed. These results support targeted physical activity programs aligned with distinct cognitive goals, with clear implications for educational practice and pediatric health promotion.

Motivation represents another critical layer. Viveiros et al., drawing on Self-Determination Theory and its hierarchical model, highlight how autonomy, competence, and relatedness shape adherence, especially in gym-based contexts. Their review links theory and evidence to support motivation-sensitive strategies for promoting sustainable behavior change.

Psychological infrastructure is examined further by Whitty et al. synthesize evidence on psychological profiling in youth sport academies, situating their review within evolving biopsychosocial models of athletic development. Focusing on male athletes in team-based sports, they identify key psychological attributes that shape long-term trajectories. By aligning their findings with the International Classification of Functioning, Disability and Health (ICF) framework, the study offers a practical model for supporting both performance and wellbeing, reinforcing the need for integrated psychological monitoring in elite youth sport settings.

Aging is considered in the meta-analysis by Fierro-Marrero et al., which compares MI abilities in younger and older adults. The review found limited evidence of temporal congruence between imagined and executed movements in older adults, due to wide confidence intervals and study heterogeneity. These findings highlight both the partial preservation and the partial decline of MI abilities with age, depending on task type and measurement dimension.

Collectively, these studies recast MI as a context-sensitive practice shaped by neural, psychological, and social factors. Rather than a fixed technique, MI emerges as a dynamic phenomenon that reflects human variability. Advancing the field will require cross-disciplinary collaboration that connects neuroscience with pedagogy, technological development with clinical insight, and theoretical precision with lived experience. A sustained focus on individual differences and contextual relevance will be essential to ensure both efficacy and ethical integrity.
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The rise of youth sport academies has led to a focus on long-term athletic development, and exploration into holistic approaches that incorporate psychological attributes to form biopsychosocial frameworks. The primary aim of this systematic review was to profile the psychological attributes of male youth team-based ball-sport athletes in academy-based programs and explore interactions between psychological attributes and athlete participation through the biopsychosocial model, the International Classification of Functioning, Disability and Health framework. This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. Six databases; PubMed, SPORTdiscus, Proquest, PsychINFO, Embase and Scopus were searched for relevant publications from root to 14th March 2024. The search returned 3306 records, and after applying the eligibility criteria 51 studies were included at full text and were critically appraised utilising the Mixed Methods Appraisal Tool. Data synthesis revealed 178 mental functions measured across 12 ICF categories, via 66 psychometric tools. Meta-aggregation revealed mean scores for 34 mental functions across eight ICF categories and 12 sub-categories. Male youth team-based ball-sport academy athletes display high levels of orientation to self and high energy levels; moderate to high levels of motivation and self-regulation; moderate levels of psychosocial functions, conscientiousness, regulation of emotion, and organising and planning. Low levels of clinical indicators and burnout were observed. The ICF framework can be utilised as a biopsychosocial framework for sport practitioners looking to profile the multidimensional and complex attributes of team-based ball-sport youth athletes in academy programs.

Systematic Review Registration: https://doi.org/10.17605/OSF.IO/9CE24.
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1 Introduction

Significant financial investments are made by professional sporting clubs to identify and develop athletes within their respective talent academy programs (1–5). The primary aim of talent academy programs is to progress players from their respective academy lists to the club's top team (6, 7). As a result, research into athletic development in talent academies has intensified as professional teams look to fast-track athletes into their associated professional top tier squads (1, 2).

Talent academy programs provide an opportunity to systematically develop key attributes required for athletes to perform at the top level in their sport (8). The systematic process of development offers advantages for youth players to gain experience from high-level coaches (9) and performance staff and can lead to training exposure with professional squads, providing stimulus to fast-track player development (8). Conversely, the same talent development process may also have disadvantages such as intensified training and early specialisation that may, if not closely monitored and supported, lead to injury, burn-out, dropout, increasing perceived burden of selection and deselection pressures, leading to performance anxiety and other psycho-social issues (10–13). Aspiring youth players can be selected into talent programs from the age of 12 years or younger and progress through the talent pathway until approximately 19 years or older. Many critical points occur along the talent pathway where an athlete may be selected, deselected, or re-selected into talent programs, highlighting the importance for a long-term athletic development (LTAD) approach (4, 12, 14, 15).

Lloyd et al. (15) defines LTAD as “the habitual development of athleticism over time to improve health and fitness, enhance physical performance, reduce the relative risk of injury, and develop confidence and competence in youth”. To provide a LTAD framework for academies several talent and athletic development models currently exist, with a recent review finding 17 models across sporting and other contexts (16). Such models include; Differentiated Model of Giftedness and Talent (17), Developmental Model of Sports Participation (18), Balyi's Long Term Athlete Development (19), Youth Physical Development Model (20) and Foundations, Talent, Elite Mastery framework (21), with each considering development across a variety of biopsychosocial domains. These models provide significant insights and guidelines into the development of youth and offer practitioners working in the field, guidelines to facilitate individual talent development programs (i.e., sports academies) (14). The above-mentioned models show how multidimensional, dynamic, and complex the talent development pathway can be. The Composite Youth Development (CYD) model proposed by Lloyd et al. (14) highlights a blended approach between talent and athletic development models. The model integrates elements of age periods, maturation, talent, psychosocial, and physical development across the lifespan. A novel element of the CYD model, is the authors efforts to integrate psychosocial attributes into the framework The authors of the CYD model note that many important psychosocial attributes exist for each stage of development, and those selected in this model were based on available research and personal experiences (14). Further exploration of the literature is required to see what other psychological attributes maybe significant at the youth stage.

While physical attributes of talented athletes are widely documented (22–27), recent research has increasingly focused on the psychological attributes of athlete development in talent academies and the psychological domains that impact youth athletic development. Previous systematic reviews have described some of these psychological attributes utilised by talented youth athletes, which may help facilitate athlete development (1, 28–30). For example, Dohme et al. (30) found eight psychological skills [e.g., goal-setting, social support seeking, (pre) performance routine, self-talk] and eleven characteristics (e.g., self-confidence, hard-work ethic, resilience, focus) were facilitative for youth development. While Gledhill et al. (28) found 22 psychological factors related to talent development, with self-regulation, resilience, commitment and discipline emerging as the most influential on player development. The large number of psychological attributes that may be influential on the athletic development of these talented youth athletes warrants further investigation and profiling the psychological attributes as well as identifying the most reliable tools to assess the attributes is an important first step.

Furthermore, some studies have explored more complex interactions between psychological attributes and physical attributes (31–34), as well as, technical (35), and tactical abilities (36) of talented youth athletes. This provides evidence for the need of biopsychosocial frameworks to be utilised to view talented youth athletes in development pathways (1, 29, 37). By exploring the complex interactions and relationships between these attributes during development, a greater understanding of a holistic multidimensional approach can be achieved by sport practitioners working in the talent development field. Psychological attributes that may influence and lead to effective athletic development have long been considered, through the complex interactions between the athlete, task, and environment (28). Yet a cohesive, consistent, and practical framework for reporting these collective whole-of-person attributes in a sporting context is lacking which may reduce the utility of this information by sport practitioners, limiting holistic development of academy athletes.

A potential solution could be the use of the International Classification of Functioning, Disability and Health Framework (38). The ICF biopsychosocial framework provides common language and terminology for documenting the health and health-related states, outcomes, and determinants, as well as changes in health and developmental status, and functioning of individuals (38). Whilst commonly considered a framework for the health and disability sectors, the ICF framework conceptualises an individual across three domains of function: body structure and function (anatomical, physiological, and psychological), activity (skill ability and limitations) and participation (access to or restrictions in life activities at various levels, e.g., sport). Further the ICF contextualises an individual's level of functioning according to their environment and personal factors and identifies barriers and facilitators from these factors, which are likely to impact the three domains of function defined above (38). The ICF also has the utility to transition across an individual's lifespan, with consistent use of language, allowing greater emphasis on long-term development by all involved with athlete development as discussed by Elferink-Gemser et al. (39). Figure 1 provides a visual concept of the ICF as a biopsychosocial framework.


[image: Flowchart illustrating the interaction between health condition, body functions and structure, activity, and participation, with bidirectional arrows. Environmental and personal factors influence activity below, shown with downward arrows.]
FIGURE 1
ICF framework (CC BY-NC-SA 3.0 IGO) (36).


The ICF; an established biopsychosocial framework, could be used to view youth athletic development to explore the complex interactions (i.e., between biological, physiological, and psychological attributes and their sport-related activities and participation outcomes) that occur during the development of an individual athlete in the environment of team-based youth sport Academy programs whilst considering a LTAD approach (38).

The primary aims of this systematic review were to (i) profile the psychological attributes (referred to as mental functions at the body function level of the ICF) of male youth team-based ball-sport athletes in academy programs, and (ii) to explore interactions between psychological attributes (mental functions) of academy athletes and attributes in other ICF domains. A secondary aim was to profile the tools used to measure mental functions (i.e., psychological attributes), that sport practitioners working in the field may apply. The present systematic review was planned to extend the current knowledge regarding mental functions of male youth athletes participating in team-based ball-sport academy programs. A deeper understanding of mental function profiles of academy athletes and their potential influence in athletic talent development (for example, on participation outcomes) can guide and inform both researchers and health and sport practitioners working in the field of athlete development (28).



2 Method

This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (40). This systematic review was registered prior to data extraction with Open Science Framework (OSF) on the 9th February 2023 https://doi.org/10.17605/OSF.IO/9CE24.


2.1 Information and search strategy

The search strategy was developed in consultation with the primary authors and university librarian. Six databases: PubMed, SPORTdiscus, Proquest, PsychINFO, Embase and Scopus were searched for relevant publications. The search strategy included the use of synonyms and subject headings (e.g., MeSH terms), related to the four key concepts that have been aligned to the Population (P), Intervention (I), Comparison (C), and Outcome (O) framework; (P) male youth athletes, (I) talent academy programs, (C) team-based ball sports, (O) psychological attributes/mental functions (see Table 1).


TABLE 1 Search strategy.

[image: Search strategy table with two columns. The left column is labeled "Database" and contains "Pubmed." The right column is labeled "Search Strategy" and lists various psychological and sports-related search terms and Boolean operators for literature search.]

Key concepts including synonyms were added into Bond University's Systematic Review-Accelerator online polyglot search translator (http://sr-accelerator.com/) to translate the PubMed search string across remaining databases. Subject headings and title and abstract search functions were added to the search string, with the search for relevant literature initially conducted on the 24th of July 2022, with a secondary search undertaken on the 9th of February 2023 and a final search completed on the 14th of March 2024.



2.2 Data management, screening and study selection

Results of the literature search were exported into the electronic management software program Endnote (version X8.0.2). Literature was then imported into the web-based software platform, Covidence (41) for screening and selection. Duplicates were automatically removed by the Covidence software. Two authors (JW and NM) independently performed title and abstract screening via the online Covidence platform. For studies that appeared to meet the inclusion criteria, or for studies where it remained unclear full text versions were retrieved. Full text articles were then screened against the eligibility criteria (Table 2) with any discrepancies resolved via discussions between the two reviewers until consensus was achieved. Results from the screening and selection process including reasons for exclusion at full text were recorded in accordance with PRISMA guidelines (40) and were documented via PRISMA Flow Diagram (Figure 2).


TABLE 2 Inclusion and exclusion criteria.

[image: Inclusion and exclusion criteria table for a study. The inclusion criteria specify participants as male youth athletes aged twelve to nineteen involved in team-based ball sports, with studies reporting relevant psychological attributes. Studies must be peer-reviewed and written in English. The exclusion criteria include studies not available in full text, focusing on individual sports, athletes with disabilities, or neurodevelopmental conditions. Exclusions also cover case studies, data from retrospective interviews, non-peer-reviewed sources, and grey literature.]
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FIGURE 2
PRISMA flow diagram (38).




2.3 Eligibility criteria

After establishing the key search terms and eligibility criteria using the PICO framework, studies were screened using the eligibility criteria outlined in Table 2.



2.4 Critical appraisal of methodological quality

The Mixed Methods Appraisal Tool (MMAT) (42) was used to assess the methodological quality of included studies, with each publication being reviewed independently by JW and NM. Kappa statistic was calculated between the two reviewers to determine the level of agreement in critical appraisal scores using SPSS software (43). Any discrepancies in critical appraisal scoring were discussed between appraisers to achieve consensus for final scores to determine the methodological quality of included articles.

The MMAT was used as it appraises the quality of: qualitative research, randomised control trials, non-randomised studies, quantitative descriptive studies and mixed-methods studies (42). The MMAT has been demonstrated to be a reliable tool and utilised successfully in previous research investigating psychological attributes within the sports literature (28). The scoring criteria was assessed (research questions, sample population, data quality, risk of bias and study adherence) using: “yes” scored as “1” and “no” or “can’t tell” scored as “0”.



2.5 Data extraction

Data extraction was completed by the primary author (JW) using a standardised data extraction table and managed electronically in a spreadsheet using Microsoft Excel (version 2016). This included: author/s, year of publication, title, aims, participant details (sample size, age range, sport, academy details and country of origin), psychometric tools used, type of psychometric value, psychometric value of the tool, source of psychometric value, mental function (psychological attribute) examined, descriptive statistics reported in the study, results relevant to study aims and MMAT scores. All data extracted was checked for accuracy by a second reviewer (NM). Where further descriptive data was required from the study the primary author emailed corresponding authors.



2.6 Data synthesis and analysis

A descriptive synthesis of extracted data was conducted to explore mental functions examined within talent academy programs from included studies. Only studies that attained a score of five or more out of seven on the MMAT were deemed to have robust methodology and were therefore included in the descriptive synthesis and meta-aggregation, and this method is consistent with previous methods applied in empirical research (44).

Mental functions (i.e., psychological attributes) were grouped according to ICF classifications and definition for each mental function (according to ICF language) for ease of interpretation. Where definitions were not available through ICF language, sports psychology literature was utilised. Descriptive synthesis involved the mental functions reported in individual studies being extracted and presented according to ICF classifications (45) with mental function tools also mapped according to the ICF framework. The grouping and mapping process according to ICF classifications in the descriptive synthesis was completed independently by one reviewer (JW) and validated by a second reviewer (NM). Interactions explored between the mental functions and other variables reported in the individual studies were documented and mapped according to the relevant ICF domains (Figure 3) and these interactions were narratively reported in the results section.


[image: Diagram illustrating factors for talented male academy athletes. It includes mental functions like motivation and regulation of emotion, activities such as soccer participation, and environmental factors like coach support. Personal factors include age and biological maturation. Relationships and interactions between these elements are depicted using arrows.]
FIGURE 3
Interactions between athlete mental functions and participation in talented male team-based ball-sport athletes utilising the ICF fromework.


Attributes mapped to contextual “environmental and personal factors” related to physical, social and attitudinal environment where individuals live and conduct their lives (e.g., parents or coaches of athletes) (38). Attributes mapped to “personal factors” are specific background features of the individual (e.g., facilitators and barriers to participation in academy based Australian football programs) (38).

A meta-aggregation was conducted using data exacted on mental functions when more than one study used the same psychometric tool. An excel worksheet was utilised to calculate weighted means (using the weighted mean formula) and pooled deviation score (using the pooled standard deviation formula) for mental functions, (accounting for sample size in each study), when two or more studies reported mean scores for the same mental function. In studies that reported data at multiple timepoints, descriptive data from the first timepoint only was used, and repeated samples of the same population were not utilised in the meta-aggregation. This method was utilised to minimise missing data points and study withdrawals and to ensure a single sample was not over-represented leading to sampling bias. However, reported data that included different/new participants for multiple age groups were included. For studies that included sub samples of participants (i.e., different ages, selected/deselected academy participants or different scholarship status) an intra-study weighted mean and standard deviation was calculated to provide the descriptive statistics for the individual samples in that study.

Meta-aggregated data for psychological attributes was also expressed using ICF coding (38). Table 3 outlines how the meta-aggregated data based on different psychometric (Likert) scales, aligns to the language utilised in the ICF coding system (38). Language utilised in the psychometric tools measuring mental functions was themed to align with the ICF severity coding language of body function (specifically mental function). The intent of aligning the psychometric profiling scales to the ICF coding system, is to enable greater understanding of the relationships and interactions between various attributes assessed. By providing a standardised representation of the meta-aggregated results this can enhance meaningful interpretations between multiple attributes and domains. For example, if the meta-aggregated mean on a 1-to-5 scale psychometric tool is 1, it will be mapped into the ICF as “none”, “absent” or “negligible”.


TABLE 3 Alignment of data from psychometric measures to ICF coding system.

[image: Table detailing ICF descriptor qualifiers and codes alongside psychometric scales. Qualifiers: none to complete. Codes: 0 (0-4%) to 4 (96-100%). Scales range from 0 to 4 up to 1 to 7.]




3 Results


3.1 Study selection

The PRISMA flow diagram (Figure 2) provides a summary of the search outcomes. The search of six databases resulted in 3,490 studies. After duplicate removal (n = 484), title and abstract screening was completed on 3,006 studies. Following full text screening against the inclusion and exclusion criteria 51 studies were included at full text for data extraction and were critically appraised (Figure 2 PRISMA statement). Supplementary Table S1 provides a full list of excluded studies after full text screening.



3.2 Methodological quality

The percentage agreement between the two reviewers during critical appraisal was high with 89.7%. Cohen's Kappa analysis demonstrated a skewed critical appraisal outcome to a “yes” response, representing a phenomenon known as “paradoxes of Kappa” indicating the Kappa statistic does not appropriately identify interrater reliability between assessors with this relatively small number of studies (κ = 0.364; p = 0.001) (46). However, based on the percentage agreement a high level of agreement in methodological quality between the independent reviewers can be concluded. Fifty of the 51 studies were considered high quality, based on achieving a score equal to or greater than 5/7 (71%) on the MMAT (44) and these 50 studies were utilised in the descriptive synthesis and meta-aggregation. Supplementary Table S2 provides the critical appraisal consensus scores for each study.



3.3 Study characteristics

Data extracted from all 51 studies are reported in Supplementary Table S3. From the 50 high quality studies a total of 6,998 participants were included in the present review. Soccer was the most investigated sporting academy (n = 42), followed by field hockey (n = 3) and cricket (n = 2). Rugby league (n = 1) and rugby union (n = 1) were also represented with one mixed study that included soccer, rugby league and rugby union participants. Male youth team-based ball-sport academy athletes from the United Kingdom (n = 23) and other European countries (n = 23) represented 92% of the studies included in this review. Australia (n = 4) was the other country represented.

One hundred and seventy-eight mental functions (psychological attributes) were examined across the 50 studies and were mapped to 12 ICF categories. These 12 ICF mental function categories include consciousness, orientation, global psychosocial, dispositions and intra-personal, temperament and personality, energy and drive, global mental function, others specified and unspecified, attention, emotion, thought, basic cognitive, higher-level cognitive. Of the 12 ICF categories, 31 sub-categories are represented. Supplementary Table S4 presents the mental functions reported from each study grouped to the ICF category and sub-category as well as the tools used to capture each mental function.

Sixty-six tools were used to assess the 178 mental functions. Twenty-four tools were used to assess energy and drive functions, and its sub-categories. Temperament and personality functions were measured through 16 psychometric tools. Emotional functions were quantified by 13 psychometric tools. Global mental functions, higher-level cognitive functions, global psychosocial functions, and orientation functions were assessed by nine, eight, six and four tools respectively. Four tools were utilised to measure attention and thought functions, while three tools were used to measure dispositions and intra-personal functions. Finally, one tool was identified to measure consciousness and basic cognitive functions.

The coefficient alpha or “Cronbach's alpha” was most utilised to determine the psychometric value of the tools (47) with 35 studies using this approach. Authors who reported the psychometric value of their psychometric tools reported an acceptable (48) level of reliability as α = >0.70. Ten studies did not report the psychometric value of the tool used or it remained unclear within their publication. Two studies used an Omega value, another used a test-retest reliability measure as the psychometric value, while 2 studies remained unclear.

Authors calculated their own psychometric value on 33 studies, seven studies used previously reported data and ten did not report any psychometric value.



3.4 Profile of mental functions (from psychometric measures)

Measures of mental functions extracted from 50 individual studies with high methodological quality are outlined in the data extraction Table (Supplementary Table S3) and each mental function has been mapped to relevant ICF categories and sub-categories (Supplementary Table S4). Meta-aggregated weighted mean results of mental functions for male youth team-based ball-sport academy athletes are documented in Tables 4–11.


TABLE 4 Meta-aggregated data for mental function, orientation function—orientation to self and others.

[image: A table summarizes research findings on athletic identity in youth athletes within team-based sports academies. It includes categories like "Orientation to self" and "Orientation to others," with attributes such as "Total athletic identity," "Exclusivity," "Negative affectivity," "Social identity," and "Team emphasis." Data includes the number of participants, mean, standard deviation, and an ICF descriptor, with practical interpretations indicating various psychosocial impacts. Each category shows a "High" or "Moderate" ICF descriptor, reflecting the intensity of identity and affectivity among participants.]


TABLE 5 Meta-aggregated data for mental function, global psychosocial functions.

[image: Table summarizing global psychosocial functions. Two psychological attributes are listed: "Support for long-term success" with 239 participants and a mean of 4.41, and "Seeking and using social support" with 566 participants and a mean of 4.31. Both have moderate ICF descriptors. Practical interpretations highlight the development of youth athletes in team-based sports academies.]


TABLE 6 Meta-aggregated data for mental function, temperament, and personality functions (conscientiousness and confidence).

[image: Table showing various psychological attributes related to temperament and personality functions, categorized under conscientiousness and confidence. Each row provides information on the number of participants, mean, standard deviation, ICF descriptor, and practical interpretations. Attributes include ability to organize and engage in practice, perfectionistic tendencies, and confidence, with varying mean scores and interpretations on male youth athletes in team-based academies.]


TABLE 7 Meta-aggregated data for mental function, energy, and drive functions.

[image: Table listing psychological attributes of energy and motivation for male youth athletes in team-based sports academies. It includes attributes like subjective vitality, task orientation, and self-determination, with participant numbers, mean scores, standard deviations, and ICF descriptors. Practical interpretations highlight effects of motivation, competitive spirit, and mental health aspects.]


TABLE 8 Meta-aggregated data for mental function, global mental function, others specified and unspecified—mental health.

[image: Table displaying data related to psychological attributes of exhaustion and burnout in athletes. The categories include ICF category, sub-category, psychological attribute, participants, mean, standard deviation, ICF descriptor, and practical interpretation. Exhaustion has 264 participants, a mean of 2.21, and a standard deviation of 0.85. Burnout has 277 participants, a mean of 2.10, and a standard deviation of 0.72. Both have a low ICF descriptor. Practical interpretation emphasizes low exhaustion and burnout levels relate to enhanced athletic performance and well-being.]


TABLE 9 Meta-aggregated data for mental function, attention functions.

[image: Table showing the relationship between attention functions and psychological attributes for sustaining attention. It includes 134 participants across two studies with a mean concentration score of 3.43 out of 5 and a standard deviation of 0.90. The ICF descriptor is "Moderate." Practical interpretation suggests male youth athletes in team-based academies benefit from moderate concentration levels for improved decision-making and performance.]


TABLE 10 Meta-aggregated data for mental function, emotional functions.

[image: Table detailing psychological attributes related to emotional functions. Categories include anxiety control, coping with pressures, response to failure, and active coping. Attributes are assessed by participant numbers, mean scores, and standard deviations, with ICF descriptors ranging from high to moderate. Practical interpretations suggest how these attributes affect resilience, performance, and emotional well-being in youth athletes.]


TABLE 11 Meta-aggregated data for mental function, higher-level cognitive functions.

[image: A table outlines various ICF sub-categories under higher-level cognitive functions, focusing on mental preparation, imagery use, self-regulation, performance evaluation, and self-directed control. It lists the number of participants, mean scores, standard deviations, ICF descriptors, and practical interpretations for each sub-category. Interpretations describe how male youth athletes in team-based academies utilize these attributes, highlighting benefits such as improved mental readiness, self-control, skill execution, and personal development.]



3.5 Interactions between psychometric variables according to ICF mental functions, and other domains of the ICF in male youth team-based ball sport academy athletes

This section narratively synthesises findings from studies that report on relationships between mental functions of male youth team-based ball-sport academy athletes and other domains of the ICF.


3.5.1 Orientation function—orientation to self and others

Table 4 provides a meta-aggregated summary of orientation functions. Total athletic identity (Athletic Identity Measurement Scale—AIMS) did not differentiate level of academy participation (i.e., playing) in soccer with no significant differences noted in AIMS scores between players from different leagues (F = 0.5, p = 0.68) (49). Furthermore, the total athletic identity subscales (exclusivity, negative affectivity, social identity) do not differ between academy players from different clubs or leagues (49). Living arrangements did not have any significant effect on total athletic identity (p = 0.25) or associated sub-scales, nor did year of apprenticeship (p = 0.16) (49). However, soccer academy players have significantly higher total athletic identity (p < 0.01) compared to age-equivalent school peers and this is characterised by academy soccer players having consistently higher “exclusivity” scores (p ≤ 0.01) with social identity and negative affectivity not contributing to the differences (2). A players’ orientation towards “team emphasis” does not significantly discriminate between selected and non-selected academy soccer players (p = >0.05) (50), or between elite and sub-elite male youth field hockey players (51).



3.5.2 Global psychosocial functions

Table 5 provides a meta-aggregated summary of global psychosocial functions. A player's belief in having “support for long-term success” [Psychological Characteristics for Developing Excellence Questionnaire (PCDEQ) Version 1 Factor 1] do not significantly differentiate talented academy soccer players who play up an age-group from those who do not (p = 0.32) (52). Similarly, Hauw et al. (53) identified that the PCDEQ (Version 1) factor “long-term performance support” could not be used to discriminate between good and poor developers in Swiss soccer academy players as the “long-term performance support” factor was not scored at a level expected for good developers (3.93/6 vs. 4.25/6), despite the participants being from two professional soccer academies. Saward et al. (6) found no significant effect of age or eventual scholarship status on a soccer players PCDEQ (Version 1) Factor 1 scores “support for long-term success”. Kelly et al. (54) found no significant difference between scores of higher or lower potential athletes “support for long term success” and socioeconomic status in English soccer academy athletes (p = 0.95). Finally, Hill et al. (55) identified that UK academy-based players whose coaches believed had a higher likelihood of progressing to the top level in their sport, had significantly higher “seeking and using social support” behaviour (PCDEQ—Version 2 Factor 5) than those whose coaches believed had a low likelihood of progressing to the top level (p = 0.005). Meanwhile, Barraclough et al. (56) reported that “seeking and using social support” behaviours were non-significant across age groups and scholarship categories, with only a medium effect size noted (p = <0.001) for older players within the category one academy group.



3.5.3 Temperament and personality functions (conscientiousness and confidence)

Table 6 provides a meta-aggregated summary of temperament and personality functions. When exploring the attribute of conscientiousness, Saward et al. (6) demonstrated that there is no significant effect of age (p = >0.05) or eventual scholarship status (p = >0.05) on players “ability to organise and engage in quality practice” (PCDEQ—Version 1 Factor 4). Additionally, Kelly et al. (52) found that a players “ability to organise and engage in quality practice” (PCDEQ Version 1—Factor 4) is not significantly different between academy soccer players who played up an age level compared to those who did not (p = 0.50). Kelly et al. (54) found no significant differences between “higher” or “lower” potential athletes who had the ‘ability to organise and engage in quality practice’ and socioeconomic status in English soccer academy athletes (p = 0.07). When exploring perfectionistic tendencies, Hill et al. (55) demonstrated that UK academy-based players whose coaches believed they had a higher likelihood of progressing to the top level in their sport, had significantly higher ‘perfectionistic tendencies’ (PCDEQ—Version 2 Factor 4) than those whose coaches believed had a low likelihood of progressing to the top level (p = <0.01). ‘Perfectionistic tendencies’ significantly increased through the age groups (p = <0.001) and categories of participation (p = <0.001) with those in the most elite category demonstrating highest levels of perfectionism (56). Huijgen et al. (50) found no significant difference in “self-confidence” for adolescent soccer players in the Netherlands who were selected into talent development programs of professional soccer clubs, compared to those who were deselected (p = >0.05). Elferink-Gemser et al. (51) also found no significant difference in confidence between elite and sub-elite male youth field hockey players. However, Hauw et al. (53) found a significant difference in self-confidence levels (p = 0.16) between Swiss soccer players who were grouped (group 1) by scoring low on all traits except agreeableness and the who were grouped (group 3) by scoring medium on emotional stability and high on other traits.



3.5.4 Energy and drive functions

Table 7 provides a meta-aggregated summary of energy and drive functions. Adie et al. (57) found that levels of “subjective vitality” increased (p = <0.05) across two youth soccer academy seasons when players perceived that they received autonomy support from their coach. Differences were observed at both an intrapersonal level (p = <0.001) and interpersonal level (p = <0.001). Similarly, Cheval et al. (58) noted that competence (p = <0.001), and autonomy (p = <0.001) positively predicted “subjective vitality” over a 3-month period for elite youth French soccer players.

Kavussanu et al. (59) reported significant differences in “task orientation” in elite vs. non-elite soccer academy players (p = 0.03). This was supported by findings from Reilly et al. (60) who found a significant difference between elite and sub-elite English soccer players in “task orientation” (p = <0.05). Elite status was described in both studies as players who were signed with a professional soccer club, whereas non-/sub-elite players were described as those who played at local or school level, that had not signed with a professional soccer club. However, when comparing players within an academy program, Bennett et al. (61) found no significant difference between tier 1 and tier 2 academy players in “task orientation” for both early adolescent (p = >0.05) and mid-adolescent (p = >0.05) Australian youth soccer players. This was also supported by Huijgen et al. (50) who observed no significant differences in “task orientation” for soccer players who were selected into talent development programs of professional soccer clubs in the Netherlands, compared to those who were deselected (p = >0.05). Finally, Wachsmuth et al. (62) found no significant difference in task orientation between under-12 and under-17 male German soccer academy athletes, as well as no prognostic value on under-17 players achieving professional soccer status.

Wachsmuth et al. (62) found significantly higher scores in ego orientation for under-17 male youth soccer athletes when compared to under-12 athletes (p = < 0.001). However, ego orientation did not differentiate between elite vs. sub-elite players (p = ns) (59), and (p = > 0.05) (60). Nor did it differentiate between tier 1 or tier 2 academy players (p = > 0.05) (61), or selected or deselected soccer players (p = >0.05) (50). Ego orientation did not predict the likelihood of under-17 male soccer athletes progressing into professional status (p = > 0.05) (62).

Joseph et al. (63) found no significant difference in win orientation scores between selected and non-selected under-16 (p = 0.58) and under-18 (p = 0.16) players in the basketball talent pathway program. However, Zuber et al. (64) found that win oriented failure fearing youth soccer players were 1.8 times more likely to remain in the regional squads a year later, but would not be selected into the National under-15s squad. Wachsmuth et al. (62) also found, win orientation scores were significantly higher in under-17 male youth soccer athletes when compared to under-12 athletes (t = 13.69, p = < 0.001). However, win orientation did not significantly influence a youth athlete's progression into professional status (62).

No significant differences were found in goal orientation scores between selected and non-selected under-16 (p = 0.55) and under-18 (p = 0.99) basketball talent pathway athletes (63). Sieghartsleitner et al. (65) also found psychological characteristics of which goal orientation was part, did not significantly influence the holistic model (p = 0.80) or the multidimensional model (p = 0.27) that predicted talent selection in youth soccer. Wachsmuth et al. (62) demonstrated no significant difference between age groups (under-12 and under-17) in a youth German soccer academy, nor did goal orientation scores distinguish between under-17 soccer athletes and their progression into professional status. In contrast Zuber et al. (64) explained that when players were compared to average motivated players the intrinsic achievement-oriented players were 1.7 times more likely to remain in the program the following year. These players had 1.7 times higher odds of being selected in the under-15 national team than the average motivated player.

Wachsmuth et al. (62) found under-17 male German soccer academy athletes who scored higher in competitiveness were 3.93 times (p = < 0.05) more likely to be promoted to professional status as a soccer player than those who scored lower. However, Joseph et al. (63) found no significant difference between levels of competitiveness scores in selected vs. non-selected under-16s (p = 0.90) and under-18s (p = 0.54) in male Australian basketball youth athletes.

Under-17 German male soccer academy athletes who scored higher in hope for success were found to be 3.25 times more likely to progress into professional status (p = < 0.05) (62). Further, hope for success was seen to provide a significant predictor of an athletes performance as rated by their coaches in Swiss male youth soccer athletes (p = 0.03) (66).

Under-17 German male youth soccer academy athletes with low levels in fear of failure were 4.57 times more likely to progress to professional status (p = < 0.05), than those who scored highly. Zuber and Conzelmann (66) found fear of failure scores did not significantly impact on performance as rated by their coaches in a male Swiss academy cohort.

“Motivation” was identified by Elferink-Gemser et al. (51) as one of four variables that would successfully discriminate between talented elite and sub-elite field hockey players [accounting for 46% of the variance in group membership (i.e., elite participation group)]. However, Huijgen et al. (50) found no significant differences in motivation levels between selected and deselected players in a soccer talent development program (p = > 0.05).

Sieghartsleitner et al. (65) demonstrated mental functions that included self-determination, did not significantly influence the holistic model (p = 0.80) or the multidimensional model (p = 0.27) that predicted talent selection in youth soccer. Whereas, Zuber et al. (64) reported Swiss soccer players who scored highest in self-determination were those players clustered in the high intrinsic achievement-oriented players who were more likely to remain in the squad and more likely to be selected in the national team.

Hill et al. (55) showed UK academy-based players who were rated by their coaches as having a higher likelihood of progressing to the top level in their sport, had significantly lower “clinical indictor” (PCDEQ—Version 2 Factor 7) scores than those whose coaches believed had a low likelihood of progressing to the top level (p = <0.01). Barraclough et al. (56) found significant differences between clinical indictor scores across different levels of participation (category 1, 2, 3 and grass roots) (p = 0.001) for youth soccer academy participants. However, no significant differences were seen between age groups (p = 0.52).



3.5.5 Global mental function, others specified and unspecified—mental health

Table 8 provides a meta-aggregated summary of global mental functions. Adie et al. (57) found that levels of exhaustion were significantly different between elite youth soccer academy players, when players reported lower levels of autonomy from their coaches, and this was linked to higher emotional and physical exhaustion (p = < 0.001). Exhaustion levels were seen to increase over the course of season one for elite youth soccer academy players (p = < 0.01) (57). No significant relationships appeared at the within person level between basic psychological needs and emotional and physical exhaustion (57). However, a significant interaction between relatedness to others and how exhaustion changes over time, helped predict emotional and physical exhaustion levels (p = < 0.01) (57). Curran et al. (67) found when professional youth soccer players from the UK, had their psychological needs meet, they were less likely to feel emotionally and physically exhausted (p < 0.01).

Cheval et al. (58) found that for elite French soccer players, coach autonomy support changed over time and when players felt less supported by their coach in making decisions, the likelihood of players experiencing burnout increased (p = 0.022). Cheval et al. (58) also found the levels of soccer players satisfaction or frustration for the need of competence (p = 0.001), and autonomy (p < 0.001) led players to experience a higher level of burnout. Likewise, when players perceived they had too much control they were also likely to experience burnout (p = 0.005) (58). Similarly, Curran et al. (67) found that professional youth soccer players in the UK were less likely to experience burnout when their psychological needs were meet (p < 0.01). Curran et al. (67) also found a small but significant negative correlation between harmonious passion and burnout (r = −0.17, p = < 0.05) in professional youth soccer players in the UK.



3.5.6 Attention functions

Table 9 provides an aggregated summary of attention function. Concentration scores did not discriminate between elite (3.46 ± 0.39) and sub-elite (3.46 ± 0.71) talented male youth field hockey players (51). Likewise, Huijgen et al. (50) found no statistically significant difference in concentration between talented soccer players who were selected or deselected from a talent development program in the Netherlands (p > 0.05).



3.5.7 Emotional functions

Table 10 provides an aggregated summary of emotional functions. Anxiety control scores did not differentiate between elite (4.04 ± 0.48) and sub-elite (3.94 ± 0.64) talented male youth field hockey players (51). Huijgen et al. (50) also found no statistically significant differences in the ability to control anxiety for talented soccer players who were selected or deselected from a talent development program in the Netherlands (p = > 0.05).

Saward et al. (6) demonstrated that scores for “coping with performance and developmental pressures” (PCDEQ—Version 1 Factor 3) significantly increased with age (p = < 0.05) within male youth soccer academy players. Players who would go on to receive a category 1 or 2 scholarship also scored significantly higher in coping with performance and developmental pressures than those who would receive a category 3 or 4 scholarship, or no scholarship (p = < 0.05). Kelly et al. (54) found significantly higher-potential athletes (as rated by their coach) had scored greater for “coping with performance and developmental pressures” when the athletes were from lower socioeconomic status than those of higher socioeconomic status (p = 0.01). However, Hauw et al. (53) noted that scores could not be used to discriminate between good and poor developers in Swiss soccer academy players as the factor was not scored at a level expected for good developers (4.02/6 vs. 4.27/6), despite the participants being from two professional soccer academies. Additionally, Kelly et al. (52) found that a player's score in the ability of “coping with performance and developmental pressures” (PCDEQ Version 1—Factor 3) did not significantly differ between academy soccer players who played up an age level compared to those who did not (p = 0.11).

Hill et al. (55) demonstrated that UK academy-based players across soccer, rugby league and rugby union, whose coaches believed had a higher likelihood of progressing to the top level in their sport, had significantly higher “adverse response to failure” behaviours (PCDEQ—Version 2 Factor 1) than those players whose coaches believed had a low likelihood of progressing to the top level (p = < 0.001). Barraclough et al. (56) found small significant effects between age groups on adverse response to failure (d = 0.49, p = < 0.001), with older players in under 16s and youth soccer teams scoring highest. A medium effect size was seen between levels of participation (d = 0.59, p = < 0.001), where category 1 soccer academy players scored higher in adverse response to failure (56).

Barraclough et al. (56) found small significant differences in “active coping” behaviour (PCDEQ—version 2 Factor 6) between top tier academy categories (p = < 0.001), however no significant differences were observed between age groups (p = 0.82). Hill et al. (55) observed significantly higher mean scores for “active coping” behaviours (PCDEQ—Version 2 Factor 1) in the group of academy players (soccer, rugby league and rugby union) who coaches believed had a higher likelihood of progressing to the top level in their sport, when compared to players whose coaches believed had a low likelihood of progressing to the top level (p = < 0.001).



3.5.8 Higher-level cognitive functions

Table 11 provides an aggregated summary of high-level cognitive functions. Elferink-Gemser et al. (51) reported no difference in the mental preparation scores between elite (2.22 ± 0.64) verse sub-elite (2.31 ± 0.75) talented male youth field hockey players. No statistically significant differences were observed in the use of mental preparation between soccer players who were selected or deselected from a Dutch development program (p > 0.05) (50).

The use of imagery during practice and competition (PCDE—version 1, factor 2) was found to significantly decrease with age (p = < 0.05) for category 2 English soccer academy players (6). However, Kelly et al. (52) found no significant difference between English academy soccer players who played up an age, compared to those who didn’t within the tier 4 academy (p = 0.84). Similarly, Kelly et al. (54) found no significant differences between “higher” or “lower” potential athletes who scored higher in “imagery use during practice and competition” and socioeconomic status in English soccer academy athletes (p = 0.55). Hauw et al. (53) noted Swiss soccer academy players scored within the range consistent with good developers. Hill et al. (55) found the use of “imagery and active preparation” (PCDEQ—Version 2 Factor 2) had no significant effect (p = > 0.05) on being rated by coaches to progress to the top level in their sport. However, Barraclough et al. (56) demonstrated “imagery and active preparation” (PCDEQ—Version 2 Factor 2) had a significant large effect on becoming a category 1 player (d = 1.00, p = <0.001). With smaller effects found between levels of participation (category levels) (d = 0.32, p = < 0.009) and age groups (d = 0.48, p = < 0.001).

Erikstad et al. (68) found Norwegian soccer players in a national talent development program who scored high in self-regulation were significantly more likely to be selected at a national level compared to those players who scored lower on self-regulation (p = <0.05). Cumming et al. (69) found a small statistically significant correlation between biological maturity and self-regulation use (r = −0.17, p = < 0.05) in a cohort of English soccer academy players.

“Evaluating performance and working on weaknesses” (PCDE—version 1, factor 5) scores appeared to show age-related changes, that differed based on eventual scholarship status for English academy soccer players (6). Scores increased with age for those players who went on to hold category 1 and 2 scholarships compared to those who didn’t receive a scholarship (p = < 0.05). Kelly et al. (52) found no significant change in English academy soccer players who scored differently in this factor from those playing up an age, compared to those who didn’t (p = 0.37). Kelly et al. (54) found no significant differences between “higher” or “lower” potential athlete scores for “evaluating performances and working on weaknesses” and socioeconomic status in English soccer academy athletes (p = 0.55). Hauw et al. (53) noted Swiss soccer academy players scored within the range to be considered “good developers” (m = 5.07, SD = 0.60).

“Self-directed control and management” (PCDEQ—Version 2 Factor 2) was found by Hill et al. (55) to have a medium effect (d = 0.07, p = <0.001) on the likelihood of players progressing to the top level of their sport (as rated by the coach) across, soccer, rugby league and rugby union, when compared to the coaches ratings of players having a low likelihood of progression. Barraclough et al. (56) found significant differences between age groups and levels of participation for the use of self-directed control and management (p = 0.002) and (p = <0.001).

Figure 3 provides a visual map of the ICF model with significant relationships between mental functions and academy participation as well as interactions with environmental and personal factors according to available published literature identified in this review. Table 12 provides further insights into mapped ICF categories, sub-categories, for mental functions (psychological attributes) and the documented relationships with activity and participation (for academy athletes) as well as the relationships with environmental and personal contextual factors.


TABLE 12 ICF framework, mapping ICF sub-categories and mental functions to academy activities and participation, including contextual factors.

[image: A table compares mental functions, activities and participation, and contextual factors in youth sports. It includes categories like orientation functions, psychosocial functions, and emotional functions. Arrows indicate positive or negative discrimination. References are provided for each data point.]





4 Discussion

The primary aim of this systematic review was to profile mental functions of male youth team-based ball-sport athletes in academy-based programs and to explore the interactions between mental functions and activity/participation outcomes and environmental and personal contextual factors via an ICF lens. One hundred and seventy-eight mental functions were identified across 12 ICF categories. A meta-aggregation was possible for thirty-two mental functions across eight ICF categories. The eight categories included orientation, global psychosocial, temperament and personality, energy and drive, global mental functions, attention, emotion and high-level cognitive functions. Meta-aggregated results (Tables 4–11) revealed male youth team-based ball-sport academy athletes displayed; moderate to high levels of psychosocial function and conscientiousness, and high confidence levels; moderate to high levels of energy and drive functions, moderate levels of attention, and organisation and planning functions with moderate to high levels of self- and emotion-regulation. Further, these athletes demonstrated low levels of mental health issues, and low levels of exhaustion and burnout.

From the eight categories of mental functions, seven showed significant associations with other ICF domains. As highlighted in Figure 3, the seven mental functions; orientation, temperament and personality, energy and drive, global mental functions, mental health, emotional functions, and high-level cognitive functions and the subsequent 14 mental functions have been mapped to other domains within the ICF framework. The interactions are illustrated between mental functions and other domains such as body structure, activity, participation, environmental and personal factors, highlighting the biopsychosocial holistic approach to viewing talented athletes. By mapping biopsychosocial athlete attributes via the ICF framework the potential contribution that mental functions have on future activities and participation levels of male youth team-based ball-sport athletes in academy programs becomes evident. The findings from this systematic review and meta-aggregation outline possible attributes that could be further explored in male youth team-based ball-sport athletes to successfully navigate through the academy system. However, the development and contribution of these attributes will need to be explored through future intervention-based research. Additionally, in some cases this ICF mapping process also shows how academy-based activities and participation levels can positively or negatively interact with the athletes’ mental functions. The findings from this systematic review should be considered by those who seek to best develop academy based male athletes in team-based ball-sports and those planning further research on this topic.


4.1 Orientation functions

Total athletic identity scores were significantly larger for English academy soccer players when compared to school peers (2). This finding would be considered consistent as behaviours exhibited by high scoring players for this mental function have advantages of increased self-esteem, positive body image, and work ethic (2). Identity theory proposes that identity (i.e., “I’m an athlete”) leads to behaviour choices and habits that match the expectations to that identity (70). As a result, to meet the demands of academy programs, players need to perform habits that can lead to success along the talent pathway, that align to their “athletic identity”. Alternatively, negative consequences of high athletic identity can be associated with both short- and long-term effects. Rongen et al. (2) suggests negative consequences may include an inability to cope with obstacles (i.e., deselection or injury), overtraining and burnout, risk one's own health, less focus on education, and delayed career development, as well as being unprepared to transition out of sport that results in identity loss, which may lead to mental health issues such as decreased well-being and depression. It is therefore important that sporting academies focus on how programs are designed, implemented, and managed to enhance facilitation of positive psychosocial outcomes by actively monitoring mental functions such as athlete identity and activating early intervention if needed to prevent negative long-term consequences for athletes.



4.2 Temperament and personality functions

Findings by Barraclough et al. (56) suggest perfectionistic tendencies may increase with age and level of sport participation with the highest perfectionistic behaviours evident in category 1 players (highest level of participation within the academy) who were older. This multidimensional effect is seen as either perfectionistic striving, which indicates one's determination for excellence, self-organisation (i.e., routines and structures), and setting high personal performance standards (71). As opposed to perfectionistic concerns which relates to fears from previous mistakes and social evaluations, as well as imbalances between expectations and performance (56, 71). A previously published review by Hill et al. (72) noted that perfectionism may change across the lifespan due to developmental changes, with the possibility of younger players displaying a naive level of optimism. Barraclough et al. (56) suggested the importance of winning and setting outcome-based goals, such as selection into the next phase of the academy program may increase throughout adolescence which could drive increasing levels of perfectionism. Jordana et al. (71) describes this phenomenon as the “perfectionism paradox” where high performance sport demands a perfectionistic approach, and players who are overly concerned about achieving such a level of perfectionism can be susceptible to negative consequences such as a lack of motivation, ill-being and ultimately a decrease in performance (71). Therefore, providing focused training for athletes on ways to avoid the negative consequences of perfectionism, should form a pivotal part of academy player wellbeing programs (56) and opportunity to develop dual careers (i.e., academic and athletic) favouring a holistic athlete development process should be prioritised in academy programs, ensuring a “plan B” for players (71).



4.3 Energy and drive functions

Two studies highlighted the importance of “perceived coach autonomy support” and its positive impact on energy levels (subjective vitality) for academy youth soccer players (57, 58). Findings from these studies highlight the importance of nurturing feelings of autonomy and competence in youth academy athletes to enhance energy and drive. Academy coaches who provide autonomy support and promote a sense of competence and autonomy, may help contribute to the improved well-being of academy players. This notion is supported by the basic needs theory proposed by, Ryan and Deci (73) which suggests positive growth and development in humans occurs by creating an energised state, which is advanced by meeting three inherent psychological needs; feelings of competence, autonomy and relatedness, and if these needs are not nurtured (for example by coaches in academy programs) they may contribute to pathology and ill-being for athletes.

Kavussanu et al. (59) and Reilly et al. (60) found significant differences in motivation (task orientation) between levels of elite vs. non-elite soccer academy players. Suggesting players within elite academy programs may be more focused on personal improvement, learning and effort, which are characteristics of task orientated individuals (59, 74). However, Bennett et al. (61) and Huijgen et al. (50) both found no significant differences in task orientation within academy programs, regardless of their tier or selection status. These results may indicate that once academy players are within a structured environment, the differences in task orientation that were observed between elite and non-elite players may reduce, and highlights opportunity for academies to promote uniform emphasis on personal improvement and effort among their players, irrespective of their specific tier or selection status.

Joseph et al. (63) revealed that selected and non-selected under-16 and under-18 basketball talent pathway athletes exhibited no significant differences in win orientation scores. Opposingly, the findings by Zuber et al. (64) indicated that win-oriented, failure-fearing soccer players, while not selected into the National under-15s squad, were more likely to remain in regional squads a year later. This suggests that for some sports, a win-oriented mindset might not be a decisive factor in immediate selection to national-level squads but may contribute to player retention in a talent development pathway. Wachsmuth et al. (62) found German soccer academy athletes who scored high in competitiveness, high in hope for success but low fear of failure significantly increased their odds of progression in professional soccer status.



4.4 Global mental functions, mental health

Hill et al. (55) observed that, among UK academy-based players, those who were perceived by their coaches as having a higher likelihood of advancing to the elite level exhibited significantly lower scores in clinical indicators (PCDEQ—Version 2 Factor 7) compared to other players, who were deemed less likely to reach the highest levels of their sport. This finding suggests that players with lower clinical indicator scores may possess certain mental functions or characteristics that are conducive to their coaches’ expectations of future success. Furthermore, Barraclough et al. (56) investigated clinical indicator scores across different levels of youth soccer academy participation, revealing significant differences among various participation categories. However, age, did not significantly influence these scores, implying that clinical indicators of global mental functions, while associated with the level of participation, might not necessarily change significantly as players progress through different age groups within an academy structure.

Adie et al. (57) found that levels of exhaustion were significantly different among elite youth soccer academy players, with lower autonomy support from coaches linked to higher emotional and physical exhaustion. While no significant within-person relationships emerged between basic psychological needs and exhaustion, the interaction between relatedness to others and how exhaustion changed over time played a role in predicting exhaustion levels. Curran et al. (67) expanded upon this by showing that when psychological needs of youth soccer players in the UK were met, they were less likely to experience emotional and physical exhaustion, underscoring the importance of psychological well-being in preventing burnout. This supports findings from Cheval et al. (58), who found that coach autonomy support, as well as satisfaction or frustration of the need for competence and autonomy, were significant predictors of burnout among French youth soccer players. Furthermore, Curran et al. (67) identified a small but significant correlation between harmonious passion and burnout among youth soccer players in the UK. These collective results suggest at the individual level, satisfaction or frustration with meeting psychological needs contributes to the likelihood of experiencing burnout, and psychological needs should be monitored and nurtured through the academy programs to prevent exhaustion and burnout.



4.5 Emotional functions

Coping with performance, and developmental pressure scores, reported by Saward et al. (6) reveals increases in coping scores with age, highlighting the potential for psychological development and adaptation as players progress through their academy pathway. Players who eventually received higher-level scholarships scored significantly higher in this factor, suggesting the importance of effective coping strategies in securing advanced opportunities within academy programs (Saward et al, 2019). Additionally, Kelly et al. (52) found that the ability to cope with these pressures did not significantly differ between academy soccer players who played up an age group and those who did not, further emphasising the complexity of the relationship between coping abilities and development within the academy context.

Whilst examining adverse response to failure scores, Hill et al. (55) demonstrated that youth academy players whose coaches believed they were more likely to advance to the elite level in their sport reported significantly lower adverse response to failure behaviours. These findings may suggest that the athletes who were seen as having greater potential might perceive a greater ability to respond positively to setbacks experienced during the academy pathway such as injury or deselection. Barraclough et al. (56) found significant effects related to age and levels of participation within youth soccer academy players, where older players, particularly in the under-16 and youth soccer teams, reported the highest scores in adverse response to failure behaviours, emphasising the potential developmental challenges faced by players as they advance in age through academy programs. Additionally, the higher scores in category 1 soccer academies, suggests that the elite level of play may introduce additional opportunities for development related to reducing adverse responses to failure, supporting athletes to develop the skill set required to manage adverse responses to failure and better equipping them for future setbacks. As academy players progress through the pathway there is an increased chance of adverse response to failure which may coincide with mores stressful challenges and transitions as players progress to higher levels of participation (56).

The findings from Barraclough et al. (56) and Hill et al. (55) collectively provide an understanding of active coping behaviours and mechanisms in the context of youth academy team-based ball-sport athletes. Barraclough et al. (56) also found small but significant differences in active coping behaviours across top-tier academy categories. Whereas, Hill et al. (55) found athletes whose coaches believed they were more likely to reach the elite level in their respective sports reported significantly higher scores in active coping behaviours compared to those perceived as having a lower likelihood of success. This indicates that athletes with higher potential may exhibit more proactive approaches and mental skills to manage stress and challenges. These results collectively underscore the importance of considering the competitive context and the influence of coach expectations on coping behaviours, with potential implications for athlete development and performance in youth sports.



4.6 High-level cognitive functions

Studies exploring high-level cognitive functions (6, 52, 53, 55, 56), presented varying views regarding the impact of utilising imagery during practice and competition in the context of youth soccer players. The collective findings across these studies demonstrates imagery and active preparation is frequently used by players in higher categories of participation within academy programs.

When exploring the relationship between self-regulation and participation in youth soccer academies, Erikstad et al. (68) demonstrated a significant link between high levels of self-regulation and the likelihood of being selected at a national level within a Norwegian talent development program. It is possible that players who exhibit effective self-regulation skills may be better equipped to handle the demands of high-level competition and, consequently, are more likely to progress to the national level. Cumming et al. (69) extended this understanding by revealing late maturing soccer players utilised self-regulation skills more than early or average maturing players, highlighting the opportunities to development these skills with athletes along the academy pathway.

The findings by Saward et al. (6), Kelly et al. (52), Hauw et al. (53), offer insights into the dynamics of academy athletes evaluating performance and working on weaknesses. Self-assessment and improvement can be seen as a desirable mental function, as it indicates a proactive approach to skill development and performance enhancement (75). Hauw et al. (53) noted that Swiss soccer academy players scored within the range indicative of good developers in the domain of evaluating performance and working on weaknesses. Saward et al. (6) demonstrated age-related changes in this mental function, particularly among English academy soccer players who eventually secured category 1 and 2 scholarships. Kelly et al. (52) however, found no significant change in this mental function among English academy soccer players who played up an age level compared to those who did not, suggesting the act of playing against older peers did not significantly influence the utilisation of evaluating performance and weaknesses. These findings demonstrate the importance of proactive self-assessment among youth academy players. The ability to recognise areas of improvement and actively address weaknesses can play a key role in their development and eventual success. Talent development programs should consider strategies for encouraging and supporting these behaviours, particularly as players advance in age and skill level. This not only contributes to their individual growth but can also have positive implications for the overall quality of talent within academy programs (6, 75).

Studies by Hill et al. (55) and Barraclough et al. (56) provide valuable insights into the role of self-directed control and management in talent academies within youth sports. Particularly in the context of soccer, rugby league, and rugby union athletes who exhibited high levels of self-directed control and management, were more likely to be rated (by their coach) as having the potential to progress to the top level of their respective sports (55). This indicates the vital role of self-regulation and the ability to independently manage one's actions and decisions in the context of talent development. Barraclough et al. (56) findings further contribute to this understanding by revealing significant differences in the use of self-directed control and management based on age groups and levels of participation. These differences underscore the dynamic nature of self-regulation skills which require focused attention for development as players progress through different age categories and participation levels within academy programs.

The secondary aim of this review was to identify the psychometric tools used to assess mental functions of male youth team-based ball-sport athletes. A variety of tools (n = 66) were used across all 178 mental functions, with no definitive tool used to capture this data. Hill et al. (55) suggest the use of a triangular approach using a psychometric tool, direct observations, and interviews to assess mental functions. However, this may be problematic for academies with limited resources (personnel and financial). The most used tool to assess mental functions in the male youth team-based ball-sport academy setting was the Task and Ego Orientation in Sport questionnaire (n = 5) as a measure to assess energy and drive functions. Whilst the Psychological Characteristics of Developing Excellence—version 1 questionnaire (PCDEQ1) (n = 4) was most used to assess a variety of mental functions. An updated version of the PCDEQ1, Psychological Characteristics of Developing Excellence—version 2 (PCDEQ2) is available and was identified by two studies within this systematic review. The PCDEQ2 offers sports practitioners working with youth athletes, a cost-effective age-appropriate tool to assess multiple mental functions across a variety of categories and sub-categories including; global psychosocial, temperament and personality, energy and drive (clinical indicators), emotional and high-level cognitive functions.



4.7 Limitations

Limitations of this systematic review were that studies were excluded if they did not specifically state participants were in a talent development or academy-based program. This may have led to relevant studies being excluded if they had ambiguous participant details. This could also include studies from countries where talent academy programs do not exist, instead talented athletes are developed through school-based systems. A population bias exists where 42 out of the 50 studies for this review involved soccer academies, with 92% coming from the UK and European nations, limiting the generalisability of the findings to all academy-based sports.

The lack of longitudinal studies identified in this systematic review highlights the need for application of longitudinal investigations (28). Such a methodological approach could be utilised to profile the rate of change in mental functions over time for talented youth male ball-sport athletes. Such research could lead to identifying mental functions that remain stable or those that are more modifiable over time, and that information could guide interventions utilised in the talent academy pathway programs to enhance participation outcomes for athletes.

The limited number of studies using the same psychometric tool, to assess mental functions, increases the potential impact of bias (e.g., publication and response bias) for the meta-aggregated findings and subsequent conclusions in this review. However, studies appear to be homogenous as identified by lower standard deviation scores and the participant demographics (i.e., soccer Academy from UK). Future research could utilise the findings from this research to utilise consistent tools when evaluating mental functions to develop larger powered meta-aggregated findings with addition of athletes from team-based ball-sports outside the UK and European nations. A response bias may exist amongst the literature as when academy participants are responding to questionnaires, participants may give untruthful or favourable responses as to appear a certain way for the coach, sport practitioners, medical staff, or their peers, as well as their own perceptions of what will influence their selection or outcomes (76).



4.8 Conclusions

This paper explores the psychological attributes of male youth team-based ball-sport academy athletes and demonstrated that this cohort present with low levels of clinical indicators and burnout, moderate levels of psychosocial functions, conscientiousness, regulations of emotion, and organising and planning, moderate to high levels of motivation and self-regulation, with high levels of energy and orientation to self. Many of these mental functions have been associated with successful outcomes such as academy selection and promotion to the elite level of participation.

The plethora of mental functions examined, and the varied use of tools highlights the complexities in the sport psychology literature and their multifaceted interactions with other domains within the talent development pathway. This review demonstrates a practical framework that can capture these complex biopsychosocial interactions using a common language; the ICF, developed by the WHO, which could be a useful tool for sports practitioners to provide an individualised and holistic approach to the development of youth athletes in talent academy-based programs.
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Objective: Explore motor imagery (MI) abilities in healthy older adults compared with healthy younger adults.
Methods: A systematic review with meta-analysis.
Results: Twenty-seven cross-sectional studies were included. Meta-analyses explored MI abilities between healthy older and younger adults for the ability to generate kinesthetic (60–70 years: g = −0.24, 95%CI = −1.61, 1.13; 70–80 years: g = −1.29, 95%CI = −2.75, 0.17), and visual modality (g = −0.08, 95%CI = −0.71, 0.86); vividness in kinesthetic (g = 0.14, 95%CI = −0.13, 0.41), IV (g = 0.11, 95%CI = −0.16, 0.38), and EV modalities (g = 0.05, 95%CI = −0.15, 0.24); mental chronometry in timed-up and go (seconds = 0.63, 95%CI = −0.02, 1.27), and linear walk (seconds = 0.75, 95%CI = −0.55, 2.06); and MI-execution time congruence (performance overestimation) in linear walk (g = −0.02, 95%CI = −0.73, 0.69). Mental chronometry in upper limb movements was analyzed visually in forest plot indicating tendencies of greater time in older adults. Hand recognition in hand laterality judgment task visual analysis revealed a poorer accuracy, greater response time and lower efficiency in older adults.
Conclusion: Vividness of MI in kinesthetic and visual modalities appears to be preserved in older adults. Tendencies for greater time in mental chronometry were observed in older adults in TUG, linear walk and upper limb tasks. Implicit MI assessed with hand laterality showed older adults have lower accuracy, longer response times and lower efficiency. The ability to generate MI in kinesthetic and visual modalities presented imprecise results, and no clear conclusions could be drawn on MI-execution temporal congruence due to imprecision. Further research is needed to potentially clarify these findings.
Systematic review registration: PROSPERO: CRD42023384916.
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Highlights

	• The ability to generate motor imagery shows inconclusive results regarding how it varies with aging.
	• Vividness during motor imagery remains preserved with healthy aging.
	• Mental chronometry tends to be greater in older adults.
	• Results from MI-execution temporal congruence are inconclusive.
	• Implicit motor imagery, through hand recognition tasks, declines with aging, loosing accuracy, with greater response times, deriving into a lower efficiency.



1 Introduction

Aging is an intrinsic process of the human life cycle, in which physiological function declines, impacting cognitive (1), emotional (2–4), physical (5–7), and social spheres (8), affecting quality of life (9–11). Many sectors are influenced by aging, generating a high economic burden (12–14).

Physical functioning is a key component for healthy aging. It relies on the confluence of multiple integrated systems, including cognitive, emotional, sensory, musculoskeletal and cardiovascular systems. Among these, the proper functioning of motor-control-related components in the central and peripheral nervous system, alongside the integrity of musculoskeletal structures, is particularly critical. Several changes have been reported in literature to occur with aging. Notable changes include a reduction in the volume of several encephalic regions, such as the hippocampus, caudate nucleus, lateral prefrontal cortex, and the cerebellum, while other areas like the primary visual and entorhinal remain relatively unchanged (15). Additionally, white matter hyperintensities in the brain increase exponentially with age, doubling approximately every 10 years (16). In addition to these volumetric changes, aging is associated with reduced cerebral blood flow perfusion, particularly in cerebral white matter and certain cortical regions (17). On a peripheral level, aging affects secondary motor neurons through decreased depolarization frequencies, reduced persistent inward currents, and structural axonal changes (18). Despite age-related changes in the nervous system, older adults can adapt and learn new movements, showing neuroplasticity and improved cerebral efficiency. A recent review, pointed that skill training often reduces brain activation, reflecting greater neural efficiency in older adults. However, cortical hyperactivation remains common compared to younger adults (19).

MI is a mental process where the subject mentally simulates actions without its overt execution (20). MI can be subclassified into explicit and implicit MI (21). Explicit MI involves the mental performance of actions (22), whereas implicit MI entails the projection and manipulation of the body schema (23).

Explicit MI can be practiced using different strategies, which include 3 modalities: external visual (EV), internal visual (IV) and kinesthetic (KI). In the EV modality, subjects imagine their body movement from a third-person perspective, as though observing themselves from the outside. In contrast, the IV modality involves imagining body movements from a first person perspective, as if looking through its eyes. Lastly, in the KI modality, the focus is on the sensory experiences of the imagined movement, including tactile, proprioceptive and kinetic sensations.

A subject’s performance during explicit MI can be evaluated across its 3 modalities through various domains, which include: the ability to generate MI, vividness, mental chronometry, and MI-execution temporal congruence (24). The ability to generate MI refers to how challenging is for an individual to construct the MI process (25). This capacity is closely related to vividness, which refers to the realism of the MI experience (26). Depending on the modality employed (visual or kinesthetic) specific aspects can be assessed. For instance, in visual modalities, this includes the visual clarity of the imagined movement, while in KI modality, it refers to the intensity of the KI experience (26, 27). There is, however, some terminological ambiguity in the literature regarding the terms to describe the time taken to imagine an action and how closely this duration couples with the time required to physically execute it. In this review, we will use “mental chronometry” to refer to the time needed to imagine a movement and “MI-execution temporal congruence” to describe the degree of coupling between MI and execution durations.

It is important to note that explicit MI always involves an implicit evocation of the body schema (implicit MI). Therefore, the actual performance on explicit MI relies on the evocation of the body schema and other parameters related to the generation of its movement. To date, the closest method for assessing the quality of implicit MI relies on voluntarily evoking, manipulating and recognizing the body schema. This approach is typically evaluated through tasks that measure accuracy and response time in body recognition exercises, such as determining laterality (left or right side) of specific body parts (24) or whole-body images (28).

MI has been extensively studied as an intervention for motor learning, demonstrating its effectiveness in improving physical performance both as an isolated intervention (29), and in combination with physical practice. Several theories have proposed mechanisms to explain how MI facilitates motor learning without physical practice. These mechanisms include long-term potentiation (on the overlapping neural correlates with physical execution), the reorganization and refinement of motor plans, facilitation of movement encoding, and the anticipation to sensory stimuli (30).

The benefits of MI have been explored across various populations. In children and adolescents, it has been shown to enhance movement learning (31), and improving motor skills in healthy adults (32). Furthermore, its benefits extend to older adults (33), with evidence pointing that MI results in more pronounced strength gains in older than younger adults (34). Beyond healthy individuals, MI improves physical functioning in patients with neurological and musculoskeletal disorders (35, 36), and reduces pain perception (37).

Evidence from prior research has shown significant similarities in the central nervous system substrates involved in overt movement execution and MI in healthy subjects (38). In younger subjects, it has been observed that MI neural substrates vary across the employed modality. EV modality is primarily associated with spatial and temporal aspects of movement, activating brain areas related to visual perception, planning, and memory, particularly involving areas in the ventral stream (39). IV modality activates regions involved in movement planning and execution, such as parietal, frontal and occipital brain regions (39). This modality plays a relevant role in motor learning by integrating perception, action and memory. Among the visual modalities, the internal perspective appears to rely more heavily on motor system substrates (40). Lastly, KI modality activates subcortical brain regions, such as the bilateral caudate, along with cerebellum, primary and secondary somatosensory cortices, and temporal lobe areas (41). These regions are associated with sensory perception and motor control, and their activity closely mirrors the networks involved in overt movement, more so than either of the visual modalities (39, 42).

The shared neural regions suggest that age-related changes in motor control may not only lead to declines in physical function, as previously mentioned, but also may impair MI performance. The effects of aging could vary across different MI modalities, as even in younger individuals, these domains present slightly different neural correlates. This is a relevant question to address, as current literature points that older adults can be benefitted from MI interventions for improving motor performance. However, their basal abilities across the different MI domains may play a critical role for the effectiveness of MI interventions.

Various original studies have explored changes in MI abilities through aging, with previous literature reviews analyzing the tendency of these results. These reviews already detected a lower performance with aging in the ability to generate MI (43), mental chronometry, MI-execution temporal congruence, especially in complex tasks, and implicit MI (44). Conversely, outcomes such as MI vividness may be preserved (43, 44).

The objective with this systematic review relies on gathering the existing literature exploring differences in MI abilities between older (≥60 years) and younger (<60 years) healthy adults. Meta-analyses would be conducted to summarize the result of those studies.



2 Methodology

We followed Preferred Reporting Guidelines for Systematic Reviews and Meta-Analyses (45) during this systematic review. The protocol is listed as CRD42023384916 in the International Prospective Register of Systematic Reviews.


2.1 PICOS strategy


2.1.1 Cases and controls

The case participants selected for study were healthy older adults (≥60 years), compared with healthy younger adults (18–59 years).



2.1.2 Outcome measures

The outcome measures of interest included the following:

	• Ability to generate MI: This variable explores the difficulty to construct MI. Procedures can vary, but they usually request the subject to overtly generate the movement, and imagine it afterwards, asking about the difficulty to generate that mental representation. Instruments such as the MIQ and others evaluate this phenomenon. Eligible outcome measures would include the ability to generate MI from KI, and visual (internal and external modalities grouped).
	• Vividness of MI: The concept of vividness refers to the realism of the MI experience. It can also be explored in terms of visual clarity or KI intensity across in the respective modalities. Instruments such as the VMIQ assess this variable. Eligible outcome measures would include vividness of MI from EV, IV an KI modalities.
	• Temporal features of MI: MI can be assessed with temporal features, such as the time or speed required to imagine an action. Eligible outcome measures would include the timed-up-and go (TUG), linear walk, and upper limb (UL) tasks.
	• MI-execution temporal congruence: Temporal features of MI can be contrasted with the actual temporal features of the overtly executed task. This is usually conducted calculating the difference and/or ratio between MI and execution temporal features. This variable can be computed as “performance overestimation” when the subject imagines with a better performance than its actual execution [image: Mathematical expression includes "Execution time minus MI time or Execution time divided by MI time" and "MI speed minus Execution speed or MI speed divided by Execution speed", enclosed in brackets.], or as “performance underestimation” when the subject imagines with a poorer performance than its actual execution [image: Mathematical expressions in brackets: MI subscript time minus Execution subscript time, or MI subscript time divided by Execution subscript time; Execution subscript speed minus MI subscript speed, or Execution subscript speed divided by MI subscript speed.]. These two forms of estimating MI-execution temporal congruence would be eligible, exclusively for the TUG, linear walk, and UL tasks.
	• Hand recognition: This outcome measure is an indicator of implicit MI through the recognition and manipulation of the body schema. The eligible tasks for this outcome would include the hand laterality judgment (HLJ) task. This task explores the ability of a subject to recognize left and right hands in different rotations and views (palm and/or back). Eligible measures would include accuracy, response time, and efficiency (the capacity to provide a correct response within its response time).



2.1.3 Study design

Observational studies were eligible for inclusion.




2.2 Data sources and searches

Two independent reviewers employed the same search equations for MEDLINE (PubMed), EBSCO, Web of Science, SciELO, ScienceDirect, Scopus, and Google Scholar, in January 2023. Manual searches were performed until October 2023. Free terms, descriptors, and Boolean operators were used in the English searches, as well as Spanish terms (in Google Scholar). No language, population, study design, or time filter was used.



2.3 Selection process

The reviewers independently carried out screening and eligibility. This process was performed using the Rayyan AI tool (46), analyzing Title-Abstract and Full-Text. If there was insufficient information for inclusion, researchers would contact the corresponding authors for additional information.

Non-scientific articles, study protocols, and articles without full text were excluded. No language restrictions were applied. Additionally, in case of disagreement on selection, during the final eligibility phase a third reviewer was employed to reach a consensus.



2.4 Data extraction

Study information on authors, publication date, design, inclusion and exclusion criteria, population characteristics, groups, and sample size were extracted. Only groups meeting the age criteria (≥60 and < 60 years) were extracted. The following outcome measures were included: ability to generate KI or visual MI; vividness of MI in KI, IV, or EV modalities; mental chronometry or mental speed in TUG, linear walk, and UL movements; performance over/underestimation coefficients in TUG, linear walk, and UL movements; and accuracy, response time, and efficiency in HLJ task.

Instructions for testing temporal MI features, including modality, eye status, posture, and other varying difficulty constraints were recorded. Measurement tools were extracted, and the results were synthesized.



2.5 Methodological quality assessment

One reviewer assessed the methodological quality of studies with the Johanna Briggs Institute Critical Appraisal Checklist (JBI) for analytical cross-sectional studies [(47), p. 7]. The scale includes 8 items, with 4 response options (Yes; No; Unclear; and Not applicable). Authors provided a punctuation of 1 point for “Yes” responses, and 0 point for “No,” “Unclear” and “Not applicable” responses, accounting for a total score between 0 and 8 points. Greater punctuations would indicate a greater methodological quality.



2.6 Meta-analyses

The sample size, mean, and SD of outcomes were extracted for meta-analyses. Data were extracted from tables/text, and from graphics using the PDF X-Change Editor ruler.

Median and quartile data were converted to mean and SD using equations n°14 and 15 proposed by Wan et al. (48). Standard errors of the mean and confidence intervals were also transformed to SD following the Cochrane Handbook for Systematic Reviews of Interventions section 6.5.2.2 (49). Performance underestimation coefficients were transformed into overestimation coefficients.

Meta-analyses were conducted if (1) 3 or more studies explored the same outcome measure; (2) studies presented similar age groups; (3) the sample size, mean, and SD were available; and (4) they presented moderate or good methodological quality. In cases where only 1 or 2 studies explored a specific outcome, forest plots were included to provide a visual representation of effect sizes and trends. This exploratory approach was aimed to (1) offer preliminary insights into the direction and magnitude of effects between older and younger adults, even when data were sparse; (2) facilitate identification of potential patterns that could inform future studies or highlight gaps in the literature; and (3) ensure transparency in presenting all available evidence, minimizing the risk of selective reporting.

Random effect meta-analyses were conducted employing the Hedges’ model with a 95%CI. Pooled results were displayed as the raw mean difference (MD) if studies presented the same measurement instrument and unit. If not, data were treated with the Hedges’ g as standardized mean differences (50). The Hedges’ g is standardized mean difference (Cohen’s d) adjusted by the sample size, to prevent its overestimation. It will be interpreted following the criteria by Cohen (51): “very small” < 0.20; “small,” if 0.20–0.49; “medium” if 0.5–0.79, and “large” ≥ 0.8.

Heterogeneity was examined with Cochran’s Q test, the Inconsistency index (I2) and Tau squared (τ2). Cochran’s Q test presents limitations of underpower for meta-analyses with a low amount of studies or sample sizes; therefore, a p-value threshold of <0.1 would be used for considering heterogeneity across studies (52). Heterogeneity would be considered significant if either Cochran’s Q test p-value was <0.1, or I2 > 75%.

Funnel plots were employed for spotting outliers exceeding the 95%CI. Publication and selection bias was assessed with Egger’s Regression test (53), and Doi plot’s LFK index, with its threshold for detecting publication and selection bias if <−1 or > 1 (54). Publication and selection bias would be confirmed if any of the employed tests resulted positive.

Sensitivity analyses were explored with the Leave-One-Out Test (55) for meta-analyses with 4 or more studies. A significant influence would be confirmed if the extraction of any study would significantly modify the pooled result (generating a change over p < 0.05 or p > 0.05).

These procedures were conducted in R Studio software version 2023.06.0 + 421, employing R version 4.3.1 (56). MD, Hedges’ g calculations, random effect meta-analyses, and heterogeneity and sensitivity analyses were performed with the package “metafor” version 3.8.2 (57). Doi plots and LFK index were generated with the package “metasens” version 1.5–2 (58).




3 Results


3.1 Selection process

A total of 27 cross-sectional studies were included in the review (25, 59–84). The studies of Watanabe and Tani (82) and Kotegawa et al. (64) were included after the age range data were provided by the corresponding authors. Watanabe and Tani (82) additionally provided their data of mental chronometry.



TABLE 1 Quality assessment of analytical cross-sectional studies with Johanna-Briggs Institute Critical Appraisal Checklist.
[image: A table summarizes various studies with columns for criteria such as inclusion criteria, subjects and setting, exposure validity, exposure standardization, confounding factors, outcome measures, and statistical analysis. Studies are listed on the left with corresponding evaluations, marked as "Yes," "No," "Unclear," or "Not applicable." The "Total" column on the right displays scores for each study.]

See Supplementary material for details of the search engines, databases, number of searches, and equations with their retrievals. Figure 1 represents the selection process via a flow-chart.

[image: Flowchart detailing the identification and screening process of studies for a review. Two main identification sources are databases (n=2916 identified, n=1008 duplicates removed) and other methods (n=13 identified). Screening by two assessors reduces records through title-abstract and full-text analysis, citing exclusion reasons like age and lack of control. Eligibility narrows studies to n=27 for inclusion. Sections include Identification, Screening, Eligibility, and Included, showing progression and removal at each stage.]

FIGURE 1
 Flow chart synthesising the selection process of articles.




3.2 Methodological quality assessment

Studies presented an average methodological quality of 4.44 ± 1.69 (1–6 points). Nine studies presented 6 points (59, 69, 71, 72, 74, 76–78, 84), eight studies presented 5 points (63, 65–67, 70, 75, 79, 82), four studies reported 4 points (25, 60, 64, 80), one study 3 points (62), and two studies 2 points (61, 73) (see Table 1).



3.3 Data extraction

A total of 1,160 older adults (60–93 years) were compared to 1,345 younger adults (18–60 years). Among these participants, there were a total of 556 female older and 560 younger adults, with no sex information reported in 3 studies (25, 70, 84). See Table 2 for further details of demographic information.



TABLE 2 Summary information from the included studies.
[image: A detailed table featuring various studies on imagery and measurement tools. Columns include study, task, source of the group, measurement tool, imagery questionnaire, control or focus group, and results. Each row provides specific data related to these criteria, such as author, method, calculations, and results percentage. Abbreviations and terminologies like motor imagery, external visual, and kinesthetic imagery are used throughout. A footnote with definitions of abbreviations is included at the bottom of the table.]

All studies included participants that were self-reported or considered healthy by the researcher, additionally excluding participants with physical or musculoskeletal impairments in 23 studies (25, 59, 60, 62–67, 69–71, 73–78, 80–84), neurological or mental conditions in 18 studies (59–61, 63, 67, 69–77, 79–82), and diminished cognitive functions in 17 studies (59, 62–65, 69, 71, 72, 74–80, 82, 84). See Table 2 for further details of studies’ eligibility criteria.


3.3.1 Explicit MI

Nineteen studies explored explicit MI domains (25, 59, 60, 63–68, 71, 73–75, 77–80, 82, 83).


3.3.1.1 Ability to generate MI – kinesthetic modality

Four studies explored the ability to generate KI MI (25, 63, 77, 78). The instruments included MIQ-3sf (25), MIQ-R (63, 77), and MIQ-RS (78).



3.3.1.2 Ability to generate MI – visual modalities

Three studies explored this outcome measure, not specifying the perspective (first or third) (63, 77, 78), 1 study from IV (25), and 1 study from EV modalities (25). The instruments included MIQ-3sf (25), MIQ-R (63, 77), and MIQ-RS (78).



3.3.1.3 Vividness – kinesthetic modality

Four studies explored vividness during MI from a KI modality (65, 66, 74, 75). Assessment tools included the Vividness of Movement Imagery Questionnaire revised version (VMIQ-2) (65), and the Kinesthetic and Visual Imagery Questionnaire (KVIQ-10) (66, 71, 74, 75).



3.3.1.4 Vividness – internal visual modality

Four studies explored vividness during MI from a IV modality (65, 66, 74, 75). Assessment tools included the VMIQ-2 (65), and the KVIQ-10 (66, 71, 74, 75).



3.3.1.5 Vividness – external visual modality

Four studies explored vividness during MI from EV modality (65, 68, 73, 79). Assessment tools included the VMIQ original version (68, 73, 79), and the VMIQ-2 (65).



3.3.1.6 Temporal features MI

Fourteen studies explored temporal features (59, 60, 63, 64, 67, 71, 74, 77–80, 82–84), in which they explored mental chronometry (59, 60, 63, 64, 67, 71, 74, 77–80, 82–84), and mental speed (84).

Studies explored these features for imagined TUG (59, 77, 78), imagined linear walk (64, 71, 74, 77, 79, 80, 82–84), arm elevation movements (67, 80), and finger tapping task (60).




3.3.2 MI-execution temporal congruence

MI-execution temporal congruence, through difference or ratios between MI and execution temporal features were assessed in 9 studies, with 5 computing “performance overestimation” measures (59, 62, 64, 78, 82), and 4 “performance underestimation” measures (71, 74, 79, 83). Two studies explored these variables for imagined TUG (59, 78), and 7 explored linear walk (62, 64, 71, 74, 79, 82, 83). No studies explored this variable for UL movements.



3.3.3 Implicit MI

Eight studies explored implicit MI through the HLJ task (61, 69, 70, 72, 76–78, 81).


3.3.3.1 Hand recognition – accuracy

Five studies explored hand recognition ability through the hand laterality judgment (HLJ) in terms of accuracy (61, 70, 72, 76, 81). These studies explored this outcome grouping the results across different hand rotations (70, 72), and analyzing specifically the outcome at 0° (61, 76, 81), 30° (61), 45° (81), 60° (61), 90° (61, 76, 81), 120° (61), 135° (81), 150° (61), and 180° rotation (61, 76, 81).



3.3.3.2 Hand recognition – response time

Five studies explored response time in the HLJ task (61, 69, 70, 76, 81). One study explored response time grouping the results across different hand rotations (70), at 0° (61, 76, 81), 30° (61), 45° (69, 81), 60° (61), 90° (61, 69, 76, 81), 120° (61), 135° (69, 81), 150° (61), and 180° (61, 76, 81).



3.3.3.3 Hand recognition – efficiency

One study explored the HLJ task in terms of efficiency grouping different angular rotations for palm, and back views for medial and lateral rotations (70). This was explored with the inverse efficiency score, a ratio between response time and the rate of correct responses.





3.4 Meta-analyses

Based on the criteria for conducting meta-analyses, the authors were only able to conduct meta-analyses for (1) ability to generate MI from KI modality conducting 2 meta-analyses based on age groups; (2) ability to generate MI from visual modality; (3) vividness of MI in KI modality; (4) vividness of MI in IV modality; (5) vividness of MI in EV modality; (6) Temporal features of MI (in terms of mental chronometry) for TUG, and linear walk tasks; and (7) MI-execution temporal congruence (in terms of performance overestimation) for linear walk tasks. The following outcome measures did not fulfill the criteria for conducting meta-analyses (number of available studies): temporal features of MI (in terms of mental chronometry) for UL tasks, hand recognition accuracy, hand recognition response time and hand recognition efficiency. However, forest plots were presented for observing difference tendencies between groups. See Table 3 for the detailed process to select studies in meta-analyses.



TABLE 3 Data availability, extraction and processing for meta-analyses between healthy older and younger adults.
[image: A table with multiple columns detailing meta-analysis data. Key columns include "Outcome measure," "Eligible studies," "Text/Table or Plot," "Included in the meta-analysis," and "Raw extraction as Mean and SD." The table categorizes various measures such as capacity to generate motor imagery, vividness, temporal features, and hand recognition, with extracts indicating the presence of extractable data or raw mean values. Graphs and texts are noted as data sources. Some mathematical formulas are present at the bottom, explaining data conversions or calculations used in the analysis.]


3.4.1 Ability to generate MI – kinesthetic modality – older adults aged 60–70 years

Four studies explored this outcome measure and were included in the meta-analysis. Healthy older adults aged 60–70 years were compared with healthy younger adults aged 18–30 years (25, 63, 77, 78). Studies presented a methodological quality of 4–6 points.

The meta-analysis revealed a non-significant small difference (g = −0.240; 95%CI = −1.611, 1.130), with 95%CI showing a large imprecision, considering that the capacity could range between large in favor of older adults, and large in favor of younger adults, preventing stablishing clear conclusions of groups’ difference. Current findings prevent drawing clear conclusions. The heterogeneity was significant (Q = 69.017, p < 0.001; I2 = 96.71%; τ2 = 1.883; see Figure 2). All studies were outliers in the funnel plot. Publication and selection bias were confirmed through asymmetry in the Doi plot (LFK = −1.09), but not with Egger’s regression test (p = 0.918). The sensitivity analysis did not reveal a significant influence of any study on the pooled result.

[image: Forest plot showing a meta-analysis comparing older and younger adults across four studies. Each study indicates the age range, sample size, mean, and standard deviation for both groups. Hedges' g effect size values and confidence intervals are plotted; three favor older adults, and one favors younger adults. A random-effects model summary at the bottom shows an overall Hedges' g of -0.24 with a confidence interval spanning from -1.61 to 1.13.]

FIGURE 2
 Meta-analysis: Ability to generate MI in kinesthetic modality in healthy older adults aged 60–70 years compared to healthy younger adults aged 18–30 years.




3.4.2 Ability to generate MI – kinesthetic modality – older adults aged 70–82 years

Three studies explored this outcome measure in healthy older adults of 70–82 years, being compared with healthy younger adults aged 18–30 years (25, 77, 78). These studies were included in the meta-analysis, presenting a methodological quality of 4–6 points.

A non-significant difference was observed (g = −1.290; 95%CI = −2.748, 0.168), with 95%CI indicating that the capacity could range between large in favor of younger adults, or very small in favor of older adults. An imprecise, but observable tendency can be drawn from these findings in favor of younger adults. The heterogeneity was significant (Q = 45.479, p < 0.001; I2 = 96.30%; τ2 = 1.594; see Figure 3). Two studies were outliers in the funnel plot (25, 78). Publication and selection bias were confirmed through asymmetry in the Doi plot (LFK = −4.12), and with Egger’s regression test (p = 0.004).

[image: Forest plot comparing cognitive performance between older and younger adults across three studies. Studies are Robin et al. (2021), Schott et al. (2012), and Schott et al. (2013). The plot displays Hedges' g values with confidence intervals. Younger adults show higher performance as indicated by values favoring them. Overall Hedges' g is -1.29, indicating a significant difference favoring younger adults. Studies are weighted equally.]

FIGURE 3
 Meta-analysis: Ability to generate MI in kinesthetic modality in healthy older adults aged 70–82 years compared to healthy younger adults aged 18–30 years.




3.4.3 Ability to generate MI – visual modalities

Three studies explored this outcome, and were included in the meta-analysis, comparing healthy older adults aged 60–69 years with healthy younger adults aged 20–30 years (63, 77, 78). Studies presented a methodological quality of 5–6 points.

A non-significant trivial difference was obtained (g = −0.076; 95%CI = −0.708, 0.859), with 95%CI showing imprecise findings, with the possibility of difference ranging between a moderate difference in favor of younger adults to a large difference in favor of older adults, preventing stablishing clear conclusions of the findings. The heterogeneity was significant (Q = 12.294, p = 0.002; I2 = 87.35%; τ2 = 0.414; see Figure 4). Two studies were outliers in the funnel plot (63, 77). Publication and selection bias confirmed with asymmetry in the Doi plot (LFK = 1.07), and not reaching significance in Egger’s regression test (p = 0.628).

[image: Forest plot comparing older and younger adults across three studies. Each study shows mean age, sample size, and standard deviation for both groups. Effect sizes are represented as Hedges' g with confidence intervals. The pooled estimate for all studies is 0.08, favoring older adults.]

FIGURE 4
 Meta-analysis: Ability to generate MI in visual modalities in healthy older adults aged 60–69 years compared to healthy younger adults aged 20–30 years.




3.4.4 Vividness – kinesthetic modality

Four studies explored this outcome measure and were included in the meta-analysis. They compared healthy older adults aged 60–89 years with healthy younger adults aged 18–37 years (65, 66, 74, 75). Studies presented a methodological quality of 5–6 points.

A non-significant trivial difference was obtained (g = 0.140; 95%CI = −0.130, 0.411), with 95%CI indicating that the difference range between very small in favor of older adults, to small in favor of younger adults. Therefore, this capacity could be similar between groups. Heterogeneity was not significant (Q = 2.114, p = 0.549; I2 = 0%; τ2 = 0; see Figure 5). No outliers were identified in the funnel plot. Publication and selection bias was absent, as observed in the Doi plot (LFK = 0.09) and Egger’s regression test (p = 0.562). The sensitivity analysis did not reveal a significant influence of any study on the pooled result.

[image: Forest plot comparing imagined movement performance between older and younger adults from four studies. Includes details on age range, number of participants, mean scores, standard deviation, and weight in percentage. Overall Hedges' g is 0.14 favoring younger adults. Confidence intervals and statistical measures are provided.]

FIGURE 5
 Meta-analysis: Vividness of MI in kinesthetic modality in healthy older adults aged 60–89 years compared to healthy younger adults aged 18–37 years.




3.4.5 Vividness – internal visual modality

Four studies explored this variable and were included in the meta-analysis. Studies compared healthy older adults aged 60–89 years with healthy younger adults aged 18–37 years (65, 66, 74, 75). Studies presented a methodological quality of 5–6 points.

A non-significant trivial difference was obtained (g = 0.107; 95%CI = −0.164, 0.377), with 95%CI indicating that the difference could range between very small in favor of older adults, to small in favor of younger adults. Therefore, this capacity could be similar between groups. Heterogeneity was not significant (Q = 1.541, p = 0.673; I2 = 0%; τ2 = 0; see Figure 6). No outliers were identified in the funnel plot. Publication and selection bias were confirmed with asymmetry in the Doi plot (LFK = 1.75), but not with Egger’s regression test (p = 0.111). The sensitivity analysis did not reveal a significant influence of any study on the pooled result.

[image: Forest plot comparing older and younger adults' performance across studies using KVIQ-10 and VMIQ-2 tools. Each row lists study details, age groups, and statistical data, with effect sizes and confidence intervals. The summary effect size is 0.11, slightly favoring younger adults within a negligible to small range.]

FIGURE 6
 Meta-analysis: Vividness of MI in internal visual modality in healthy older adults aged 60–89 years compared to healthy younger adults aged 18–37 years.




3.4.6 Vividness – external visual modality

Four studies explored this variable and were included in the meta-analysis. They analyzed healthy older adults aged 62–93 years compared with healthy younger adults aged 18–35 years (65, 68, 73, 79). Studies presented a methodological quality of 1–5 points.

A trivial non-significant difference was obtained (g = 0.047; 95%CI = −0.148, 0.242), with 95%CI indicating that the difference could range between very small in favor of older adults, to small in favor of younger adults. Therefore, this capacity could be similar between groups. Heterogeneity was not significant (Q = 1.936, p = 0.586; I2 = 0%; τ2 = 0; see Figure 7). No outliers were identified in the funnel plot. Publication and selection bias were confirmed through asymmetry in the Doi plot (LFK = 5.83), but not through Egger’s regression test (p = 0.178). The sensitivity analysis did not reveal a significant influence of any study on the pooled result.

[image: Forest plot comparing the VMIQ scores of older and younger adults across four studies. Each study lists tool, age range, sample size, mean, and standard deviation for both groups. Hedges' g effect size is shown with confidence intervals. Overall, the random-effects model favors younger adults, with a pooled Hedges' g of 0.05 and 95% confidence interval from -0.15 to 0.24. The plot includes weights for each study, with the largest weight assigned to Mulder et al., 2007 (64.39%). Studies show varying support for each age group.]

FIGURE 7
 Meta-analysis: Vividness of MI in external visual modality in healthy older adults aged 62–93 years compared to healthy younger adults aged 18–35 years.




3.4.7 Temporal features of MI (mental chronometry) – timed up and go test

Three studies exploring this outcome measure, in terms of mental chronometry (time), were included in the meta-analysis. Healthy older adults aged 70–87 years were compared with healthy younger adults aged 20–58 years (59, 77, 78). Studies presented a methodological quality of 6 points.

A non-significant moderate difference was observed (MD, seconds = 0.625; 95%CI = −0.017, 1.268), with 95%CI indicating that the capacity could range between a similar between groups, to small difference in favor of older adults. An imprecise, but observable tendency can be drawn from these findings with older adults tending to require greater time. Heterogeneity was not significant (Q = 1.147, p = 0.563; I2 = 0%; τ2 = 0; see Figure 8). No outliers were identified in the funnel plot. Publication and selection bias were absent, with observed symmetry in the Doi plot (LFK = 0.42) and absent in Egger’s regression test (p = 0.321).

[image: Forest plot comparing reaction times between older and younger adults. Studies listed are Schott et al., 2013, Schott et al., 2012, and Beauchet et al., 2018. Each study shows mean reaction times with standard deviations, weights, and mean differences. The aggregated result favors older adults with a mean difference of 0.63 seconds, but the confidence intervals cross zero, indicating statistical insignificance.]

FIGURE 8
 Meta-analysis: Mental chronometry in Timed-Up and Go test in healthy older adults aged 70–87 years compared to healthy younger adults aged 20–58 years.




3.4.8 Temporal features of MI (mental chronometry) – linear walk (5–10 m)

Five studies were meta-analyzed (64, 74, 80, 82, 83) from the eight studies exploring this variable (64, 71, 74, 77, 79, 80, 82, 83). Included studies compared healthy older adults aged 60–82 years with healthy younger adults aged 18–30 years, presenting a methodological quality of 1–6 points.

A non-significantly moderate difference was observed (MD, seconds = 0.754; 95%CI = −0.552, 2.059), with 95%CI indicating that differences could range between trivial to relevant differences in favor of older adults. Although these findings were imprecise, an observable tendency could be stablished from these findings, with older adults tending to require greater times. Heterogeneity was significant (Q = 21.574, p < 0.001; I2 = 89.39%; τ2 = 1.935; see Figure 9). Two outliers were identified in the funnel plot (82, 83). Publication and selection bias were confirmed with asymmetry in the Doi plot (LFK = 3.53), but not through Egger’s regression test (p = 0.054). The sensitivity analysis did not reveal a significant influence of any study on the pooled result.

[image: Forest plot comparing mean differences in task completion times between older and younger adults across five studies. Tasks involve distances of 5 to 10 meters, with variations in posture and assistance. The summary MD favors older adults, with a mean difference of 0.75 seconds and a confidence interval from -0.55 to 2.06. Individual study weights range from 17.97% to 21.39%. The overall effect size is statistically significant.]

FIGURE 9
 Meta-analysis: Mental chronometry in Linear Walk (5-10 m) in healthy older adults aged 60–82 years compared to healthy younger adults aged 18–30 years.




3.4.9 Temporal features of MI (mental chronometry) – UL tasks

Two studies explored this variable in forward arm elevation task, and were analyzed visually through a forest plot, as they did not fulfill meta-analysis criteria (67, 80). They compared a sample of healthy older adults (62–80 years) with healthy younger adults (18–30 years). Studies presented a methodological quality of 4–5 points. An observable but not significant tendency was detected with older adults presenting greater mental chronometry time than younger adults (see Figure 10).

[image: Forest plot comparing performance of older and younger adults in forward arm elevation tasks. Three studies are shown: Mitra et al., 2016, Skoura et al., 2005 (Exp 2 G2), and Skoura et al., 2005 (Exp 1 G2). Tasks vary by speed and target size, all performed standing. The weighted average MD in seconds favors older adults at 0.97 with a 95% confidence interval ranging from -0.07 to 2.00.]

FIGURE 10
 Visual forest plot: Mental chronometry in UL tasks (forward arm elevation task) in healthy older adults aged 62–80 years compared to healthy younger adults aged 18–30 years.




3.4.10 MI-execution temporal congruence (performance overestimation) – linear walk (5–10 m)

Fron the seven studies exploring MI-execution temporal congruence, only five were meta-analyzed (62, 64, 74, 82, 83). Performance underestimation measures were transformed to overestimation measures for inclusion in the meta-analysis. Studies compared healthy older adults (60–82 years) with healthy younger adults (18–35 years) presenting a methodological quality of 1–6 points.

A non-significant trivial difference was obtained (g = −0.022; 95%CI = −0.731, 0.687), with 95%CI indicating imprecise findings, with overestimations in linear walk ranging from moderate in favor of younger adults to a moderate difference in favor of older adults. The heterogeneity was significant (Q = 39.788; p < 0.001; I2 = 87.88%; τ2 = 0.568; see Figure 11). Two studies were outliers in the funnel plot (62, 82). Publication and selection bias were confirmed with asymmetry in the Doi plot (LFK = 2.57), but not through Egger’s regression test (p = 0.107). The sensitivity analysis did not reveal a significant influence of any study on the pooled result.

[image: Forest plot comparing older and younger adults across five studies. It shows tasks involving standing or unspecified posture, with age ranges and sample sizes. The plot provides Hedges' g values and confidence intervals for each study, indicating effect sizes. The overall Hedges' g is -0.02, suggesting minimal difference. Weight percentages vary slightly between studies, with confidence intervals spanning favoring both groups. Statistical metrics include Q-value, degrees of freedom, and heterogeneity indices.]

FIGURE 11
 Meta-analysis: MI-execution temporal congruence (performance overestimation) in Linear Walk (5–10 m) in healthy older adults aged 60–82 years compared to healthy younger adults aged 18–35 years.




3.4.11 Hand recognition – accuracy

Two studies analyzed hand recognition accuracy (70, 72) and were included in the forest plot visual analysis, as they did not fulfill meta-analysis criteria. These studies presented a methodological quality score of 5–6 points. Specific rotations were explored visually in the forest plots with only 2 studies (61, 81) from the originally 3 available studies (61, 76, 81). They explored accuracy in 0°, 30°, 45°, 60°, 90°, 120°, 135°, 150°, and 180°, presenting a methodological quality of 1–2 points.

An observable and significant tendency was detected for accuracy in HLJ tasks grouping rotations, with younger adults presenting greater accuracy. This difference was not relevant in specific HLJ rotations. Accuracy at 0°, 45° and 150° no differences were observable, tendencies for younger adults presenting greater accuracy was observable at 30°, 60°, 120°, 135°, and 180°. A tendency for greater accuracy in older adults was observed at 90° (see Figure 12).

[image: Forest plot comparing performance between older and younger adults across various rotations. It includes studies by Nagashima et al., Raimo et al., Devlin and Wilson, and Wang et al. Each rotation angle has its own results with calculated Hedges' g values, indicating effect size, mostly favoring younger adults. The plot highlights confidence intervals and standard deviations. Rotation angles range from 0 to 180 degrees.]

FIGURE 12
 Visual forest plot: Implicit MI – Hand recognition accuracy in hand laterality judgement task in healthy older adults compared to healthy younger adults.




3.4.12 Hand recognition – response time

Only one study exploring response time in HLJ task grouping rotations was finally included for visual analysis in the forest plot (70). The study presented a methodological quality of 5 points. Specific rotations was originally explored in 4 studies (61, 69, 76, 81), of which only 1 was included for visual analysis in the forest plot (61), analyzing specific rotations at 0°, 30°, 60°, 90°, 120°, 150°, and 180°. This study presented 2 points of methodological quality.

An observable and significant tendency was detected for response time in HLJ tasks with older adults presenting greater response time, analyzing grouped rotations and individual specific rotations (see Figure 13).

[image: Table comparing cognitive performance between older and younger adults across different studies and rotation angles. It includes age range, sample size, mean, standard deviation, and Hedges' g with confidence intervals. Hedges' g is visualized with a forest plot, indicating effect size for each study and angle, suggesting variations in cognitive performance between the age groups. The overall trend shows greater cognitive scores in older adults in many cases, represented on the right of the plot.]

FIGURE 13
 Visual forest plot: Implicit MI – Hand recognition response time in hand laterality judgement task in healthy older adults compared to healthy younger adults.




3.4.13 Hand recognition – efficiency

One study explored this variable and was analyzed visually in the forest plot, as the outcome measure did not fulfill meta-analysis criteria (70). The study explored efficiency in hand recognition for back-view and palm-view medial and lateral rotations, presenting a methodological quality of 5 points.

An observable and significant tendency was detected for efficiency in HLJ tasks with younger adults presenting greater efficiency across views (back and palm) and medial and lateral rotations (see Figure 14).

[image: Forest plot illustrating Hedges' g values comparing older and younger adults across different hand rotation tasks. Multiple studies by Nagashima et al., 2021, are shown, including short, medium, and long performer groups. Each study displays age range, sample size, mean, and standard deviation for both age groups. Confidence intervals suggest the effect size, with some results favoring older adults and others favoring younger adults.]

FIGURE 14
 Visual forest plot: Implicit MI – Hand recognition efficiency in hand laterality judgement task in healthy older adults compared to healthy younger adults.


Meta-analysis summary results are shown in Table 4. Funnel and Doi plots are presented in Supplementary material.



TABLE 4 Summary information of all meta-analyses performed for MI capacities between healthy older and younger adults.
[image: Table displaying meta-analyzed outcome measures in quantitative synthesis. It includes categories like the capacity to generate mental imagery (MI) using different modalities, such as kinesthetic and visual, with various age groups compared. Data columns show method quality, differences with confidence intervals (Hedge's g, MD), significance, heterogeneity, outliers, bias, and authors’ conclusions. Observations include significant differences between older and younger adults in certain tasks, with conclusions often indicating imprecision or no significant difference.]





4 Discussion

The purpose of this meta-analysis was to evaluate the differences in MI abilities between older and younger adults. MI assessments included the ability to generate KI and visual MI, the vividness of MI across KI, IV, and EV modalities, mental chronometry, the synchrony of MI and execution time, and hand recognition accuracy, response time and efficiency.

Discrepant results were observed across variables. Results for the capacity of generating MI were mainly imprecise. However, the most consistent results were pooled from the MI vividness measure, with meta-analyses for KI, IV and EV showing with precision that older and younger adults presented similar vividness. Mental chronometry for TUG and linear walk, showed a tendency for older adults to require greater times. Performance overestimation in linear walk presented imprecise results. Hand recognition accuracy was diminished in older adults (grouping rotations), their response time was greater, added to a lower efficiency than younger adults.


4.1 Capacity for generating kinesthetic and visual MI

Kinesthetic MI entails the mental simulation of movement without its actual execution, focusing on the haptic sensations experienced during real movement, such as tactile, proprioceptive, and KI feedback (85, 86). A theory has been proposed suggesting KI MI is rooted in the internal activation of anticipatory representations of the action’s effects. This mechanism could potentially facilitate enhanced motor performance through an internal emulation of the action, obviating the need for physical execution (87).

KI MI is considered a complex process, intimately linked to prior movement experience (88) and has been proposed to be more complex than visual MI. This difference might be attributed to the requirement of reactivating multiple perceptions that are typically present during physical movement, perceptions that are ordinarily not consciously attended. Additionally, these perceptions demands a high level of cognitive availability (89).

Two meta-analyses were conducted for the capacity of geniting kinesthetic MI, analyzing two age groups. Their results were mainly imprecise, not being able to stablish clear conclusions about the difference between older and younger adults. However a tendency for presenting a lower capacity was observed in the meta-analysis which included elder older adults (70–82 years).

Additionally, one meta-analysis was performed with older adults of 60–70 years for the ability to generate visual MI, also presenting a relevant imprecision.

Selection criteria for meta-analyses were well-stablished including homogeneous populations, and outcome measures. The population tested comprised healthy older adults (with some studies establishing cognitively healthy cut-offs), which would explain the absence of differences between groups. For example, pathological populations such as patients with spinal cord injuries present greater difficulties for the construction of both KI sensations and visual images during MI compared with healthy individuals (90).

We acknowledge the imprecision of the results on the between-study variability. There could be probably cultural differences that stress the differences between studies, as observed from heterogeneity results and the presence of outliers in the funnel plot. In fact, some studies detected that older adults presented a lower capacity, others revealed similar capacities, and another a higher capacity. Further studies should explore this concern, potentially changing the actual findings.



4.2 Vividness of MI

In this meta-analysis, no relevant differences were found in the evaluation of MI vividness in KI, IV, and EV modalities, between younger (18–37 years) and older (60–89 years) adults. We consider that these meta-analyses were the most consistent and precise, with 4 studies included in each meta-analysis, with a methodological quality of 5–6 points in JBI, and with a marked absence of heterogeneity. These results were not changed with leave-one-out analysis. Therefore, clear conclusions can be extracted from these results. However, the reader should be concerned that there were a low amount of studies meta-analyzed, so the present findings could be changed in the future.

High vividness in MI ensures that the imagery retains a strong resemblance to actual movement. It has been studied that vivid motor images enhances neural networks responsible for movement control, facilitating motor learning and brain plasticity (91). Vividness can be preserved under certain conditions even in the context of disease, as healthy and early-stage patients with Parkinson’s disease present similar vividness in (92).

Higher vividness has been associated to lower brain activation compared to those of poor imagers, which could be due to the compensatory activation of executive regions with potential to drive the imagery process (93).

A recent study conducted in a population of 18–60 years reported that the vividness of visual images significantly decreases with aging (94), and this aspect has also been observed in the older adult population in a study which, due to inclusion criteria, was not part of the meta-analysis (95).

However, vividness represents an additional cognitive dimension in MI and does not directly imply an influence on motor performance (96). Previous studies have suggested that the level of imagery vividness is not precisely associated with various aspects related to motor performance (95, 97) or with the ability to generate specific MI (95). Some factors may influence vividness preservation in aging, such as familiarity with the task, task-specific focus and the engagement of compensatory neural mechanisms (98–100).

Looking ahead, it is advisable for future research to focus on determining whether the vividness of MI among young and older adults varies depending on the complexity of the movement or in relation to other factors such as the difference between movements of the upper and lower limbs.



4.3 Mental chronometry in timed up and go, linear walk, and forward arm elevation task

The meta-analyses were imprecise; however, observable tendencies were identified across mental chronometry in TUG, linear walk (5–10 m), and forward arm elevation tasks, with older adults requiring greater time.

No significant heterogeneity was observed in the TUG meta-analysis, whereas it was present in the linear walk. This was probably derived from the variability of linear walk distances assessed between studies, ranging from 5 to 10 m. In fact, the study of Watanabe and Tani (82) assessing mental chronometry in 10 m walk task was a relevant outlier, potentially generating the observed heterogeneity. Authors should point out that the differences in mental chronometry could be compatible with an increase in execution time to perform that action, as a result of the process of aging.

Another point contributing into the observed heterogeneity is the difficulty of the imagined task. The evaluated tasks appeared to produce similar imagination times between older and younger adults, with a tendency to present greater differences with larger imagined linear walk distances. In fact, other studies have also reported trends that mental chronometry begins to differ between older and younger adults with greater age (79), and when the difficulty of the task increases, for example, with higher linear walk distances (19–20 m) (79, 83). Furthermore, prior evidence has suggested that brain activity varies in MI processes depending on the task’s difficulty or complexity (101), and MI capacity is known to be less affected in simple tasks than in complex tasks (102).

Therefore, the meta-analysis results should be interpreted with caution, as these influential variables may change the direction of results. Although an observable tendency is being observed in the present meta-analyses, it is probable that these values vary with greater age and more difficult tasks.



4.4 MI-execution temporal congruence (performance overestimation) in linear walk tasks

Performance over/underestimation referred to the process in which an individual imagined a task with an improved or reduced performance, respectively, to the actual performance of its execution. It is expected that individuals present similar temporal features during MI and execution; nevertheless, the process of aging and the difficulty of the task can imply a tendency to over/underestimate their performance. The meta-analysis results were mainly imprecise, avoiding the establishment of a clear direction of the results. The meta-analysis explored older adults (60–82 years) with younger adults (18–35 years) in linear walk tasks of 5–10 m, with 95%CI indicating that either older or younger adults could present large differences in over/underestimation of their performance. A great heterogeneity was observed between studies, accompanied with the presence of outliers in the funnel plot. As mentioned previously, it could be derived from the between-study variability of meta-analyzed tasks, with one outlier being the 10 m linear walk task (82).

Other studies have observed that MI-execution temporal congruence is affected by age (79, 103) and the complexity of the task (79, 82, 83).

The assessment of over/underestimation exposes the quality of movement planification, affecting the efficiency and safety of movement (104). Several studies have been conducted in older and younger adults, exploring their mental chronometry for crossing a street. This is a relevant situation in which both a greater over/underestimation of their performance could lead to an accident. Not only is performance over/underestimation influencing this process, but additionally, the reaction time to make the decision to cross the street. Although younger and older adults can both over/underestimate their performance, previous research has suggested that older adults greatly overestimate their performance compared with younger adults, leading to unsafe crossing decisions (62, 105).

Additionally, greater performance overestimations are present in older adults with fear of falling, additionally explaining the increased risk of falls or recurrent falls in this population (106, 107). Further research should explore the observed between-study heterogeneity as possible confounding factors, such as the cultural context, difficulty of the task (linear walk distance), and older ages could moderate these results.



4.5 Implicit MI through hand recognition

Implicit MI involves an internal process of mentally project and manipulate body schema (23). This process is implicit to any mental representation of movement, and participates simultaneously with explicit MI. In fact, both explicit and implicit MI activate similar neural networks associated with the somatosensory and motor regions (108).

Implicit MI was analyzed in terms of accuracy, response time, and efficiency on the ability to solve HLJ task. These variables did not fulfill criteria for meta-analysis, however, group differences were explored visually analyzing forest plots. Accuracy in HLJ revealed relevant results, with older adults presenting an observable reduction to accurately solve the task when grouping rotations. However, we hypothesize that this was not observed with specific rotations due to a lack of studies. Nevertheless, significant tendencies were observed in HLJ response time, with grouped, and individual rotations showing that older adults presented greater response time than younger adults. This was also observed with a reduced efficiency in the task.

Caution should be taken when extrapolating these results due to the limited number of studies analyzed. Nonetheless, these findings appear to be consistent with previous literature, which indicates that response time tends to increase with healthy aging (109). This increase is likely due to greater difficulty in processing stimuli and preparing movement rather than from an avoidance to respond (110).

Several investigations have examined whether HLJ performance is based on the ability to manipulate the body schema, or essentially on the ability to mentally rotate images. For such purpose, studies have compared the ability to identify rotated body images and unrelated body images, such as letters. Muto et al. (69), provided significant results addressing this question through response time performance. Older adults showed longer response times as a function of medial/lateral rotations of hand and foot images compared to younger adults, with response times increasing further with age. In contrast, older and younger adults exhibited similar response times for clockwise/counterclockwise rotations of letters. The same pattern occurred for the combination of medial/lateral and angular rotations of hand and foot images, while no differences were found between groups in response times for the interaction of clockwise/counterclockwise and angular rotation of letters.



4.6 Clinical implications

The results of the present meta-analysis project significant clinical implications, mainly derived from the findings on vividness and mental chronometry. These meta-analyses showed, respectively, a preservation of the vividness during MI, and a tendency to present greater times in mental chronometry in TUG, linear walk and upper limb tasks. Additionally, observable tendencies were identified for the ability to mentally manipulate body schema, with older adults presenting lower accuracy, longer response time and reduced efficiency. These observed changes may be attributed to healthy aging. No clear conclusions can be drawn from the ability to generate MI or MI-execution temporal congruence. We acknowledge that the observed heterogeneity, limiting a precise conclusion, on the ability to generate MI and MI-Execution temporal congruence, may be derive from sampling differences across studies, as robust selection criteria were employed for inclusion in meta-analyses.

While vividness during MI appears to remain preserved, the overall quality of MI may decline due to age-related reductions in visuospatial and kinesthetic working memory (66). Furthermore, the representation of the body schema seems impaired, alongside increased task imagination times. These changes align with the typical decrease in physical performance associated with aging. Rehabilitation efforts aimed at improving vividness could potentially enhance both working memory and functional performance (66, 111).

Exploring MI capacities in healthy aging is essential for determining whether older adults are suitable candidates for interventions based on MI. In this context, the ability to generate MI plays a critical role in the successful implementation of MI-based interventions. Although no clear conclusions could be drawn this outcome, this ability can be improved with MI training (112). Similarly, MI-execution temporal congruence can also be enhanced, as recent research indicates that the inclusion of external feedback improves the temporal synchrony between MI and execution (113). Although the variation of this outcome with aging remains unclear, these findings indicate that it is possible to develop improvements on it. In the case of implicit MI ability, the inclusion of its training, can produce improvements in postural balance and postural control (114).

MI have been proposed as useful therapeutic tools for physical and functional rehabilitation in older adults, showing specific benefits for strength development (34). Current evidence, though of low to very-low quality, supports the use of MI to improve balance, gait speed, and lower limb function in this population (115). Furthermore, MI training has demonstrated potential benefits for cognitive functions. Improvements have been reported in patients with stroke (116, 117), multiple sclerosis (118), Parkinson’s disease (119, 120), healthy middle-aged adults (121), healthy older adults (122) and older adults individuals with cognitive impairment (123–125).

MI training represents a safe and relatively simple strategy for reducing the risk of falls and other mobility-related incidents. For instance, MI interventions could be particularly beneficial in enhancing the estimation of body movements. This improvement could help older adults in daily activities, such as street-crossing, where misjudging crossing time may pose significant risks (126).

Researchers and clinicians should consider that MI abilities may vary based on an individual’s age and the complexity of the imagined task. Tailoring interventions to these factors may optimize outcomes and ensure the effective application of MI in rehabilitation programs.



4.7 Limitations

This meta-analysis has notable limitations that warrant consideration. First, the small number of studies included in some of the meta-analyses significantly limits the certainty of the results. For example, while the meta-analysis of the vividness of MI were the most consistent, they included only four studies each, raising concerns about the stability of these results. Similarly, the meta-analysis of ability to generate MI and MI-execution temporal congruence would have benefited from additional studies to reduce imprecision.

Second, the heterogeneity observed across meta-analyses may arise from variations in participant sampling, including differences in participant origins, sampling methods, and case–control matching techniques to control for covariates. Additional factors, such as variations in measurement tools and the difficulty levels of the tasks assessed, may also contribute to inconsistencies in the results.

Another important consideration for further research is addressing the influence of covariates, such as physical functioning, spatial representation ability or cognitive functioning, which may have influenced the outcomes. This could be managed through specific recruitment methods, like pairing older and younger adults based on these covariates, and statistically adjusting for these differences in the final analysis. This would help clarifying the real relationship between aging and MI capacities.




5 Conclusion

The vividness of MI in KI, IV and EV modalities seem to be preserved in older adults. Additionally, older adults tend to require more time for mental chronometry tasks in TUG, linear walk, and upper limb movements. Implicit MI as assessed through HLJ task indicates that older adults exhibit lower accuracy, greater response times, resulting in decreased efficiency. The ability to generate MI in KI and visual modalities yielded imprecise results, and no clear conclusions could be either drawn regarding MI-execution temporal congruence due to imprecision. Further research is needed, which could potentially modify the current results.
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Background: Attention-deficit hyperactivity disorder (ADHD) is a common neurodevelopmental disorder in children, often accompanied by working memory deficits. Recently, exercise interventions have gained attention as a potential strategy to improve cognitive function in children with ADHD. However, the effects of different types of exercise on working memory remain unclear. This study aimed to assess the effects of various exercise interventions on working memory in children with ADHD using a network meta-analysis.
Methods: A comprehensive search was conducted in PubMed, Cochrane, Embase, and Web of Science databases for relevant studies. After screening according to the inclusion and exclusion criteria, a total of 17 eligible studies were identified for analysis. A network meta-analysis was performed to integrate data and evaluate the effects of cognitive-aerobic exercise, ball games, mind-body exercises, interactive games, and general aerobic exercise on working memory in children with ADHD.
Results: The results indicated significant differences in the effectiveness of various types of exercise interventions on working memory in children with ADHD. Cognitive-aerobic exercise showed the most significant effect (SMD = 0.72, 95% CI: 0.44–1.00), followed by ball games (SMD = 0.61, 95% CI: −0.12–1.35). Mind-body exercises and interactive games had moderate effects (SMD = 0.50 and 0.37, respectively), while general aerobic exercise showed relatively small effects (SMD = 0.40, 95% CI: 0.19–0.60). SUCRA analysis further confirmed the highest preference for cognitive-aerobic exercise in improving working memory. Meta-regression analysis showed that intervention frequency and total intervention duration significantly affected the effectiveness of cognitive-aerobic exercise, while other variables did not significantly moderate the effects.
Conclusion: Cognitive-aerobic exercise had the most significant effect on improving working memory in children with ADHD. Higher intervention frequency and longer intervention duration may enhance its effects. Future research should explore the impact of these factors and consider increasing sample sizes to validate the role of these moderators.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=627915.
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1 Introduction

Attention Deficit Hyperactivity Disorder (ADHD) is a neurodevelopmental disorder that has seen a rising prevalence in recent years. The prevalence in children and adolescents is approximately 5%–7%, with the diagnosis rate significantly higher in boys than in girls (Mohammadi et al., 2021). According to data from the Centers for Disease Control and Prevention (CDC), by 2020, approximately 9.4% of children aged 3 to 17 years were diagnosed with ADHD, which equates to nearly one in every 10 children being affected (Harris, 2024). Individuals with ADHD commonly exhibit difficulty maintaining attention, are easily distracted by external stimuli, show a lack of attention to detail, and struggle to organize and complete tasks, particularly those requiring sustained focus (Bush, 2010). Additionally, hyperactivity is often observed, such as an inability to sit still, frequent movement, climbing, or running, and engaging in hyperactive behaviors in inappropriate situations (de la Peña et al., 2020). ADHD patients tend to be impulsive, characterized by a lack of self-control, poor planning, frequent interruptions of others, and expressing opinions at inappropriate times (Ayano et al., 2023). In adults, symptoms may manifest as inner restlessness, difficulty remaining calm, and emotional dysregulation (Soler-Gutiérrez et al., 2023).

Working memory refers to the ability to hold and manipulate information over a short period and is a crucial component of executive function, supporting the completion of daily tasks, learning, and social interactions (Baddeley, 2012). In individuals with ADHD, impaired working memory leads to frequent distractions and difficulty maintaining attention during tasks (Kasper et al., 2012). This impairment manifests in several ways: interruptions during multi-step tasks, forgetfulness of important information, and challenges in emotional regulation and impulse control (Kofler et al., 2018; Ramos et al., 2020). Two primary theoretical models explain the relationship between ADHD and working memory. Barkley's response inhibition model suggests that deficient response inhibition is the primary impairment, leading to executive function deficits including working memory problems, which result in hyperactivity, impulsivity, and inattention symptoms (Barkley, 1997). The alternative working memory model, drawing from Baddeley and Hitch's multi-component theory, positions working memory deficits as a core feature of ADHD (Rapport et al., 2001). This model, based on Baddeley and Hitch's multi-component working memory theory, includes four elements: the central executive system, phonological loop, visuospatial sketchpad, and the episodic buffer, which work together to coordinate the storage and processing of information (RepovŠ and Baddeley, 2006; Baddeley, 1996, 1992). Deficits in working memory pose significant challenges for ADHD patients in academic, social, and emotional management. Improving working memory in ADHD patients is considered key to enhancing their overall cognitive function (Rogers et al., 2011). Given these significant impacts of working memory deficits on ADHD symptoms, researchers have investigated various interventions to address these challenges, with physical exercise emerging as a particularly promising approach.

Exercise refers to a subset of physical activity that is planned, structured, repetitive, and purposive, with the objective of improving or maintaining physical fitness and overall health. Unlike general physical activity, such as walking or casual playing, exercise involves deliberate effort to achieve specific fitness goals (Bouchard et al., 2012). This definition encompasses a wide range of activities, including aerobic exercises, strength training, flexibility exercises, and motor skill-based training. In the context of this study, we focus on aerobic exercises, which are defined as sustained physical activities that increase heart rate and improve cardiovascular fitness (Kargarfard and Afrasyabi, 2015; Mehren et al., 2019). These exercises can further be classified into two main categories: traditional aerobic exercise and cognitively enriched aerobic exercise. Traditional aerobic exercise involves repetitive and rhythmic movements, such as running, swimming, or cycling, aimed solely at improving physical endurance and fitness. Cognitively enriched aerobic exercise, on the other hand, combines physical activity with simultaneous cognitive tasks, such as decision-making, problem-solving, or memory challenges (Karssemeijer et al., 2017; Shimada et al., 2018). Examples include dual-task exercises, strategy-based games, and exergaming (Lauenroth et al., 2016). By distinguishing between these two types of aerobic exercise, this study aims to investigate their differential impacts on working memory in children with ADHD, emphasizing the potential added benefits of cognitive engagement during physical activity.

Exercise interventions have been shown in numerous studies to have a positive impact on working memory (Chaire et al., 2020; Zhidong et al., 2021). Physical exercise, especially aerobic exercise and moderate-intensity physical activity, is believed to promote brain plasticity, enhance neurotransmission related to memory and learning (such as the levels of dopamine and norepinephrine), and improve cerebral blood flow and oxygen supply, thereby facilitating the enhancement of working memory (Pickersgill et al., 2022; Johansson et al., 2022). Studies have found that regular physical activity, particularly exercise forms that involve attentional demands, such as cognitive-motor skill exercises, not only improve working memory capacity but also enhance information processing speed and cognitive flexibility (Hou et al., 2024). Research indicates that aerobic exercises such as running, swimming, and cycling can significantly alleviate symptoms of hyperactivity, impulsivity, and inattention in children with ADHD (Feng et al., 2024; Sun et al., 2022). Exercise not only helps release neurotransmitters like dopamine and norepinephrine in the brain but also regulates mood and improves behavioral control (Bastioli et al., 2022). These effects significantly contribute to enhancing academic performance and social skills in children with ADHD, while the feasibility and enjoyment of physical activities make them more easily integrated into their daily routines.

Although existing studies have confirmed the positive impact of exercise interventions on working memory in children with ADHD, differences in intervention effects may exist across various types of exercise, such as aerobic exercise, cognitive exercise, and skill-based exercises. However, most current studies have focused on the effects of individual exercise forms, and comparative research on multiple types of exercise interventions is relatively scarce. This limitation makes it difficult for researchers to comprehensively understand which exercise modality has the most beneficial effect on improving working memory in children with ADHD. Therefore, it is necessary to adopt a comprehensive approach that integrates the effects of different exercise interventions, providing a more comprehensive reference for intervention strategies.

Therefore, it is necessary to adopt a comprehensive approach that integrates the effects of different exercise interventions, providing a more comprehensive reference for intervention strategies. Based on previous literature and theoretical frameworks, we proposed the following hypotheses: Different types of exercise interventions would show varying degrees of effectiveness in improving working memory, with structured exercise programs showing greater benefits than general physical activity. Exercise interventions that involve higher levels of cognitive engagement and motor skill development would lead to greater improvements in working memory performance compared to simple aerobic exercises, due to their enhanced effects on neural plasticity and neurotransmitter regulation.



2 Method


2.1 Protocol

This study was conducted according to the Preferred Reporting Items for Systematic Reviews and Network Meta-Analyses (PRISMA-NMA) guidelines. The PRISMA checklist is provided in Appendix. PROSPERO registration number CRD42024627915.



2.2 Search strategy

The search strategy was developed based on the PICOS framework and conducted through systematic searches in the PubMed, Embase, Cochrane Library, and Web of Science (WoS) databases to ensure coverage of major biomedical, psychological, and multidisciplinary research sources. The inclusion time frame for the literature will cover from the establishment of each database to November 2024. Key terms included ADHD, exercise intervention, children and adolescents, and working memory, combined using Boolean logic terms (AND, OR) to obtain literature highly relevant to the research topic. Additionally, during the search process, manual screening of individual searches or the extraction of relevant studies from published meta-analyses was performed to supplement and refine the data sources. Detailed search strategies, subject terms, and keywords can be found in the Appendix. See Appendix for further details.



2.3 Inclusion and exclusion criteria
 
2.3.1 Inclusion criteria

The inclusion criteria for this study were as follows: participants were children and adolescents aged 3 to 18 years diagnosed with ADHD based on internationally recognized diagnostic criteria, such as DSM-5 or ICD-10, ensuring consistency and accuracy in ADHD diagnosis. The interventions included structured exercise programs, such as aerobic exercise (e.g., running, swimming), strength training (e.g., resistance training), cognitive exercise, and balance or coordination exercises, with clearly reported duration, frequency, and intensity to ensure standardization and reproducibility. The studies must include a control group, such as no-intervention groups, routine care, or non-exercise intervention groups (e.g., behavioral therapy), or comparisons between different exercise interventions with sufficient distinction. The primary outcome was required to focus on changes in working memory, measured using standardized and validated tools, with a clear distinction from other cognitive function indicators when multiple outcomes were reported. Eligible study designs included randomized controlled trials (RCTs). Studies were excluded if they involved participants with severe neurological, psychiatric, or physical disorders unrelated to ADHD, focused solely on pharmacological or psychological therapies without an exercise component, lacked adequate control groups, did not report working memory-specific outcomes, or were published in languages other than English or provided insufficient data for analysis.



2.3.2 Exclusion criteria

Research subjects meeting any of the following criteria will be excluded: (1) presence of severe mental or neurological disorders that may affect cognitive function; (2) ADHD diagnosis based solely on teacher or parent reports without clinical evaluation; (3) interventions where the independent effects of exercise cannot be isolated from other treatment components; (4) studies where control groups received mixed interventions for ethical or other considerations; (5) interventions lacking clear documentation of exercise instructor qualifications or professional credentials; (6) studies without reported participant compliance or completion rates; (7) research with significant methodological bias or inappropriate application of measurement instruments; and (8) case studies, retrospective analyses, or review articles. Additionally, studies showing significant baseline differences between experimental and control groups without proper statistical adjustment will be excluded.




2.4 Literature screening and data extraction

During the literature screening and data extraction phase, the retrieved studies will first be imported into the EndNote reference management software for duplicate removal. Subsequently, two rounds of literature screening will be conducted according to the pre-established inclusion and exclusion criteria. In the first round, screening will be based on titles and abstracts, and will be performed by two independent reviewers to exclude studies that clearly do not meet the criteria. The second round will involve a full-text review of the studies that passed the initial screening to ultimately determine which studies meet the inclusion criteria. In cases of disagreement between the two reviewers during the screening process, the issue will be resolved through discussion or arbitration by a third reviewer.

For data extraction, a pre-designed data extraction form will be used to collect relevant information, including but not limited to: basic study information (such as authors, publication year, country), study design type, sample characteristics (such as age, gender, and ADHD diagnostic criteria), detailed descriptions of the intervention (such as type of exercise, intensity, frequency, and duration), control group information, outcome measures, and main results (quantitative data on working memory). Data extraction will be conducted independently by two reviewers, with cross-checking to ensure accuracy and consistency. If any data is missing or unclear, attempts will be made to contact the authors of the original studies for clarification.



2.5 Quality assessment of the literature

To systematically assess the methodological quality of the included studies, this research will use the Physiotherapy Evidence Database (PEDro) scale to evaluate the quality of each randomized controlled trial (RCT). The PEDro scale consists of 11 criteria designed to identify potential biases in study design, covering aspects such as random allocation, baseline similarity, blinding, and outcome measurement. Studies with a score below 4 will be considered to have a high risk of methodological bias and will be excluded from the analysis; studies with a score above 4 will be classified according to score levels to ensure that only high-quality studies are included, thereby improving the reliability of the results. For non-randomized controlled trials (non-RCTs), this research will use the Methodological Index for Non-Randomized Studies (MINORS) scale to evaluate methodological quality. The MINORS scale addresses the specific requirements for non-randomized studies, including reporting baseline characteristics, describing sample selection, and assessing primary outcomes. Similar to the PEDro scale, the MINORS scale ensures a comprehensive evaluation of methodological rigor and potential biases. The use of these two scales ensures that the analysis is based on high-quality evidence, minimizing the impact of methodological biases on the study conclusions.



2.6 Risk of bias assessment

The risk of bias assessment was conducted using tools recommended by Cochrane. For randomized controlled trials (RCTs), the Risk of Bias 2 (RoB 2) tool was employed to evaluate five domains: randomization process, intervention implementation, missing data, outcome measurement, and outcome reporting. Studies were rated as “low risk” if all domains were assessed as low risk, “some concerns” if at least one domain indicated concerns but none were high risk, and “high risk” if at least one domain was high risk or four or more domains indicated concerns. For non-randomized studies, the Risk Of Bias In Non-randomized Studies – of Interventions, Version 2 (ROBINS-I V2) tool was utilized to assess seven domains: confounding, participant selection, intervention classification, intervention implementation, missing data, outcome measurement, and outcome reporting. The risk of bias was categorized as “low,” “moderate,” or “serious.” The integration of results from both tools enabled a comprehensive evaluation of the evidence quality in this study.



2.7 Data analysis

In this study, the network meta-analysis will be conducted using R software (version 4.3.2) with the “gemtc” package, combined with the JAGS program, through the Bayesian Markov Chain Monte Carlo (MCMC) algorithm under a random-effects model for data synthesis. To ensure the accuracy of the analysis, four Markov chains will be used for model construction, with 20,000 iterations, the first 5,000 of which will be used for preliminary annealing to promote model convergence. The effectiveness of model convergence will be assessed using the Potential Scale Reduction Factor (PSRF), with a PSRF value close to 1 indicating satisfactory convergence. In the calculation of effect sizes, standardized mean differences (SMDs) and their 95% confidence intervals (CIs) will be used to accommodate variations in measurement tools across the included studies. According to Cohen's classification, an SMD ≥ |0.8| is considered a large effect, ≥|0.5| but < |0.8| as a medium effect, ≥|0.2| but < |0.5| as a small effect, and < |0.2| is regarded as a negligible effect (Chen et al., 2010).

The initial steps of the analysis will involve constructing a network evidence plot to visualize the direct and indirect relationships between different exercise interventions. The thickness of the lines in the plot will be proportional to the number of related studies, and interventions with larger sample sizes will be represented by larger nodes. For closed-loop evidence networks, consistency testing will be performed using the node-splitting method. If the P-value exceeds 0.05, it indicates good consistency between the interventions. For interventions without direct comparisons, indirect assessments will be made using the network meta-analysis framework. Additionally, the cumulative ranking (SUCRA) values for each intervention comparison will be calculated to rank their effects. A SUCRA value close to 1 indicates a better effect, while a value closer to 0 indicates a poorer effect.




3 Results

In the literature screening process of this study, a total of 8,916 relevant articles were retrieved from multiple databases (PubMed, WOS, Embase, Cochrane). After removing duplicates, 4,403 articles remained. During the title and abstract screening, 4,513 irrelevant articles were excluded, leaving 98 articles for full-text review. In the full-text screening, 32 articles were excluded due to unclear outcome measures, 11 articles were excluded for being non-exercise interventions, 24 articles were excluded for lacking control groups, 5 articles were excluded due to non-ADHD participants or age outside the inclusion range, and 9 articles were excluded because the data could not be extracted. Ultimately, 17 studies that met the inclusion criteria were included. The literature search flow is shown in Figure 1.
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FIGURE 1
 Flowchart of literature screening.


The 17 included studies involved 419 participants, with intervention periods ranging from 1 to 13 weeks. The frequency of intervention was between 1 and 5 times per week, with each session lasting from 10 to 90 min. Participants' ages ranged from 3 to 18 years, with a relatively low proportion of female participants, and some studies only included male participants. The included studies were conducted across several countries, including China (5 studies), the United States (3 studies), Switzerland (2 studies), Iran (2 studies), the Netherlands (3 studies), Germany (1 study), and Canada (1 study). Various exercise interventions were used in the experimental groups, such as cycling, judo training, motion-sensing games, yoga, and aerobic exercise combined with cognitive tasks. The control groups were set as no treatment, regular education, watching videos, sedentary activities, etc. Multiple outcome measurement tools were used to assess work memory and other cognitive metrics. Table 1 provides a detailed summary of the basic characteristics of each study, including the first author, publication year, country, age range, mean age, proportion of females, experimental design, intervention duration, and outcome measurement tools.


TABLE 1 Basic characteristics of the included studies.

[image: A table comparing various studies on experimental groups, control groups, interventions, and outcomes. It lists study references, countries, sample ages, male percentages, sample sizes, and diagnostic tools. The experimental groups include cycling, judo training, cognitive aerobics, and more, while the control groups vary from no treatment to regular education. Intervention doses range in time and frequency, with outcome indicators like tests and tasks. The diagnostic methods include DSM-IV and ICD-10.]


3.1 Quality assessment of the included studies

The quality of the included studies was assessed using the PEDro scale for randomized controlled trials (RCTs) and the MINORS scale for non-randomized controlled trials (non-RCTs). A total of 13 RCTs were evaluated with PEDro scores ranging from 4 to 7, indicating moderate methodological quality. Most studies scored well on criteria such as eligibility criteria, random allocation, concealed allocation, and statistical comparisons of primary outcomes. However, lower scores were observed for items related to baseline similarity, blinding of participants, and blinding of therapists, indicating potential risks of bias in these areas. For the non-RCTs, four studies were assessed using the MINORS scale, with total scores ranging from 14 to 16, suggesting relatively high methodological quality. These studies performed well in areas such as clearly stated aims, appropriate endpoints, and baseline equivalence, while lower scores were noted for the lack of blinded assessments and prospective calculation of sample size. Overall, the quality assessment ensured that only studies with sufficient methodological rigor were included in the analysis, though some risk of bias remains and should be considered in the interpretation of results.



3.2 Risk assessment results of literature bias

In this study, we used the RoB 2 and ROBINS-I tools to assess the risk of bias in randomized controlled trials (RCTs) and non-randomized studies, respectively. Among the 13 RCTs, only two studies had a low risk of bias in all evaluation areas. Approximately 60% of the RCTs had some concerns or a high risk of bias. For the four non-randomized studies included, controlling for confounding factors was the main limitation. Two of these studies were rated as high risk. However, the selection of participants and classification of interventions were handled well, both showing a low risk of bias. It is important to note that non-randomized studies also had some limitations in outcome measurement and reporting, with about 50% of these studies showing some issues. Due to the nature of the intervention, it was difficult to implement double-blinding for both participants and researchers. Additionally, monitoring and quantifying exercise adherence was challenging, which may have affected the standardization of the intervention (see Appendix Tables 1, 2).



3.3 Results of data analysis

The network meta-analysis assessed the impact of various exercise interventions on working memory in children with ADHD. The results indicated a moderate effect of exercise interventions on working memory. To validate the robustness of the analysis, an inconsistency network model was employed to examine the overall consistency between both pairwise and multi-arm direct and indirect effects simultaneously. Furthermore, model convergence was evaluated using the potential scale reduction factor (PSRF), with results approaching 1, indicating robust convergence (see Appendix Figures 1, 2).

The findings showed minimal differences in the deviance information criterion (DIC) between the consistency model and the inconsistency model, with a difference of < 5, suggesting no significant disparity between the two models, and no evident inconsistency (see Appendix Figure 3). The loop inconsistency model was used to assess the A-B-D loop, revealing an inconsistency factor (IF) of 0.036, standard error (seIF) of 0.517, a z-value of 0.070, and a p-value of 0.944, with a 95% confidence interval of (0.00, 1.05). Since the p-value was > 0.05 and the confidence interval included 0, it suggests no significant inconsistency between direct and indirect effects within the loop. Moreover, the heterogeneity within the loop was 0.064, indicating low heterogeneity, further supporting the consistency of direct and indirect evidence within the loop (see Appendix Figure 4). The adjusted funnel plot showed no significant publication bias (see Appendix Figure 5).


3.3.1 The impact of sports activities on working memory in children with ADHD

The network plot displays the comparative relationships between different exercise interventions (such as ball sports, cognitive-aerobic exercise, simple aerobic exercise, mind-body exercise, and interactive games) and the control group. The size of the nodes reflects the sample size, with the control group, cognitive-aerobic exercise, and simple aerobic exercise having the largest sample sizes. The thickness of the connecting lines represents the abundance of comparison data, with thicker lines between the control group and cognitive-aerobic exercise, and simple aerobic exercise, indicating more extensive data for these interventions. Comparatively, the data for ball sports, interactive games, and mind-body exercise are less abundant. The plot shows fewer closed loops, suggesting that direct comparisons among interventions are limited, and the majority of the studies focus on comparisons between the interventions and the control group (see Figure 2).


[image: Network diagram illustrating connections between a central node labeled "Control" and five smaller nodes: "Ball Sports," "Cognitive Aerobic," "Simple Aerobic," "Interactive Games," and "Mind Body Exercise." Lines vary in thickness, suggesting differing strengths or types of connections.]
FIGURE 2
 Comparison and efficacy network diagram of different treatments on memory dimensions compared to the control group.


Based on the forest plot and SUCRA ranking analysis, significant differences were observed in the effectiveness of various exercise interventions in improving working memory in children with ADHD. The network meta-analysis revealed a moderate overall effect size (SMD = 0.50, 95% CI: 0.35–0.64), with cognitive-aerobic exercise demonstrating the most significant effect (SMD = 0.72, 95% CI: 0.44–1.00) and the highest SUCRA value (75.21%). Ball sports ranked second with a moderate to high improvement effect (SMD = 0.61, 95% CI: −0.12–1.35) and a SUCRA value of 61.28%. Mind-body exercises (SMD = 0.50, 95% CI: −0.04–1.04, SUCRA = 55.46%) and interactive games (SMD = 0.37, 95% CI: −0.03–0.78, SUCRA = 44.91%) showed moderate effects. Simple aerobic exercise exhibited a smaller improvement effect (SMD = 0.40, 95% CI: 0.19–0.60) with a SUCRA value of 44.28%, while the control group showed minimal improvement (SUCRA = 10.53%). These results highlight the superior effectiveness of cognitive-aerobic exercise in enhancing working memory in children with ADHD, followed by ball sports and mind-body exercises (see Figures 3, 4).


[image: Forest plot comparing different physical activities with control, displaying standardized mean difference (SMD) and confidence intervals (CI). Categories include Overall, Cognitive Aerobic, Ball Sports, Mind Body Exercise, Interactive Games, and Simple Aerobic. SUCRA percentages range from 44.34% to 100%, indicating relative effectiveness, with Cognitive Aerobic showing the highest SUCRA.]
FIGURE 3
 Forest chart, PA, physical activity, standard mean deviation, SUCRA, cumulative ranking curve beneath the surface.



[image: Stepped chart comparing six activity types: Cognitive Aerobic, Ball Sports, Mind Body Exercise, Interactive Games, and Simple Aerobic. Each step lists a numerical value with a confidence interval, indicating performance metrics or outcomes for each activity.]
FIGURE 4
 League table.


To explore potential moderators of the intervention effects, a meta-regression analysis was conducted, incorporating variables such as the mean age of participants, gender ratio, weekly intervention frequency, total intervention duration, session duration, and overall intervention period. The results indicated that none of these factors significantly moderated the effect of exercise interventions, further confirming the robustness of the findings (see Appendix Figure 6).

In this study, the meta-regression analysis aimed to examine potential moderators influencing the exercise intervention effects by including the following variables in the model: year of publication (the time the study was conducted), participant age (age distribution of children with ADHD), gender ratio (gender composition), weekly intervention frequency (the number of interventions per week), total intervention time (overall duration of the intervention), session duration (duration of each intervention), and total intervention period (the overall duration of the intervention program). The purpose of incorporating these variables was to assess how different experimental designs and population characteristics might moderate the effects of exercise interventions, thereby confirming the robustness of the study's results.

The analysis revealed that, with the exception of weekly intervention frequency and total intervention time, which significantly influenced the effects of cognitive-aerobic exercise, the other variables (including year of publication, participant age, gender ratio, session duration, and total intervention period) did not significantly moderate the effect of exercise interventions. Specifically, the results showed that increased weekly intervention frequency and total intervention time significantly enhanced the effect of cognitive-aerobic exercise in improving working memory in children with ADHD. This suggests that the effectiveness of cognitive-aerobic exercise may depend on higher intervention frequency and longer cumulative intervention duration.

In summary, cognitive-aerobic exercise and ball sports were found to be the most effective in improving working memory in children with ADHD, while the effect of simple aerobic exercise was more limited. The network meta-analysis integrated both direct and indirect evidence, ensuring the robustness of the results. By combining effect sizes with cumulative ranking values (SUCRA), researchers can gain a clearer understanding of the strength and relative priority of different interventions. However, some interventions exhibited wider confidence intervals for effect sizes, suggesting that the results may be influenced by sample size and heterogeneity of the interventions. Future studies could consider increasing sample sizes and improving intervention designs to enhance the precision and consistency of the findings. Additionally, sensitivity analyses and publication bias tests indicated that the results of this study were relatively robust, providing support for the reliability of the intervention effects.





4 Discussion

Based on the cumulative probability ranking and coverage area shown in Figure 5, significant differences exist in the effects of various types of exercise interventions on improving working memory in children with ADHD. In the SUCRA cumulative probability analysis, a larger coverage area indicates a higher rank in terms of intervention effectiveness, meaning the intervention has a stronger effect on enhancing working memory. From the figure, it can be observed that cognitive-aerobic exercise has the largest coverage area at 75.21%, indicating that this intervention is the most effective among all types. This larger coverage area suggests that cognitive-aerobic exercise has a clear advantage in improving working memory in children with ADHD. Following closely is ball sports, with a coverage area of 61.28%, also showing a good improvement effect. Mind-body exercises have a coverage area of 55.46%, ranking third, indicating a moderate improvement effect. Interactive games and simple aerobic exercises have relatively smaller coverage areas, at 44.91% and 44.28%, respectively, suggesting that their effects on improving working memory are more moderate. Finally, the control group has the smallest coverage area, at only 10.53%, showing almost no improvement.


[image: Line graphs showing the performance of different exercise categories by rank. Ball sports, cognitive aerobic, and control are in the top row; interactive games, mind body exercise, and simple aerobic are in the bottom row. Each graph depicts a curve showing changes in performance across ranks one to six. Percentages indicate the engagement level for each category.]
FIGURE 5
 Cumulative probability.


These differences in coverage areas reflect the varying cognitive load, executive demands, and complexity involved in each type of exercise intervention. The disparity in results may stem from the distinct cognitive demands of different exercise types on children with ADHD and the degree to which they activate executive functions. Cognitive-aerobic exercise shows the most significant effect (SMD = 0.72), which may be because this type of exercise combines the dual demands of aerobic activity and cognitive tasks, requiring children to continuously process information, maintain focus, and perform complex cognitive operations during the exercise (Yu et al., 2018; McDaniel et al., 2014). Cognitive-aerobic exercise may involve tasks with rules and objectives, which increase the load on the prefrontal cortex, making it highly active in multitasking situations (Koch et al., 2020). The prefrontal cortex is closely associated with working memory, and this sustained cognitive stimulation helps improve working memory function (Curtis and D'Esposito, 2003). Furthermore, cognitive-aerobic exercise may involve repeated cognitive switching, decision-making, and memory retrieval, which effectively trains children's ability to retain and update information, thus showing significant effects in enhancing working memory (Soltani Kouhbanani and Rothenberger, 2021).

Ball sports rank second in effectiveness (SMD = 0.61), and their positive impact on working memory may stem from the strategic and team-oriented demands of these sports. For example, sports such as soccer or basketball typically require children to remain highly focused in dynamic and competitive situations, while also remembering and analyzing the actions of teammates and opponents, which places a high demand on task memory. In ball sports, children not only need to plan and execute movements but also continuously adjust strategies and predict the opponent's actions. These multitasking and real-time adjustment characteristics directly exercise their working memory load, information storage, and response speed (Ishihara and Mizuno, 2018; Ishihara et al., 2017).

In contrast, mind-body exercises (SMD = 0.50) and interactive games (SMD = 0.37) show moderate effects. This is likely because these activities may be more significant in improving attention and emotional regulation but present relatively lower direct challenges to executive functions and cognitive load (Wang et al., 2023). Mind-body exercises such as yoga and Tai Chi typically emphasize concentration, breath control, and relaxation. Studies have shown that such exercises help reduce anxiety levels in children with ADHD and enhance the stability of their attention (Wu et al., 2013; Rao et al., 2019). While these effects indirectly improve working memory, they may lack the high cognitive load stimulation required for direct improvements. Virtual sports-based interactive games primarily focus on enhancing children's social interaction and cooperation experiences, such as motivating participants through collaborative tasks or fun competitions in virtual environments. Although these games have a positive impact on the social behavior and emotional regulation of children with ADHD (Ochi et al., 2024; Zhao et al., 2022), their lower task complexity and memory load requirements mean they are less effective than cognitive-aerobic exercise and ball sports in directly improving working memory. The cognitive challenges in these games are limited and generally do not involve high-intensity memory tasks or complex decision-making, making their direct impact on working memory relatively modest.

On the other hand, the effect of regular aerobic exercise is the weakest (SMD = 0.40), which may be attributed to its simpler exercise format and lower cognitive load. Activities like running and skipping, while improving overall physical fitness and stimulating dopamine secretion, can help children with ADHD maintain attention in the short term (Kuo et al., 2024; Ren et al., 2024). However, since they lack demands for memory and multitasking, they are often insufficient to activate the prefrontal cortex's executive function areas. As a result, their direct impact on working memory is relatively small.

Compared to existing studies, this network meta-analysis is the first to systematically evaluate the effects of different exercise interventions on working memory in children with ADHD. Our findings revealed that cognitive-aerobic exercise showed the most significant improvement (SMD = 0.72, 95% CI: 0.44–1.00). This effect size is notably larger than that reported in a recent meta-analysis of pure aerobic exercise (SMD = 0.48, 95% CI: 0.02–0.95). The difference suggests a potential synergistic effect when cognitive tasks are integrated into aerobic exercise. Our study identified intervention frequency and total duration as key factors affecting intervention outcomes. This aligns with Yang et al. (2024)'s findings, which emphasized the effectiveness of exercise programs lasting 6–12 weeks with 60–90 min per session. Previous research has primarily focused on single types of exercise. For instance, Sun et al. (2024) only examined structured physical exercise. In contrast, our systematic comparison of various exercise types provides more comprehensive guidance for clinical practice. Notably, our results indicate that ball games may have considerable beneficial effects (SMD = 0.61). This finding has received limited attention in previous research. It opens new directions for future studies in this field.

In summary, these differences may reflect variations in cognitive load, executive demands, and the degree of prefrontal cortex activation across different types of exercise interventions, leading to significantly different effects on the improvement of working memory in children with ADHD. Cognitive-aerobic exercise and ball sports, due to their higher cognitive demands and dynamic complexity, have been more effective in promoting improvements in working memory (Jacobson and Matthaeus, 2014). In contrast, mind-body exercises and interactive games, which emphasize emotional regulation and simple social tasks, show moderate effects. Regular aerobic exercise, due to its more straightforward physical activity format, has the smallest impact on working memory improvement. These findings suggest that when designing exercise interventions for children with ADHD, priority should be given to exercise types with higher cognitive load in order to more effectively enhance working memory.

Although this study reveals the differences in the effectiveness of various exercise interventions in improving working memory in children with ADHD, several limitations remain. For instance, the underlying mechanisms of these interventions have not been thoroughly explored, and there is a lack of long-term follow-up data. Additionally, there is considerable heterogeneity among the samples, and children of different ages or with varying levels of symptom severity may respond differently to the interventions. These findings have important theoretical and practical implications. Future research should further explore the specific mechanisms by which different types of exercise affect working memory, such as through neuroimaging techniques to understand the advantages of cognitive-aerobic exercise and ball sports. For practical implementation, we recommend integrating structured physical activities into daily classroom routines, such as incorporating cognitive-motor exercises between lessons or using active learning strategies that combine physical movement with cognitive tasks. School administrators should consider providing professional development opportunities for teachers to effectively implement these interventions, while clinicians could incorporate combined cognitive-physical exercises into treatment protocols with individualized intensity based on symptom severity. Future studies should conduct individualized analyses to explore how different subgroups respond to various exercise interventions, assess the long-term sustainability of intervention effects, and test their feasibility in real classroom settings. Additionally, optimizing the frequency, intensity, and duration of interventions through interdisciplinary collaboration would help maximize improvements in working memory. These efforts would collectively advance both the theoretical understanding and practical application of exercise interventions for children with ADHD.



5 Conclusion

Concluding, this study used network meta-analysis to investigate the effects of different types of exercise interventions on working memory in children with ADHD. The results indicate that cognitive-aerobic exercise and ball sports are significantly more effective than other types of exercise interventions in improving working memory. This difference may be attributed to the varying cognitive load, task complexity, and the degree of activation of executive functions across different exercise types. The findings suggest that when designing exercise interventions for children with ADHD, priority should be given to exercise types with higher cognitive load in order to more effectively enhance working memory.
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Given the increase in sedentary lifestyles and physical inactivity, various psychosocial approaches have been used to combat this epidemic. Several studies have used Self-Determination Theory (SDT) as a theoretical framework for studying behavioral change, as well as the Hierarchical Model of Intrinsic and Extrinsic Motivation (HMIEM) which, based on SDT, aims to explain how different levels of generality can be responsible for behavioral consequences. The aim was to investigate the associations between the variables that make up the HMIEM model applied to the context of physical exercise (gym exercisers). Following the PRISMA protocol and the PECOS strategy, the Web of Science, PubMed, Scopus, and SPORTDiscus databases were used to search for experimental and non-experimental studies written in English. Seven studies were considered for analysis and subjected to a methodological quality assessment The results showed that the variables that make up the social factors (e.g., supportive/thwarting behaviors) tend to be associated with satisfaction of basic psychological needs (BPN) (r = 0.51, p < 0.01; r = −0.73, p < 0.01) and with frustration of BPN (r = −0.39, p < 0.01; r = 0.78, p < 0. 01), BPN satisfaction and frustration tend to be associated with autonomous forms of motivation (r = 0.57, p < 0.01; r = −0.63, p < 0.01) and controlled forms of motivation (r = −0.76, p < 0.01; r = 0.46, p < 0.01) and autonomous and controlled forms of motivation are associated with behavioral consequences (e.g., intention) (r = 0.19, p < 0.01; r = −0.17, p < 0.01). This systematic review covers interpersonal behaviors and the bright and dark sides of SDT, showing that the positive alignment between the psychosocial determinants that make up the horizontal axis of the HMIEM is fundamental for adherence to and maintenance of sustainable physical exercise practices, and future studies should now address these issues in a longitudinal manner and perhaps move on to study the vertical axis of the HMIEM.
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1 Introduction

According to the 2022 data provided by the World Health Organization (WHO), 27.5% of the global population does not adhere to the recommended levels of physical exercise for improving and safeguarding their health. In the European Union, 45% of respondents acknowledge never participating in any form of physical exercise, citing lack of time and motivation as the primary reasons for their sedentary behavior (Eurobarometer, 2022). It is well-established in the literature that physical exercise significantly contributes to both physical and mental well-being (Pedersen and Saltin, 2015; Warburton and Bredin, 2017). This behavior can contribute by reducing blood pressure (Dassanayake et al., 2022), improving body composition (Lopez et al., 2022; Mcleod et al., 2024), reducing anxious-depressive traits (Josefsson et al., 2014; Heissel et al., 2023) and increase quality of life (Marquez et al., 2020).

Gyms and health clubs are one of the population’s favorite places for exercise (International Health, Racquet and Sportsclub Association, 2020). However, several reports indicate losses of around 75% in the first 3 months of practice, falling to 50% when they reach 6 months of practice (IHRSA, 2020; Sperandei et al., 2016; IHRSA, 2023). As an example, Portugal has the highest sedentary lifestyle and physical inactivity rate in the European Union (73%) (Eurobarometer), with gym cancelation rates of 75% and retention rates of 25% (AGAP, 2022).

Based on Rodrigues et al. (2021), motivation is considered the most significant variable in explaining exercise participation or physical inactivity. This statement has been thoroughly tested across various contexts, including education (de Araujo Guerra Grangeia et al., 2016), physical education (Fernández-Espínola et al., 2020), sports (Monteiro et al., 2018), and exercise (Rodrigues et al., 2020). These studies share a common conceptual framework: the socio-cognitive macro theory known as Self-Determination Theory (SDT) (Deci and Ryan, 1985), which explores the impact of psychosocial determinants on behavioral outcomes in the exercise context (Ryan and Deci, 2000; Rodrigues et al., 2018). SDT encompasses six interconnected micro-theories that systematize key aspects of motivation, delineating the quality of motivation based on the degree of self-determination along a motivational continuum (Ryan and Deci, 2017). Each theory examines a specific motivational factor and integrates them to form the SDT, studying the types of motivation and mechanisms of self-determination (Deci and Ryan, 1985; Ryan and Deci, 2000).

The first micro theory of SDT is Cognitive Evaluation Theory (CET) (Deci and Ryan, 1985), which specifies the factors that account for variability in intrinsic motivation (Ryan and Deci, 2000). CET suggests that an individual’s cognitive evaluation of their environment can either facilitate or hinder intrinsic motivation by supporting or frustrating Basic Psychological Needs (BPN) (Ryan and Deci, 2000). According to SDT, people can exhibit six different forms of interpersonal behavior (Rocchi et al., 2017): Support for autonomy, Frustration of autonomy, Support for competence, Frustration of competence, Relationship support, and Relationship frustration. Empirical studies have indicated that supportive interpersonal relationships tend to be positively associated with BPN satisfaction (Rodrigues et al., 2021; Edmunds et al., 2007; Edmunds et al., 2008), whereas frustrating interpersonal behaviors tend to be linked with BPN frustration (Rodrigues et al., 2021; Ng et al., 2012).

The second micro theory proposed by SDT is the theory of basic psychological needs (TBPN) (Ryan and Deci, 2000), as outlined by Chen et al. (2015) and Ryan and Deci (2017). According to these scholars, BPN is considered innate and universal to all human beings, regardless of race, gender, and cultural background, and is directly linked to the regulation of motivation. The theory delineates three fundamental BPNs: the need for autonomy (the need for individuals to regulate their actions), the need for competence (the ability to interact effectively with their environment), and the need for relatedness (the ability to form interpersonal connections and interactions with others in their environment) (Ryan and Deci, 2000). From a theoretical perspective, the BPNs are distinct yet strongly connected and interdependent. When these needs are fulfilled, they are associated with more autonomous forms of motivation and play a pivotal role in the internalization and integration of behavior (Ryan and Deci, 2000; Ryan and Deci, 2019). Empirically, BPN satisfaction is strongly associated with self-determined motivation regulation (Rodrigues et al., 2022) but also with indicators of well-being (e.g., enjoyment) (Teixeira et al., 2018; Teixeira et al., 2021). The dark side of needs exists and must be considered. This concept is completely independent from the previous one and is mainly about the individual feeling that the context frustrates their BPN. This frustration may not only lead the individual to regulate their motivation in less self-determined ways, but it may also predict abandonment of physical exercise and indicators of ill-being (e.g., negative affect) (Rodrigues et al., 2021; Bartholomew et al., 2011; Gunnell et al., 2014; Vansteenkiste and Ryan, 2013).

The Organismic Integration Theory (OIT) (Deci and Ryan, 1985) is a theory that explores different forms of extrinsic motivation and the environmental factors that help or hinder the process of internalizing and integrating behavioral regulation (Ryan and Deci, 2000). The theory classifies motivation on a continuum, with its quality changing based on the level of self-determination (Rodrigues et al., 2022). This continuum can be understood from two perspectives: the macro perspective, which includes three forms of motivation: Amotivation (i.e., lack of intent to act), Extrinsic Motivation, and Intrinsic Motivation (i.e., pleasure and fun associated with the physical exercise) (Deci and Ryan, 1985; Vallerand and Toward, 1997), and the micro perspective, which further divides Extrinsic Motivation into four forms of regulation (Extrinsic Motivation, Introjected Motivation, Identified Motivation, and Integrated Motivation), in addition to Amotivation and Intrinsic Motivation (Deci and Ryan, 1985). As Teixeira et al. (2021) point out, external motivation is divided into two forms of behavior regulation of a more controlled nature: external regulation (i.e., carrying out the activity to avoid internal punishment), introjected regulation (i.e., carrying out the activity to avoid feelings of guilt and/or anxiety); and two of a more autonomous nature: identified regulation (i.e., the activity is identified as being important, even though they do not enjoy it) and integrated regulation (i.e., the activity is seen as an integral part of their life). It is expected that autonomous forms of motivation will have a positive association with behavioral consequences, while more controlled forms of motivation will be negatively associated with behavioral outcomes (Edmunds et al., 2008; Hagger et al., 2014; Heiestad et al., 2016; Ntoumanis et al., 2017).


1.1 Theorical framework

In line with SDT, Vallerand and Toward (1997) and Vallerand and Ratelle (2002) developed the Hierarchical Model of Intrinsic and Extrinsic Motivation (HMIEM) to explain how different levels of generality–global (personality), contextual (life domains), and situational (state)–influence an individual’s behavior. According to Vallerand and Lalande (2011), this model aims to organize and explain the mechanisms behind intrinsic and extrinsic motivation. The model is characterized by axes that determine it. On the vertical axis, we find the different levels of generality, and on the horizontal axis, we find psychosocial determinants. This arrangement leads to predictions regarding motivation and its emotional, cognitive, or behavioral outcomes. Some studies empirically support and analyze the motivational model, exploring both the positive and negative aspects of SDT in behavior consequences (Rodrigues et al., 2021; Rodrigues et al., 2022; Teixeira et al., 2018; Haerens et al., 2015; Rodrigues et al., 2019).

In addition to the HMIEM including the three micro theories of SDT, horizontally determining the psychosocial variables that impact behavioral consequences, this model is made up of relationships between its vertical axes, which are important to consider (Vallerand and Toward, 1997). At the top of the vertical axis, we can find the global level, referring to a person’s personality, in which motivation takes the form of general dispositions to engage in activities in an intrinsic or extrinsic way. The next level (contextual level) is represented under the specific contexts of life, considering the likelihood of individuals developing motivational orientations that may differ depending on the context, so we can consider this level to be quite volatile and prone to motivational variations (Vallerand and Toward, 1997; Núñez and León, 2019). Lastly, the situational level is considered by Vallerand (Vallerand and Toward, 1997) to be the most particular, referring to the exact moment when the behavior is carried out. The situational level can be considered as the state of motivation that an individual has when engaging in a specific action at a specific time. Thus, several studies assess the situational level in an attempt to understand the relationship between it and the higher levels (Vallerand and Toward, 1997; Núñez and León, 2019; Blanchard et al., 2003).

The three levels of generality are dynamically related to each other. In this way, the motivation of a particular level can influence the motivation of another hierarchical level. The occurrence of these relationships between levels is based on two distinct phenomena: the top-down effect and the bottom-up effect (Vallerand and Toward, 1997; Vallerand, 2007).

The top-down effect refers to the influence that higher levels of the hierarchy have on lower levels, i.e., global motivation influences contextual motivation and situational motivation. On the other hand, contextual motivation will influence situational motivation. The relationships established between each level are governed by the principle of proximity, i.e., each level will have a greater influence on the level immediately below it. In other words, overall motivation will have a greater influence on contextual motivation than on situational motivation (Vallerand and Toward, 1997; Vallerand, 2007) Much research has been carried out to support the top-down effect of HMIEM (Vallerand and Toward, 1997; Vallerand, 2007; Guay et al., 2003). For example, in the context of physical exercise, Ntoumanis and Blaymires (2003) demonstrated that situational motivation was positively predicted by contextual motivation measured 1 month in advance in physical exercise students.

The bottom-up effect is based on the same principle as its counterpart, but this time the authors of the model aim to explain that the lower levels can also influence the higher levels, i.e., situational motivation can influence contextual motivation and global motivation but based on the assumption of proximity, situational motivation will have a more significant influence on contextual motivation than on global motivation. These concepts have been empirically tested, demonstrating a positive and significant relationship between contextual and situational motivation, i.e., the greater and more self-determined the motivation to practice an activity (situational), the greater the motivation to practice that activity in general (contextual) (Guay et al., 2003; Ntoumanis and Blaymires, 2003; Gagné et al., 2003).



1.2 Current study

As mentioned above, human behavior is a process of inner reflection that can be influenced by various factors, such as interpersonal relationships and the contexts in which we live. Indeed, the social context can be a predictor of human behavior, since we extract all possible information to interpret our behavior (Rodrigues et al., 2018).

Only two systematic reviews to date in the context of exercise (Rodrigues et al., 2018; Teixeira et al., 2012) have analyzed parts of HMIEM based on SDT. The study by Teixeira et al. (2012) analyzed BPN satisfaction, motivation regulation and how this can predict different physiological outcomes (i.e., energy expenditure, body mass index), demonstrating a positive relationship between the more autonomous forms of motivation and physical exercise, in which identified regulation shows a tendency to predict short-term adoption and intrinsic motivation for long-term adherence. This study also shows that competence satisfaction and more intrinsic motives can positively predict adherence to exercise in a wide variety of samples and contexts. The study by Rodrigues et al. (2018) analyzed the associations between motivational variables (interpersonal behaviors, satisfaction/frustration of BPNs and motivation regulation) and behavioral outcomes (enjoyment, intention, persistence and adherence), showing that positive correlations are established between SDT and the various forms of behavioral expression in the context of physical exercise, and that these interventions are fundamental for promoting a continued practice of physical exercise.

In this sense, HMIEM has been applied in various contexts (i.e., education, sport) and in recent years there has been a notable growth in the application of this model in the context of physical exercise, although few studies have fully tested the sequence in this context or in other domains. In this way, the sequence bases its hypotheses on SDT to explain the organization between the constructs at different levels of generality and is a model that allows for a holistic understanding of motivation in different contexts, such as education, leisure and interpersonal relationships. In addition, this model aims to explain the changes in motivation regulation that occur in the individual over time, allowing the different types of regulation to be analyzed according to three levels of generality (Núñez and León, 2019).

To synthesize current literature of the HMIEM model applied to the context of physical exercise, we propose with this systematic review to investigate the associations of the variables that make up the motivational sequence (horizontal level/sequence) proposed by Vallerand (2007) (e.g., social factors, supportive/frustrating interpersonal behaviors) → BPN’s → (motivation regulation→ behavioral outcome) in exercise context (gym exercisers). In general, this systematic review adds to the empirical evidence of the six interpersonal behaviors (social factor) in relation to the other variables, considering the bright and dark sides of SDT and new behavioral variables (e.g., future behavior) in relation to the previous systematic reviews carried out.




2 Methodology

The systematic review was built following the items proposed by the PRISMA 2020 protocol (Page et al., 2021) and the methodology described by Bento (2014). After conceptualizing the systematic review, it was registered on the PROSPERO portal and assigned the registration number CRD42024559916 in 2024. The PECOS strategy (Morgan et al., 2018) was applied, helping to define the following parameters: (i) “P” (target population) corresponds to people who practice physical exercise, aged between 18 and 65, of any gender, ethnicity, or race; (ii) “E” (exposure) corresponds to people who practice physical exercise; (iii) “C” (comparison) not applicable; (iv) “O” (outcome) corresponds to the associations established between social factors, motivational variables and behavioral outcomes (e.g., pleasure, intention, and frequency); (v) “O” (outcome) corresponds to the associations established between social factors, motivational variables and behavioral outcomes (e.g., pleasure, intention, and frequency; pleasure, intention, and frequency); (v) “S” (study design) experimental and non-experimental studies (i.e., cross-sectional studies and longitudinal studies).


2.1 Information sources and research strategies

This study was carried out between April and 18 June 2024 by searching databases such as Web of Science, PubMed (all fields), Scopus, and SPORTDiscus (all fields), considering a time window from 1 January 1997 to 18 June 2024. The descriptors used in the search terms were: “Hierarchical Model of Intrinsic and Extrinsic Motivation ``, “motivational sequence ``, “instructor behaviors``, “social support``, “interpersonal behavio*``, “motiv*``, “basic psychological needs``, “enjoyment,” “intention,” “frequency,” “health clubs,” “gym,” “fitness” and “exercise,” using the Boolean operators “AND” and “OR,” as shown in Table 1.



TABLE 1 Research strategy.
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2.2 Eligibility criteria

The PECOS strategy (Morgan et al., 2018) was applied, helping to define the following parameters: (i) “P” (target population) corresponds to people who practice physical exercise, aged between 18 and 65, of any gender, ethnicity, or race; (ii) “E” (exposure) corresponds to people who practice physical exercise; (iii) “C” (comparison) not applicable; (iv) “O” (outcome) corresponds to the associations established between social factors, motivational variables and behavioral outcomes (e.g., pleasure, intention, and frequency); (v) “O” (outcome) corresponds to the associations established between social factors, motivational variables and behavioral outcomes (e.g., pleasure, intention, and frequency; pleasure, intention, and frequency); (v) “S” (study design) experimental and non-experimental studies (i.e., cross-sectional studies and longitudinal studies).

To select the studies, the following inclusion criteria were considered: (i) experimental and non-experimental studies (i.e., cross-sectional studies and longitudinal studies); (ii) the studies had to be published between 1 January 1997 (corresponding to the year Vallerand published the HMIEM model) and 18 June 2024; (iii) they had to be written in English; (iv) the studies had to analyze parts (at least 2 variables of the model) or all of the HMIEM model; (v) the exercise participants had to be aged between 18 and 65; (vi) healthy individuals.

Similarly, exclusion criteria were drawn up and taken into consideration: (i) studies that included sports practitioners would not be selected as sport and exercise are different concepts (Caspersen et al., 1985); (ii) practitioners should not be younger than 18 years old or older than 65 years old; (iii) studies published in the field of physical education would also be excluded as this type of physical activity is different from regular exercise (Caspersen et al., 1985); (iv) gray literature would not be included for analysis and (v) systematic reviews.



2.3 Data extraction process

The study was carried out independently by two researchers, who downloaded all the studies from the databases into the ENDNOTE X7 software and eliminated duplicate articles. Initially, the articles were excluded by reading the titles and abstracts. In a second phase, the articles were read in full and those that did not fulfill the previously established eligibility criteria were excluded, leaving only 7 articles. The results of all the phases were compared (BV and MJ) discrepancies between the researchers were resolved by a third researcher (DM) One of the researchers (BV) supervised by other two (MJ and DM) exported the relevant information from the articles and entered it into Table 2 (authors, year of publication, continent, parents, objectives, participants, study design, measures used to assess the variables, results, variables under study and methodological quality).



TABLE 2 Characteristics of the selected studies for analysis.
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2.4 Methodological quality assessment

Downs and Black (1998) were used to analyze the methodological content of the studies. This instrument consists of 27 questions that seek to determine the quality of the study considering various parameters, namely the design of the study, the adequacy of the statistical procedures, the clarity of the description, and the main conclusions. The scale’s score ranges were given corresponding quality levels: excellent (26–28); good (20–25); fair (15–19); and poor (≤14). No items were removed from the scale, leaving the 28 possible points. The methodological quality of the studies was measured independently by two reviewers (BV and MJ), and they were compared and discussed to reach a consensus. The scores awarded to each study are shown in Table 2.




3 Results


3.1 Selection of studies

After searching various databases, 1323 studies were identified. In the first phase, duplicate articles were eliminated by reading the titles and abstracts (i.e., articles that did not correspond to scientific publications and did not have a well-established and objective experimental design). After this stage, 44 studies with relevant potential for the study were identified and moved on to the next stage. Considering the established eligibility criteria and the reading of the articles, a sample of 7 studies was drawn up for analysis (5 studies were chosen by searching databases and registers, while the remaining 2 were obtained by other search methods, namely citation searches) (Table 2). Concerning the eliminated studies, 15 studies were considered eligible due to their sample not being physical exercise practitioners, 4 studies were related to the validation of scales/questionnaires and 6 studies did not include the motivational sequence. The PRISMA flow chart illustrating each phase of the search and selection process is presented in Figure A1.



3.2 Origin

Most of the studies (86%) were carried out on the European continent, specifically in Portugal (Rodrigues et al., 2020; Rodrigues et al., 2022) and the United Kingdom (Edmunds et al., 2008; Ng et al., 2013; Jones et al., 2017; Ng et al., 2014). The only study carried out outside the European continent was by Cho et al. (2023), conducted in Singapore, on the Asian continent.



3.3 Participants

The study samples were made up of exercisers with a wide age range (between 18 and 65 years old). In total, this systematic review includes 2023 healthy exercisers, with females predominating (N = 1399). The study with the largest number of participants was by Rodrigues et al. (2020) with 575 participants (female gender = 230). The sample size was calculated through the G*Power software using the following parameters: predicted effect size of f2 = 0.01, α = 0.05, and statistical power = 0.95.



3.4 Measuring instruments/techniques

Throughout the seven studies analyzed, various measuring instruments were identified to assess the horizontal axis of the HMIEM, made up of: social factors, mediators (basic psychological needs - BPN’s), motivation and consequences.

In this systematic review we found 5 assessment tools for social factors, such as the Interperssonal Behavior Questionnaire: (IBQ) (Rodrigues et al., 2020): this instrument assesses supportive and frustrating behaviors. The scale consists of 24 items (4 items per factor) in which it measures autonomy support (item 1: “My exercise instructor supports my choices”), competence (item 9: “My exercise instructor encourages me to improve my skills”) and relationship (item 5: “My exercise instructor really enjoys spending time with me”), as well as autonomy frustration (item 8: My exercise instructor imposes their opinions”), competence (item 22: “My exercise instructor questions my ability to overcome challenges”) and rapport (item 24: My exercise instructor does not empathize with me”), taking into account the practitioners’ perception of the fitness instructors’ behavior during their activities in the gym. The type of response used in this scale is Likert-type, scored between 1-"do not agree” and 7-"totally agree.” The results of this instrument support its nomological validation [χ2 = 3212.946 (1014); χ2/df = 3.16; B-p < 0.001, TLI = 0.905, CFI = 0.915, SRMR = 0.048, RMSEA = 0.051 (90%CI = 0.049, 0.054)].

For the evaluation of BPN, we found 4 evaluation instruments, with the following standing out Basic Psychological Need Satisfactions and Frustration Scale Portuguese version (BPNSFS-E) (Rodrigues et al., 2022): this instrument is used to measure autonomy satisfaction (item 1: “I feel a sense of choice and freedom in the exercises I do”), competence (item 5: “I feel confident that I can do the exercises correctly”) and relatedness (item 9: “I feel connected to the people at the gym who care about me and for whom I care”). This scale also assesses the frustration of autonomy (item 8: “I feel forced to do exercises that I would not choose to do”), competence (item 12: “In some exercises, I feel disappointed with my performance”) and relatedness (item 22: “I feel that the relationships I have at the gym are only superficial”). This instrument had results that support its nomological validation [χ2 = 471.814 (237); χ2 /df = 1.99; B-p < 0.001, TLI = 0.940, CFI = 0.948, SRMR = 0.038, RMSEA = 0.047 (90%CI = 0.042, 0.052)].

To assess how motivation is regulated, we found 3 evaluation instruments, in which we highlight the Behavioral Regulation Exercise Questionnaire 3 (BREQ-3) (Cid et al., 2018): This questionnaire measures the six behavioral regulations according to the SDT motivational continuum. This version has 18 items measuring amotivation (item 1: “I do not see why I have to exercise”), external (item 14: “I exercise because others will be unhappy with me if I do not”), introjected (item 3: “I exercise because I feel guilty when I fail a training session”), identified (item 16: “I exercise because I value the benefits of exercise”), integrated (item 5: “I exercise because it is related to my life goals”) and intrinsic (item 12: “I exercise because I enjoy my training sessions”). The type of response is a 5-point scale ranging from 0- “totally disagree” to 4- “totally agree,” on how exercisers perceive their motivation to practice physical exercise. The results of this instrument support its nomological validation (χ2 = 254.08; df = 120; B-S p < 0.001; SRMR = 0.04; NNFI = 0.93; CFI = 0.95; RMSEA = 0.06; 90% CI = 0.05–0.06).

In conclusion, we found 15 behavioral consequence instruments, with Ajzen (1985) recommendations standing out as one of the most widely used to measure the intention to exercise.



3.5 Study results


3.5.1 Social factors → BPN

All the studies analyzed are at the contextual level according to the model recommended by Vallerand and Toward (1997). Thus, the social support provided by friends had a direct effect on BPNs(β = 0.496, SE = 0.042, z = 7.87) (Cho et al., 2023). Similarly, it has been shown that the perception of autonomy can positively predict satisfaction with BPNs (r = 0.38, p < 0.01) and negatively predict frustration with BPNs (r = −0.19, p < 0.01), while control behaviors correlate negatively with satisfaction with BPNs (r = −0.19, p < 0.01) and positively with frustration with BPNs (r = 0.41, p < 0.01) (Ng et al., 2013; Ng et al., 2014). However, Rodrigues et al. (2020) shows a positive and significant relationship between supportive behaviors and the satisfaction of BPNs (r = 0.51, p < 0.01) and a negative relationship between these behaviors and the frustration of BPNs (r = −0.39, p < 0.01), this trend reversing when the perception of frustration behaviors is the independent variable (r = −0.73, p < 0.01; r = 0.78, p < 0.01, respectively), but only positive and significant predictive values were reported between the perception of frustration behaviors and BPN frustration (β = 0.684, R2 = 0.467, CI 95% = 0.328/0.797, p = 0.002). However, Rodrigues et al. (2022) again demonstrated a positive and significant relationship between the perception of supportive behaviors and the satisfaction of LBWs (r = 0.64, p < 0.01), but with the independent variable showing positive and significant predictive values with the dependent variable, with (β = 0.67, R2 = 0.46, CI 95% = 0.54/0.78, p = 0.001) and without (β = 0.66, R2 = 0.46, CI 95% = 0.54/0.78, p = 0.001) past behavior integrated into the model.



3.5.2 BPN → regulation of motivation

BPN satisfaction was positively and significantly associated with more autonomous forms of motivation, with correlation values ranging from 0.40 to 0.63 with p < 0.01 (Rodrigues et al., 2020; Rodrigues et al., 2022; Ng et al., 2014). However, a negative and significant relationship was demonstrated between satisfaction with BPNs and controlled forms of motivation regulation, with correlation values ranging from –0.26 to –0.76 with p < 0.01 (Rodrigues et al., 2020; Ng et al., 2014). BPN frustration is positively and significantly related to controlled forms of motivation regulation (e.g., r = 0.46, p < 0.01; Rodrigues et al., 2020) and negatively and significantly related to more autonomous forms of motivation (e.g., r = −0.63, p < 0.01; Rodrigues et al., 2020). Still about the relationship between BPNs and forms of motivation regulation, it was shown that at the start of a 10-week intervention program, competence (β = 0.16, p < 0.01) could be a positive predictor of integrated motivation and autonomy (β = 0.39, p < 0.001) a negative predictor of identified regulation. Over time, the effects of need for autonomy and autonomy support may vary on identified regulation (need for autonomy β = 1.06, p < 0.001; autonomy support β = 0.48, p < 0.01) and intrinsic motivation (need for autonomy β = 0.64, p < 0.01; autonomy support β = 0.62, p < 0.01) (Edmunds et al., 2008).



3.5.3 Regulation of motivation → consequences

In the studies analyzed, more autonomous forms of motivation regulation correlated positively and significantly with the various behavioral consequences. In the study by Rodrigues et al. (2020), there was a positive and significant correlation between forms of autonomous regulation and enjoyment (r = 0.70, p < 0.01), intention (r = 0.19, p < 0.01) and persistence (r = 0.67, p < 0.01). It was also found that forms of controlled regulation correlated negatively and significantly with enjoyment (r = −0.48, p < 0.01), intention (r = −0.17, p < 0.01) and persistence (r = −0.51, p < 0.01). In a second study published by the same author, it was found that in addition to the forms of autonomous regulation continuing to show positive and significant correlation values with enjoyment (r = 0.68, p < 0.01) and intention (r = 0.42, p < 0.01), they also correlated with past behavior (r = 0.27, p < 0.01) and future behavior (r = 0.28, p < 0.01). In the study by Ng et al. (2013), the tendency for more autonomous forms of motivation to correlate positively and significantly with physical exercise frequency was maintained (r = 0.18, p < 0.01), but controlled motivation (r = −0.09) and amotivation (r = −0.04) correlated negatively with this variable, with no significant values. In conclusion, Edmunds et al. (2008) show that amotivation is a negative predictor of positive affect (β = 1.06, p < 0.01) and a positive predictor of negative affect (β = 0.26, p < 0.05), as is external regulation (β = 0.43, p < 0.01), while integrated regulation positively predicts positive affect (β = 0.30, p < 0.05).



3.5.4 Indirect effects

Regarding the indirect effects of social support variables, it has been shown that autonomy support has a significant indirect effect on the frequency of physical exercise (β = 0.06, p < 0.01) (Ng et al., 2014). Similarly, the perception of control behaviors seems to have a significant indirect effect on autonomous motivation (β = −0.234, R2 = 0.054, CI 95% = −0.356/−0.085, p = 0.019), controlled motivation (β = 0.644, R2 = 0.414, CI 95% = 0.352/0.684, p = 0.002) and depressive symptoms (β = 0.09, CI 95% = 0.00/ 0.21) (Rodrigues et al., 2020; Ng et al., 2013). The perception of supportive behavior seems to have a significant indirect effect on future behavior (β = 0.03, R2 = 0.00, CI 95% = 0.02/0.06, p = 0.001), but when past behavior is included in the model the effect becomes non-significant (β = 0.00, R2 = 0.00, CI 95% = −0.01/0.01, p = 0.135) (Rodrigues et al., 2022). Social support from friends also had significant indirect effects (p < 0.001) on intrinsic motivation (β = 0.299, SE = 0.044, z = 6.80), attitude (β = 0.117, SE = 0.030, z = 3.87) and intention (β = 0.150, SE = 0.040, z = 3.79). BPN satisfaction also seems to have an indirect effect on behavioral consequences, namely enjoyment (β = 0.52, R2 = 0.27, CI 95% = 0.38/0.64, p = 0.001), intention (β = 0.21, R2 = 0.04, CI 95% = 0.14/0.30, p = 0.001), persistence (β = 0.047, R2 = 0.002, CI 95% = 0.028/0.070, p = 0.001) and future behavior (β = 0.05, R2 = 0.00, CI 95% = 0.02/0.08, p = 0.001), but when past behavior is included in the model as a mediator, the indirect effect becomes non-significant (β = 0.01, R2 = 0.00, CI 95% = −0.01/0.02, p = 0.143) (Rodrigues et al., 2020; Rodrigues et al., 2022). Intrinsic motivation, in turn, seems to have a significant indirect effect on intention (β = 0.501, SE = 0.125, z = 4.01) (Cho et al., 2023).



3.5.5 Quality of the studies

The methodological quality of the studies was assessed as ranging from poor to excellent. The studies analyzed had different ratings, ranging from 11 (poor) to 17 (fair), as can be seen in Table 3. Although the Downs and Black scale (Downs and Black, 1998) has been validated to assess the methodological quality of non-randomized studies (i.e., cross-sectional studies), it has questions aimed at randomized studies (i.e., experimental studies), To illustrate, the absence of mandatory blinding of respondents and evaluators in practically all cross-sectional studies - as most apply questionnaires or scales, often after a prior anchoring/adaptation process - results in a score of 0 on items 14 and 15 of the Downs and Black scale (Downs and Black, 1998) (“Was an attempt made to blind the study subjects to the intervention they received?” and “Was there an attempt to blind the people measuring the main results of the intervention?”).



TABLE 3 Assessment of the methodological quality of the studies.
[image: Table listing studies with their scores and methodological quality levels. Studies listed include Edmunds et al. (2008) with a score of 17 and fair quality, Ng et al. (2013) with scores of 16 and 12 rated fair and poor respectively, Jones et al. (2017) with a score of 12 and poor quality, Rodrigues et al. (2019) and (2021) both with scores of 16 and fair quality, and Cho et al. (2023) with a score of 11 and poor quality. Quality levels are defined as excellent (26-28), good (20-25), fair (15-19), and poor (≤14).]





4 Discussion

This systematic review aimed to analyze the literature that applies the motivational sequence based on SDT and HMIEM. Associations between variables in the gym/fitness context were examined, including social factors (e.g., supportive or frustrating interpersonal behaviors), BPN, motivation regulation, and behavioral outcomes. The hierarchical model (Vallerand and Ratelle, 2002; Vallerand, 2007) offers a multi-level perspective on human motivation, organizing and simplifying the implicit mechanisms of the different forms of motivation regulation (Vallerand and Lalande, 2011). In this way, the model specifies the types of motivation, organizing them into different levels of analysis, demonstrating that they are shaped by social and personal determinants and generate behavioral, affective, or emotional results.


4.1 Social factors

According to this systematic review, all variables that support behavior (e.g., supportive behavior by exercise instructors) tend to result in higher levels of BPN satisfaction and lower levels of BPN frustration (Rodrigues et al., 2020; Edmunds et al., 2007; Rodrigues et al., 2022; Ng et al., 2013; Murcia and Sánchez-Latorre, 2016). The opposite is true when these behaviors (support) are controlling, tending to lower levels of BPN satisfaction and increase levels of BPN frustration on the part of practitioners (Rodrigues et al., 2020; Rodrigues et al., 2022; Ng et al., 2013; Murcia and Sánchez-Latorre, 2016; Rocchi and Pelletier, 2018). Social support offered by third parties, such as friends, also showed a positive association with BPNs, as evidenced by Cho et al. (2023). In contrast, the study by Murcia and Sánchez-Latorre (2016) showed that family support maintains a positive and significant association with basic psychological needs, exerting a direct effect on them. The discrepancy between the results of these studies can be attributed to differences in the samples used, as well as variations in age groups and recruitment conditions, which may influence the results obtained (Cho et al., 2023). Significant relationships tend to exist between autonomy support and the frequency of physical exercise (Ng et al., 2013), i.e., exercisers tend to exercise more often and sometimes at higher levels of intensity (Murcia and Sánchez-Latorre, 2016), and there tend to be relationships between perceptions of control in autonomous and controlled motivation (Rodrigues et al., 2020) and in depressive symptoms (Ng et al., 2013).

The empirical relationships discussed in this section can be substantiated from a conceptual perspective. Firstly, the results showing the interaction between variables that support or frustrate BPN behavior and satisfaction are in line with the theoretical assumptions of CET. This micro-model of SDT postulates that external events, such as supportive behavior on the part of instructors, family, and friends, can facilitate or hinder the internalization of behavior (Ryan and Deci, 2000). The context in which practitioners are placed, such as gyms or universities, plays an active role in promoting or frustrating BPNs (Rodrigues et al., 2023). The BPN support offered by the subject’s significant others (e.g., parents, friends, instructors) is crucial for exercisers to feel integrated into the environment and to be able to regulate their motivation more autonomously (Deci and Ryan, 1987). This autonomous regulation tends to generate positive behavioral consequences, such as greater frequency of physical exercise and a stronger intention to continue practicing. Although the relationship between contextual aspects and BPNs is well established in the results, CET also emphasizes that the cognitive evaluation of contextual aspects influences the regulation of motivation. In other words, the contextual determinants that support autonomous motivation are equally important (Ryan and Deci, 2017). It is therefore essential for exercise professionals to create a supportive environment, fostering positive relationships with practitioners. This support tends to increase BPN satisfaction, reduce frustration, and prevent abandonment or quitting behavior, leading individuals to more self-determined forms of motivation regulation.



4.2 Basic psychological needs

In the studies included in this systematic review, there was a tendency for BPN satisfaction to be positively and significantly associated with more autonomous forms of motivation (Rodrigues et al., 2020; Rodrigues et al., 2022; Ng et al., 2014), while a negative and significant association was established between them and controlled forms of motivation (Rodrigues et al., 2020; Ng et al., 2014). This finding is in line with Self-Determination Theory (SDT), which posits that autonomous regulations are favored by the satisfaction of basic psychological needs (Ryan and Deci, 2000). Regarding BPN frustration, there has been a consistent tendency for it to be positively and significantly associated with more controlled forms of motivation, and negatively and significantly associated with more autonomous and self-determined regulations (Rodrigues et al., 2020). This trend of associations has already been suggested in various contexts and is one of the central assumptions of the theory of basic psychological needs (Bartholomew et al., 2011; Vansteenkiste and Ryan, 2013).

All the evidence is substantiated by the relationships established between BPNs and the ILO (Hagger and Chatzisarantis, 2008). According to the theory of BPNs, the locus of perceived causality refers to the degree to which behaviors have been internalized, reflecting the extent to which these behaviors meet goals valued by the individual. For example, when a person practices physical exercise with the intention of improving their physical condition, such behavior is more aligned with the promotion of BPN satisfaction (Ryan and Deci, 2000; Hagger and Chatzisarantis, 2008). In this context, BPN satisfaction facilitates the regulation of motivation in a more self-determined and autonomous way (interaction between BPN and OIT), especially when the environment supports this satisfaction (Teixeira et al., 2018). On the other hand, the frustration of these needs tends to predispose individuals to develop more controlled forms of motivation, which in turn is associated with negative behavioral consequences, such as less adherence to physical exercise (Bartholomew et al., 2009). In conclusion, SDT also conceptualized that the internalization of behavior is achieved through the satisfaction of BPNs and, consequently, the autonomous regulation of motivation seems to mediate the associations between the satisfaction of needs and behavioral consequences (Teixeira et al., 2018). At the same time, positive behavioral consequences in exercise contexts can, in turn, influence the way in which BPNs are satisfied, indirectly influencing motivational regulation (Schneider and Kwan, 2013).



4.3 Regulation of motivation

In the studies analyzed, positive and significant correlations were identified between more autonomous forms of regulation and variables such as enjoyment, intention, frequency of exercise and persistence. At the same time, there were negative and significant associations between more controlled forms of regulation and these same variables (Rodrigues et al., 2020; Rodrigues et al., 2022; Ng et al., 2013). In addition, there is a tendency for the more autonomous forms of regulation to correlate with both past and future behaviors of exercisers (Rodrigues et al., 2022). Specifically, integrated motivation tends to positively predict forms of positive affect, while amotivation and external regulation seem to negatively predict positive affect and exercise frequency, as well as positively predicting negative affect.

In this way, all the results discussed are in line with the ILO, in which BPNs play a central role in the process of internalizing behavior, being influenced by different channels of social interaction (Deci et al., 2013). Individuals naturally tend to adopt behaviors, norms or values that are transmitted to them by close sources, such as family, friends or exercise instructors (Deci et al., 2013). The more these values and norms are internalized, the more autonomous the individual’s conduct will be, and the social and environmental context is a determining factor in facilitating or inhibiting this internalization (Ryan and Connell, 1989; Howard et al., 2017). SDT proposes that behavior is regulated through mechanisms that determine the quality of motivation for an activity (e.g., physical exercise) (Deci and Ryan, 1985; Ryan and Deci, 2000). According to the macro theory, the individual’s involvement in the task is motivated according to their position along a motivational continuum, ranging from less self-determined to more self-determined forms (Wilson et al., 2003). In fact, the level of internalization can be expressed in six different forms of regulation along a motivational continuum, and these different forms directly influence the adoption of positive or negative behaviors. It is through the SDT motivational continuum that it is possible to carry out a refined analysis between the relationships established between the different types of regulation and behavioral consequences, in which more autonomous forms (e.g., intrinsic motivation) tend to associate and predict positive motivational consequences (e.g., persistence). On the other hand, controlled forms of motivation tend to be associated with negative motivational consequences, such as abandonment and subjective malaise (Ryan and Deci, 2000; Vallerand, 2007).



4.4 HMIEM: a sequential theoretical chain between micro models

Integrating the different micro-theories of SDT into a sequential chain gives us a holistic understanding of motivational processes in the context of physical exercise. There is theoretical and empirical evidence to support the causal chain between motivational variables and consequences (Rodrigues et al., 2023). In short, the context in which the individual is inserted (CET) can influence the way in which BPNs are satisfied or frustrated (TBPN), which in turn will influence the type of motivation regulation (OIT) that the individual will employ in relation to the behavior they want to adopt/maintain (Ryan and Deci, 2017; Vallerand and Toward, 1997; Rodrigues et al., 2023).

Regarding the vertical level of the HMIEM, in this systematic review all the studies analyzed were at the contextual level (life domains), represented essentially by the leisure situation (e.g., physical exercise) and the interpersonal relationships between instructor and practitioner (Vallerand and Toward, 1997). Within this hierarchical (contextual) level, this review has managed to fully cover the horizontal level (autonomous vs. controlled) presented by Vallerand (Vallerand and Toward, 1997). Thus, as conceptualized by Ryan and Deci (2017), we can see that the satisfaction and/or frustration of BPNs tends to be the result of how everyone perceives the contextual circumstances. In a practical sense, when an individual sees the exercise coach as a supportive figure, providing support and positive feedback, they are more likely to fulfil their BPNs (Rodrigues et al., 2019). Consequently, when the interpersonal behaviors between instructor and practitioner are identified as negligent and they are subject to constant negative feedback and pressure, the greater the likelihood of the latter being frustrated by BPNs.

Continuing to go through the motivational sequence, it shows how satisfaction/frustration of BPNs can have an impact on the regulation of motivation. Thus, there is a positive and significant relationship between BPN satisfaction and autonomous motivation (Vansteenkiste and Ryan, 2013). However, according to Ryan and Deci (2017) a positive and significant relationship can be expected between BPN frustration and more controlled forms of motivation. In fact, the results of this systematic review meet these assumptions, with some studies empirically demonstrating these theoretical relationships (Rodrigues et al., 2020; Rodrigues et al., 2022; Ng et al., 2013). Finally, the motivational sequence recognizes that the regulation of motivation can be related to different behavioral consequences, be they more behavioral, cognitive or emotional (Deci and Ryan, 1985; Ryan and Deci, 2017; Vallerand and Toward, 1997). Autonomous motivation, driven by the satisfaction of BPNs, tends to be associated with positive behavioral consequences, as presented in the results section of this systematic review (e.g., positive association with exercise frequency). Controlled motivation, on the other hand, is negatively related to positive behavioral consequences, leading to behaviors such as abandoning or giving up physical exercise (Silva et al., 2011).



4.5 Limitations and future directions

This literature review reveals several limitations that deserve attention in future research in the field of motivation in physical exercise. Firstly, about assessing the methodological quality of studies, the application of the Downs and Black Scale (Downs and Black, 1998) is pertinent. However, we suggest a mixed approach using two different scales: one for cross-sectional studies and the other for longitudinal studies. This strategy will allow for greater consistency in the assessment of methodological qualities, ensuring that the particularities of each type of study are adequately considered.

Secondly, the issue of bibliographical research stands out. Although many studies use the HMIEM model as a theoretical reference, it was observed that this information is not always explicit in the titles, abstracts, or keywords of the articles. This absence may have led to the inadvertent exclusion of relevant studies during the review. Furthermore, the exclusion of gray literature and articles written in other languages limits the scope of the results, since potential studies were excluded from this study, suggesting the need for a more inclusive and diverse search in future reviews.

A third limitation refers to the nature of the studies analyzed, all of which are cross-sectional and contextual. Only one longitudinal study was identified which investigated the relationships proposed by HMIEM over time. It is therefore recommended that future research not only consider longitudinal approaches but also explore other hierarchical levels of the model. Initially, these studies could adopt a cross-sectional approach and then move on to a multi-level longitudinal approach. This would make it possible to understand how different hierarchical levels interact in the context of exercise, providing a more integrated and dynamic view of the motivational process.

Another limitation identified concerns the variety of instruments used to analyze the variables. The heterogeneity of methods makes it difficult to compare results between studies, creating barriers to building accumulated and coherent knowledge on the subject. Future studies should therefore prioritize the use of the same instruments, provided they have been validated and translated for the specific cultural context, to facilitate the interpretation and cross-checking of data between different studies. A practical suggestion would be to develop and publish a guiding article for the scientific community, recommending the most suitable instruments for analyzing the variables in the HMIEM model. To achieve this, we would recommend a collaboration or creation of a panel of experts, in which a systematic review study with meta-analysis would be carried out to understand the best measurement instrument(s) for each variable. This would contribute to greater methodological standardization and, consequently, to the robustness of the conclusions derived from these investigations. These future guidelines, if implemented, could help to overcome the limitations currently observed in the literature, contributing to the advancement of knowledge about motivation in physical exercise and to the practical application of theoretical models in this context.



4.6 Practical implications

The HMIEM model has various practical implications for physical exercise, which are important for encouraging healthy and sustainable behaviors among exercisers. It has been observed that the HMIEM variables interact dynamically at the contextual level, and when properly respected and supported, they result in numerous behavioral benefits for exercisers. These interactions emphasize the importance of creating environments that support the satisfaction of basic psychological needs, promoting intrinsic motivation and longer-lasting adherence to exercise.

For political decision-makers, they have a huge responsibility to continue to support/create the conditions for physical exercise to be easily accessible to everyone. Strategies that can be implemented to facilitate this misstime and, for example, include financially helping some gyms and health clubs to reduce some of the costs associated with municipal services, promoting some events in municipalities to increase the level of physical activity through pleasurable activities that allow those involved to feel more motivated and to persist over time, and guaranteeing clean and attractive environments for safe and healthy physical exercise.

Gyms and fitness centers, in addition to coaches, have a significant responsibility in creating environments that promote enjoyment and ongoing physical exercise. These spaces should invest in continuous training for their staff, teaching them the benefits of using techniques and tools to measure the factors that affect consistent physical exercise. The relationship between the physical environment and the instructors should be structured to facilitate learning new methods and keeping practices up to date. This ensures that the gym is not only a place for physical exercise but also promotes long-term health and well-being.

In this sense, exercise instructors play a crucial role. They should create supportive environments, using positive feedback strategies and other motivational techniques. Interaction with clients should be based on encouragement and valuing individual efforts, which contributes to increasing the pleasure associated with physical exercise. This increase in pleasure, in turn, is directly related to higher levels of persistence, since exercisers tend to continue when they feel competent and supported.

The focus should be on the exerciser when developing strategies. It is crucial to value each individual and tailor interventions to combat low adherence to physical exercise and reduce resistance to gyms. The potential of gyms to significantly contribute to public health depends on their ability to offer more than just services. They should provide experiences that promote the overall well-being of their clients.

In short, the practical application of the guidelines derived from HMIEM in the context of physical exercise can transform the experience of practitioners, promoting greater adherence to physical exercise and, consequently, contributing to a better quality of life. This requires an integrated approach, where coaches, gyms, and practitioners work together to create motivating and sustainable environments.




5 Conclusion

This systematic review aimed to analyze the current state of the HMIEM model in the context of physical exercise, especially in gym and fitness environments. The results of this systematic review obtained through a rigorous methodological design indicate that supportive social factors are strongly associated with BPN satisfaction, autonomous motivation and exercise adherence. In contrast, controlling social factors showed negative associations with these variables, often resulting in abandonment of the practice.

The analysis reinforces the importance of BPN satisfaction and frustration as central elements in understanding the motivation and behavior of exercisers. Autonomous motivation was consistently related to positive behavioral results, while controlled motivation was associated with abandonment behavior. Thus, the creation of environments that favor autonomous motivation is essential to promote lasting adherence to exercise.

We conclude that the positive alignment between the variables of the HMIEM model, sustained by a supportive environment, is fundamental to adherence and maintenance of physical exercise behavior. These results offer valuable guidelines for implementing more effective strategies in gyms and fitness centers to promote a more active and healthier lifestyle. Thus, an exercise prescription focused on the individual, by satisfying their needs, will allow them to regulate their motivation in a more intrinsic way and end up persisting in physical exercise.
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Figure A1
 PRISMA flow diagram illustrating each phase of the search and selecting process.
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Introduction: In the field of sports psychology, imagery training plays a significant role in enhancing athletes’ mental preparation and optimizing sports performance. This study aims to investigate the effects of the Virtual Reality-Based Imagery (VRBI) training model on muscle activation and kinesthetic motor imagery skills in athletes. Specifically, the study compares the VRBI model with traditional imagery methods, including Visual Motor Behavior Practice (VMBP) and Video Modeling (VM), to determine its effectiveness in improving neuromuscular responses.
Methods: A quasi-experimental design with repeated measures was employed, involving 30 bodybuilders and fitness athletes who were randomly assigned to VRBI, VMBP+VM, and control groups. Muscle activation was measured using surface electromyography (sEMG) across a 12-week intervention period. The intervention protocols included progressive relaxation, video modeling, and imagery exercises tailored to enhance kinesthetic motor imagery skills.
Results: The results revealed that the VRBI model significantly increased muscle activation levels and kinesthetic motor imagery skills compared to both the VMBP+VM and control groups (p < 0.01). Notably, athletes in the VRBI group achieved peak muscle activation one week earlier than those in the VMBP+VM group, demonstrating a faster adaptation process. Additionally, VRBI training led to a more substantial improvement in imagery skills, suggesting its superiority in mental training interventions.
Discussion and conclusion: The VRBI model offers a more effective approach to enhancing muscle activation and kinesthetic motor imagery skills in athletes. These findings highlight the potential of VRBI as a valuable tool for optimizing sports performance and accelerating peak performance achievement.

Keywords
 virtual reality; imagery training; PETTLEP; muscle activation; peak performance


Introduction

In today’s competitive sports environment, delivering high-level performance is a primary expectation from athletes (Tokdemir, 2011). Sports performance is influenced by various factors, including physical fitness, technical skills, and psychological readiness (Bayraktar and Kurtoğlu, 2009). While modern training systems have minimized physical and physiological differences among athletes, psychological factors have become crucial for gaining a competitive edge (Chaouachi et al., 2009). Psychological skills, such as goal setting, imagery, arousal regulation, concentration, and mental preparation, play a vital role in enhancing sports performance (Beauchamp et al., 1996; Greenspan and Feltz, 1989; Mullen and Copper, 1994; Smith and Christensen, 1995; Thelwell and Greenlees, 2001). These skills can be developed through training, positively impacting both training outcomes and competitive performance (Weinberg and Gould, 2007; Vealey, 1988).

Among these, imagery is one of the most frequently used psychological techniques due to its practical application and direct influence on performance. It involves mental visualization of experiences, helping athletes improve focus, build confidence, and manage competition-related stress (Gould et al., 2014; Weinberg and Gould, 2019).


Imagery

Imagery is the mental creation of experiences using various senses, including auditory, visual, tactile, olfactory, gustatory, kinesthetic, and organic sensations (Dickstein and Deutsch, 2007). These experiences, rooted in memory, can be recalled and modified as needed (Beşiktaş, 2012). Widely applied in language development, motivation, motor skill learning, and rehabilitation (Suica et al., 2018; Gammage et al., 2000), imagery enhances sports performance, skill acquisition, and emotional regulation (Fortes et al., 2019; Williams, 2019; Bedir and Erhan, 2021), while also aiding rehabilitation by reducing recovery time and muscle atrophy after injuries (Dickstein and Deutsch, 2007; Gregg et al., 2010).



Motor imagery

Motor imagery (MI) is the mental representation of movement without actual bodily motion (Guillot and Collet, 2005; Solodkin et al., 2004). It involves mentally rehearsing specific motor actions in working memory without producing physical movement (Guillot and Collet, 2010). MI is categorized into kinesthetic motor imagery, which focuses on the ‘feeling’ of joint movements and muscle activations, and visual motor imagery, which involves mentally visualizing movements (Stecklow et al., 2010; Paris-Alemany et al., 2019). For instance, a tennis player may visualize serving the ball (visual MI) or mentally experience the sensations of body balance and muscle tension during the serve (kinesthetic MI).



Theories of imagery

Research on imagery has attempted to explain the imagery-performance relationship through various theories. Although many theories have been developed regarding this relationship, the most popular today in terms of muscle activation is the psycho-neuro-muscular theory.


Psycho-neuro-muscular theory

Also known as the Information Processing Theory, this theory suggests that imagery involves recalling and recreating past experiences, generating neuromuscular responses similar to actual movements (Carpenter, 1875; Morris et al., 2005; Konter, 1999). Based on Carpenter’s ‘ideo-motor’ principle, it proposes two key assumptions: first, imagining physical actions triggers weak, localized muscle activity, known as the ‘Carpenter effect’ (Altıntaş and Akalan, 2008); second, this activity provides kinesthetic feedback, aiding skill preparation (Lavallee et al., 2012; Moran, 2013). Jacobson (1934) observed low-intensity muscle contractions during imagined movements, mirroring real actions but at reduced intensity. Despite lower activation levels, this process effectively enhances motor planning in the cortex (Konter, 1999).




Effective imagery

The human brain struggles to distinguish between vividly imagined situations and reality, as both activate similar neural pathways and neurochemical mechanisms (Suinn, 1986; Cox and Cox, 2002; Martens, 1987; Weinberg and Gould, 2007). Imagery generates stimuli in the central nervous system, preparing muscles for actual performance through electrical responses, enhancing athletic readiness (Murru and Martin Ginis, 2010; Tod et al., 2011; Beşiktaş, 2012; Acevedo and Ekkekakis, 2006). While imagery generally improves performance, its effectiveness varies based on an athlete’s ability to create clear, realistic mental images (Cox and Cox, 2002; Bedir and Erhan, 2021). To enhance imagery quality, engaging all senses is crucial (Bedir and Erhan, 2021). Vivid, multi-sensory imagery positively impacts sports performance (Acevedo and Ekkekakis, 2006; Wilson et al., 2009; Mouratidis et al., 2008). The PETTLEP model (Holmes and Collins, 2001) supports this by focusing on physical, environmental, task-related, temporal, learning, emotional, and perspective aspects to strengthen the functional equivalence between imagined and real actions (Harris and Hebert, 2015). PETTLEP-based interventions have shown positive effects in sports like athletics, gymnastics, and strength training (Lebon et al., 2010; Wright and Smith, 2007).



Studies on imagery related to muscle activation and muscle strength

Sport psychologists use techniques like focused attention, preparatory arousal, imagery, self-efficacy, self-talk, and relaxation to enhance motor performance without physical movement (Tod et al., 2003, 2015). These methods effectively support strength development in both athletes and non-athletes (Shelton and Mahoney, 1978; Whelan et al., 1990; Gould et al., 1980).

Motor imagery, widely used in sports (Cumming and Williams, 2012) and rehabilitation (Braun et al., 2013; Caligiore et al., 2017), aids recovery from conditions like Parkinson’s disease, immobilization, stroke, and orthopedic surgeries (Tamir et al., 2007; Newsom et al., 2003; Lee et al., 2015; Marusic et al., 2018). Research links motor imagery to increased strength performance, with greater benefits observed when combined with physical training (Tod et al., 2015; Manochio et al., 2015). Additionally, kinesthetic motor imagery has shown superior effects on muscle strength compared to visual motor imagery (Yao et al., 2013; Slimani et al., 2016).



Imagery trainings

With the growing popularity of imagery in sports, research has focused on enhancing its effectiveness. Key factors influencing imagery quality include an athlete’s skills, experience level, and training methods (Hall, 2001; Arvinen-Barrow et al., 2007; Gregg and Hall, 2006; Robin et al., 2007; Macintyre et al., 2013). Techniques like Visuo Motor Behavior Rehearsal (VMBR) and Video Modeling (VM) are designed to produce realistic imagery. VMBR combines relaxation with visualization in stressful scenarios to simulate real performance experiences (Suinn, 1972a,b; Noel, 1980; Suinn, 1986), while VM relies on observational learning to encode motor skills through demonstrations (Bandura, 1986; Cumming et al., 2005; Buck et al., 2016). Both are effective independently or combined (Bedir and Erhan, 2021). A more recent advancement is the Virtual Reality-Based Imagery (VRBI) model, which creates immersive environments using 3D technology to enhance sensory engagement (Üzümcü et al., 2018; Kim et al., 2009). VRBI integrates PETTLEP components, promoting mental rehearsal through progressive relaxation, 3D performance observation, imagery exercises, and real-life execution (Bedir and Erhan, 2021). In this context, Bedir and Erhan (2021) compared the VMBR+VM and VRBI models concerning sports performance and motor imagery skills, revealing the advantages of the VRBI model (Figures 1, 2).

[image: Line graph showing shot performance scores across four weeks for three groups: Control (blue line), VMBR+VM (red line), and VRBI (green line). The VRBI group shows the highest increase, reaching 7.33 by the fourth week. VMBR+VM improves to 6.60, while the Control group reaches 5.37. Each group has linear trend lines indicating performance trajectory.]

FIGURE 1
 The weekly results graph for shot-delivery performance scores by group (Bedir and Erhan, 2021).


[image: Line graph showing imagery skill points measured during pre-test and post-test. Three groups are plotted: Control (blue) starts at 3.57, rising slightly to 4.17; VMBR+VM (red) starts at 3.97, increasing to 5.27; VRBI (green) starts at 3.57, reaching 5.04. Error bars indicate variability.]

FIGURE 2
 The pre- and post-test results graph for imagery skill scores by group (Bedir and Erhan, 2021).


In elite athletes, where physical and physiological characteristics are nearly identical, psychological factors play a critical role in gaining a competitive advantage (Chaouachi et al., 2009). High levels of psychological skills, such as goal setting, imagery, arousal regulation, and concentration, can significantly influence performance outcomes (Beauchamp et al., 1996; Greenspan and Feltz, 1989; Mullen and Copper, 1994; Smith and Christensen, 1995; Thelwell and Greenlees, 2001). To enhance these skills, new psychological training models have been developed, with the Virtual Reality-Based Imagery (VRBI) model emerging as a promising and potentially effective method (Suinn, 1972a,b; Bandura, 1986; Bedir and Erhan, 2021). The effectiveness of any training model depends on variables such as intensity, duration, and frequency. Overlooking these factors can limit performance gains, making it essential to identify the optimal conditions for athletic improvement. This principle also applies to imagery training, where determining the duration required to achieve peak neural and muscular activation is crucial. Additionally, common sports injuries often necessitate immobilization, leading to muscle weakness even after short periods (Bayraktar, 2011; Zijdewind et al., 2003). Kinesthetic motor imagery has shown promise in mitigating these effects and supporting muscle strength during recovery (Gözaçan Karabulut et al., 2022). Understanding the effects of VRBI on muscle activation could provide valuable insights not only for athletic performance but also for medical fields such as stroke rehabilitation, cerebral palsy, and orthopedic recovery.

This study aims to evaluate the effects of VRBI training on muscle activation and kinesthetic motor imagery skills. By comparing VRBI with traditional imagery methods, we seek to determine its effectiveness in enhancing athletic performance and supporting rehabilitation. The study also addresses the gap in current literature regarding VRBI’s role in optimizing training protocols and identifying the duration required for peak neuromuscular activation. To investigate these effects, the leg extension exercise, commonly used for strength development, was incorporated into a virtual reality setting. VRBI training not only simulates real-life movements but also reduces the monotony associated with traditional imagery training, potentially enhancing both training quality and athletic outcomes.

To systematically examine these effects, the following hypotheses were formulated:


H1: The VRBI (Virtual Reality-Based Imagery) model leads to significantly higher muscle activation compared to the VMBR+VM (Visual Motor Behavior Rehearsal + Video Modeling) model.
H2: The VRBI model enhances kinesthetic motor imagery skills more effectively than the VMBR+VM model.
H3: Athletes using the VRBI model reach peak performance in a shorter time compared to those using the VMBR+VM model.
H4: Both VRBI and VMBR+VM models contribute to muscle activation and imagery skill development compared to a control group, but the VRBI model shows superior results.






Materials and methods


Location of the research implementation

The research was conducted in the laboratories of the Atatürk University Sports Sciences Application and Research Center.



Research design

The study investigates the effects of VMBR+VM and VRBI training on athletes’ muscle activation levels using a quasi-experimental design with repeated measures, including VMBR+VM, VRBI, and control groups. Due to the inherent challenges in establishing a neutral sampling process in psychosocial fields, quasi-experimental designs are often preferred within experimental frameworks. A key distinction of quasi-experimental design from true experimental design is that the sample is not randomly selected (McMillan and Schumacher, 2010). To ensure comparability, athletes participating in the study were selected based on similar career stages and years of experience in sports. Athletes from the targeted sports discipline were then randomly assigned to the VMBR+VM, VRBI, and control groups. The dependent variable of the research is the muscle activation levels of the athletes, while the independent variable consists of the imagery training interventions aimed at influencing muscle activation levels.

All measurement tools used in this study were validated and demonstrated high reliability for the athlete population involved. Reliability analyses were conducted to ensure the consistency and accuracy of the data collected, confirming that these tools are appropriate for assessing muscle activation and kinesthetic motor imagery skills in elite athletes.

Additionally, the VRBI training model and related measurement tools have been previously tested and validated for performance assessment in elite athletes. The effectiveness of these models was confirmed in a prior study published in a reputable journal, highlighting their reliability and applicability in sports performance research (Bedir and Erhan, 2021).



Participants

Since the study aimed to measure muscle activation, participants were purposefully selected from bodybuilders and fitness athletes who demonstrate a high sense of movement awareness, have internalized the sensory aspects of the exercises, and are well-versed in the correct execution of specified movements. This selection ensured the inclusion of individuals with superior strength and power motor skills relevant to the skill being assessed.

The study included licensed athletes actively competing in bodybuilding and fitness disciplines. Eligible participants had prior competitive experience and had consistently trained for at least 3 days per week over the past 5 years. These criteria ensured a homogeneous sample with sufficient experience to engage effectively in imagery training. Participants with psychological or neurological disorders, a history of head trauma, or those using medications affecting the central nervous system or cognitive functions were excluded to prevent potential confounding effects. To maintain standardization across groups, all athletes followed identical resistance training programs throughout the study period. Additionally, the sample size was determined using G*Power analysis to ensure adequate statistical power for meaningful comparisons.

According to the analysis, for the Two-Way ANOVA with Repeated Measures (3×13) at a 90% power level [Power (1 − β err prob)] (Brunner et al., 2002; Benish et al., 2017), a 99% confidence interval [α err prob.] (Pontillo et al., 2010; Chen and Rappelsberger, 1994), and an effect size [Effect size f] of 0.25, a minimum of 27 samples was determined to be necessary. In anticipation of potential dropouts during the process, a total of 39 voluntary athletes (20 males and 19 females) were included in the study. After removing faulty and incomplete data, analyses were conducted using data from a total of 30 athletes.

In studies related to mental training, it is often observed that applications are conducted with small sample groups (Smith and Holmes, 2004; Buck et al., 2016; Wright and Smith, 2009; Kosteli et al., 2019). The need to conduct separate mental exercises for each athlete participating in the study contributes to this limitation by creating a significant workload.



Assignment of participants to groups

Participants were randomly assigned to one of three groups: VRBI, VMBR+VM, or the control group, using a computer-generated randomization sequence to minimize selection bias and ensure an equal distribution of participants across groups: Experiment 1 (VMBR+VM, n = 13), Experiment 2 (VRBI, n = 13), and Control (n = 13). In addition to performing the leg extension exercise used in the experimental groups, the control group was exposed to informative videos on nutrition and healthy living to mitigate the placebo effect. This approach ensured that all groups had comparable experiences, while also allowing for the assessment of the specific effects of the training interventions on muscle activation levels.



Data collection tools

The data collection instruments used in this study consist of three components: The Movement Imagery Questionnaire, Surface Electromyography (sEMG) Measurements, and a Semi-Structured Interview Form. These instruments were selected to comprehensively assess the effects of the training interventions on participants’ mental imagery skills, muscle activation levels, and subjective experiences related to the training process.



Movement imagery questionnaire—revised MIQ-R

The Movement Imagery Questionnaire was developed by Hall et al. (1985) to assess individuals’ imagery ability. It was subsequently revised and simplified by Gregg et al. (2011), resulting in a scale consisting of a total of eight items that measure four visual and four kinesthetic imagery abilities. The scale includes four movements, which are evaluated in both kinesthetic and visual imagery sub-dimensions. Each item comprises three stages:

	• In the first stage, participants are asked to stand in a starting position.
	• In the second stage, they are instructed to perform one of four simple motor movements.
	• In the final stage, participants are required to visualize the starting position and then imagine either ‘seeing’ or ‘feeling’ the movement without actually performing it.

After completing the imagery process, participants rate the ease or difficulty of imagining the movement on a scale from 1 (easy) to 7 (difficult). The reliability values of the scale are as follows: for the visualization sub-dimension, the reliability coefficient is 0.89, and for the feeling (kinesthetic) sub-dimension, it is 0.88 (Gregg et al., 2011). The scale was adapted into Turkish by Akkarpat (2014). Since kinesthetic motor imagery training conducted in this study, only the kinesthetic imagery sub-dimension of the relevant scale utilized.



Surface electromyography (sEMG) measurements


Muscle activation measurements

Muscle activation measurements were conducted using surface EMG (Noraxon USA, Inc., Scottsdale, AZ). Electrodes were placed on the designated muscles according to the Seniam protocol (SENIAM Project 2005). For rectus femoris (RF), it has been placed in the area that corresponds to 50% (1/2) of the distance between the Anterior Superior Iliac Spine and the Superior Patella. For pectoralis majör (PM) which is control muscle, it has been placed in the upper, middle, and lower sections at a 50% interval between the anterior of the acromion and the sternum. Before all EMG measurements, participants were prepared by lightly shaving their skin in the desired areas where the electrodes would be placed and then wiping it with alcohol-soaked cotton, ensuring stable electrode contact and low skin impedance. After skin preparation, self-adhesive disposable silver/silver chloride pre-gelled dual snap surface bipolar electrodes (Noraxon USA, Inc., Scottsdale, AZ) with a diameter of 1 cm and an inter-electrode distance of 2 cm were attached parallel to the fiber direction of the rectus femoris (RF) and Pectoralis Major (PM). All EMG signals were acquired at 1000 Hz with a bandwidth setting of 5 to 500 Hz (fourth-order Butterworth filter). All raw EMG signals were rectified, integrated, and smoothed using root mean square (RMS) with a 50-millisecond window.




Process


Preparation of 2D/3D videos

For the performance video recording process, a GoPro Fusion 360 camera capable of shooting high-resolution (5.2 K) 360-degree videos was used. To enable the athlete to perform imagery from an internal perspective, the camera was mounted on the athlete’s head using a device. This way, the viewer can imagine themselves in the video. The videos were recorded in the gym where the athlete performed weight training, covering the entire duration of the relevant movement from start to finish. The performance scenarios in which the selected athlete’s avatar was used consisted of the leg extension exercise. The movement was repeated for a total of four sets, with 12 repetitions in each set (4×12). The recorded videos were prepared in 2D video format for the VMBR+VM group in computer format and in 3D video format integrated with virtual reality goggles for the VRBI group using GoPro Fusion Studio, Adobe Photoshop, Premiere, and After Effects programs.



Preparation of progressive muscle relaxation scenario

The progressive muscle relaxation scenario for athletes was prepared with the support of two academics major in sports psychology. Before the video modeling, athletes were instructed to perform relaxation exercises following the prepared audio and visual progressive muscle relaxation instructions.



Preparation of the imagery scenario

The imagery scenario was prepared with the support of two academics major in sports psychology. The imagery scenarios, developed jointly for each group (VMBR+VM and VRBI), were structured according to kinesthetic motor imagery and the PETTLEP design, focusing on the leg extension movement.



Pre-test, mid-test, and post-test measurements

Before the research, participants from the designated sports branch were interviewed to obtain signed voluntary consent forms. Initially, pre-test measurements were taken from participants to assess kinesthetic motor imagery ability (using the Imagery Ability Scale) and yEMG pre-measurements during the imagery task. After the necessary intervention program was implemented, post-test measurements for imagery ability and muscle activation were taken to complete the measurement process.

Additionally, to monitor changes in kinesthetic motor imagery ability and muscle activation throughout the process and to examine the time taken to reach peak performance, all groups underwent mid-test measurements weekly.




Implementation of intervention programs


Visual motor behavioral rehearsal (VMBR) + video modelling (VM)

In Experiment 1, a training program based on the VMBR model developed by Suinn (1972a,b) was implemented, which integrates both visual imagery and relaxation techniques. The VMBR training consists of three stages: (I) relaxing the athlete’s body through a brief version of Jacobson’s progressive relaxation technique (Dass, 1986; Saari and Isa, 2019), (II) viewing 2D performance videos on a tablet (Bedir and Erhan, 2021), (III) guiding the athlete to visualize the leg extension exercise in their mind according to the previously prepared imagery guidelines under the instructions of an expert academic, and (IV) asking the athlete to physically perform the movements they have visualized (see Figure 3).

[image: A person sitting on a leg exercise machine in a gym, wearing a gray T-shirt and white shorts. They are using the equipment, which is black with yellow adjustment knobs. The background includes a dark wall and a mirror. The person's face is obscured for privacy.]

FIGURE 3
 Leg extension.




Virtual reality-based imagery model (VRBI)

In Experiment 2, the VRBI training program was implemented. Developed by the research team, the VRBI program allows for the entire imagery training to be conducted in a virtual reality environment using VR goggles. The program fundamentally consists of the following stages: (I) Progressive relaxation, (II) Watching a 3D performance video through the virtual reality goggles, (III) Performing imagery guided by recorded imagery instructions, and (IV) Physically executing the performance observed in the video. The Oculus Quest 2 virtual reality goggles were used in this model (Bedir and Erhan, 2021) (see Figure 4).

[image: Man sitting on a leg extension machine wearing a virtual reality headset and a red sports jersey. Electrodes are attached to his thighs. The room has wooden flooring and gym equipment.]

FIGURE 4
 Virtual reality goggles (https://www.meta.com/quest/products/quest-2).


The videos prepared in 2D and 3D are approximately 10 min long, and during each training session, all four sets were shown to the athletes in the relevant experimental group. To minimize the influence of environmental stimuli on the athletes, the videos were viewed using headphones in a quiet and empty room. Both experimental groups underwent a 25-min intervention program 3 days a week for a total of 12 weeks. The timing of the imagery training sessions was organized according to the athletes’ training schedules. The selection of a 12-week intervention period was based on the observed muscle activation patterns and supported by existing literature on strength and hypertrophy training protocols. Research indicates that significant neuromuscular adaptations and strength gains typically occur within 8 to 12 weeks of consistent training, with performance improvements reaching a plateau beyond this period (Schoenfeld, 2010; Kraemer and Ratamess, 2004).

In our study, muscle activation levels showed a steady increase during the initial weeks, peaking around the 6th to 8th weeks. After this peak, a plateau phase was observed, particularly in the VRBI group, where further gains stabilized despite continued training. This plateau suggests that the neuromuscular system had adapted to the training stimulus, and additional gains would likely require modifications to the training protocol.

Therefore, the 12-week duration was selected to capture both the period of rapid adaptation and the subsequent stabilization phase, providing a comprehensive understanding of the VRBI model’s effects. Terminating the intervention at this point ensures that the results reflect the peak performance achieved and the onset of the plateau phase, optimizing the validity of our findings regarding the impact of imagery-based training on muscle activation.



Nutrition and healthy living videos

To minimize the placebo effect in the control group participants, informative videos on nutrition and healthy living were shown for the same duration as the imagery training in the experimental groups.




Data analysis


Analysis of sEMG signals

In the analysis of the EMG data obtained from the individuals participating in the study, the raw data were initially filtered using a high-pass filter. The cutoff frequency for the high-pass filter was set to 5 Hz based on the data density. After the filtering process was completed, the data were smoothed. The Root Mean Square (RMS) method was used for smoothing, with a window interval set to 100 ms. Following the filtering and smoothing processes, the MVC levels specified for each muscle were included in the analysis for evaluation.



Analysis of quantitative data

The obtained data were first subjected to preliminary control, during which missing or erroneous data were excluded. Subsequently, normality analysis was conducted by checking Skewness-Kurtosis values, Shapiro–Wilk test results, histograms, and Q-Q plots. Since the data showed normal distribution, a parametric test, Two-Way ANOVA for Repeated Measures (3×13), was performed. The significance level for all results was set at p < 0.05. The data analysis was conducted using SPSS version 25 software.





Results

As shown in Table 1, the weekly variations in the control group of athletes did not show significant changes; however, an increase in the average RF activation was observed in the VRBI and VMBR+VM groups.



TABLE 1 Weekly values of rectus femoris (RF) muscle activation of athletes participating in the study by groups.
[image: Table comparing weekly data across three groups: VRBI, VMBR + VM, and Control. For each group, average values (x̄) and standard deviations (SS) are listed for weeks one to twelve. VRBI values increase from 1.498 to 4.078. VMBR + VM starts at 1.078, peaking at 2.573. Control begins at 0.907 and ends at 0.855.]

The results of the two-way (3 × 12) ANOVA for repeated measures regarding whether the weekly changes in RF activations among the athletes divided into three different groups show significant differences are presented in Table 2.



TABLE 2 ANOVA results for RF muscle activation of the athletes participating in the study.
[image: Analysis of variance table showing different sources of variance, including between groups and within groups, with associated values for sum of squares (ss), degrees of freedom (df), mean square (MS), F statistics, and p-values. Significant differences are indicated by p-values less than 0.001.]

As seen in Table 2, there is a significant difference in the average RF muscle activation among athletes in the VRBI, VMBR+VM, and control groups [F (2,27) = 1796.608; p < 0.01]. Regardless of the group the athletes were assigned to, the differences in weekly activation measurements were also found to be significant [F (3,469; 93.671) = 268.697; p < 0.01]. This result indicates that there was an increase in RF muscle activation during the imagery sessions throughout the process. Furthermore, the interaction effect between measurement and group on the muscle activation test results is significant [F (6,939; 93.671) = 98.272; p < 0.01], suggesting that the different imagery training programs applied to the athletes had a significant effect on their muscle activations (see Figure 5).

[image: Line graph showing RF muscle activations over 12 weeks. Three lines represent different groups: VRBI (blue) increases steeply, peaking around week 5, then stabilizes. VMBR + VM (green) rises steadily, peaking around week 6. The control (yellow) remains flat.]

FIGURE 5
 Weekly results graph of RF muscle activations by groups.


Figure 1 graphically illustrates the changes in Rectus Femoris (RF) muscle activations among the groups throughout the experimental process. Upon examining the figure, it can be observed that, at the end of the first week, the muscle activations of athletes in the VRBI and VMBR+VM groups exhibited a relatively slow increase after the second week, with this increase particularly accelerating by the end of the fourth week. Muscle activation in the VRBI group continued to rise until the end of the seventh week, but from the eighth week onward, this increase plateaued, indicating a stabilization in muscle activation. In contrast, athletes in the VMBR+VM group reached their peak activation by the end of the eighth week. No significant differences in muscle activations were noted among the athletes in the control group. The results suggest that the athletes receiving VRBI training achieved peak activation 1 week earlier than those in the VMBR+VM group, and according to the Psycho Neuromuscular Theory, it can be inferred that the time period of the highest Carpenter effect is during the seventh week (see Figure 6).

[image: Twelve bar charts, each representing data across twelve weeks for three categories: VRBI, VMBR+VM, and Control. Each chart includes bars representing RF and CMusc values. VRBI consistently shows higher values each week compared to VMBR+VM and Control. CMusc values remain constant across all categories.]

FIGURE 6
 Activation graph of RF muscle activations by groups and the control muscle group.


Activation data were collected from all participants for the Rectus Femoris (RF) muscle used during imagery, as well as the control muscle group identified as the Pectoralis Major (PM) muscle. Upon examining Figure 2, it is observed that the control muscle remained constant across all weeks, and the results of the conducted pairwise comparison analyses revealed significant differences between the VRBI, VMBR+VM, and control groups across all weeks.

Upon examining Table 3, it is observed that the pre-test scores of the athletes in the control and experimental groups for kinesthetic motor imagery skills are quite similar, while differences are evident in the post-test scores compared to the control group.



TABLE 3 Mean and standard deviation values of pre- and post-test scores of kinesthetic motor imagery skills by groups for the athletes participating in the study.
[image: Table comparing pre-test and post-test means and standard deviations for three groups: VRBI, VMBR + VM, and Control. Pre-test means (x̄) are 1.75, 1.77, and 1.37, while standard deviations (SS) are 0.44, 0.32, and 0.17, respectively. Post-test means are 6.42, 4.50, and 1.80, with standard deviations of 0.28, 0.37, and 0.28.]

Upon examining Table 4, significant differences in kinesthetic motor imagery scores were found among the athletes in the VMBR+VM, VRBI, and Control groups [F (2,27) = 295.579, p < 0.05]. Regardless of the group in which the participants were in, a significant difference was found between the pre-test and post-test scores for kinesthetic motor imagery [F (1,27) = 219.434, p < 0.05]. This result indicates that the intervention applied during the process increased the athletes’ ability to perceive imagery. As shown in the table, the measurement × group interaction effect on the athletes’ imagery perception scores was significant [F (2,27) = 2.784, p < 0.05]. Therefore, it can be stated that the imagery training applied to the athletes led to differentiation in visualization ability scores among the groups (see Figure 7).



TABLE 4 ANOVA results of kinesthetic motor imagery scores of athletes participating in the study.
[image: ANOVA table showing variance analysis results. The "Between groups" sum of squares (SS) is 66.609 with one degree of freedom (df), and a mean square (MS) of 139.85, giving an F value of 295.579 with a p-value less than 0.000. "Within groups" includes measurements (pre-post T), group interaction, and error values, with "Measurement" SS at 102.051, df 1, and MS 102.051; interaction SS at 45.258, df 2, and MS 22.629; error SS at 2.784, df 27, and MS 0.103.]

[image: Line graph showing changes in imagination skills from pre-test to post-test. Three lines represent different groups: VRBI (blue), VMBR + VM (green), and Control (yellow). VRBI and VMBR + VM show a notable increase, while Control remains mostly flat.]

FIGURE 7
 Results graph of pre- and post-test scores for kinesthetic motor imagery skills by groups.


Upon examining Table 5, no significant differences were observed in rectus femoris muscle activation between genders across the groups.



TABLE 5 Activation results of RF muscle by groups and the gender.
[image: Table showing data for male and female groups under SGTi, VM, and Control categories. The mean (x̄) and sum of squares (SS) are provided for each. Males have SGTi (3.343, 0.039), VM (1.966, 0.050), Control (0.850, 0.036). Females have SGTi (3.253, 0.039), VM (2.041, 0.033), Control (0.903, 0.044). The p-value is 0.704.]



Discussion

The aim of this study is to examine the effects of the VRBI training model on athletes’ muscle activation and kinesthetic motor imagery skills within the framework of the psycho-neuro-muscular theory, and to compare it with the popular approach used in contemporary imagery training, VMBR+VM.

The findings indicate that the newly developed imagery model, VRBI, yielded more favorable results in terms of muscle activation compared to the most frequently and popularly used imagery model, VMBR+VM. Additionally, it was observed that both groups exhibited significant differences in activation levels compared to the control group across all weeks. Another important result of the study is that athletes in the VRBI group adapted to the process more quickly, resulting in a rapid increase in their muscle activation levels.

In the study, the real effect of imagery was attempted to be understood by using not only the target muscle group but also the control muscle group variable. Activation data were collected from all participants for the target muscle used during imagery, namely the Rectus Femoris (RF), as well as the control muscle group identified as the Pectoralis Major (PM). The findings revealed that the control muscle remained almost constant across all weeks, and the results of the pairwise comparison analyses indicated significant differences between the VRBI, VMBR+VM, and control groups throughout all weeks. Finally, it was observed that the athletes in both experimental groups improved their imagery skills compared to the control group throughout the intervention program. Furthermore, significant differences between the groups in terms of both activation and kinesthetic motor imagery skills highlighted the advantages of the VRBI group’s model.

While the muscle activations of the athletes in the VMBR+VM group showed a relatively slow increase after the second week, this increase notably accelerated by the end of the fourth week. In contrast, the muscle activation of the athletes in the VRBI group continued to rise until the end of the seventh week, after which the increase plateaued starting from the eighth week. The athletes in the VMBR+VM group reached their peak activation by the end of the eighth week. No significant differences were observed in the muscle activations of the athletes in the control group. The results suggest that the athletes receiving VRBI training achieved peak activation 1 week earlier than those in the VMBR+VM group, and according to the psycho-neuro-muscular theory, the time period with the highest Carpenter effect is indicated to be the seventh week.

These results indicate that both imagery interventions were effective and beneficial. In the study, the advantages of the VRBI model in terms of muscle activation and kinesthetic motor imagery skills are thought to arise from its greater alignment with the PETTLEP model within the framework of the functional equivalence hypothesis. It is believed that incorporating multiple sensory modalities into the imagery training contributed to this effect. According to the functional equivalence hypothesis, the mental representation of movement during motor imagery activates similar brain areas as those engaged during actual motor execution, thereby strengthening the memory pathways related to the motor task (Harris and Hebert, 2015). Some studies have found that interventions based on the PETTLEP model, which maximally utilize functional equivalence, have shown positive effects when applied in various sports including athletics, gymnastics, and strength training (Lebon et al., 2010; Wright and Smith, 2007).

Numerous studies support the findings of our research, particularly indicating that imagery training utilizing the PETTLEP model has shown significant improvements compared to traditional imagery methods (Wilkes and Summers, 1984; Tenenbaum et al., 1995; Wright and Smith, 2007).

In a study conducted on bodybuilders, where the PETTLEP model was applied in terms of motor imagery skills, the findings indicated that the imagery intervention designed with the PETTLEP model had a positive impact even on challenging strength tasks (Smith et al., 2020). Effective imagery allows an individual to feel as though they are actually performing the movement while imagining it. The increase in muscle activation levels among the athletes in the VRBI group used in the study can be explained by the model’s provision of an opportunity to experience a sense of real movement through three-dimensional environment videos. VRBI is an acronym for the proposed core elements of an effective imagery intervention based on PETTLEP (i.e., physical, environment, task, timing, learning, emotion, and perspective components); this approach has been demonstrated in various studies to enhance the effects of imagery training by ensuring that the imagery performed closely represents actual movement (Smith et al., 2008, 2020; Wright and Smith, 2009; Battaglia et al., 2014; Anuar et al., 2018).

In the study conducted by Wright and Smith (2009), it was demonstrated that the video-supported PETTLEP imagery method was more effective than traditional imagery methods during a strength task such as the biceps curl (1 repetition maximum, or 1RM). PETTLEP imagery allows individuals to visualize the movement in a more realistic and detailed manner during mental training, leading to enhanced visualization performance. The video support helped athletes see the correct form of the movement, facilitating a clearer mental imagery process. The findings indicated that video-supported PETTLEP imagery was more effective than conventional visualization methods, with athletes in the experimental group experiencing a 10.7% increase in squat performance, while no improvement was observed in the control group. Similarly, our developed Virtual Reality-Based Imagery (VRBI) training advances the core principles of PETTLEP, transforming the imagery process into a real-time and interactive experience. VRBI allows athletes to conduct mental training in a virtual environment, resulting in deeper muscle activation and motor skill development compared to traditional methods. Therefore, it has been observed that VRBI training yields superior performance outcomes in terms of muscle activation compared to PETTLEP and traditional imagery methods.

In a different study, Battaglia et al. (2014) investigated the effects of video modeling-supported imagery on gymnasts’ jumping performance and imagery skills. According to the findings of the study, athletes who utilized a combination of video modeling and imagery methods achieved higher scores compared to the control group, which only engaged in physical training. These athletes demonstrated a significant improvement in both their imagery skills and jumping performance. The results from the literature review indicated that supporting imagery with video modeling enhances the quality and effectiveness of the imagery process (Smith et al., 2007; Buck et al., 2016).

Similarly, in our study, the VMBR+VM group achieved higher scores in terms of muscle activation compared to the control group. However, it was observed that the scores of the VMBR+VM group remained at lower levels compared to the VRBI group. This can be explained by the fact that imagery interventions integrated with virtual reality technologies effectively represent the PETTLEP model. The VRBI model allows for a reduction in the duration of this process while ensuring that the represented skills and movements are encoded in the brain in a clearer and more precise manner.

While the PETTLEP model and video modeling are important factors in determining the effectiveness of imagery, applying imagery alone does not contribute to performance. The key factor for optimally enhancing both imagery skills and performance gains is ensuring that imagery interventions are conducted alongside physical performance (Cumming et al., 2007; Pesce et al., 2007; Burton and Raedeke, 2008; Bedir and Erhan, 2021). Studies utilizing neuroimaging have shown that kinesthetically performing the imagined movement enhances neural activity and contributes to motor imagery (Fadiga et al., 1998; Clark et al., 2004; Buccino et al., 2001). In this study, both the VMBR+VM and VRBI training programs were implemented in conjunction with physical training. As a result, positive outcomes were achieved in terms of muscle activation and kinesthetic motor imagery skills.

It was found that the athletes in the VRBI, VMBR+VM, and Control groups showed significant improvement in both muscle activation levels and imagery skills compared to the control group throughout the intervention program. The pre-test scores for kinesthetic motor imagery skills of athletes in the Control and Experimental groups were similar, while differences between the groups emerged in the post-test scores.

Significant differences in favor of the VRBI group were also observed between the VRBI and VMBR+VM groups. These results indicate that the VRBI imagery intervention programs have a distinct impact not only on muscle activation but also on kinesthetic motor imagery skills. The differentiation of scores from the kinesthetic motor imagery dimension of the movement imagery scale in favor of the VRBI model can be attributed to its effective representation of the PETTLEP model, as well as the advantages of providing a realistic movement experience through imagery training in a three-dimensional environment. Furthermore, the measurement of the imagined movement as a real kinetic movement throughout the assessment process can also be considered another reason for the increase in kinesthetic imagery skills. Im et al. (2016) found that when motor imagery is used with virtual reality support, it enhances corticomotor excitability. In their study, the central nervous system responses of the virtual reality-supported motor imagery group were found to be significantly greater than those of the group engaging in only motor imagery, comparing stroke patients and healthy individuals. In our study, the positive contributions of the VRBI program to athletes’ kinesthetic imagery skills and muscle activation levels are clearly evident and align with the literature.



Conclusion

The aim of this study is to compare the recently developed VRBI (Virtual Reality-Based Imagery) model with the widely used VMBR+VM (Visual Motor Behavior Rehearsal + Video Modeling) model and to highlight the advantages and validity of the VRBI model in terms of muscle activation, kinesthetic motor imagery skills, and time to peak performance. The findings obtained at the end of the study demonstrate that imagery intervention programs have contributed positively to muscle activation and imagery perception skills in athletes from the VRBI and VMBR+VM groups compared to the control group. Both the 12-week VRBI and VMBR+VM imagery intervention trainings significantly contributed to the development of both muscle activation and imagery skills among athletes. In addition, the superiority of the VRBI imagery training model over other models, especially in terms of muscle activation and kinesthetic motor imagery skills, was confirmed by the study’s findings.


Recommendations

When planning imagery training aimed at enhancing athletes’ performance, the use of the VRBI model may provide higher efficiency in muscle activation and kinesthetic imagery skills. The increased application of virtual reality-supported imagery studies in sports rehabilitation and performance enhancement processes can contribute to athletes’ physical and mental development. By considering peak performance times in imagery training, optimal training durations can be established. The active use of the VRBI (Virtual Reality-Based Imagery) model in imagery training during rehabilitation processes after injuries may contribute to the re-functionalization of muscles. In particular, allowing injured athletes to mentally sustain their muscle activation without physical exercise can yield beneficial results in preventing atrophy and accelerating the recovery process. Integrating advanced technologies like virtual reality into imagery processes can enhance motivation and make the rehabilitation process more interactive, enabling athletes to regain their physical performance more quickly after an injury.

One of the key advantages of VRBI in clinical settings is its ability to provide controlled, immersive environments that facilitate motor imagery training without physical strain. Patients with mobility restrictions can engage in imagery-based rehabilitation, which may aid in maintaining neuromuscular activation and preventing muscle atrophy. Furthermore, by integrating biofeedback and real-time movement simulation, VRBI can enhance motivation and adherence to rehabilitation programs, which are often challenging for patients undergoing long-term recovery.

Therefore, the regular implementation of VRBI-based imagery training in sports injuries and rehabilitation programs can help preserve and develop muscle memory and motor skills. To evaluate the effectiveness of the VRBI model in rehabilitation processes post-injury, controlled experiments should be conducted on an appropriate sample consisting of athletes. In this context, the sample group can be selected from athletes who have experienced injuries in the lower extremities (knee, ankle) or upper extremities (shoulder, elbow). Individuals in the sample group should be homogeneous in terms of injury severity and duration, while selecting athletes from different sports can allow for the observation of the model’s broad-spectrum effects.

The study’s findings suggest that while VRBI has strong applications for individual sports, its potential for team sports should not be overlooked. It is recommended to explore how VRBI can simulate team-based scenarios, enabling athletes to rehearse strategic plays and improve group coordination. Future research should focus on adapting VRBI technology to reflect the complex dynamics of team sports and evaluating its effectiveness in such settings.



Limitations

This study provides valuable insights into the effects of virtual reality-based imagery (VRBI) and mental training on rectus femoris muscle activation; however, several limitations should be noted:

The study was conducted with a relatively limited sample size, which may restrict the generalizability of the findings to broader populations. Future research should aim to include a larger and more diverse participant group to strengthen the external validity of the results. The study specifically focused on the rectus femoris muscle, leaving the effects of VRBI on other muscle groups unexplored. Investigating additional muscle groups, including those with synergistic or antagonistic roles, could provide a more comprehensive understanding of VRBI’s impact on neuromuscular activation. While the study demonstrates the effectiveness of VRBI in individual-based exercises, its applicability to team sports remains untested. Future studies should explore how VRBI can be adapted to team-based scenarios, such as strategic decision-making and coordination exercises, to evaluate its broader utility in sports settings.
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Objectives: To compare the relative efficacy of different exercise modalities on working memory accuracy and reaction time in healthy children and adolescents.
Methods: A systematic review and network meta-analysis was conducted in accordance with PRISMA guidelines (CRD420251005303). PubMed, Medline, Embase, the Cochrane Central Register of Controlled Trials, and Web of Science were searched from inception to March 1, 2025. Randomized controlled trials examining the impact of any exercise intervention (e.g., aerobic exercise, dance, high-intensity interval training, sports games, mixed exercise) versus control on working memory accuracy and/or reaction time were eligible. Standardized mean differences (SMDs) with 95% confidence intervals (CIs) were calculated, and a random-effects model was applied to account for between-study heterogeneity. The surface under the cumulative ranking curve (SUCRA) was used to determine the relative ranking of each modality.
Results: Thirty-three studies met inclusion criteria for working memory accuracy, and eight studies contributed data on reaction time. Dance demonstrated the highest SUCRA ranking for accuracy (87.8%), and was significantly superior to control (SMD = 0.67, 95% CI 0.13 to 1.21). Aerobic exercise ranked first for reaction time (93.6%), outperforming control (SMD = −0.40, 95% CI −0.69 to −0.11 for accuracy; SMD = −0.82, 95% CI −1.26 to −0.38 for reaction time compared with mixed exercise). Mixed exercise consistently showed lower rankings for both outcomes.
Conclusion: Distinct exercise modalities differentially affect working memory components in young populations. Dance and aerobic exercise appear most beneficial—dance maximizes accuracy, while aerobic exercise optimizes reaction time. Tailoring exercise interventions to specific cognitive targets may enhance working memory development and inform practical, evidence-based strategies in educational and clinical settings.
Systematic review registration: RD420251005303.
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1 Introduction

Working memory refers to the cognitive system responsible for temporarily storing and manipulating information necessary to perform complex cognitive tasks such as reasoning, decision-making, and problem-solving (Diamond, 2013). It serves as a critical component of executive functions, enabling individuals—particularly children and adolescents—to manage cognitive loads, sustain attention, and adapt flexibly to novel or demanding tasks (Cowan, 2022). During childhood and adolescence, working memory undergoes significant developmental changes, directly influencing academic achievement, language development, and overall cognitive capacity. Insufficient development or deficits in working memory during these formative periods can negatively affect academic performance, leading to difficulties in reading comprehension, mathematics, and information processing, and ultimately impacting long-term educational and occupational outcomes (Hessl et al., 2019; Zhang Y. et al., 2023). Consequently, identifying effective strategies for enhancing working memory in children and adolescents is essential for educators, healthcare professionals, and policymakers concerned with promoting optimal cognitive and developmental trajectories.

A variety of factors contribute to variability in working memory performance among children and adolescents. These factors include genetic predispositions, socioeconomic status, educational quality, nutritional status, and physical activity levels. Among these determinants, physical activity has increasingly been recognized as a modifiable and practical intervention with substantial potential for improving cognitive functioning, including working memory (Xu et al., 2024). Exercise interventions can influence working memory through several biological mechanisms, such as increased neurogenesis, enhanced synaptic plasticity, augmented cerebral blood flow, and improved functional connectivity between brain regions involved in executive functioning (Hatch et al., 2021; Kao et al., 2023; Zhu et al., 2021). Given these neurobiological benefits and ease of implementation, exercise interventions represent a promising, non-pharmacological approach not only for immediate cognitive enhancement but also for fostering lifelong healthy habits in children and adolescents.

Given the accumulating evidence highlighting the cognitive benefits of physical activity, numerous studies have explored the impact of different exercise modalities on working memory in healthy youth. For example, aerobic exercise has consistently demonstrated positive effects on cognitive performance, presumably via enhanced cardiovascular fitness and neurotrophic factor release (VANR et al., 2023; Pickersgill et al., 2022). Similarly, HIIT has been associated with improvements in cognitive processing speed and attentional control, potentially due to the induction of greater neurophysiological adaptations in shorter periods (Yuan et al., 2025). Prior systematic reviews and meta-analyses have generally confirmed the positive effects of exercise on cognitive outcomes; however, these analyses have predominantly focused on comparisons between exercise interventions and non-active control groups (De Greeff et al., 2018; Wang et al., 2023). Thus, there remains a critical knowledge gap regarding the comparative efficacy of various exercise modalities in enhancing working memory specifically. Addressing this gap is essential, as identifying optimal exercise modalities could help maximize cognitive benefits through targeted physical activity interventions.

A network meta-analysis (NMA) offers a robust methodological approach to address this knowledge gap by allowing multiple interventions to be compared in a single, integrated analysis. Unlike traditional pairwise meta-analyses, an NMA enables both direct and indirect comparisons among different exercise modalities and control conditions, yielding a comprehensive ranking of effectiveness (Leucht et al., 2016). Building on this advantage, the present study seeks to synthesize high-quality evidence from randomized controlled trials (RCTs) examining the effects of various exercise interventions on the working memory of healthy children and adolescents. By systematically evaluating these interventions and identifying the most promising exercise types, the findings are expected to inform evidence-based recommendations for exercise programs, guide implementation strategies in educational and community settings, and illuminate avenues for future research.



2 Methods

This systematic review and network meta-analysis was conducted in accordance with the 2020 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and the PRISMA extension statement for network meta-analyses of health care interventions (Hutton et al., 2015; Page et al., 2021). Ethical approval and informed consent were not required, as this study was a meta-analysis of previously published RCTs. The protocol was prospectively registered (CRD420251005303).


2.1 Data sources and search

Relevant articles were identified by searching PubMed, Medline, Embase, the Cochrane Central Register of Controlled Trials, and Web of Science from their inception to March 1, 2025. The search strategy combined terms related to “exercise” or “physical activity” (e.g., “aerobic exercise,” “resistance training,” “basketball,” “high-intensity interval training”) and “working memory.” Full details of the database-specific search strategies and term combinations are provided in Supplementary Table 2. In addition to the electronic searches, reference lists of all included studies and bibliographies of systematic reviews published in the past 5 years were screened to identify potentially eligible studies not captured by the initial search. Two independent reviewers (JYW and TX) conducted both title/abstract screening and full-text review in parallel; disagreements were resolved by discussion or by consultation with a third reviewer (XJG).



2.2 Eligibility criteria

Studies were included if they met the following criteria: (1) Participants were healthy children (6–12 years) or adolescents (13–18 years); (2) Any type of exercise served as the intervention; (3) Control groups received no intervention, usual care, knowledge-based education, or an alternative exercise type different from that of the experimental group; (4) Intervention duration exceeded four weeks (Kenney et al., 2012); (5) The primary outcome was working memory (i.e., “updating”), measured either by accuracy (higher accuracy indicating better performance) or reaction time (shorter reaction time indicating better performance); (6) The study was a published RCT; and (7) The article was written in English and published in a peer-reviewed journal.

Studies were excluded if they (1) included participants diagnosed with obesity, depression, or attention-deficit/hyperactivity disorder (ADHD), as such conditions might introduce bias; (2) assessed only acute effects of exercise; (3) used multifaceted interventions (e.g., exercise combined with nutritional interventions); (4) did not clearly specify the type of exercise used; or (5) did not report means and standard deviations, and the authors did not respond to data requests within the designated time. Two independent reviewers (JYW and TX) screened potentially relevant articles by assessing the title and abstract, followed by full-text examination, to confirm eligibility. Any disagreement at either stage was resolved through discussion or by consultation with a third reviewer (XJG).



2.3 Data extraction

EndNote X9 was used to collate and manage records to avoid duplication. Two reviewers independently extracted information pertaining to publication details (e.g., authors, title, year, journal), participant characteristics (e.g., sample size, age, sex), details of the exercise interventions (duration of a single session, frequency, total intervention duration, exercise modality), and outcome measures (Supplementary Table 3). For effect size calculations, change scores (endpoint minus baseline), standard deviations, and sample sizes were extracted for each group. When change scores or standard deviations were not directly available, they were derived or converted following guidelines in the Cochrane Handbook (Higgins and Green, 2008). If relevant data were incomplete, at least four attempts over 6 weeks were made to contact the corresponding authors.



2.4 Data coding

For the purpose of making structured comparisons of different exercise modalities in the network meta-analysis, exercise interventions were coded into six categories: “aerobic exercise (AE),” “dance (DC),” “mixed exercise (ME),” “high-intensity interval training (HIIT),” “sports games (SG),” and “CON” for controls. Specific definitions and examples of each exercise modality are detailed in Supplementary Table 3.



2.5 Risk of Bias assessment

Two reviewers independently evaluated the risk of bias at the study level using the revised Cochrane risk of bias tool (RoB 2) (Sterne et al., 2019). This tool assesses risk of bias across the following domains: (1) randomization process, (2) deviations from intended interventions, (3) missing outcome data, (4) measurement of the outcome, and (5) selection of the reported results. Any disagreements in judgments were resolved through consultation with a third reviewer.



2.6 Statistical analysis

Statistical analyses were performed using Stata software (version 17.0, StataCorp LLC, College Station, TX, United States). A network meta-analysis approach was used to compare the effects of different exercise interventions on working memory outcomes, assuming all included interventions could influence the results. A network plot was generated to illustrate the connections among treatment comparisons, ensuring feasibility of the network structure. Given the anticipated clinical heterogeneity, a random-effects model was applied to account for both within- and between-study variability.

Because the measures of updating varied across studies in terms of scales or units, standardized mean differences (SMD) with 95% confidence intervals (CIs) were calculated. Heterogeneity was evaluated using the I2 statistic, where thresholds of 25, 50, and 75% represent low, moderate, and high heterogeneity, respectively. The “network” and “mvmeta” packages in Stata’s Bayesian framework were applied to facilitate the network meta-analysis. The relative efficacy of each intervention was ranked according to the surface under the cumulative ranking (SUCRA) curves; a higher SUCRA value indicates a more favorable treatment effect.

To assess publication bias, adjusted funnel plots were generated, and Egger’s test was performed; a p-value <0.05 indicated potential publication bias (Chaimani et al., 2013). Prediction interval plots were also used to explore heterogeneity and interpret variability in effect sizes. All tests were two-sided, and p-values <0.05 were considered statistically significant.




3 Results


3.1 Characteristics of the included studies

A total of 6,337 records were initially identified through electronic database searches. After removing 3,948 duplicates, 2,389 articles were screened by title and abstract, and 2,296 were excluded based on relevance. Ultimately, 81 full-text articles were assessed for eligibility, leading to the inclusion of 33 RCTs comprising 20,697 healthy children and adolescents for the systematic review and network meta-analysis (Figure 1; Alesi et al., 2016; Beck et al., 2016; Contreras-Osorio et al., 2022; De Bruijn et al., 2021; Egger et al., 2019; Gentile et al., 2020; Jeon and Ha, 2017; Kamijo et al., 2011; Knatauskaitė et al., 2021; Koutsandréou et al., 2016; Kvalø et al., 2017; Latino et al., 2021; Leahy et al., 2020; Leong et al., 2015; Lind et al., 2018; Lubans et al., 2020; Ludyga et al., 2018; Mavilidi et al., 2020; Meijer et al., 2022; Meijer et al., 2020; Mora-Gonzalez et al., 2024; Park and Jee, 2022; Robinson et al., 2022; Schmidt et al., 2015; St Laurent et al., 2019; Tocci et al., 2022; Torbeyns et al., 2017; Tottori et al., 2019; Van den Berg et al., 2019; Veldman et al., 2020; Wassenaar et al., 2021; Zhang M. et al., 2023; Zinelabidine et al., 2022). Detailed characteristics of the included studies are presented in Supplementary Table 4.
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FIGURE 1
 PRISMA Flow diagram of the search process for studies.


All included RCTs were published between 2011 and 2023, with a median publication year of 2020. Sample sizes ranged from 33 to 16,017 participants (median 73). The mean age of participants varied between 6.2 and 16.2 years, with a median of 10.0 years. Regarding the exercise interventions, 13 studies employed AE, 4 implemented DC, 6 utilized HIIT, 10 incorporated ME, 10 involved SG, and 32 studies used regular physical education or similar activities as the CON. Single-session durations ranged from 4 to 80 min (median 30 min), the frequency of exercise varied from once weekly to five times per week (median three times weekly), and the total intervention duration ranged from 4 to 40 weeks (median 12 weeks).



3.2 The results of network meta-analysis


3.2.1 Working memory accuracy

A network meta-analysis of 33 RCTs (20,697 children and adolescents) evaluated the impact of various exercise modalities on working memory accuracy. Figure 2A illustrates the direct comparisons and sample size distributions among interventions. According to the surface under the cumulative ranking (SUCRA) probabilities (Figure 3A), the top three interventions for improving working memory accuracy were dance (DC, 87.8%), high-intensity interval training (HIIT, 64.2%), and aerobic exercise (AE, 63.6%), whereas the lowest-ranked modality was the control condition (CON).
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FIGURE 2
 Network of eligible treatment comparisons for outcomes. (A) Working memory accuracy, (B) Working memory reaction time.
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FIGURE 3
 Ranking of exercise strategies based on probability of their effects for outcomes. (A) Working memory accuracy, (B) Working memory reaction time.


As shown in Table 1, DC (SMD = 0.67, 95% CI 0.13 to 1.21) and AE (SMD = 0.40, 95% CI 0.11 to 0.69) significantly enhanced working memory accuracy compared with CON.



TABLE 1 League table of outcomes.
[image: Table showing results for working memory accuracy and reaction time across different conditions: DC, HIIT, AE, SG, ME, and CON. Statistically significant differences (p < 0.05) are bolded. For accuracy, significant values are 0.67 (DC) and 0.40 (AE). For reaction time, significant values are -0.82 (AE), -0.66 (SG), and -0.49 (HIIT).]



3.2.2 Working memory reaction time

A network meta-analysis of 8 RCTs (17,940 children and adolescents) evaluated the effects of different exercise modalities on working memory reaction time. Figure 2B depicts the direct comparisons and sample size distributions among interventions. Based on SUCRA (Figure 3B), the top three interventions for reducing working memory reaction time were AE (93.6%), SG (71.4%), and HIIT (45.9%), while mixed exercise (ME) demonstrated the lowest ranking (5.6%).

Table 1 shows that, compared with ME, all other modalities produced a significantly greater reduction in working memory reaction time. Specifically, relative to ME, AE (SMD = −0.82, 95% CI −1.26 to −0.38), SG (SMD = −0.66, 95% CI −1.06 to −0.25), HIIT (SMD = −0.49, 95% CI −0.80 to −0.17), and CON (SMD = −0.46, 95% CI −0.72 to −0.21) were all associated with significantly improved (i.e., shortened) reaction times.




3.3 Risk of Bias and publication Bias

Among the 33 RCTs, 17 were judged as low overall risk of bias, 13 showed some concerns, and 3 were rated as high risk. Regarding the randomization process, 27 trials exhibited low risk, and 6 had some concerns. For deviations from intended interventions, 29 trials had low risk, and 4 had some concerns. In terms of missing outcome data, 24 trials exhibited low risk, 7 had some concerns, and 2 were considered high risk. With respect to outcome measurement, 32 were rated as low risk, and 1 presented some concerns. Finally, for selective reporting, 31 were rated as low risk, 1 showed some concerns, and 1 was deemed high risk (Supplementary Table 5).

Funnel plots were used to examine potential publication bias (Supplementary Table 6). The scatter distribution around the vertical axis showed varying degrees of asymmetry, indicating the possibility of publication bias. In particular, Supplementary Figures 1A,B demonstrated notable asymmetry. However, Egger’s tests for both working memory accuracy and working memory reaction time produced p-values greater than 0.05, suggesting no statistically significant evidence of publication bias in the overall analysis.




4 Discussion

This network meta-analysis integrated data from 33 RCTs involving 20,697 healthy children and adolescents to compare the effects of various exercise interventions on working memory. Several noteworthy findings emerged. First, DC was identified as the most effective intervention for improving working memory accuracy, outperforming other exercise modalities in this domain. Second, AE demonstrated the greatest efficacy in enhancing working memory reaction time and also showed a significant benefit in accuracy compared with the control condition. Third, ME ranked lower for both working memory accuracy and reaction time. Taken together, these observations underscore the nuanced effects of different exercise modalities on distinct facets of working memory and highlight the potential value of carefully selecting specific types of exercise interventions to optimize cognitive outcomes among healthy children and adolescents.

Working memory accuracy is crucial for children and adolescents because it enables them to efficiently process, store, and retrieve information in real time, facilitating a wide range of academic and everyday tasks (Diamond, 2013). Although working memory continues to develop throughout adolescence, many young individuals exhibit variability in their capacity to handle cognitively demanding activities, underscoring the importance of interventions that can strengthen these foundational skills (Xue et al., 2019). In the present study, dance emerged as the top-ranked modality for enhancing working memory accuracy among all examined interventions, reinforcing the value of structured, skill-based physical activities in supporting core cognitive functions. This finding largely aligns with earlier studies that reported moderate-to-strong cognitive gains from dance-related programs but departs from research that highlighted aerobic training as the most potent approach for improving executive functions (Burzynska et al., 2017a; May et al., 2021). The distinctive value of dance for children and adolescents may stem from its unique combination of rhythmic movement, coordination of motor skills, and need for sustained attention, all of which can engage sensory, motor, and cognitive systems simultaneously (Mansfield et al., 2018). From a mechanistic perspective, dance may optimize neural circuitry underlying executive functions by promoting neuroplastic changes through complex motor sequencing, fostering social and emotional engagement, and requiring continuous cognitive monitoring of posture, balance, and spatial awareness (Burzynska et al., 2017b). Consequently, this multifaceted stimulus could lead to more pronounced improvements in working memory accuracy than activities focusing predominantly on endurance, strength, or simpler motor tasks.

In addition to accuracy, working memory reaction time provides critical insight into how swiftly children and adolescents can process and respond to cognitive demands. The present study identified aerobic exercise as the top-ranked modality for improving reaction time, and it also yielded notable benefits for working memory accuracy. This aligns with several previous investigations that have highlighted the cognitive advantages of endurance-based activities, although some meta-analyses have reported mixed findings depending on factors such as intervention duration and participant age (Liang et al., 2021). Aerobic exercise, encompassing activities like running, cycling, and swimming, is often more accessible and feasible for children and adolescents in both formal (e.g., school-based programs) and informal (e.g., community or home-based) settings, thereby enhancing its practical appeal. From a mechanistic perspective, aerobic exercise may facilitate improvements in working memory through augmented cerebral blood flow, release of neurotrophic factors (e.g., brain-derived neurotrophic factor), and enhanced neuroplasticity, all of which contribute to more efficient neural processing (Walsh et al., 2020). The repetitive and rhythmic nature of aerobic activities can also support attentional control and self-regulation, enabling individuals to sustain focus over extended periods. Consequently, by simultaneously promoting neural health and fostering key cognitive processes, aerobic exercise is uniquely positioned to exert robust improvements on both the speed and accuracy dimensions of working memory in children and adolescents.

Interestingly, this study revealed that ME ranked relatively lower for both working memory accuracy and reaction time. Among children and adolescents, ME typically involves combining multiple exercise modalities into a single session, such as initiating with aerobic warm-up, transitioning into resistance exercises like squats and lunges, and culminating in sports games focused on skill development and teamwork. While in theory, such multi-component sessions could offer diverse physiological and cognitive stimuli, the present results suggest that this versatility may inadvertently dilute the specific training effects necessary for enhancing core cognitive processes. One possible explanation is that each component of a mixed session, being relatively short, might not reach the threshold intensity or consistency needed to elicit robust neurocognitive adaptations (Costigan et al., 2016). In addition, rapid transitions between disparate activities could impose competing demands on attentional resources, reducing the sustained engagement crucial for working memory improvement. Moreover, heterogeneous protocols classified under the ME label in existing studies may further contribute to inconsistent outcomes, as the intensity, duration, and sequencing of different activities can vary considerably (Mezcua-Hidalgo et al., 2019). Collectively, these factors may lessen the impact of mixed exercise interventions on working memory in comparison to more targeted programs such as dance or aerobic exercise, emphasizing the importance of structured and purposefully designed physical activity regimens for promoting optimal cognitive benefits in young populations.

These findings bear considerable practical significance for educational programs, public health strategies, and clinical interventions aimed at enhancing cognitive development in children and adolescents. By highlighting the relative effectiveness of distinct exercise modalities—particularly dance and aerobic exercise—this study provides an evidence-based framework to inform physical education curricula, after-school activity programs, and structured exercise interventions. Encouraging youth to engage in targeted exercise routines aligned with these proven modalities may not only enhance working memory functions but also cultivate enduring physical activity habits, thereby fostering both cognitive and physical health benefits over the long term (Wang et al., 2025). Moreover, these insights can help policymakers and practitioners allocate resources efficiently, designing accessible and scalable exercise interventions that align with the developmental needs of diverse populations. Through careful integration of scientifically grounded exercise programs into educational and community settings, stakeholders can bolster working memory development and ultimately support the broader academic and psychosocial well-being of children and adolescents.

This study presents several noteworthy strengths and limitations. First, one of its key strengths lies in the application of a network meta-analysis framework, which allowed for simultaneous comparisons among multiple exercise modalities using both direct and indirect evidence. This comprehensive approach enhances the robustness of the findings by integrating data across a diverse range of randomized controlled trials. Second, the large aggregated sample size of the included studies, encompassing varied geographic locations and participant characteristics, helps bolster the external validity and generalizability of the results. Nevertheless, a few limitations warrant consideration. First, heterogeneity in intervention protocols—for instance, disparities in session duration, frequency, and intensity within the same exercise category—may have influenced effect estimates and constrained the capacity to draw definitive conclusions regarding optimal parameters. Second, variations in outcome measures and assessments of working memory accuracy and reaction time across different trials may introduce measurement bias and limit the direct comparability of results. Finally, although the risk of bias was carefully appraised, potential biases within the primary studies, such as incomplete blinding or selective reporting, cannot be entirely ruled out. These factors should be taken into account when interpreting the findings and underscore the need for more standardized and methodologically rigorous research to elucidate the full impact of distinct exercise interventions on working memory in children and adolescents.



5 Conclusion

This network meta-analysis of 33 RCTs with 20,697 healthy children and adolescents reveals that distinct exercise modalities yield different cognitive benefits. Dance is most effective for enhancing working memory accuracy, whereas aerobic exercise confers the greatest improvement in reaction time. Other interventions, including high-intensity interval training and sports games, demonstrate intermediate benefits, whereas mixed exercise shows comparatively limited effects. These findings underscore the importance of aligning exercise modalities with specific cognitive targets when developing educational and clinical interventions. Tailored exercise programs that match the modality to a particular working memory outcome may optimize cognitive gains and foster long-term healthy habits. Future research should refine intervention protocols, investigate underlying mechanisms, and explore applicability across diverse pediatric populations to promote evidence-based strategies for enhancing working memory and broader cognitive development.
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Introduction: Myopia threatens healthy physical and mental development in children. Research suggests that motor imagery training could serve as a non-invasive and cost-effective non-pharmacological intervention to address myopia and promote health. Therefore, this study examined the effect of incorporating motor imagery training into physical education classes on children’s visual health.
Methods: A 16-week intervention was conducted. The participants were 154 children divided into four groups: three experimental and one control. Group 1 performed motor imagery exercises with a visual target moving near and far, Group 2 performed physical activity imagery exercises combined with visual tasks, and Group 3 performed physical activity combined with visual tasks.
Results: After the intervention, kinetic visual acuity (p < 0.05), accommodation facility (p < 0.01), and uncorrected distance visual acuity (p < 0.01) improved significantly in all experimental groups. Moreover, Groups 1 and 2 showed significant improvements in cognitive specific motor imagery abilities (p < 0.05). There were significant differences in kinetic visual acuity (F = 2.994, p = 0.033, η2 = 0.056), accommodation facility (F = 8.533, p < 0.001, η2 = 0.146), right-eye uncorrected distance visual acuity (F = 5.550, p = 0.001, η2 = 0.100) and left-eye uncorrected distance visual acuity (F = 2.667, p = 0.050, η2 = 0.051) among the four groups.
Conclusion: Incorporating motor imagery training into physical education classes can improve children’s visual health by enhancing cognitive and visual skills. The findings of this study may help develop interventions to prevent myopia through activation of ciliary muscles.
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1 Introduction

In a world full of visual information, the eyes are the window through which humans understand the external world. Eye health is an important component of universal health coverage (Burton et al., 2019). Vision plays an important role at every stage of human life. Eye health problems reduce individuals’ quality of life, limit access to education and work opportunities, and increase the economic burden on families and society. Therefore, proactive action focusing on eye health is required (Burton et al., 2021). Children’s eye health problems, particularly myopia, which hinders healthy physical and mental development in children and adolescents, are a significant concern. The risk of myopia development is directly increased by several objective factors, such as reduced exposure to the outdoors (Migneron-Foisy et al., 2017), reduced physical activity time (Jones et al., 2007), increased use of electronic products (Foreman et al., 2021), and increased close work and sedentary time (Harrington et al., 2019). Prevention and management of myopia among children are a priority in China, and effective interventions are urgently needed to reverse the deterioration of vision among children.

Research has shown that reduced accommodation is an early sign of myopia (Allen and O'Leary, 2006). According to accommodation theory, visual accommodation is primarily achieved through the contraction and relaxation of the ciliary muscle, thereby altering the shape of the lens. The ciliary muscle is a unique smooth muscle that exhibits certain characteristics of striated muscle and is innervated by both the sympathetic and parasympathetic nervous systems. Abnormalities in the structure, innervation, and function of the ciliary muscle are closely related to the onset and progression of myopia. Improving the accommodative function of the ciliary muscle is a key factor in enhancing children’s visual health.

In recent years, motor imagery training has been widely used for therapeutic, rehabilitation, and health promotion purposes (Yuan et al., 2021; Zhai et al., 2012). Imagery refers to the mental process of reproducing or reconstructing the body’s visual, auditory, tactile, and proprioceptive experiences in the mind without the direct involvement of external stimuli (Ji et al., 2016). Based on the psychoneuromuscular theory, imagery theory, and theories related to motor imagery and the autonomic nervous system (Song, 2015), motor imagery training has been shown to elicit neural activation of skeletal (striated) muscles, modulate autonomic nervous system activity, and induce changes in smooth muscles. Furthermore, imagery and perception share similarities in structure, function, and neural mechanisms; they interact with each other, and perception can be improved through appropriate imagery. Based on these theoretical foundations, this study considers that a motor imagery intervention targeting children’s vision is theoretically reasonable and feasible.

Based on the above, this study aims to experimentally examine the effects of motor imagery training, designed in accordance with the principle of ciliary muscle accommodation, on children’s visual acuity and to evaluate the differential effects of various intervention modalities. The intervention approaches included: (1) physical activity combined with visual tasks, (2) imagery training consisting of visual target movement exercises, and (3) imagery training consisting of physical activity exercises that integrate visual tasks. The effects of these different intervention modalities on children’s visual function were evaluated using three indicators: uncorrected distance visual acuity (UDVA), kinetic visual acuity (KVA), and accommodative facility.

The following hypotheses are proposed in this study: (1) Motor imagery training can effectively improve children’s UDVA, KVA, and accommodative facility; (2) Different motor imagery intervention protocols exert differential effects on children’s UDVA, KVA, accommodative facility, and imagery ability; (3) The imagery training consisting of visual target movement exercises is the most effective.



2 Materials and methods


2.1 Participants

G*Power 3.1 was used to determine the required sample size for a paired-sample t-test. Based on previous studies (Zhou et al., 2023), the effect size was set at 0.23, and input 0.05 for “α err prob” and 0.8 for “power (1-β err prob), the calculated total sample size was 151 participants. Consequently, we recruited 187 fourth-grade students, aged 9–10 years, from the Suzhou Science and Technology City Experimental Primary School.

The inclusion criteria were (1) UDVA or best corrected visual acuity ≥ 4.0; (2) No impairment of cognitive function and motor function, and ability to follow verbal instructions to complete exercises and test tasks.

The exclusion criteria were (1) diagnosed with ocular diseases that affect vision, such as congenital hyperopia, amblyopia, strabismus, etc. History of intraocular surgery or eye trauma; current use of orthokeratology lenses; or undergoing myopia correction treatment in hospitals or ophthalmic clinics; (2) diagnosed with mental disorders, cognitive impairment, physical disabilities, recent limb injuries, or history of surgery; (3) failure to complete the KVA and accommodative facility test; (4) submission of an incomplete questionnaire (one or more unanswered questions were considered invalid) or a questionnaire with most answers identical or following an obvious response pattern; (5) Transferring to another school or failure to meet the experiment requirements.

Considering the practical setting, we adopted the cluster random sampling method to select the participants. Specifically, among 12 intact classes (approximately 40 students per class) from the same school, we randomly selected 4 classes using a lottery method. The detailed procedure was as follows: the classes were numbered from 1 to 12, and each number was written on cards that were identical in appearance, texture, and size. These cards were placed into an opaque container, thoroughly mixed, and drawn without replacement by a person not involved in the intervention. The classes corresponding to the drawn numbers were selected as the study sample. Subsequently, each selected class was treated as a sampling unit and was randomly allocated to either an intervention group or the control group through another round of lottery drawing. The final sample comprised 154 participants divided into four group: Group 1 (n = 37), Group 2 (n = 40), Group 3 (n = 40), and the Control Group (n = 37). Baseline visual acuity indicators of the study participants are presented in Table 1.



TABLE 1 Participants’ baseline visual acuity indicators.
[image: A table comparing visual acuity and accommodative facility across four groups. Group sizes are 37, 40, 40, and 37. Columns show UDVA for left and right eyes, KVA, and accommodative facility. Means and standard deviations are listed. F and p values indicate statistical significance across measures.]

All measurements and experiments were conducted within the school physical education curriculum.



2.2 Procedure and experimental manipulations


2.2.1 Experimental scheme

The principle of imagery training is creating a situation to induce a state in the participant, using imagery to obtain an experience of a mental process, and ultimately, obtaining a new understanding of the exercise content and improving the corresponding ability. According to the imagery training approach developed by Simmons et al. (2008), participants in this study underwent motor imagery encoding prior to the formal imagery training. This required the students to physically perform the exercise content (involving either physical activities combined with visual tasks or observation of target movement exercises) in order to construct a mental representation of the correct exercise process in the brain. Conducting imagery training after actual practice helps achieve an optimal level of arousal. During the imagery encoding phase, the more accurate and robust the children’s memory of the actual exercise execution, the more effective their motor imagery practice is expected to be. After the encoding period, participants entered the motor imagery training phase, during which they performed imagery based on guided instructions without physically executing the movements. We used the following imagery training designs.

For Group 1, the imagery training consisted of visual target movement exercises. During the encoding period, participants observed the far and near movement of the visual target using the SSK-5 six-meter moving target (Wuxi Xuelang Sports Equipment Factory), which fully embodied kinetic vision characteristics. The moving target equipment was placed in the school’s equipment room, with a six-meter moving track, letters, and patterns printed on the visual target, which were moved at a speed of 2 m/s (Figure 1). After the participants pressed the red button, the moving target in initial position started to move from far and near. The participants used both eyes to capture the movement of the track and size and content of the visual target, stopping at the end. Subsequently, the participants pressed the red button again, and the visual target moved from near to far back to the initial position. The participants used both eyes to track the visual target.

[image: A room with a series of green machines lined along the left side, each with a red button on top. Strings extend diagonally across the white-tiled floor. Windows and curtains are visible in the background.]

FIGURE 1
 SSK-5 six-meter moving target.


For Group 2, the imagery training consisted of physical activity exercises that incorporated visual tasks. The encoding training consisted of performing physical activities that incorporated visual tasks (mainly ball sports skill programs, including basketball dribbling, passing and catching, and football kicking inside and out). The training content of the encoding period was equal to that of Group 3. This combination likely imposed a higher cognitive load due to the simultaneous processing of motor and visual information.

The content of the motor imagery training in Group 1 and Group 2 focused on the visual change from not seeing to seeing during near and far vision. The intervention was performed three times a week, including one coding exercise and two imagery exercises. Each coding exercise was completed 30 times, and each successful recognition of the far and near visual target was considered to be the completion of one exercise frequency. The time value of the visual target presentation was used for 3 s. Imagery exercises program: 30 s of relaxation → 1 min of attention → 3 min of imagery exercises → 30 s of relaxation. Students followed the same frequency and time values as those of the actual exercise during the motor imagery exercise.

For Group 3, the intervention consisted of physical activity combined with visual tasks. The physical activity program with additional visual tasks was designed according to the Physical Education and Health Curriculum Implementation Plan for Compulsory Education in Jiangsu Province (Ministry of Education, 2022). The exercises were mainly based on ball sports skills, including basketball dribbling, passing and catching, football kicking, and dribbling. Considering safety, effectiveness, fun, and gradual progression, the study reasonably attached kinetic visual tasks to the exercises and added appropriate visual aids, ensuring that the visual targets could be used throughout the movement exercises and that the students could actively capture the visual targets with both eyes during the exercises. The sizes of the visual targets were set according to a standard logarithmic visual acuity chart. Exercise required a reasonable frequency and time to maximize its effect. Based on the results of a previous study (Yin et al., 2022; Zhou et al., 2023), Group 3 completed the intervention three times per week, and each intervention required the completion of 30 frequency exercises; each successful recognition of the distance and near vision targets was regarded as one practice frequency completed. The time value for the presentation of the visual target was 3 s. The teaching content is shown in Table 2.



TABLE 2 Teaching content.
[image: A table detailing sports training exercises. Categories include "Basic activity skills" and "Ball sports." Sports events listed are Running, Jumping, Throwing, Basketball, Football, and Badminton. Each event includes specific exercises and drills. Visual targets and equipment are listed, such as sandbags, softballs, and basketballs. The training requirement involves visually capturing numbers, words, or letters during exercises.]

During the intervention period, participants in the control group continued their regular school activities without receiving any additional intervention. They attended standard physical education classes and participated in routine classroom lessons, but did not engage in any vision-related exercises or imagery training.

The participants, instructors, and evaluators were blinded to the allocation of the groups. They were not informed of which experimental or control group they were assigned to, nor of the specific hypotheses associated with each group. All interventions in the experimental group were conducted as part of the school physical program. During the study period, we maintained regular communication with both the participants and their parents to monitor the students’ daily activities, including weekend physical activity levels and visual behaviors, etc., in order to prevent significant lifestyle changes that might affect the validity and reliability of the study results. The experimental scheme is presented in Figure 2.

[image: A diagram illustrating four groups for a study. Group 1 engages in motor imagery with visual targets. Group 2 combines motor imagery, physical activity, and visual tasks. Group 3 involves physical activity and visual tasks only. The control group has no intervention. Each group includes a different number of participants. Group 1 and Group 2 show people at desks, and images of people dribbling a ball through a visual task course.]

FIGURE 2
 Experimental scheme diagram.




2.2.2 Motor imagery training objectives

The effect of motor imagery training is closely related to the content of imagery training, and differences exist in the use of different types of motor imagery (Farah et al., 1988). To improve specific abilities, effectively activate the corresponding parts or functions, and maximize the benefits of imagery training, the construction of a motor imagery training program needs to consider the actual characteristics of the task and develop targeted imagery training guidelines and imagery content (You et al., 2020). Therefore, this study used the Sport Imagery Questionnaire (SIQ) and UDVA test to analyze the imagery differences in children with different visual acuity levels and to identify the imagery characteristics of children with better visual acuity. This provided a basis for formulating targeted and effective voice guidance and the content of imagery training and improved the effect of subsequent imagery training.

The students participating in the test were fourth-grade students (aged 9–10 years) from the Suzhou Science and Technology City Experimental Primary School, divided into myopic and non-myopic groups with UDVA of 5.0 as the boundary (National Health Commission, 2021). The UDVA index and questionnaire scores showed that compared to myopic children, orthotopic children had higher scores on specific imagery, and the difference was statistically significant (p < 0.05). These results suggest that the improved visual acuity may be related to special cognitive imagery. Improving cognitive specific imagery could help manage myopia in children.



2.2.3 Motor imagery training voice guidance

The motor imagery training prompts were designed with reference to the entries of the cognitive-specific imagery dimensions and were based on the description of realistic visual tasks to ensure positive guidance without aggravating the psychological burden of the participants.

For instance, motor imagery training in football practice combined with visual tasks used the following prompt:

(1) Slowly close your eyes, imagine that you walk out of the classroom, look up to the turquoise blue sky, a few white clouds floating, the air is filled with the fragrance of the flowers, and feel very relaxed. (2) You come to the football field, stand face-to-face with your partner six meters away, and put the football in the specified position. Listen to commands for football practice. (3) Prepare, gaze at the football, kick the ball, watch the ball move toward the far side, and stop moving. (4) Prepare, gaze at the football, partner kicks the ball, watch the ball move closer and stop moving. (5) Prepare, gaze at the ball, kick, stop, prepare, gaze at the ball, partner kick, stop (repeat 29 times). The practice is over, and you slowly walk out of the football field, look at the birds in the sky, and then look at the green meadow, take a deep breath, and the warm wind is blowing on your face, feeling very relaxed.




2.3 Outcome measures


2.3.1 Uncorrected distance visual acuity

An international standard logarithmic visual acuity chart (GB11533-2011) was used for the UDVA test. The test method and process were performed in strict accordance with the standard in which the right eye was measured first, followed by the left eye. If the participants wore spectacles, they were asked to remove the spectacles for a short rest before measuring the UDVA. Participants stood at the marking line 5 m from the visual acuity meter and were required to say or point out the direction of the reticle pointed at by the tester within a short period of time. The value displayed on the line in which the last reticle was located with the correct answer was considered the participant’s visual acuity in that eye. The same researcher recorded the UDVA data of all participants.



2.3.2 Kinetic visual acuity

The KVA was measured using the Kinetic Visual Acuity Tester (Shanghai Camelot Automation Technology Co., Ltd.), with KVA scores ranging from 0.1 to 1.6, with higher scores representing better levels of KVA. Each participant was tested three times at intervals of 30 s, and the average value was taken as the KVA score. The participants sat in front of the instrument with their upper body upright and eyes close to the eye aperture, looking inward. At the beginning of the test, a Landolt ring approaching 50 m away appeared in the apparatus with four notch directions: up, down, left, and right, and a simulated approach speed of 30 km/h. The participants used their dominant hand to hold the rocker and view the Landolt ring. The participants held the rocker in their dominant hand, saw the direction of the Landolt ring, and quickly pulled the rocker in the corresponding direction to complete the test. The same researcher measured all participants’ KVA using unified instructions and evaluation criteria.



2.3.3 Accommodative facility

Accommodative facility tests were conducted strictly following the standard using ±2.00D Accommodative Flippers, which are made up of two pairs of lenses, one for distance vision (+2.00D) and the other for near vision (−2.00D), which can be adjusted according to the distance between the eyes of the participants. Each participant was seated in front of a desk, and a word rock card (20/30) was placed 40 cm in front of the participant’s eyes. The card contained 40 letters in 5-point font, which participants needed to identify in order from left to right during the test. A stopwatch was held in the tester’s hand to time the test (1 min), and the participant held a handle with their right hand and placed the flipper lens horizontally in front of both eyes. At the beginning of the test, the participants identified the first English letter on the card 40 cm in front of their eyes through the +2.00D lenses. The participant identified and named the letter that was blurred at first, then rotated the handle, identified the second English letter on the card with the −2.00D lenses, and clearly named the letter, completing a cycle. The change from a positive lens degree to a negative lens degree and back to a positive lens degree is called 1 cycle. The number of cycles in 1 min was measured in cycles per minute (cpm), with higher cpm values indicating a better accommodative facility.



2.3.4 Sport imagery questionnaire

Based on motor imagery training objectives, the questions of the cognitive general imagery (CG) dimension and the cognitive-specific imagery (CS) dimension subscales of the SIQ questionnaire were selected and modified according to the characteristics of imagery training and visual target tracking to make them suitable for this study. Each subscale has six items, and each item is scored as 1, 2, 3, 4 or 5 points. The sum of the scores of all the questions in each subscale is the final score, which ranges from six to 30. Higher scores indicate greater use of such imagery. The reliability and validity tests showed that the internal consistency coefficients of the two subscales were 0.720 and 0.691, the correlation coefficient between the two dimensions was 0.591, and the overall internal consistency coefficient was 0.808, indicating that the questionnaire had good reliability. The results of the exploratory factor analysis (KMO value of 0.793) showed that the factor structure of the questionnaire was clear and had good construct validity.




2.4 Ethical considerations

This study was approved by the Ethics Committee of Soochow University (No. SUA20201010H01). All the procedures complied with the ethical standards of the Declaration of Helsinki, legal requirements, and international standards.



2.5 Statistical analyses

Data were statistically analyzed using SPSS26.0. The study utilized a data sample of 154 participants, which is considered a large sample. According to the Lindeberg-Lévy Central Limit Theorem, in large samples (n > 30), the sampling distribution tends to be normal, regardless of the shape of the data (Elliott and Woodward, 2007; Field, 2009). The changes in the index data of the four groups before and after the experiment were analyzed using a paired-sample t-test. The differences among the data of the groups were compared by one-way ANOVA and post hoc test, and the t-test and F-test were used to calculate the effect sizes by using Cohen’s d and η2, respectively. η2 < 0.06 was a small effect, 0.06 ≤ η2 ≤ 0.14 was a medium effect, and η2 > 0.14 was a large effect, 0.2 ≤ Cohen’s d < 0.5 was a small effect, 0.5 ≤ Cohen’s d < 0.8 was a medium effect, and Cohen’s d ≥ 0.8 was a large effect. The significance level of α = 0.05.




3 Results


3.1 Comparison of KVA between groups

Paired samples t-tests showed that the KVA significantly increased in all experimental groups (p < 0.05) after the intervention (Table 3 and Figure 3). A one-way ANOVA showed that there were significant differences in KVA among the four groups (F = 2.994, p = 0.033, η2 = 0.056). Post hoc multiple comparisons showed that all three experimental groups had significantly better KVA than the Control Group (p < 0.05) (Figure 4).



TABLE 3 Comparison of KVA between the groups.
[image: Table displaying results from a study with four groups: Group 1, Group 2, Group 3, and a Control group. Pre-test, post-test, t-values, p-values, and Cohen's d are provided for each. Group 1 has a pre-test mean of 0.490, post-test of 0.564, and significant p-value of 0.034. Group 2 shows pre-test mean of 0.553, post-test of 0.626, with p-value 0.037. Group 3 indicates pre-test mean of 0.484, post-test of 0.563, p-value 0.020. Control group post-test mean is 0.423 with non-significant p-value 0.387. Post hoc analysis shows all experimental groups significantly differ from the control group.]

[image: Bar chart comparing pre-test and post-test KVA values across four groups: group1, group2, group3, and a control group. Red bars represent pre-test results; blue bars represent post-test results. Group1, group2, and group3 show significant increases (*), while the control group shows no significant change.]

FIGURE 3
 Kinetic visual acuity (KVA) change trend in groups. *p ≤ 0.05.


[image: Bar chart showing KVA values for four groups: group 1 (red), group 2 (black), group 3 (blue), and control group (yellow). Group 2 has the highest value, followed by group 3, group 1, and the control group with the lowest. Asterisks indicate statistical significance between groups.]

FIGURE 4
 Post hoc multiple comparisons of KVA among groups after the experiment. *p ≤ 0.05; **p ≤ 0.01.




3.2 Comparison of accommodative facility between groups

A paired-sample t-test revealed that accommodative facilities significantly increased in all experimental groups (p < 0.01) after the intervention (Figure 5). A one-way ANOVA showed that there were significant differences in accommodative facilities among the four groups (F = 8.533, p < 0.001, η2 = 0.146) (Table 4). The post hoc tests showed that accommodative facilities were significantly better in all experimental groups than in the Control Group; Group 1 accommodative facility were significantly better than Group 3 (p < 0.05) (Figure 6).

[image: Bar chart comparing accommodative facility in cycles per minute between pre-test and post-test across four groups. Groups one, two, and three show significant improvement in the post-test, while the control group shows no change. Blue bars represent the pre-test, and red bars represent the post-test. Statistical significance is indicated by stars.]

FIGURE 5
 Accommodative facility change trend in groups. ****p ≤ 0.0001.




TABLE 4 Comparison of accommodative facility between groups.
[image: Table comparing pre-test and post-test results for four groups: Group 1, Group 2, Group 3, and Control group. The results include means and standard deviations for each group. Statistical analysis includes t-values, p-values, and Cohen's d. Notable results show significant differences in post-test scores between groups, with p-values indicating statistical significance and Cohen's d indicating effect sizes. Post hoc analysis highlights differences between Group 1 and the Control group, Group 2 and the Control group, Group 3 and the Control group, and Group 1 and Group 3.]

[image: Bar chart comparing accommodative facility (cpm) across four groups: group 1 in red, group 2 in black, group 3 in blue, and the control group in yellow. Group 1 shows the highest value, control the lowest. Significant differences are marked: group 1 vs. group 3 (****), group 1 vs. group 2 (**), group 1 vs. control (*), and group 3 vs. control (*).]

FIGURE 6
 Post hoc multiple comparisons of accommodative facility in each group after the experiment. *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001.




3.3 Comparison of UDVA between groups

A paired-samples t-test showed that after the intervention, the left and right UDVA significantly improved (p < 0.05) in all experimental groups (Figure 7). A one-way ANOVA showed that there were significant differences in right-eye UDVA (F = 5.550, p = 0.001, η2 = 0.100) and left-eye UDVA (F = 2.667, p = 0.050, η2 = 0.051) among the four groups (Tables 5, 6). The post-hoc multiple comparisons showed that Group 1 and Group 3 had significantly better left-eye UDVA than the Control Group, and the right-eye UDVA of each experimental group was significantly better than that of the Control Group (p < 0.05) (Figure 8).

[image: Bar graphs comparing Uncorrected Distance Visual Acuity (UDVA) of right and left eyes before and after treatment in four groups. Each graph shows significant improvement in UDVA post-test (blue bars) over pre-test (red bars) for groups 1, 2, and 3, indicated by asterisks. The control group shows no significant change.]

FIGURE 7
 Uncorrected distance visual acuity (UDVA) change trend in groups. **p ≤ 0.01; ****p ≤ 0.0001.




TABLE 5 Comparison of right-eye UDVA between groups.
[image: A table comparing pre-test and post-test scores for three groups and a control group, showing means with standard deviations. Statistical values include t-test results, p-values, and Cohen's d. Significant differences are noted in post hoc analysis, indicating all groups performed better than the control group. The F-test, p-values, and eta squared are also provided.]



TABLE 6 Comparison of left-eye UDVA between groups.
[image: Table showing pre-test and post-test results for three groups and a control group. The data includes means, standard deviations, t-values, p-values, and Cohen's d. Notable findings include significant differences between Groups 1 and 3 compared to the control group. The F value is 0.124 for pre-test and 2.667 for post-test, with significance levels at 0.946 and 0.050, respectively.]

[image: Two bar graphs compare uncorrected distance visual acuity (UDVA) for right and left eyes across four groups: group 1, group 2, group 3, and a control group. The right-eye graph shows group 1 has the highest UDVA, while the control group has the lowest. Statistical significance is indicated with symbols: three asterisks for highly significant differences between groups. The left-eye graph shows similar trends, with significance marked by single and double asterisks.]

FIGURE 8
 Post hoc multiple comparisons of UDVA in each group after the experiment. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.




3.4 Comparison of imagery ability between groups

A paired-samples t-test was used to analyze the pre- and post-experimental imagery abilities of the two imagery groups, and the results showed that after the intervention, the general cognitive abilities of Group 1 significantly improved (p < 0.05). The cognitive-specific abilities of Group 1 and Group 2 were significantly improved after the intervention (p < 0.05). The independent sample t-test showed that there was no significant difference in the cognitive general imagery ability and cognitive specific imagery ability between Group 1 and Group 2 after the intervention (p > 0.05) (Table 7).



TABLE 7 Comparison of imagery ability.
[image: Table showing statistics for cognitive imagery abilities. Group 1 and Group 2 have pre-test and post-test results for general and specific imagery abilities. For general ability, Group 1's pre-test is 21.838±2.824 and post-test 22.892±2.481, with t-value -2.275 and P 0.029. Group 2's pre-test is 21.050±3.210 and post-test 21.750±3.855, with t-value -1.512 and P 0.139. For specific ability, Group 1's pre-test is 22.432±2.744 and post-test 24.730±2.704, with t-value -5.963 and P 0.000. Group 2's pre-test is 23.175±2.650 and post-test 24.100±2.146, with t-value -2.128 and P 0.040. Cohen's d and t-values are included.]




4 Discussion

This study demonstrated that motor imagery training improved the participants’ KVA, accommodative facility, and UDVA.


4.1 Effect of physical activity on vision levels

This study demonstrated that physical activity improved children’s KVA, accommodative facility, and UDVA, which is consistent with previous studies and reaffirms that physical activity combined with additional visual tasks is an effective means of preventing and managing myopia.

Our study not only examined UDVA but also included KVA and accommodative facility to comprehensively evaluate visual function. Specifically, KVA is the ability to recognize the details of objects moving backward and forward toward the eye, and relies on the ciliary muscles (Cutler and Ley, 1963). Accommodative facility reflects the flexibility of the ciliary muscle in contracting and relaxing. KVA, accommodative facility, and UDVA are closely related to the ciliary muscle. Improvements in all three indicators suggest that physical activity may contribute to better visual health by enhancing ciliary muscle function.

Previous studies have been controversial about the mechanism by which physical activities play a role in myopia prevention and control. There is a general consensus that outdoor factors (e.g., light exposure) are the main reason why physical activity can prevent myopia rather than the physical activity itself, but this study believes that the characteristics of the physical activity itself are also worthy of attention in the prevention of myopia (Wang et al., 2022). During physical activities, children’s eyes frequently shift focus between near and far objects. This frequent accommodation process will promote the ciliary muscle to contract and relax alternately, thereby enhancing its accommodation ability and preventing the occurrence of false myopia and the development of true myopia, which is of positive significance for maintaining children’s eye health.



4.2 Effect of motor imagery training on visual acuity and imagery abilities

After 16 weeks of intervention, the children in both motor imagery groups showed improvements in KVA, UDVA, accommodative facility, and cognitive-specific imagery abilities. These results confirm that children can enhance both their imagery abilities and visual acuity through imagery training, even in the absence of external stimuli.

Based on the improved KVA and accommodative facility of the children in the motor imagery intervention groups, it is possible that imagining near and far movements of a visual target may engage visual accommodation mechanisms, potentially including subtle ciliary muscle activity. However, this hypothesis remains speculative. The formulation of this hypothesis is primarily grounded in established theories of ciliary muscle function and motor imagery.

Abnormalities in the structure, innervation, and function of the ciliary muscle are closely related to the onset and progression of myopia (Dai et al., 2021; Gilmartin and Hogan, 1985; Zheng et al., 2011). According to the theory of accommodation, the adjustment of the human eye is primarily completed by the ciliary muscles. With an increase in adjustment, the ciliary muscle moves forward and inward, and the outer, middle, and inner muscle fibers of the ciliary muscle undergo configuration changes, with thickening of the anterior portion and thinning of the posterior portion, which affects the tension of the suspensory ligament and ultimately causes curvature of the lens (Lossing et al., 2012; Richdale et al., 2013; Wagner et al., 2019). This complex process indicates that the ciliary muscle possesses unique structural features, including many ultrastructural and histochemical characteristics of fast-twitch striated muscle (Lv et al., 2020). The ciliary muscle is a unique smooth muscle that exhibits certain characteristics of striated muscle and is innervated by both the sympathetic and parasympathetic nervous systems.

People can autonomously mobilize their mental imagery. Psychoneuromuscular Theory suggests that when people actively imagine a certain scene or behavior, the relevant neurons will be activated, causing neural excitation, which will be transmitted via efferent nerves to the relevant muscles, and the relevant muscles will produce subtle innervation activities. Motor imagery training has also been shown to induce physiological changes in heart rate, respiratory rate, skin blood flow, and skin temperature, suggesting that imagery can elicit a series of responses from muscles and organs under the control of the autonomic nervous system, comprising sympathetic and parasympathetic nerves (Collet et al., 2013; Deschaumes-Molinaro et al., 1992; Peixoto Pinto et al., 2017). Furthermore, the functional equivalence hypothesis posits that imagery and perception share common neural substrates in structure, function, and mechanisms, and that perceptual function can be improved through appropriate imagery training. Based on the aforementioned theories, and considering that the ciliary muscle is controlled by the autonomic nervous system and exhibits certain characteristics of striated muscle, we the following hypothesis and inference: imagery training designed in accordance with the principles of ciliary muscle accommodation may activate the ciliary muscle, eliciting responses during imagery that resemble those occurring during actual near and far vision, thereby improving vision. However, this inference remains to be verified by more direct physiological evidence in future studies.

Moreover, although direct evidence linking motor imagery to ciliary muscle activation remains limited, some studies provide indirect support. Several studies have demonstrated that the eye movements that occur while imagining an object are almost identical to those that occur while perceiving an object. Laeng and Teodorescu (2002) asked participants to imagine a recently viewed picture and found that their eye-scanning paths during the imagery reproduced the perception of the same visual scene. Rozado et al. (2019) showed that the pupil not only responds automatically to light from physical stimuli, but also changes its diameter by imagining the intensity of the light. In addition, other studies have found that when objects are presented at different distances (near or far) and different sizes (large or small), the pupil diameter and the convergence of the eye will also produce corresponding changes (Sulutvedt et al., 2018). This suggests that even if the object, image, or light source is not present in front of the eye, the muscles of the eye can be activated by imagery, and the pupil can be activated by a pattern of activity similar to that seen in physical execution. Given that the medial rectus muscle, the pupillary sphincter, and the ciliary muscle are co-regulated and jointly innervated by the oculomotor nerve, it is reasonable to infer that the ciliary muscle may also be activated during motor imagery. This inference remains to be further verified.



4.3 Differences in the effects of intervention methods on vision levels

Based on the results of multiple comparisons, the motor imagery training for target visual movements showed advantages in improving children’s visual acuity levels. Perhaps for children, including a greater number of components of the imagery training content increases task complexity, as simultaneously processing motor and visual information elevates cognitive load. Compared to imagery training of physical activity combined with visual tasks, motor imagery training of visual target movement isolates the visual activity of near and far changes from physical activity imposes a lower cognitive load. This may be more conducive for children to focus on changes in the size and clarity of the visual target during the initial stages of representational training. In addition, whereas imagery is a top-down process based on past experience (Li and Li, 2018). Compared with visual perception tasks, top-down processing is more conducive to the development of autonomous regulation consciousness.




5 Conclusion and future directions

Based on the theory of the functional equivalence of imagery and neuropsychological and physiological mechanisms, this study designed an intervention program for motor imagery training based on the principle of ciliary muscle regulation and demonstrated that motor imagery training can improve the visual acuity level of children. Thus, it is likely to be a feasible pathway for the prevention and management of myopia in children. In addition, after the COVID-19 pandemic, we must consider how to prevent and manage myopia in children under restricted conditions. At the implementation level, imagery training is not affected by factors such as venue or weather, making it more convenient to operate. The application of motor imagery training can enable children to obtain more opportunities to promote visual health, provide a stronger boost for the prevention and management of myopia through physical activities, and provide new intervention spaces and ideas for the comprehensive prevention and management of myopia in children. Moreover, as a top-down intervention method, it is beneficial for children to transform passive regulation acquired through physical activity into active regulation, which can be implemented in daily life.



6 Limitations of the study

This study has several limitations that should be considered when interpreting the findings. First, participants were recruited from a single primary school in Suzhou, China, which may limit the generalizability of the results to other regions, populations, or cultural contexts. Future studies should include more diverse and representative samples to enhance external validity. Second, potential confounding factors such as screen time, outdoor activity, and family history of myopia were not rigorously controlled. Future research should systematically collect and account for these variables through detailed questionnaires to strengthen the accuracy and reliability of the findings. Third, no long-term follow-up assessment was conducted in this study, and the sustainability of the intervention effects remains unclear. Future research should expand the sample size and add long-term follow-ups to further verify the durability of the intervention effects. Fourth, although participants, instructors, and evaluators were blinded to group allocation, the possibility of a Hawthorne effect and potential expectancy effect cannot be completely ruled out. Fifth, in this study, the cluster random sampling method based on classes was adopted, which may have introduced a clustering effect. Lastly, due to equipment constraints, neurophysiological and ciliary muscle data during motor imagery were not collected. Future studies employing advanced techniques such as ERP and OCT could further elucidate the underlying mechanisms of motor imagery interventions on visual function.
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Introduction: Combined action observation and motor imagery (AOMI) training has been shown to facilitate motor skill performance, but limited research has explored its effectiveness on motor learning and factors that may moderate the effects of the intervention. This study examined the influence of model type on the effectiveness of AOMI training for novices learning an Ankle Pick takedown.
Methods: Twenty-eight novice participants (M = 28.07 ± 7.29 years) were randomly assigned to a control condition (n = 8), or to AOMI training that displayed footage of a self-model (AOMISELF; n = 10) or other-model (AOMIOTHER; n = 10). All training conditions included physical practice. A motor learning design incorporating pre-test (Day 1), acquisition (Days 2–6), post-test (Day 7), and retention-test (Day 14) was utilized. Motor skill performance, self-efficacy and mental representation structures were recorded as measures of learning.
Results: There were no significant differences between the training conditions across all twelve kinematics measures of motor skill performance. Self-efficacy scores increased for all training conditions over time. Both the AOMIOTHER and Control conditions led to improved functional changes in mental representation structures while the structures for the AOMISELF condition became less similar to the reference structure over time.
Discussion: Collectively, the largely null findings (n = 13, 92.86%) suggest that physical practice has the strongest influence on motor adaptations for this complex motor skill at these early stages of learning. However, the findings also suggest model type may be an important factor for novices using AOMI training. It is recommended that future research explores alternative modeling approaches, such as mixed-modeling incorporating both self- and other- footage, when designing AOMI interventions for sport.
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motor imagery during action observation, action simulation, movement kinematics, mental representation, self-efficacy


Highlights

	• Combined action observation and motor imagery (AOMI) improves motor skill performance.
	• AOMI training did not facilitate learning of an Ankle Pick takedown in novices.
	• AOMI displaying an other-model led to mental representations becoming more functional.
	• AOMI displaying a self-model led to mental representations becoming less functional.
	• AOMI training combining self- and other-models may be most effective for learning.



Introduction

Action observation (AO) and motor imagery (MI) are two forms of motor simulation that have been shown to activate similar regions of the brain as motor execution (see Hardwick et al., 2018 for a meta-analysis). This has led to extensive research into these forms of motor simulation as training interventions whereby AO training involves the deliberate and structured observation of oneself or another individual performing the target movement (Neuman and Gray, 2013) and MI training involves the internal generation of visual and kinesthetic imagery involved in movement execution (MacIntyre et al., 2013). Both AO and MI have demonstrated positive effects on motor skill performance (see Ashford et al., 2006; Simonsmeier et al., 2021; Toth et al., 2020 for relevant meta-analyses). Since the Vogt et al. (2013) review, researchers have extensively explored the use of combined action observation and motor imagery (AOMI) as a training intervention, which involves a person systematically observing a target movement while simultaneously imagining the physiological sensations and kinesthetic experiences associated with that movement (Eaves et al., 2016). A recent meta-analysis (Chye et al., 2022) demonstrated that AOMI can significantly enhance both behavioral and neurophysiological outcomes compared to control and action observation (AO) conditions, supporting the use of AOMI training as an intervention to improve motor skill performance, and potentially learning.

Multiple theoretical accounts have proposed potential mechanisms underlying the movement benefits associated with AOMI training. Neurophysiological accounts suggest that AOMI activates motor regions of the brain to a greater extent than AO or MI training, which leads to improvements in motor execution through increased functional connectivity across these regions (see Eaves et al., 2016; Meers et al., 2020 for such accounts). From a cognitive perspective, Frank et al. (2020, 2024) and Kim et al. (2017) drew from the Cognitive Action Architecture Approach (CAA-A) to propose that AOMI can facilitate motor skill learning through the structuring of (quasi)action effects (i.e., perceptual-cognitive scaffolding). This process is thought to promote the development of more accurate and functional mental representations, which guide movement execution more comprehensively than AO or MI alone (Frank et al., 2020; Wright et al., 2022). More specifically, AOMI training supports the development of more comprehensive mental representations by refining sequencing and timing elements of mental representations through presenting visual movement information (i.e., actual action effects) through AO, and developing sensory elements of mental representations through the cognitive generation of visual and kinesthetic aspects of the movement (i.e. quasi-action effects) through MI (Frank et al., 2024; Kim et al., 2017; Wright et al., 2022). Finally, from a social psychological perspective, it has been suggested that AOMI training will improve self-efficacy, as a key self-regulatory process that underpins motor skill learning, to a greater extent than AO or MI training (Shearer et al., 2020; Wright et al., 2022). This is based on the proposition that AOMI has the capacity to provide a learner with the two strongest sources of self-efficacy (i.e., mastery experiences through MI and vicarious experiences through AO) (Bandura, 1997).

AOMI training studies have demonstrated acute benefits to motor skill performance (e.g., Marshall et al., 2020; Romano-Smith et al., 2018; Scott et al., 2018) but less is known about the longer-term, more permanent changes in motor skill proficiency (i.e., motor learning) associated with this intervention. Studies have started to investigate the efficacy of AOMI training as an intervention for learning motor skills in healthy (Binks et al., 2023a; Chye et al., 2024; Frank et al., 2023; Kim et al., 2022) and clinical populations (Binks et al., 2023b; Scott et al., 2023). For example, in a healthy population, Binks et al. (2023a) found that AOMI training significantly improved mean movement execution times for a cup-stacking task compared to AO, MI and control conditions over time. Similarly, in a clinical population, Scott et al. (2023) demonstrated that an AOMI intervention significantly improved both task completion times and movement techniques of children with developmental coordination disorder (DCD) when performing activities of daily living (e.g., shoelace tying, cutlery use, shirt buttoning). A significantly larger percentage of children in the AOMI group also successfully learnt the shoelace tying skill compared to the control condition. Collectively, these studies provide initial support for the facilitative effect of AOMI on motor learning across different populations, motor skills, and intervention periods. Given the limited body of evidence, there is still a need to better understand how AOMI training can be tailored to optimize motor learning effects. McNeill et al.'s (2020) Motor Simulation and Performance Model (MSPM) draws from empirical findings (e.g., Gatti et al., 2013; Kim et al., 2017) to suggest that AO is especially effective in the early stages of motor learning. As a result, the authors suggest that AO might be more impactful for novice learners due to the useful visual information from the modeled content without relying heavily on the learner's level of ability to update internal representations of the movement through AO. As such, the literature on AO training provides an ideal reference point for identifying methodological factors that may optimize the effects of AOMI training on motor learning outcomes.

According to Bandura's (1986), AO training is effective for motor skill learning because watching a model provides useful information about the motor skill, which helps to guide the observer's subsequent performance of the skill. This places importance on the content being modeled, and the characteristics of the model, as noted in the “What” and “Who” components of the Applied Model for the Use of Observation (AMUO; Ste-Marie et al., 2012, 2020). In terms of the content being modeled, differentiations have been made based on the skill level of the model, and subsequent accuracy of the motor skill being demonstrated. The majority of AO training studies have used skilled models who perform the motor skill successfully (e.g., Benjaminse et al., 2018; D'Innocenzo et al., 2016; Ghobadi et al., 2013). However, unskilled models that display variable and/or erroneous execution of the motor skill (e.g., Domuracki et al., 2015; Grierson et al., 2012; Shafizadeh et al., 2013), as well as learning and coping models (i.e., models that depict content that progresses toward expert-like performance) (e.g., Hebert, 2018; Welsher and Grierson, 2017), have also been compared in the AO literature (Ste-Marie et al., 2020). These various types of models likely benefit novice learners through different means. For example, skilled models are proposed to help the observer refine their cognitive representation of the motor skill by demonstrating the optimal characteristics of performing the skill (Frank et al., 2023). Conversely, unskilled, learning, and coping models may increase cognitive engagement during the modeling process by providing the observer with more opportunities to engage in error detection and strategy correction that can be applied to their future performances of the motor skill (Pollock and Lee, 1992; Rohbanfard and Proteau, 2011). There is mixed support for using the different model types for motor skill learning via AO training (see Ste-Marie et al., 2012), with studies showing that AO training incorporating either skilled and unskilled models facilitate (e.g. Barzouka et al., 2015; Hebert, 2018) or has limited impact (e.g., Al-Abood et al., 2001; Blandin et al., 1999) on learning in novice populations.

It is important to consider who is being modeled during AO training, as the similarity between the model and the observer may moderate the learning process (Bandura, 1986, 1997). According to the model-observer similarity hypothesis (Schunk, 1987), learners will be more willing to pay attention to a model that they perceive to have a greater similarity to themselves (Bandura, 1971; Maccoby and Wilson, 1957), leading to greater gains in self-efficacy and a faster rate of learning. Many studies demonstrate benefits for motor learning after AO training that utilizes self-modeling, where the novice learner acts as her/his own model (e.g., Clark and Ste-Marie, 2007; Giannousi et al., 2017), and other-modeling, where the novice learner watches another individual performing the motor skill that is being learned (e.g., Andrieux and Proteau, 2016; Weiss et al., 1998). The improved motor learning outcomes reported for both self- and other-modeling suggest an optimal model type may not exist for AO training in novice learners. Indeed, a few studies directly comparing the two model types in AO training of novice samples have reported that self-models are more effective compared to other-models (e.g., Clark and Ste-Marie, 2007; Dowrick and Raeburn, 1995; Starek and McCullagh, 1999), while others show no such difference in motor learning outcomes for the two model types (e.g., Barzouka et al., 2007; Emmen et al., 1985).

Despite recommendations for rigorous testing of different intervention design considerations to advance the AOMI training literature (Wright et al., 2022), only a few studies have directly investigated potential moderating factors when attempting to improve motor skill performance or learning through AOMI training (Chye et al., 2022). Most AOMI training studies have employed other-modeling (i.e., AOMIOTHER training), with few studies exploring the use of self-modeling (i.e., AOMISELF training) for this intervention (Wright et al., 2022). While model type was not a moderator explored in Chye et al.'s (2024) meta-analysis, it is worthwhile noting that nearly all studies (n = 14/15 [93.3%]) used AOMIOTHER training. As a result, the medium to large positive effects of AOMI on movement outcomes compared to control conditions (d = 0.67) can only be confidently associated with this type of AOMI training. In agreement with this assertion, prolonged bouts of AOMIOTHER training benefits various movement outcomes, including force production (Di Rienzo et al., 2019; Scott et al., 2018), dart throwing accuracy (Romano-Smith et al., 2018, 2019), and rehabilitative outcomes (e.g. Bek et al., 2019; Marusic et al., 2018). The effects of AOMIOTHER training are maintained irrespective of the skill level of the model, with improved movement outcomes reported for unskilled (Kawasaki et al., 2018), intermediate (Romano-Smith et al., 2018), and skilled models (Chye et al., 2024).

To-date, only four studies have investigated the effects of AOMISELF training on movement outcomes. McNeill et al. (2021) directly compared the effects of AOMISELF training, where skilled golfers viewed their own performance on a putting task, to AOMIOTHER training, where skilled golfers viewed a skilled peer's performance on a putting task, on the putting performance of skilled golfers. Results showed no significant differences in putting accuracy or precision between conditions, but did show improved putter kinematics for the AOMISELF training condition, suggesting this type of AOMI training may facilitate error detection for one's own movements. Fujiwara et al. (2021) similarly compared the effects of AOMISELF training with AOMIOTHER training, whereby participants either observed a video of their own hand or another person's hand performing a fine motor task using chopsticks. Results showed no significant differences in performance between the groups, but did show that participants had significantly higher MI vividness in the AOMISELF training group compared to the AOMIOTHER training group. Aoyama et al. (2020) adopted a feedforward modeling approach where they manipulated the difficulty of the task being observed during AOMISELF training, such that participants watched their own performance on a novel ball rotation task at normal-difficulty (1x speed), moderate-difficulty (1.5x speed), or high-difficulty (2.5x speed). The authors found that the moderate-difficulty AOMISELF training resulted in a higher improvement rate of the ball rotation time compared to the control condition, with no such effects for the normal- or high-difficulty AOMISELF training. Finally, using an alternative feedforward approach in virtual reality for whole-body movements, Frank et al. (2023) investigated the effects of unskilled AOMISELF training, where novices observed their own movements mapped onto a 3D avatar representing themselves, compared to feedforward skilled AOMISELF training, where novices observed a skilled performer's movements mapped onto a 3D avatar representing themselves, when learning a bodyweight squat movement. There were no differences in self-efficacy scores between groups, but the feedforward skilled AOMISELF training condition demonstrated less errors in motor performance and showed more functional cognitive representations at retention compared to the unskilled AOMISELF training condition.

Given AOMI training incorporating each model type has reported positive movement outcomes, albeit with limited research investigating the effectiveness of AOMISELF training, the current study aimed to examine the influence of model type on the effectiveness of AOMI training for novices learning a complex motor skill in sport. Specifically, we compared novices' learning of an Ankle Pick takedown after 5 days of AOMISELF, AOMIOTHER or Control training. A novice population was selected as they naturally exhibit greater variability and adaptability in their performance (Marineau et al., 2024), thus offering a clearer window into how motor skills may develop through a motor learning intervention. The model used in the AOMI training conditions was displayed as a skeleton-like avatar of a human as per Chye et al. (2024). This allowed us to manipulate the movement characteristics by presenting either the novice's or skilled performer's movements whilst controlling the visual characteristics by presenting the same skeleton (see e.g., Frank et al., 2023). Research indicates that self-motion recognition is primarily dependent on kinematic information rather than body shape or visual appearance, allowing individuals to identify their own movements even when represented by simplified avatars (Cook et al., 2012; Thaler et al., 2018). This ability appears to be particularly pronounced for novel or infrequent actions, such as complex motor skills being learned for the first time (McDonnell et al., 2009). Thus, the use of a skeleton-like avatar in this study aligns with evidence that individuals can effectively recognize and engage with their own movement patterns based on kinematic cues alone.

Learning was inferred by recording biomechanical kinematic markers underpinning successful movements as a measure of motor skill performance, task-specific self-efficacy through a self-report questionnaire, and mental representation structures using structural dimensional analysis of mental representation (SDA-M; Schack, 2012). All three outcome measures were recorded immediately pre- and post-intervention, as well as after a one-week retention period. Based on the positive movement outcomes associated with both types of AOMI training, it was predicted that the AOMI training conditions would have positive effects on the learning measures compared to the Control training condition. Drawing from the different learning benefits proposed for self- and other-models from AO literature (Ste-Marie et al., 2012, 2020), it was hypothesized that AOMIOTHER training would improve motor skill performance and mental representation structure to a greater extent than AOMISELF training due to the provision of effective movement patterns fostering adaptation and better understanding of the motor skill being learned (Frank et al., 2023; Ste-Marie et al., 2020). Based on the theoretical perspective of the model-observer similarity hypothesis (Schunk, 1987), it was hypothesized that AOMISELF training would increase novice learners' self-efficacy beliefs to a greater extent than AOMIOTHER training through reinforcing the positive mastery experiences gained at this early stage of learning (Bandura, 1997; Wright et al., 2022).



Methods


Study design

The study was conducted in accordance with ethical guidelines and the study approval was granted from the University of Roehampton Ethical Committee. All study materials are stored as Supplementary files on the Open Science Framework (https://osf.io/3qgty/). The study employed a motor learning design (see Figure 1 for an overview of the study protocol) that incorporated pre-test (Day 1), acquisition (Days 2–6), post-test (Day 7), and 1-week delayed retention-test (Day 14) phases. The between-subject factor was training condition (AOMISELF vs. AOMIOTHER vs. Control) and the within-subject factor was test phase (pre-test vs. post-test vs. retention-test). The dependent variables recorded to measure learning were motor skill performance, self-efficacy, and mental representation structures.


[image: Flowchart depicting an experimental study design. The study includes pre-test, acquisition, post-test, and retention-test phases over 14 days. Participants (n = 28) are randomly allocated into control, AOMI_OTHER, and AOMI_SELF groups during the acquisition phase. Each group has specific activities such as interviews, physical practice, and trials. Measurements on movement kinematics, self-efficacy, and mental representation structure are collected at different intervals.]
FIGURE 1
 Experimental procedures across all training conditions. On Day 1, participants became familiar with the Ankle Pick takedown movement before completing a pre-test. During acquisition across Days 2–6, all participants engaged in a total of 20-min non-physical practice based on their allocated training condition alongside 300 trials of physical practice of the shadow Ankle Pick takedown movement without an opponent. On Day 7, participants returned to the laboratory for a second time and completed a post-test. On Day 14, participants returned to the laboratory for a third time and completed a retention-test followed by a social validation questionnaire and semi-structured interview.




Participants

Twenty-eight participants (n = 17 male, n = 11 female; M = 28.07 ± 7.29 years) took part in the experiment. An a priori power analysis based on a medium-large positive effect of AOMI interventions on movement outcomes (d = 0.67, f = 0.34; Chye et al., 2022) was used to determine the study sample size via G*Power (Faul et al., 2007); F tests, repeated measures, within-between interaction, for a Type I error probability of 0.05, a Type II error probability of 0.90 (Cohen, 1992). A study sample of twenty-seven participants was required to achieve adequate power, but thirty participants were recruited to account for potential dropout (resultant f = 0.31). Two participants withdrew from the study prior to completing all study phases, resulting in a final sample size of twenty-eight participants (resultant f = 0.33). This final sample size is in line with a recent study examining the influence of AO perspective on AOMI training effects for motor learning in novice grappling athletes (Chye et al., 2024). Participants were classified as novices in Brazilian jiu-jitsu and grappling sports (< 6 months experience or < 1-year experience at least 10 years prior to her/his study start date). Participants were screened for imagery ability using the Vividness of Movement Imagery Questionnaire 2 (VMIQ-2; Roberts et al., 2008). VMIQ-2 scores indicated that participants were able to generate moderately clear and vivid internal imagery (M = 1.80 ± 0.69), and clear and vivid external (M = 2.57 ± 0.86) and kinesthetic imagery (M = 2.02 ± 0.86).



Motor skill

The motor skill to be learned in this study was an Ankle Pick takedown (see Figure 2a for a series of images depicting the motor skill being performed by a skilled grappling athlete on an opponent). This is a complex full-body serial motor skill that is often taught to novices in grappling sports. First, the participant grips the opponent behind their neck and circles their hand to the inside of the opponent's wrist to grab it and gain control of their arm. Then, the participant takes a step back while pulling on the opponent to get the opponent to plant their foot in front of them. Next, the participant lowers themself while pulling on the back of the opponent's neck to break their posture and to force the opponent to shift their weight onto that forward planted foot. Finally, the participant grabs the back of the opponent's ankle of their forward foot and scoops that ankle toward themselves and then drives with their legs to stand back up, whilst guiding their opponent's head back at the same time to complete the takedown and then returning to their starting standing position. This movement was performed with the first author as an opponent for all participants in all testing sessions but physically practiced without an opponent during acquisition sessions (i.e., a shadow movement; e.g., Chye et al., 2024).


[image: A series of five panels showing sequential movements: (a) people demonstrating a wrestling maneuver; (b) computer-generated hand movements over a grid; (c) skeletal models in various poses; (d) more hand movements over a grid; (e) skeletal figures in different dynamic stances. Each panel illustrates different stages of motion analysis.]
FIGURE 2
 A visual depiction of (a) a skilled grappling athlete demonstrating the Ankle Pick takedown with an opponent, (b) exemplar egocentric perspective and (c) allocentric perceptive skeleton-like avatar video footage for one of the novice learners allocated to the AOMISELF training condition, (d) the egocentric perspective and (e) allocentric perspective skeleton-like avatar video footage for a skilled performer adopted in the AOMIOTHER training condition.




Measures of learning
 
Motor skill performance

Motor skill performance was measured at all three test phases using biomechanical kinematic markers underpinning successful execution of the Ankle Pick takedown (see Figure 3 for a visual depiction of the extracted measures). Ten movement trials were collected at each test phase, with a total of thirty successful movement trials completed per participant across the study period. Three-dimensional marker positions were recorded using a 12 camera Vicon Vantage motion capture system (Vicon, Oxford, UK) sampling at 100 Hz. Participants wore 39 reflective skin markers at selective anatomical landmarks according to the Vicon plug-in gait marker set, which were tracked throughout all movement trials and filtered using a Butterworth fourth order low pass filter with a cut-off frequency of 6 Hz and then used to create a whole-body model. Twelve discrete kinematic variables were extracted from each successful test trial of the Ankle Pick takedown across the three phases of the movement. Three discrete kinematic variables were extracted from the Stance phase of the Ankle Pick takedown: base of Support, Horizontal Center of Mass, and Vertical Center of Mass. Six discrete kinematic variables were extracted from the Lowering phase of the Ankle Pick takedown: peak Left Hip Flexion Angle, Peak Left Knee Flexion Angle, Peak Angle Time Difference, Change in Horizontal Center of Mass, Change in Vertical Center of Mass, and Average Vertical Velocity. Three discrete kinematic variables were extracted from the Propulsive phase of the Ankle Pick takedown: peak Right Knee Extension Velocity, Peak Right Ankle Extension Velocity, and Peak Vertical Velocity (detailed in Table 1). A skilled grappling athlete performed 10 successful trials of the Ankle Pick takedown and the mean score for each kinematic variable was used as a reference value. The absolute error score (i.e., difference between the participant's recorded value and the reference value) was calculated using an average score of the participants 10 movement trials in each test phase, with a lower error score for each discrete kinematic measure representing more successful motor skill performance.


[image: Kinematic diagrams of a human figure performing step movements across different panels, labeled a to g. Each figure shows various limb positions and postures, with lines and arrows indicating joints and movement directions on a grid. The colored lines represent limb segments, with dashed lines highlighting specific motions or angles.]
FIGURE 3
 Kinematic models of the data extraction points for biomechanical kinematic markers underpinning successful movements as a measure of motor skill performance in this study. Panels display extraction points for the (a) base of support, (b) and horizontal and vertical center of mass during the stance phase, (c) peak left hip flexion angle, (d) peak left knee flexion angle, (e) and change in horizontal and vertical center of mass during lowering phase, (f) peak right knee peak right ankle extension velocities, and (g) peak vertical center of mass velocity during the propulsive phase. Peak angle time difference is calculated based on the time between (c, d), mean vertical velocity is extracted for the lowering phase depicted in the two frames for (e).



TABLE 1 Discrete kinematic measures recorded to represent motor skill performance for the Ankle Pick takedown.

[image: Table detailing various movement phases, kinematic measures, descriptions, interpretations, and determinations related to body stability, coordination, and force generation. Categories include Stance, Lowering, and Propulsive phases, each analyzing positional and velocity changes of the Center of Mass and joint angles to provide insights into bodily movements and their stability. Measurements are determined through Vicon Plug-in Gait models and other calculation methods.]



Self-efficacy

Self-efficacy was assessed using a bespoke 8-item self-report questionnaire developed using efficacy measurement guidelines (Bandura, 2006). The questionnaire was tailored for the Ankle Pick takedown and required participants to make confidence judgments about their ability to successfully perform the different components of the takedown, as well as the overall movement. Participants rated each item on an 11-point Likert scale from 0 (not at all confident) to 10 (completely confident). The specific components of the movement were taken from grappling resources (i.e., wrestling and Brazilian jiu-jitsu tutorials of the takedown) and checked by the first author as a skilled grappling athlete.



Mental representation structure

Mental representation structure was assessed using structural dimensional analysis of mental representation (SDA-M; Schack, 2012) as an indicator of accurate representation of the Ankle Pick takedown in long-term memory. As per the recommendations of Schack (2012), a list of basic action concepts (BACs) for the Ankle Pick takedown were initially developed by the first author based on her knowledge of the movement and the above-mentioned grappling resources. This list was rated by an independent panel of experts, including three skilled grappling athletes and two coaches with advanced knowledge and experience of performing/teaching the Ankle Pick takedown. A final list of BACs was adapted based on their feedback and used for the SDA-M splitting procedure in this study (Table 2). This involved one BAC being displayed on the screen (the anchor concept) while the participant decided if the other BACs (n = 8), which were displayed one after another in a randomized order, were directly related to the anchor concept. Once all decisions were recorded for that anchor concept, the procedure was repeated until all BACs had taken the anchor position, and all decisions had been made. The whole split procedure lasted ~10–20 min for a total of 72 decisions (9 x 8). As two skilled grappling athletes, the first author and a member of the expert panel completed the SDA-M splitting procedure to create a “skilled performer” mental representation structure for the Ankle Pick takedown as a reference point for this study (Figure 4).


TABLE 2 Basic action concepts of the Ankle Pick takedown.

[image: Table displaying basic action concepts (BAC) with corresponding numbers. Number 1: Right hand pulls down on partner’s neck. Number 2: Lower body and center of mass. Number 3: Drop left knee toward the ground. Number 4: Contact between left hand and partner’s right ankle. Number 5: Left hand scoops up their right ankle. Number 6: Drive forward with body. Number 7: Right hand guides partner’s head backwards and downwards. Number 8: Right leg drives movement to stand back up.]


[image: Dendrogram showing hierarchical clustering of eight Basic Action Concepts (BAC 1 to BAC 8) based on Euclidean distance. Clusters merge at different heights, indicated on the y-axis, with a red line crossing at level four.]
FIGURE 4
 Mean group tree diagram of the Ankle Pick takedown for the reference group of two skilled grappling athletes. Each BAC is labeled on the x-axis (for the list of BACs, see Table 2). The numbers on the y-axis display Euclidean distances. The lower the Euclidean distance between BACs, the closer the BACs are. The horizontal red line marks the critical value dcrit for a given α-level (dcrit = 3.51; α = 0.05). Thick horizontal gray lines below the BAC labels on the x-axis depict clusters of BACs.





Training conditions
 
Self-modeled AOMI (AOMISELF)

In the AOMISELF training condition, participants watched a 4-s video of a skeleton-like avatar representing her/his own successful performance of the Ankle Pick takedown and simultaneously imagined the kinesthetic sensations involved with performing the movement on an opponent. The skeleton model was chosen based on evidence suggesting that anthropomorphic-like displays can effectively convey kinematic information and enhance perception of motion features compared to simpler representations, such as point-light displays or stick figures (e.g., Hodgins et al., 1998; Moura et al., 2023). The movements of the skeleton-like avatar were shown in both egocentric (Figure 2b) and allocentric visual perspectives (Figure 2c) in an alternating fashion (Chye et al., 2024). A three-dimensional model of the participant's most successful trial of the Ankle Pick takedown at pre-test was imported from Vicon Nexus into Vicon Polygon to create the skeleton-like avatar video (see Supplementary material for a detailed account of Vicon Polygon processes). The most successful three trials were determined based on having the three lowest error scores across the twelve kinematic measures compared to the skilled model's kinematic data. These trials were subjectively rated by the first author, as a skilled grappling athlete, to determine the objectively and subjectively most successful trial used for the skeleton-like avatar in the AOMISELF training condition. All test trials were performed with an opponent, but only the movement of the participant was motion-captured and thus represented as the skeleton-like avatar in the videos. Whilst watching the videos, the participants were instructed to perform their imagery as though they were throwing an opponent, focusing on the physical sensations of the movement based on their kinesthetic experience of it from the test trials. During each training session, the participant engaged with sixty AOMISELF trials broken down into six blocks of ten trials, totalling 240 s. After 5 consecutive AOMISELF trials, the participant performed 5 physical practice trials of the Ankle Pick takedown without an opponent, meaning a total of 60 physical practice trials were completed per training session. Physical practice was incorporated as part of the AOMI training interventions in this study as novices benefit most from pairing movement simulation and execution due to limited experience performing the skill (McNeill et al., 2020).



Other-modeled AOMI (AOMIOTHER)

The AOMIOTHER training condition was identical to the AOMISELF training condition, with the only difference being the content displayed in the skeleton-like avatar video trials. The skeleton-like avatar represented the three-dimensional model from the motion capture of a skilled athlete performing the Ankle Pick takedown successfully on an opponent, but only the movement of the skilled model was represented as the skeleton-like avatar in the videos, as shown in both egocentric (Figure 2d) and allocentric visual perspectives (Figure 2e) in an alternating fashion (Chye et al., 2024). During each training session, the participant engaged with sixty AOMIOTHER trials broken down into six blocks of ten trials, totalling 240 s. After 5 consecutive AOMIOTHER trials, the participant performed 5 physical practice trials of the Ankle Pick takedown without an opponent, meaning a total of 60 physical practice trials were completed per training session.



Control

Participants allocated to the Control training condition watched video extracts from an interview with a professional grappling athlete, a common control condition used in the AOMI literature (see Figure 1 for an image depicting this). The videos did not include any technical information about the Ankle Pick takedown and focused on the athlete's general experiences as a competitor. During each training session, the participant watched six 40-s extracts from the recorded interview to match the total duration for 60 repetitions of the intervention footage used in the AOMISELF and AOMIOTHER training conditions. After watching each 40-s extract, the participant performed 10 physical practice trial of the Ankle Pick takedown, meaning a total of 60 physical practice trials were completed per training session.




Procedure
 
Familiarization and pre-test phase

The participant arrived at the biomechanics laboratory to complete the pre-test data collection (Day 1). Participants were initially briefed on the study requirements and provided informed consent, before being prepared for motion capture data collection. Participants were then shown a demonstration video that displayed a skilled grappling athlete performing four Ankle Pick takedowns on an “opponent.” The first two repetitions demonstrated the movement in chunks with stepwise verbal instructions and the second two repetitions demonstrated the takedown at full speed without instruction. Participants then practiced five repetitions of the takedown without an “opponent,” and then five more repetitions of the takedown with an “opponent.” Feedback of the performance was given if there were any fundamental steps missing or were performed incorrectly. Participants then completed the self-efficacy questionnaire and SDA-M procedure. To complete the pre-test phase, participants then performed ten “test” repetitions of the Ankle Pick takedown on an “opponent” whilst kinematic data was collected.



Acquisition phase

All participants took part in 5 training sessions during the acquisition phase of the experiment (Days 3–7). For each session, participants were first led through a 5-min dynamic warm up that included all muscle groups used during the Ankle Pick takedown. Participants then watched the demonstration video to re-familiarize with the different components of the takedown when performed on another person, then watched another demonstration video of the takedown performed without an ‘opponent' to demonstrate what the takedown would look like during their physical practice trials without an “opponent.” Participants then received instructions based on their allocated training condition (see Supplementary files for full instructions for each training condition) and engaged in the training protocol. For all training conditions, the participant completed a total of 13.5-min non-physical practice (i.e., engagement with the stimuli and task associated with their allocated training condition) and 300 physical practice trials without an “opponent” for the Ankle Pick takedown.



Post-test and retention-test phases

Participants returned to the biomechanics laboratory 1 day and 8 days after finishing the final training session of the acquisition phase to complete the post-test (Day 8) and retention-test (Day 15) data collections, respectively. A buffer day was included between the pre-test (Day 1) and the start of the acquisition phase (Day 3) to allow time for processing data and preparing the materials for the AOMISELF condition from the data collected in the pre-test session. The protocol for both data collection sessions mirrored that of the pre-test, recording movement kinematics, self-efficacy, and mental representation structures for the Ankle Pick takedown for a second and third instance across the study period. At the end of the experiment, participants allocated to the AOMISELF and AOMIOTHER training conditions completed a social validation questionnaire and interview. The social validation procedures aimed to gather perceived changes in motor skill performance, self-efficacy and mental representations for the training condition, and assess perceived ability to engage with the simulation processes and embody the movements displayed by the avatar during the AOMI training protocol (see Supplementary material for full details and reporting of social validation data).




Kinematic data extraction

The twelve discrete kinematic variables were extracted from significant phases during the ankle pick movement. Their descriptions, interpretations and methods of determination, can be found in full in Table 2.



Data analysis
 
Motor skill performance and self-efficacy

Multi-level linear models (MLM) were run for motor skill performance and self-efficacy data using the “lme4” package in R studio statistical software (version 4.2.1). Significance was calculated using the “lmerTest” package (Kuznetsova et al., 2017), which applies Satterthwaite's method to estimate degrees of freedom and generate p-values for mixed models. Mean overall self-efficacy scores and absolute error scores for each discrete kinematic measure served as separate dependent variables, and “participant” was included as a random intercept. We attempted to model random slopes to account for individual differences in response across test phases, but the model would not run because it lacked sufficient data to reliably estimate all the specified random effects parameters. Outlier analyses were computed for motor skill performance and self-efficacy data using interquartile range values. Forty-two individual data points were removed as outliers across the thirteen MLM.

To check for any potential effects of imagery ability on the respective scores, a second identical model was run with kinesthetic imagery scores from the VMIQ-2 (Roberts et al., 2008) added as a covariate for each of the dependent variables. The MLMs incorporating imagery ability as a co-variate increased the accuracy of the models compared to the original models for three of the thirteen outcome measures (i.e., Peak Flexion Angle Time Difference, Peak Right Knee Extension Velocity, and Peak Right Ankle Extension Velocity), meaning these secondary models are reported in the main results below. Model accuracy and influence statistics for the original or secondary MLMs not reported in the primary results section are reported in the Supplementary Results document. Random effect residuals for “participant” accounted for a significant portion of the variance across all kinematic variables as well as self-efficacy scores, supporting the decision to model these random effects in the MLMs (see Supplementary Table S1 in the Supplementary Results document for additional detail).

To account for potential washout effects in the motor skill performance data that may have resulted from the large trial-count used across the testing procedures, we loaded “trial count” as a factor into the MLMs as a continuous fixed effect. This was calculated using a sequential moving average (i.e., trial count n is represented by the average of trials 1-n) and the outliers removed from the main analysis were also excluded from this analysis. We only considered the data at post-test and retention-test as the pre-test data was taken prior to the intervention, meaning washout is not an issue at this point. There was no main effect of trial count for most kinematic variables at post-test (n = 9) and retention-test (n = 7). An interaction effect of trial count x training condition was present for two kinematic variables at post-test and at retention-test. Follow-up pairwise comparisons for Horizontal Center of Mass showed that error scores for the AOMIOTHER training condition were significantly lower at trial 1 compared to trials 3–10 at post-test. Follow-up pairwise comparisons for Peak Flexion Angle Time Difference showed no significant differences in error scores for the AOMIOTHER training condition across trial counts at post-test. Follow-up pairwise comparisons for Change in Horizontal Center of Mass showed that error scores for the AOMIOTHER training condition were significantly lower at trial 1 compared to trials 2 and 3 at retention-test. Follow-up pairwise comparisons for Peak Right Ankle Extension Velocity showed that error scores for the AOMISELF training condition were significantly higher at trial 1 compared to trials 3–10, and at trial 2 compared to trials 9 and 10 at retention-test. These analyses suggest there is no systematic presence of a washout effect due to the number of trials used for the testing procedures adopted in this study.



Mental representation structure

Drawing on the Euclidean distance scaling between BACs as obtained by the SDA-M split procedure, cluster analyses (α = 0.5, dcrit =3.51) were performed to outline the structure of mental representations. Mean group tree diagrams were computed for each experimental condition (AOMISELF, AOMIOTHER, Control) at each test phase (Pre-Test, Post-Test, and Retention-Test). Analysis of invariance was conducted to compare the different cluster solutions between training conditions and across test phases. Two cluster solutions are variant when λ < 0.68 and are invariant when cluster solutions are λ ≥ 0.68 (Schack, 2012). Closer proximity with the reference structures indicates a more functionally accurate representation of the Ankle Pick takedown. The Adjusted Rand Index (ARI; Santos and Embrechts, 2009) was calculated as a similarity metric between the structures for the training conditions and the reference structure at each test phase. ARI values between −1 (structures are different) and 1 (structures are the same) were obtained, with a greater positive difference in ARI values between pre-test and retention-test indicating greater learning of the cognitive aspects underlying physical execution of the Ankle Pick takedown.





Results


Motor skill performance
 
Stance phase

Base of support. There was no significant main effect of test phase (F [2, 53.47] = 0.06, p = 0.94, η2 = 0.002), training condition (F [2, 27.28] = 1.08, p = 0.35, η2 = 0.07) or interaction effect between training condition and test phase (F [4, 53.46] = 1.16, p = 0.34, η2 = 0.08) for Base of Support error scores (Figure 5a).


[image: Three data visualizations compare experimental conditions across time points. Chart a shows "Rate of Speed" with varying distributions in orange, blue, and yellow. Chart b illustrates "Kinetic Center of Mass," and chart c represents "Vertical Center of Mass," both also in the three colors. Each chart has three time points: Pre-test, Post-test, and Retention-test.]
FIGURE 5
 Box and violin plots with raw data points displaying error scores for (a) Base of Support, (b) Horizontal Center of Mass, and (c) Vertical Center of Mass discrete kinematic measures for the stance phase of the Ankle Pick Takedown in the Control (red), AOMIOTHER (yellow), and AOMISELF (blue) training conditions across the three test phases. Thick horizontal black lines represent the median average and white diamonds represent the mean average for each box plot. Individual participant error scores are represented by circular markers. Data points are omitted for those excluded through outlier diagnostics.


Horizontal center of mass. There was a significant main effect of test phase (F [2, 44. 8] = 3.5, p = 0.04, η2 = 0.13), but no significant main effect of training condition (F [2, 24.15] = 1, p = 0.41, η2 = 0.07) or interaction effect between training condition and test phase (F [4, 44.8] = 0.21, p = 0.93, η2 = 0.02) for Horizontal Center of Mass error scores (Figure 5b). Follow-up pairwise comparisons for the main effect of test phase suggested that Horizontal Center of Mass error scores did not significantly differ between pre-test and post-test (ß = 2.24, t(52.7) = 1.73, p = 0.2), between pre-test and retention- test (ß = 3.14, t(52.9) = 2.4, p = 0.052), and between post-test and retention test (ß = 0.91, t(52) = 0.71, p = 0.76).

Vertical center of mass. There was no significant main effect of test phase (F [2, 56] = 1.04, p =.36, η2 = 0.04), training condition (F [2, 28] = 0.3, p = 0.74, η2 = 0.02), or interaction effect between training condition and test phase (F [4, 56] = 1.27, p = 0.29, η2 = 0.08) for Vertical Center of Mass error scores (Figure 5c).



Lowering phase

Peak left hip flexion angle. There was no significant main effect of test phase (F [2, 50.4] = 0.83, p = 0.44, η2 = 0.03), training condition (F [2, 24.42] = 1.79, p = 0.19, η2 = 0.13), or interaction effect between training condition and test phase (F [4, 50.37] = 0.66, p = 0.62, η2 = 0.05) for Peak Left Hip Flexion Angle error scores (Figure 6a).


[image: Set of six grouped violin plots showing biomechanical metrics before and after an intervention. Each plot represents different metrics: a) Peak Left Hip Flexion Angle, b) Peak Left Knee Flexion Angle, c) Peak Pelvis Angle Time Difference, d) Change in Horizontal Center of Mass, e) Change in Vertical Center of Mass, f) Mean Vertical Velocity. Data is categorized by experimental conditions: Control, ACM<sub>PASSIVE</sub>, ACM<sub>ACTIVE</sub>. Horizontal axis shows timepoints: Pre-test, Post-test, Retention-test.]
FIGURE 6
 Box and violin plots with raw data points displaying error scores for (a) Peak Left Hip Flexion Angle, (b) Peak Left Knee Flexion Angle, (c) Peak Flexion Angle Time Difference, (d) Change in Horizontal Center of Mass, (e) Change in Vertical Center of Mass, and (f) Mean Vertical Velocity discrete kinematic measures for the lowering phase of the Ankle Pick takedown in the Control (red), AOMIOTHER (yellow), and AOMISELF (blue) training conditions across the three test phases. Thick horizontal black lines represent the median average and white diamonds represent the mean average for each box plot. Individual participant error scores are represented by circular markers. Data points are omitted for those excluded through outlier diagnostics.


Peak left knee flexion angle. There was no significant main effect of test phase (F [2, 54] = 2.03, p = 0.14, η2 = 0.07), training condition (F [2, 27) = 0.43, p = 0.65, η2 = 0.03). or interaction effect between training condition and test phase (F [4, 54] = 0.47, p = 0.76, η2 = 0.03) for Peak Left Knee Flexion Angle error scores (Figure 6b).

Peak flexion angle time difference. There was no significant main effect of test phase (F [2, 56] = 0.87, p = 0.42, η2 = 0.03), training condition (F [2, 28] = 0.17, p = 0.84, η2 = 0.01) or interaction effect between training condition and test phase (F [4, 56] = 0.87, p = 0.49, η2 = 0.06) for Peak Flexion Angle Time Difference error scores (Figure 6c).

Change in horizontal center of mass. There was no significant main effect of test phase (F [2, 48.83] = 1.44, p = 0.25, η2 = 0.06), training condition (F [2, 24] = 0.81, p = 0.46, η2 = 0.06) or interaction effect between training condition and test phase (F [4, 48.8] = 0.2, p = 0.94, η2 = 0.02) for Change in Horizontal Center of Mass error scores (Figure 6d).

Change in vertical center of mass. There was no significant main effect of test phase (F [2, 56] = 2.41, p = 0.1, η2 = 0.08), training condition (F [2, 28] = 0.83, p =.45, η2 = 0.06) or interaction effect between training condition and test phase (F [4, 56] = 1.45, p = 0.23, η2 = 0.09) for Change in Vertical Center of Mass error scores (Figure 6e).

Mean Vertical Velocity. There was no significant main effect of test phase (F [2, 53.8] = 2.42, p = 0.1, η2 = 0.08), training condition (F [2, 28.53] = 0.07, p = 0.93, η2 = 0.005) or interaction effect between training condition and test phase (F [4, 53.74] = 0.6, p = 0.67, η2 = 0.04) for Mean Vertical Velocity error scores (Figure 6f).



Propulsive phase

Peak right knee extension velocity. There was no significant main effect of test phase (F [2, 53.77] = 1.11, p = 0.34, η2 = 0.04), training condition (F [2, 27.93] = 0.58, p = 0.56, η2 = 0.04), or interaction effect between training condition and test phase (F [4, 53.75] = 0.38, p = 0.82, η2 = 0.03) for Peak Right Knee Extension Velocity error scores (Figure 7a).


[image: Three-panel scatter plots with overlapping density plots show peak right knee extension velocity (a), ankle extension velocity (b), and vertical velocity (c) across pre-test, post-test, and retention-test times. Data points represent individuals in three experimental conditions: control, AOMtraining, and AOMploy observed through colored distributions.]
FIGURE 7
 Box and violin plots with raw data points displaying error scores for (a) Peak Right Knee Extension Velocity, (b) Peak Right Ankle Extension Velocity, and (c) Peak Vertical Velocity discrete kinematic measures for the propulsive phase of the Ankle Pick takedown in the Control (red), AOMIOTHER (yellow), and AOMISELF (blue) training conditions across the three test phases. Thick horizontal black lines represent the median average and white diamonds represent the mean average for each box plot. Individual participant error scores are represented by circular markers. Data points are omitted for those excluded through outlier diagnostics.


Peak right ankle extension velocity. There was no significant main effect of test phase (F [2, 51.69] = 1.3, p = 0.28, η2 = 0.05), training condition (F [2, 25.63] = 0.15, p = 0.86, η2 = 0.01), or interaction effect between training condition and test phase (F [4, 51.63] = 2.22, p = 0.08, η2 = 0.15) for Peak Right Ankle Angle Velocity error scores (Figure 7b).

Peak vertical velocity. There was a significant main effect of test phase (F [2, 53.41] = 7.41, p < 0.01, η2 = 0.22), but no significant main effect of training condition (F [2, 27.03] = 0.46, p =.64, η2 = 0.03) or interaction effect between training condition and test phase (F [4, 53.41] = 0.03, p = 1, η2 = 0.002) for Peak Vertical Velocity error scores (Figure 7c). Follow-up pairwise comparisons for the main effect of test phase suggested that Peak Vertical Velocity error scores significantly increased between pre-test and post-test (= −0.08, t(61.3) = −3.49, p < 0.01) and between pre-test and retention-test (ß = −0.06, t(61.3) = −2.61, p = 0.03), but did not differ significantly between post-test and retention-test (ß = 0.02, t(60.8) = 0.88, p = 0.66).



Self-efficacy

There was a significant main effect of test phase (F [2, 56] = 27.06, p < 0.001, η2 = 0.49), no significant main effect of training condition (F [2, 28] = 1.45, p = 0.25, η2 = 0.09) or interaction effect between training condition and test phase (F [4, 56] = 0.39, p = 0.82, η2 = 0.03) for self-efficacy scores (Figure 8). Follow-up pairwise comparisons for the main effect of test phase suggested that self-efficacy scores significantly increased between pre-test and post-test (ß = −1.35, t(62.7) = −6.07, p < 0.001) and between pre-test and retention-test (ß = −1.33, t(62.7) = −5.92, p < 0.001) but did not significantly differ between post-test and retention test (ß = 0.02, t(62.7) = 0.1, p = 1).


[image: Box plots with violin plots show self-efficacy scores for three timepoints: pre-test, post-test, and retention-test. Data points are colored by experimental condition: control, latent factors, self, and teacher.]
FIGURE 8
 Box and violin plots with raw data points displaying self-efficacy scores in the Control (red), AOMIOTHER (yellow), and AOMISELF (blue) training conditions across the three test phases. Thick horizontal black lines represent the median average and white diamonds represent the mean average for each box plot. Individual participant error scores are represented by circular markers. Data points are omitted for those excluded through outlier diagnostics.





Mental representation structure
 
Self-model AOMI (AOMISELF) training condition

The mean group tree diagrams (Figure 9a) for participants in the AOMISELF training condition comprised of two clusters at pre-test (BACS [1 2 3]; [4 5 6 8]), two clusters at post-test (BACS [1 7 2 3 4]; [5 6 8]) and two clusters at retention-test (BACS [1 2 3 4 5]; [6 8]). Analysis of invariance revealed that the representation structures for participants allocated to the AOMISELF training condition were invariant between pre-test and post-test (λ = 0.69), pre-test and retention-test (λ = 0.72) and post-test and retention-test (λ = 0.7). Mental representation structures became less like the model structure over time between pre-test and post-test (ARIpre = 0.13, ARIpost = −0.04, ARIdiff = −0.17), pre-test and retention-test (ARIpre = 0.13, ARIretention = −0.12, ARIdiff = –0.25), and post-test and retention-test (ARIpost = −0.04, ARIretention = −0.12, ARIdiff = −0.08).


[image: Hierarchical cluster dendrograms in three sections (a, b, c), each with pre-test, post-test, and retention-test columns. X-axis represents basic action concepts; Y-axis shows Euclidean distance.]
FIGURE 9
 Mean group tree diagram of the Ankle Pick for the (a) AOMISELF, (b) AOMIOTHER, and (c) Control training conditions across the three test phases. Each BAC is labeled on the x-axis (for the list of BACs, see Table 2). The numbers on the y-axis display Euclidean distances. The lower the Euclidean distance between BACs, the closer the BACs are. The horizontal red line marks the critical value dcrit for a given α-level (dcrit = 3.51; α = 0.05). Thick horizontal gray lines below the BAC labels on the x-axis depict clusters of BACs.




Other-model AOMI (AOMIOTHER) training condition

The mean group tree diagrams (Figure 9b) for participants in the AOMIOTHER training condition comprised of two clusters at pre-test (BACS [1 2 3]; [4 5 6 8]), two clusters at post-test (BACS [1 2 3]; [5 6 8]) and two clusters at retention-test (BACS [1 2 3]; [4 5 6 8 7]). Analysis of invariance revealed that the representation structures for participants allocated to the AOMIOTHER condition were invariant between pre-test and post-test (λ = 0.71), pre-test and retention-test (λ = 0.69) and post-test and retention-test (λ = 0.69). Mental representation structures did not get closer to the model structure between pre-test and post-test (ARIpre = 0.13, ARIpost = 0.13, ARIdiff = 0.00), but became more like the model structure over time between pre-test and retention-test (ARIpre = 0.13, ARIretention = 0.26, ARIdiff = +0.13), and post-test and retention-test (ARIpost = 0.13, ARIretention = 0.26, ARIdiff = +0.13).




Control training condition

The mean group tree diagrams (Figure 9c) for participants in the Control training condition comprised of two clusters at pre-test (BACS [1 2 3]; [4 5 6 8]), two clusters at post-test (BACS [1 2 3 4]; [5 6 7 8], and two clusters at retention-test (BACS [1 2 3]; [5 6 8 7]). Analysis of invariance revealed that the representation structures for participants allocated to the control condition were invariant between pre-test and post-test (λ = 0.68) and post-test and retention-test (λ = 0.68) but were variant between pre-test and retention-test (λ = 0.66). Mental representation structures got closer to the model between pre-test and post-test (ARIpre = 0.13, ARIpost = 0.31, ARIdiff = +0.18) and pre-test and retention-test (ARIpre = 0.13, ARIretention = 0.30, ARIdiff = +0.17), but became less like the model between post-test and retention-test (ARIpost = 0.31, ARIretention = 0.30, ARIdiff = −0.01).



Social validation

Participants allocated to the two AOMI groups responded positively to the social validation questionnaire (see Supplementary Table S2 in the Supplementary Results for full breakdown) in terms of the impact of the different AOMI training conditions on the learning measures (AOMISELF M = 3.17, AOMIOTHER M = 2.83; range = −5 to 5), their ability to engage with different aspects of AOMI training (AOMISELF M = 1.00, AOMIOTHER M = 0.90; range = −3 to 3), and their perceptions of the skeleton-like avatar displayed during the intervention (AOMISELF M = 1.7, AOMIOTHER M = 1.23; range = −3 to 3). There were no significant differences between the two training conditions across the social validation questionnaire responses.

All ten participants (100%) allocated to the AOMISELF and AOMIOTHER training groups believed their motor skill performance improved after training. The participants that perceived AOMIOTHER training as performance-enhancing suggested that the AOMI stimuli provided useful visual information and technical detail about performing the Ankle Pick takedown. Nine participants (90%) believed their self-efficacy increased after AOMIOTHER training, and all ten participants (100%) believed their self-efficacy increased after AOMISELF training. The participants that perceived AOMIOTHER training to have a positive effect on their self-efficacy suggested the skeleton-like avatar videos provided them with positive mastery experiences. Finally, nine participants (90%) believed their understanding of the movement improved after AOMIOTHER training and all ten participants (100%) believed their understanding of the movement improved after AOMISELF training. The participants that perceived AOMIOTHER training to advance their knowledge about the Ankle Pick takedown suggested it provided useful cues such as spatial information that helped them to better understand the movement requirements (see Supplementary Results for full breakdown and representative quotes).




Discussion

This study investigated the influence of model type on the effectiveness of AOMI training for novices learning an Ankle Pick takedown by comparing the effects of AOMIOTHER and AOMISELF training on motor skill performance, self-efficacy and mental representation structures. This was done by presenting either the novice's (AOMISELF) or skilled performer's (AOMIOTHER) movements whilst controlling the visual characteristics by presenting the same skeleton in the intervention (see e.g., Frank et al., 2023). It was hypothesized that AOMIOTHER training would improve motor skill performance and mental representation structure to a greater extent than AOMISELF training, and AOMISELF training would increase novice learners' self-efficacy beliefs to a greater extent than AOMIOTHER training. The results of this study partly supported these predictions. There were no significant improvements in motor skill performance between pre- and post-test or pre- and retention-test for any of the three training conditions. However, descriptively, the AOMI training conditions reduced error scores (AOMISELF = 50% and AOMIOTHER = 50%) across more discrete kinematic measures of motor skill performance than the Control training condition (25%) between pre- and retention-test. Self-efficacy scores increased across the three test phases for all training conditions, with AOMISELF causing the descriptively largest increase between pre- and retention-test. Mental representation structures became more functional after Control and AOMIOTHER training, and less functional after AOMISELF training.

Our results do not provide support for the hypothesis that AOMI training would benefit motor skill performance to a greater extent than Control training, irrespective of the model type used. In fact, we show no significant differences between the training conditions in error score changes across all twelve kinematic measures of motor skill performance. The results of this study build on recent findings that AOMISELF and AOMIOTHER training have similar benefits toward skilled golfers' performance on a putting task (McNeill et al., 2021), and novice exercisers' learning of a whole-body squat movement (Frank et al., 2023). However, the lack of motor skill performance benefits reported in this study contradict recent meta-analytic findings showing that AOMI training incorporating physical practice has a medium-to-large positive effect on performance of different types of motor skills compared to physical practice alone (Chye et al., 2022). This is particularly surprising for AOMIOTHER training given the prevalence of this approach across the studies synthesized in Chye et al.'s (2022) meta-analysis, and the diversity of movement outcome benefits reported for this type of AOMI training to-date. The findings may be in-part explained by the difficulty level of the motor skill being learned in this study, as it is notably more complex than most motor skills employed across previous AOMI training studies with novice populations. A recent study by Chye et al. (2024) found that AOMI training improved some components of motor skill performance at retention-test for novices learning a shadow judo throw that is similar in terms of motor skill classification and movement difficulty to the grappling takedown used in this study. However, a shadow Osoto Gari throw was used in both training and testing in the Chye et al. (2024) study, whereas the Ankle Pick takedown used in this study was trained as a shadow movement but performed on an opponent in the testing sessions, potentially increasing the complexity of the skill and the cognitive processing demands required of the novice learners during test trials in this study. Descriptively, both AOMI training conditions showed reduced error scores across a greater proportion (n = 6, 50%) of the twelve kinematic measures of motor skill performance compared to the Control training condition (n = 3, 25%) at retention-test, potentially indicating that motor skill performance and learning might be significantly improved if a longer training period was adopted (e.g., Romano-Smith et al., 2018, 2019; Scott et al., 2023), or if the sample size was increased given the small sample size in the present study (Lohse et al., 2016; Ranganathan et al., 2022).

Our results provide partial support for the prediction that AOMISELF training would lead to the greatest benefits for self-efficacy scores due to model similarity reinforcing positive mastery experiences (Bandura, 1997; Wright et al., 2022). All training conditions increased their self-efficacy scores over time with no significant differences in change scores between the training conditions, but descriptively the AOMISELF training condition had the largest increase in self-efficacy between pre- and retention-test. This descriptive benefit is likely due to the novice learner seeing successful execution of the movement based on their own motor repertoire in the AOMISELF training, making successful performance of the task feel more attainable (Shearer et al., 2020; Wright et al., 2022). This is supported by the social validation data collected in this study, as the participants perceived that AOMISELF training increased self-efficacy through the provision of positive mastery experiences (see Supplementary Results section for more details). The self-efficacy results for this study mirror the findings reported across AO literature in sport, where both self- and other-modeling have been shown to enhance self-efficacy (e.g., Feltz et al., 1979, 2008; Singleton and Feltz, 1999) as well as having no such benefit toward self-efficacy beliefs compared to control conditions (e.g., Law and Ste-Marie, 2005; Ram and McCullagh, 2003; Ste-Marie et al., 2011). Past performance accomplishments are the strongest antecedent for self-efficacy as they provide direct mastery information (Bandura, 1997; Bruton et al., 2013). In the context of this study, the lack of significant differences in self-efficacy scores between training conditions indicates that the novice learners predominantly derived their self-efficacy beliefs from the physical practice of the Ankle Pick takedown, as incorporated for all three groups, possibly due to a lack of direct mastery experiences for this complex motor task.

Our results provide partial support for the prediction that the AOMIOTHER training condition would lead to a more functional mental representation structure for the Ankle Pick takedown in novice learners. Whilst the Control training condition had the largest significant functional change between pre- and retention-test, the AOMIOTHER training condition was the only group that became more like the reference structure between both pre- and post-test and post- and retention-test, indicating a delayed consolidation of the novices' understanding of the movement for this training condition. The lack of significant findings for the AOMI training groups does not align with previous research showing that action simulation training (i.e., AO, MI, AOMI) that incorporates physical practice leads to greater functional changes in novices' mental representation structures of a motor skill compared to physical practice alone (e.g., Frank et al., 2014; Kim et al., 2017, 2022). The relative effectiveness of the Control training on mental representation structures suggests that in the early stages of perceptual-cognitive scaffolding, physical practice reveals the strongest effects on mental representation development. This is also supported by Rohbanfard and Proteau (2013) who suggest that in AO training conditions interspersed with physical practice, the greater effect of physical practice can “wash-out” the effect of AO, thus overwhelming potential differences between training groups. However, mental representation structures for the AOMISELF training condition moved further away from the reference structure over time, suggesting the AOMI component of the training disrupted this marker of learning. The AOMISELF training depicted the novice's own movement technique for the Ankle Pick takedown, providing incorrect visual information about successful execution of the movement that likely developed inaccurate aspects of the mental representation related to sequencing and timing for this motor skill. The provision of this inaccurate visual information, coupled with the novice participants' lack of knowledge about successful execution of the movement, likely resulted in the erroneous formation of aspects of the mental representation related to the sensory consequences for the movement through the MI component of the AOMISELF training. This is supported by AO literature showing that modeling a novice's own erroneous performance of a motor skill can have detrimental effects on learning (McCullagh et al., 2012). In fact, observing expert performance in isolation or in comparison with novice performance typically results in better long-term retention of complex tasks compared to observing novice performance alone (Andrieux and Proteau, 2013).

This study is the first of its kind to investigate the effects of model type on the effectiveness of AOMI training for novices learning a complex, serial motor skill, but it is important to acknowledge possible limitations associated with the experiment. Firstly, the majority of research investigating the effects of AOMI training on motor skill performance has predominantly focused on simple, discrete motor skills (Chye et al., 2022). To-date, two studies have explored novice learning of complex, serial motor skills in sporting contexts, demonstrating mixed findings across the measures of learning adopted (e.g., Frank et al., 2023; Chye et al., 2024). According to Guadagnoli and Lee's (2004) Challenge-Point framework, motor learning is facilitated when an optimal amount of information is afforded to the learner, with this amount determined by the skill level of the learner as well as the difficulty of the motor skill being learned. The Ankle Pick takedown adopted as the target motor skill in the present study is a highly complex task that includes eight different goal-oriented actions that need to be executed in a coordinated, sequential manner on an opponent. This motor skill was likely too difficult for the novices to learn across the acquisition period adopted in this study (i.e., five training sessions), placing too greater cognitive demands on the learners at this early stage of learning and exceeding their working memory capacity (Furley and Memmert, 2010; Furley and Wood, 2016; Maxwell et al., 2003).

Second, the difficulty of this learning process was likely further increased by the novices performing the Ankle Pick takedown without an opponent during acquisition, and with an opponent during testing sessions. The experiences gained by the novices during acquisition would be used to create estimates to guide their future action (Frank et al., 2024). However, the sensory consequences of this shadow movement differ to those involved with execution of an Ankle Pick takedown on an opponent, due to the altered demands of manipulating and propelling their body. This would increase the cognitive processing demands placed on the novice learners during this testing phase, possibly masking motor learning benefits that may exist for the shadow Ankle Pick takedown that was not assessed during the test phases. In support of this, a previous study by Chye et al. (2024) found that AOMI training of a shadow Osoto Gari judo throw led to improved kinematic measures underpinning successful motor skill performance at the point of retention, indicating that learning of this shadow movement was enhanced through this type of training. This study has greater ecological validity, as it examines if AOMI training of a shadow movement can lead to improved performance of the movement against an opponent, as would be the case in typical sports training or competition. However, there is a need to explore the potential for AOMI training of a complex shadow movement to benefit learning of both the trained shadow movement and a “real world” equivalent, potentially treating the latter as a transfer test (see Schmidt et al., 2018 for a detailed account of transfer and motor skill learning).

Third, the requirements of the motor simulation components of the AOMI training utilized during the acquisition period in this study might not be optimal for novice learners. The AOMI training conditions required the novice learners to alternate between AO of the skeleton-like avatar performing the Ankle Pick takedown from an allocentric and egocentric perspective across consecutive trials. This meant that participants likely engaged in varied levels of mental rotation during the different AOMI trials to support the simultaneous MI of the feeling and sensations involved with performing the movement, increasing the cognitive load placed on participants and potentially reducing the effectiveness of AOMI training (Kim et al., 2022). An asynchronous approach to AOMI training has received support in novices, whereby the learner engages with an AO trial followed by an MI trial during AOMI training (e.g., Romano-Smith et al., 2018, 2019; Kim et al., 2022). The provision of relevant information through AO is likely to facilitate the formation of more accurate mental representations during MI when they are engaged with sequentially (Holmes and Calmels, 2008), especially for novice samples attempting to simulate a complex motor task such as the Ankle Pick takedown utilized in the present study (Kim et al., 2022; Shearer et al., 2009).

This study tested the effects of model type on the effectiveness of AOMI training by comparing self- and other-modeling during AOMI in novices learning a complex grappling takedown. Whilst this approach directly compares two prominent forms of modeling from AO training literature, a large body of work has reported movement benefits after alternative forms of modeling (Ste-Marie et al., 2012, 2020). For example, a mixed-modeling approach where the learner observes both self- and other-models simultaneously or in an alternating fashion, is said to benefit the development of mental representations of movement by providing additional task-related information and distinguishing between successful and unsuccessful movement patterns (Laguna, 2008). Indeed, AO training studies demonstrate greater improvements in motor task performance after mixed-modeling interventions combining a skilled other-model and self-model (e.g., Anderson and Campbell, 2015; Nishizawa and Kimura, 2017; Robertson et al., 2018), learning self-model (Domuracki et al., 2015), and positive self-review model (Barzouka et al., 2015). Future studies should draw from the AO training literature (Ste-Marie et al., 2012, 2020) to comprehensively examine the influence of various combinations of self- and other-model types and model skill level on the effectiveness of AOMI training for motor skill learning across different stages of expertise development and types of motor skill.

In an identical manner to Chye et al. (2024), the AO component of the AOMI training conditions employed in this study displayed 3D-modeled skeleton-like avatars that were digitally generated from whole-body motion capture data. Whilst there is some evidence to suggest that non-realistic human avatars can induce a similar sense of agency as a realistic human avatar (Kim et al., 2020), the propositions of the model-observer similarity hypothesis (Schunk, 1987) indicate that a model that more closely resembles the learner would facilitate the motor learning benefits associated with AOMI training. As such, one possible explanation for the findings of the current study is that the self-model being presented as an anonymous skeleton avatar created a discrepancy in physical similarity between the observer and the avatar, therefore decreasing the level of self-identification the observers had with the self-model avatar, thus confounding potential motor learning benefits. As skilled models are proposedly advantageous in the early stages of learning, particularly when the task to be learned is more complex (Rohbanfard and Proteau, 2011), a method that can combine skilled movement patterns with learner-like resemblance might be optimal (Frank et al., 2024). Recent technologies such as virtual reality and face-swapping make this possible, with studies already showing increased motor system activity (Watanabe et al., 2024) and reduced movement error patterns (Frank et al., 2023) for AOMI employing such techniques. Future research should utilize immersive technologies to further explore AOMISELF training without being restricted to the performer's skill level. This would allow AOMI training to combine the attentional and motivational benefits of self-modeling with the informational benefits of other-modeling, further enhancing the learning process.



Conclusion

The present study examined the influence of model type on the effectiveness of AOMI training for novices learning an Ankle Pick takedown. In contrast to our predictions, there was little support for either AOMISELF or AOMIOTHER training improving motor skill performance compared to the Control training condition, suggesting that physical practice is the primary driver of motor adaptations for this complex motor skill at early learning stages. While there were no significant differences between model types, the AOMI training conditions showed broader reductions in the error scores of discrete kinematic measures of motor skill performance compared to Control training, indicating that an increased training volume may induce greater learning benefits after AOMI training. Self-efficacy levels increased across all training conditions, with the lack of significant differences between conditions suggesting that novice learners primarily derived their self-efficacy beliefs from physical practice of the Ankle Pick takedown. Mental representation structures became more functional in the AOMIOTHER and Control training conditions, with the AOMISELF training resulting in a less functional mental representation structure at post- and retention-test compared to pre-test. This suggests model type may be an important factor for novices using AOMI training to develop the perceptual-cognitive factors underlying successful motor skill execution. Overall, the findings showed that model type did not have an influence on the effectiveness of AOMI interventions to improve learning of a complex motor skill in novices for the present study, suggesting the need to empirically investigate the effectiveness of mixed-modeling approaches that incorporate both self- and other-modeling when utilizing AOMI training for this purpose in sport.
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Mu and alpha rhythms (8–14 Hz) are recognized for their suppression during motor execution and imagery tasks. Recent research suggests that these oscillations might also serve as a marker of successful motor imagery (MI) performance. This study investigated whether mu and alpha oscillations reflect intra-individual success or inter-individual ability during an MI task, using an adapted methodology consistent with a prior study. EEG data were recorded while young healthy adults (n = 19) performed the Test of Ability of Movement Imagery (TAMI). Rhythmic activity was characterized using measures derived from the Better Oscillation Detection Method (BOSC). Contrary to expectations, results do not support the notion that mu/alpha oscillations correlate with imagery success or ability at either the intra- or inter-individual level. However, significant reductions in mu/alpha-wave amplitude were observed during the initiation phase of imagery, underscoring the importance of early neural activity in the MI process, regardless of response success. These findings highlight the intra- and inter-individual variability in mu/alpha rhythms and contribute to the ongoing debate about their role in MI performance.
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1 Introduction

Motor Imagery (MI), defined as the mental simulation of movements without motor output (Decety, 1996; Sharma et al., 2006), exemplifies how cognitive processes, despite their covert nature, can translate into measurable effects in performance across domains and populations. Since Feltz and Landers’ (1983) seminal work, MI has proven effective in motor performance and skill acquisition, with continued validation over time (Cumming and Ramsey, 2009; Cumming and Williams, 2012; Toth et al., 2020). These benefits extend to neurological rehabilitation, helping stroke patients to relearn movements (Page, 2010; Tong et al., 2017). With the development of MI-based brain computer interfaces, its potential has also broadened in communication and control (Han Yuan and Bin He, 2014; Pfurtscheller et al., 2000; Wolpaw and Wolpaw, 2012).

The wide applicability of MI has been attributed to its shared neural underpinnings with overt motor performance. Brain imaging studies reveal similarities in activation patterns and cognitive planning mechanisms between imagined and executed movements (Lacourse et al., 2005; Lotze et al., 1999; Miller et al., 2010; Sharma and Baron, 2013), supporting the neural simulation of action theory (Jeannerod, 1994, 2001). Electroencephalography (EEG) research has focused on mu rhythm activity. The mu rhythm exhibits a characteristic known as event-related desynchronization (ERD), where its amplitude decreases during the preparation, execution, or imagination of movements (Jasper and Andrews, 1938; McFarland, 2000; Pfurtscheller and Aranibar, 1979). In MI, the mu ERD mirrors the ERD observed during actual movement (Jasper and Penfield, 1949; Neuper and Pfurtscheller, 2010; Pfurtscheller et al., 1997; Pfurtscheller and Neuper, 2006), although it is less pronounced in MI than during motor execution (ME) (McFarland, 2000).

Due to their overlapping frequency range (8–14 Hz), one of the concerns surrounding mu suppression is whether it is distinct from changes in alpha activity (Aleksandrov and Tugin, 2012; Hobson and Bishop, 2016; Larionova et al., 2022). Although often used interchangeably (Fox et al., 2016; Pineda, 2005), they can be distinguished based on factors such as topography and functionality. Examining central and occipital electrodes helps to make this distinction. However, interpreting changes in these regions is difficult due to potential contamination from volume conduction, which can result in bidirectional (mu and alpha) signal mixing (Garakh et al., 2020; Lepage et al., 2008; Tangwiriyasakul et al., 2013). Independent Component Analysis (ICA) offers a solution by separating mixed signals into distinct components, filtering artefacts, and hypothesizing cortical sources (Debener et al., 2010; Onton et al., 2006). While ICA also has its limitations, including the risk that participants do not produce usable mu components (Bowers et al., 2018; Jenson et al., 2020; Nyström, 2008), ICA has successfully differentiated mu and alpha rhythms in mu suppression studies (Moore et al., 2012; Yin et al., 2016).

From a functional perspective, the activation of a specific neural network depends on the MI strategy used, typically categorized as visual or kinesthetic (Decety, 1996; Sharma et al., 2006). Visual imagery involves the mental visualization of the movement and can be experienced from either a first-person (internal) or a third-person (external) perspective (Guillot et al., 2008). Kinesthetic imagery, conversely, involves feeling the sensations associated with the movement (Callow and Hardy, 2004; Guillot and Collet, 2010; Jeannerod, 1995). Neural patterns reflect these strategies: kinesthetic imagery can induce mu power fluctuations linked to sensorimotor cortex activity (Hétu et al., 2013; Stinear et al., 2006), whereas visual imagery may induce alpha rhythm linked to visual processes and attentional engagement (Başar, 2012; Klimesch, 1999; Pfurtscheller, 1992).

Despite the general agreement on the neural overlap between MI and ME, because of MI’s internal nature, the assessment of MI ability remains challenging. Participants may employ different strategies, and individual differences in imagery ability—ranging from athletes (Cumming and Ramsey, 2009; Nakata et al., 2010) to clinical populations (Filippi et al., 2001; Sharma et al., 2006) —can both influence performance and confound results (Kosslyn, 1980, 1994; Richardson, 2020; ter Horst et al., 2013). Objective measures are therefore essential not only to rule out alternative strategies and assess ability, but also to identify individuals who are most likely to benefit from interventions. However, the variety of methods used in movement imagery studies complicates this goal (Chepurova et al., 2022).

The most common assessment methods are self-report questionnaires such as the Movement Imagery Questionnaire (MIQ-3; Williams et al., 2012) and the Kinesthetic and Visual Imagery Questionnaire (KVIQ; Malouin et al., 2007). Here, participants are instructed to imagine a movement and to rate the vividness of the imagery. However, these subjective methods are inherently problematic due to psychological and cognitive biases, such as social desirability and participant’s confidence in their motor imagination skills. The Test of Ability in Movement Imagery (TAMI; Madan and Singhal, 2013) was developed to address these shortcomings. Participants are presented with a series of basic body movements and must select the correct final position from five images. This format introduces both correct and incorrect responses, making the TAMI an objective measure of MI ability.

Correct answers to TAMI questions were found to be associated with reduced mu activity (Chen et al., 2021) particularly during the early stages of the imagery process. This finding was interpreted as evidence that mu activity is involved in indexing MI performance, pointing to mu suppression as a promising objective measure. However, similar results were reported for alpha activity, which also highlights the importance of using methods such as ICA to better disentangle mu and alpha contributions to MI performance.

To date, the relationship between mu-suppression and MI performance is not well understood. In the study by Chen et al. (2021), while successful trials were associated with a more pronounced reduction in the mu band at the individual level, the degree of reduction in mu oscillations did not significantly correlate with overall imagery ability, as measured by the total TAMI score. In the broader field, there is also some heterogeneity regarding the role of mu oscillations in MI performance. Patterns of mu activity may vary depending on factors such as expertise and task complexity. Physical engagement in motor actions has been shown to improve MI, with greater reductions in mu activity reflecting activation of sensorimotor networks, better MI performance, and motor experience (McFarland, 2000; Neuper and Pfurtscheller, 2010; Cannon et al., 2014). While some researchers argue that continuous practice may lead to greater decreases in mu activity (Wriessnegger et al., 2018), the effect of expertise remains unclear across findings from different domains such as music, sport, and rehabilitation (Daeglau et al., 2020; Gibson et al., 2014). These mixed results have been attributed to the inherent variability of neural rhythms in MI studies (Blankertz et al., 2010; Wriessnegger et al., 2020). Further complicating the interpretation is the neural efficiency hypothesis, which proposes that individuals with higher cognitive ability show reduced brain activation during cognitive tasks (Neubauer and Fink, 2009). If sensorimotor engagement is inversely correlated with mu performance, then skilled imagers may show milder reductions in mu activity (Yin et al., 2016).

In sum, MI is linked to a suppression of mu and alpha activity, though the exact nature of this relationship in terms of MI performance remains unclear, given the different assessment methods, variability in neural mechanisms, and MI ability. This study aims to further investigate whether mu and alpha oscillations reflect intra-individual success and/or inter-individual ability in MI performance. To this end, we designed a study drawing on the work and findings of Chen et al. (2021), but with an adapted methodology in which participants completed the TAMI repeatedly to increase the number of trials for mu and alpha analysis. Based on the findings by Chen et al. (2021) we hypothesized the following at the individual level: (1) successful trials would show a more pronounced decrease compared to unsuccessful trials in both motor and visual regions of interest. Each TAMI question consists of four steps, with the initial step corresponding to the onset of MI. During the initial step, (2) we anticipated greater suppression between successful and unsuccessful trials (Aleksandrov and Tugin, 2012; Chen et al., 2021). At the between-subjects level, (3) we expected decreases in mu and alpha activity to reflect motor imagery ability. For the direction of the effect, two possibilities were considered. First, higher scorers in the TAMI might show greater decreases in mu/alpha rhythms for questions with correct answers, indicating higher sensorimotor engagement and ease in performing movements (Cannon et al., 2014; Daeglau et al., 2020). Alternatively, lower scorers on the TAMI may exhibit greater decreases in mu/alpha rhythms for questions with correct answers, indicating greater effort and less neural efficiency in achieving the desired outcome (Neubauer and Fink, 2009).



2 Materials and methods


2.1 Preregistration and data availability

This study was preregistered on July 10, 2023, before any data examination or analysis. The hypotheses, methods, and analysis plan are available on the Open Science Framework (OSF1). The associated project2 includes a link to the GitLab repository3 which contains raw EEG data in Brain Imaging Data Structure (BIDS; Pernet et al., 2019) format, behavioral data along with EEG analysis and experiment scripts described below.



2.2 Participants

The study had a total of 28 participants. Participants were allowed to choose their preferred language for the experiment, with 18 choosing German and 10 English. They were recruited from the student population of the University of Oldenburg through advertisements on the university’s website and word of mouth. Nine participants were excluded: one due to late disclosure of a psychiatric condition, and eight due to missing alpha or mu components. The latter was not part of the preregistered criteria. Participants were excluded if their ICs were not identified, as further analysis would be unfeasible without them. The final sample, therefore, consisted of 19 participants (10 female, aged 21–35 years, M and SD: 27.05 years ± 3.41), all of whom reported normal or corrected-to-normal vision and no psychological or neurological conditions. As tested by a revised version of the Edinburgh Handedness Inventory (rEHI; Veale, 2014), 13 participants were right-handed, five were mixed-handed, and one was left-handed. Since the TAMI is not a lateralized task, we did not expect handedness to influence performance. Before the experiment, participants gave written informed consent. They were reimbursed with €10/h. The experimental procedure was approved by the Commission for Research Impact Assessment and Ethics of the Carl von Ossietzky University of Oldenburg (Drs. EK_22_18).

Given their association with enhanced MI abilities, we also asked participants to report their engagement in sports, instrument playing and video gaming. In the final sample, 11 (6 female) participants reported regular sports engagement, 6 participants played an instrument (4 females) and 4 (2 female) reported playing video games. Five participants did not report on performing any of these activities.

The preregistered sampling plan employed a sequential Bayesian Factor approach as outlined by Schönbrodt and Wagenmakers (2018), with planned sample sizes ranging from a minimum of 15 to a maximum of 25 participants. An initial dataset of 15 participants was collected, of which 12 could be entered into the first data inspection. As moderate evidence was not observed for all confirmatory analyses, recruitment continued as specified in the preregistration. Resources allowed to collect data from three more participants than planned in the preregistration, so the sample was extended to 28 participants. Of the second batch of participants, 6 were excluded from data analysis (see above). The strength of evidence, using Bayes factor (BF) values, followed the criteria established by Lee and Wagenmakers (2014): BF10 ≥ 3 indicates moderate evidence for the alternative hypothesis (H1) relative to the null (H0). BF01 ≥ 3 (where BF01 = 1/BF10) indicates moderate evidence for H0 relative to H1.



2.3 Procedure

Upon arrival at the lab, participants were first given detailed information about the study and asked to provide informed consent. Participants then completed the Kinesthetic and Visual Imagery Questionnaire (KVIQ-10; Malouin et al., 2007), the Motor Imagery Questionnaire (MIQ-3; Williams et al., 2012), and the Block-Tapping Test (BTT; Schellig, 1997). We coded the KVIQ-10 and MIQ-3 into MATLAB scripts (The MathWorks Inc., 2023 version R2023a) to facilitate response coding while following the administration instructions provided in the manuals. Data from the BTT was not analyzed as part of this study. We used the original English versions and German translations (some of them developed for this study) of the questionnaires, depending on the participants’ language of choice. Afterward, participants were instructed to wash their hair to minimize interference from oils or residue, after which the EEG cap was administered.

The main focus of the experiment was the TAMI, the only behavioral measurement taken in conjunction with the EEG recording. The TAMI questionnaire was adapted into a MATLAB script using Psychtoolbox version 3 (Kleiner et al., 2007). While the original TAMI consists of 10 questions, and it is typically administered once — as in the study by Chen et al. (2021) — participants in this study completed TAMI three times, increasing the total number of trials to thirty.

The introduction to the TAMI format began with a practice question. Subsequently, participants carried out the TAMI questionnaire three times, each time in a separate block of the same 10 questions. For the first 10 questions, the original order was followed, but the second and third block of questions were randomly shuffled to prevent recall of sequences from the first block. Each question consists of an initial position, four movement steps and a response page.

The TAMI is not a lateralized task; the questions involve randomly combined movement sequences (e.g., head, arm-hand, torso, leg-foot) from both the left and right sides of the body (Madan and Singhal, 2013). Specifically, besides head and torso movements, there are 10 left-sided, 9 right-sided and 4 bilateral movements, totaling 40 movements steps (4 per each question). The movement steps had a duration of 6 s, followed by a 5 s interval between questions (Figure 1). After answering each TAMI question, participants rated its ease or difficulty on a 7-point Likert scale (from very hard to very easy; see section 3 of the Supplementary material). A longer break of 90 s was provided at the end of each block.
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FIGURE 1
 Overview of a single question of the TAMI as seen from the computer screen. Each question involved an initial position, four movement steps (each lasting 6 s), and a response phase, with a 5-s interval between questions.


For the EEG recording, participants sat in an armchair inside a cabin that was soundproofed, electrically shielded, and with dimmed lighting. At the beginning of the computer-based task, a resting state measurement was taken with 2 min eyes open and 2 min eyes closed. This was followed by the TAMI questionnaire blocks (see above) that lasted about 10 min each. The experiment ended with another resting state measurement that mirrored the first. In total, the main experiment lasted about 40 min. At the end of the experiment, participants were given an additional questionnaire asking about their experience and the perspective they took while performing the task. The entire procedure lasted 3 h. Figure 2 illustrates the EEG recording timeline.
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FIGURE 2
 EEG recording timeline. Participants began with 2 min each of eyes-open and eyes-closed resting states. The TAMI questionnaire was presented in three blocks, each block indicated by a light gray background, consisting of 10 randomized questions. After each question, participants rated its difficulty on a 7-point scale. A 90 second break followed each block, and the task ended with a final rest period similar to the initial one.




2.4 Data acquisition

EEG data were recorded using a 64-channel, equidistant infracerebral Ag/AgCl electrode cap (Easycap, Herrsching, Germany) and a BrainAmp EEG amplifier system (BrainProducts, Gilching, Germany). Recording reference was an electrode on the tip of the nose, while a central fronto-polar site served as ground. In addition, two electrodes recorded eye blinks and movements. For the first 11 subjects, data were recorded from a subset of 32 EEG channels. Due to technical issues, all channels were prepared and recorded from subject number 12 onwards, but only the 32-channel subset was used for analysis. The subset corresponds to channel positions where the values were standardized to a theta of 90° for the plane through Fpz, T7, T8 and Oz (Supplementary Table S1). The impedance of the electrodes was kept below 50 kΩ. The sampling rate of EEG signals was 1,000 Hz.



2.5 Behavioral analysis

Behavioral measures were derived from the TAMI. A trial was considered successful if the participant gave a correct answer to a TAMI question, whereas a trial was considered unsuccessful if the participant gave an incorrect or “unclear” answer. As our participants belonged to a young and healthy population, we used the TAMI weighted scoring method (Madan and Singhal, 2014), which incorporates weights to ensure statistical sensitivity in identifying higher-scoring individuals. The maximum possible score for this scoring method is 24.

An additional measure of self-perceived motor imagery performance (Ease of Imagination scale) was included. After each TAMI question, participants were asked to rate the ease or difficulty they experienced in completing the task on a scale of 1 to 7, with 1 representing ‘very difficult’ and 7 representing ‘very easy’. The maximum total score per TAMI administration was 70.

Each participant completed the TAMI three times (once per block), allowing us to calculate three separate scores for both the TAMI and Ease of Imagination scale. TAMI scores were calculated by summing the weighted scores of the correct answers within each block. Similarly, Ease of Imagination scale scores were summed within each block. For analyses, both measures were then averaged across the three blocks for each participant.



2.6 EEG and spectral analysis

All EEG data processing steps were scripted and executed in MATLAB (version R2023a, The MathWorks Inc., 2023) and the EEGLAB toolbox (version 2022.0, Delorme and Makeig, 2004). The preprocessing and spectral analysis pipeline is illustrated in Figure 3.

[image: Flowchart detailing EEG data processing. The preprocessing stage includes ICA-based artifact attenuation and temporal filtering, with steps for filtering, epoching, rejection, and ICA computation. IC label involves running labels, identifying components, and back-projection. Spectral analyses feature fBOSC, describing time-frequency decomposition, background fit, rhythm detection, and table creation. The process concludes with averaging selected components based on trial success.]

FIGURE 3
 Schematic illustration of the processing pipeline. EEG and spectral analysis.



2.6.1 Preprocessing


2.6.1.1 Independent component analysis for artefact attenuation and spatial filtering

A copy of the EEG data was low-pass filtered (windowed sinc FIR filter, cutoff frequency 40 Hz, filter order 310), downsampled to 250 Hz, and then high-pass filtered (windowed sinc FIR filter, cutoff frequency 1 Hz, filter order 776). The data were segmented into consecutive one-second epochs. Segments containing artefacts were excluded using an EEGLAB function (pop_jointprob.m, SD = 3). The remaining data were processed using the extended infomax algorithm to estimate the unmixing weights of 32 independent components. The ICA weights derived from this process were then applied to the original, unfiltered continuous dataset to facilitate paradigm-specific preprocessing (see below). Note that the one-second segmentation was solely used for ICA weight identification, and did not influence later segmentation steps (Stropahl et al., 2018).

Then, the EEGlab plugin ICLabel (Pion-Tonachini et al., 2019) was used to semi-automatically identify independent components (ICs) representing brain activity4. ICLabel is a robust and efficient tool having been trained on a large data set with over 200,000 ICs, encompassing a wide variety of experimental designs, recording environments and EEG systems. The classifier uses a combination of spatial, temporal and spectral features to assign probabilistic labels to ICs across multiple categories. ICs classified with high probability as “Brain” were retained for further inspection.

One of the authors (MPVO) and an external expert (S. Debener) identified mu and alpha components. These components were identified based on a heuristic combining topography, spectral content and task modulation. The first two steps of the heuristic consisted of identifying a peak in the traditional power spectrum in the 8–14 Hz range and a distinct dipole-like topography in occipital sites for alpha and sensorimotor sites for mu. When alpha components were not distinct, the topographic distribution between the resting condition of eyes closed and eyes open was compared (Kuhlman, 1978).

The number of mu and alpha components varied according to the participant’s ICA decomposition. Similar to previous studies (Bowers et al., 2018; Jenson et al., 2020; Nyström, 2008), not all participants contributed usable components to the group analysis (n = 8), resulting in their subsequent exclusion from further analyses. For included participants, at least one alpha component and one mu component were identified. Selected independent components were retained from each continuous EEG dataset. These components were back-projected to the sensor space, creating data spatially filtered by ICA. For subsequent analyses (see below), when multiple components were found within the same region (e.g., two mu components), their values were averaged.



2.6.1.2 Temporal filtering and segmentation

The spatially filtered data were temporally filtered with a low pass filter (windowed sinc FIR filter, cutoff frequency 40 Hz, filter order 310) and a high pass filter (windowed sinc FIR filter, cutoff frequency 1 Hz, filter order 776). Before applying the high-pass filter, the data were downsampled to 250 Hz to reduce the computational load.

The data were re-referenced to common average and segmented into individual steps of each TAMI question. Each question comprised four sequential steps, each lasting 6 s, for a total duration of 24 s per question. This step-based segmentation approach resulted in 120 epochs per participant (30 TAMI questions * 4 steps). Segmentation was guided by trigger information to identify the onset and offset of each step. We did not include the time period during which participants selected their responses in this analysis, as the focus was on the process of MI rather than the end result (Chen et al., 2021). Remaining artefact-affected epochs not addressed by ICA were identified. Rather than removing these epochs and reducing steps per participant, we retained and flagged them. Only three participants exhibited artefacts, affecting 2–4 segments each.




2.6.2 Spectral analysis

For the preprocessed data, rhythmic activity was characterized using power and Pepisode measures derived from the Better Oscillation Detection Method (BOSC; Whitten et al., 2011). The BOSC method is known for its ability to accurately detect rhythmic activity while minimizing the effects of transient voltage fluctuations (Chen and Caplan, 2017). The duration measure (Pepisode) provided by this approach indicates the presence of oscillations at the selected frequency during a given trial or time segment. For a more complete understanding of the signal, it is recommended to integrate the duration measure with the traditional power measure of the oscillations (Chen et al., 2021; for a comparison of methods, van Vugt et al., 2007). Although Chen’s original study in 2021 focused on the analysis of specific electrodes, the BOSC method has been validated for the detection of oscillations in ICs as used here (Whitten et al., 2011).

To apply the method, we used an openly available tool known as fBOSC5. The tool incorporates a modification of the 1/f fitting procedure using the ‘fitting oscillations and one over f’ (FOOOF) spectral parameterization algorithm (Donoghue et al., 2020). Unlike previous approaches within the BOSC framework, the fBOSC demonstrates improved sensitivity, reduced false alarm rate, resilience to various noise sources, and offers a user-friendly implementation (Seymour et al., 2022).

Spectral analysis was performed on mu and alpha IC activations. Each segment of the IC activations was time-frequency decomposed using Morlet wavelets with a width of six cycles. We used frequency sampling at logarithmically spaced frequencies (log base 2) between 2 and 41 Hz. Power measurements were then calculated by squaring the instantaneous amplitude of the complex convolution results, then log-transformed and normalized, dividing by the mean log power derived from the entire recording session for each frequency band and IC. After the wavelet transform, 0.5 s were removed from both the beginning and end of the initial time-frequency matrix to avoid potential artefacts arising from the convolution. Following the fBOSC approach, 0.5 s were also removed after episode detection and during background estimation. Notably, the pruned time points occurred at the very start and end of the instruction-reading period, intervals during which little motor imagery activity was expected, thereby making our analyses more specific.

The power threshold was set at the 99th percentile of the power values in a chi-squared distribution for each frequency. A duration threshold of three oscillation cycles was also applied. The parameters chosen were based on both the original study and the recent fBOSC implementation validated also in alpha oscillations (Seymour et al., 2022). After applying the BOSC method, when more than one alpha or mu IC was present, they were averaged. Specifically, from the output of the fBOSC implementation, which is 3-dimensional (component, trials, frequency bins), we first sorted the data according to conditions (i.e., successful and unsuccessful trials within a given participant). Then, for each condition, we averaged the values across trials for each component. Finally, if multiple components were present within a domain (mu or alpha), we averaged the results across components to obtain a single, representative measure per participant and condition. Each participant completed the TAMI three times, contributing between 2 and 23 unsuccessful trials, with an average of 8 unsuccessful trials per participant.




2.7 Statistical analysis

For confirmatory hypotheses, Bayesian hypothesis testing was the primary inferential framework used to determine whether the observed data were more consistent with the alternative hypothesis (Bayes factor BF10 > 1) or the null hypothesis (BF01 > 1, where BF01 = 1/BF10). Confirmatory analyses were conducted in JASP statistical software with default prior settings (version 0.17.1.0; JASP Team, 2023). Bayesian inference was chosen over frequentist analysis, contrary to Chen et al. (2021) study, due to practical and conceptual advantages. First, the expected sample size was constrained by a two-month data collection window, which represented about half of the original study (n = 57). The sequential Bayesian design allowed us to address potential power limitations while preserving interpretive flexibility and statistical validity. Even when the threshold for moderate evidence is not reached, the direction and strength of BFs remain interpretable (Schönbrodt and Wagenmakers, 2018). Importantly, Bayesian Hypothesis enables researchers to distinguish between absence of evidence and evidence of absence. Non-significant p-values may result from low statistical power rather than support for the null hypothesis. BFs, by contrast, provide a graded measure of evidence offering insights into whether the data meaningfully support the null, the alternative or remain inconclusive (Keysers et al., 2020).

Additionally, we conducted an exploratory analysis using the rmcorr package in R (Bakdash and Marusich, 2017) and its web/standalone Shiny application (Marusich and Bakdash, 2021). In these analyses, a p-value of 0.05 was used to test the significance of the null hypothesis. We relied solely on p-values here because Bayesian methods are not currently available for this package.

Because of the sequential Bayesian Factor design, we monitored results as data accumulated. Thus, statistical tests were performed twice: after collecting data from the first batch of participants (which provided inconclusive evidence for either hypothesis) and later after the full sample was collected. The interim analysis of the first batch, affected the assumptions of frequentist methods applied in the exploratory analysis. However, the results, interpretations, and conclusions are based exclusively on Bayes factors. For transparency and comparison with previous work, frequentist analyses of the confirmatory analyses (conducted only on the full sample), are also provided in the Supplementary Tables S6–S8. Additional frequentist results are also provided in some exploratory analyses for comparison, but this did not guide our inference.


2.7.1 Motor imagery success

To investigate whether mu/alpha oscillations reflect intra-individual success, we tested our first and second hypotheses using a three-way Bayesian repeated measures analysis of variance (rm-ANOVA). The dependent variable was the mu/alpha oscillation measure (power or Pepisode) and we conducted separate analyses for each of them. The independent variables were MI success (correct/incorrect answers to a TAMI question), region (motor/visual ICs), and movement steps of the TAMI questions (1, 2, 3, 4). As mentioned earlier, for participants with multiple alpha or mu components, values were averaged for all further analyses. Hypothesis 1 tested the main effect of ‘Success’, while Hypothesis 2 tested the interaction between ‘Success’ and ‘Step’, consistent with what Chen and colleagues found in their study (2021).



2.7.2 Motor imagery ability

To explore whether mu/alpha oscillations indexed inter-individual ability, we tested our third hypothesis with a Bayesian Pearson correlation. Hypothesis 3 correlations were performed between the average TAMI weighted score across three blocks and the difference in mu/alpha oscillation suppression (successful – unsuccessful). This measure of difference was chosen following the analysis in Chen’s study, who argued that it could be used to infer the ability to suppress mu/alpha oscillations and MI ability. This correlation was performed once for power and once for Pepisode measures.



2.7.3 Pre-registered exploratory analyses

In relation to Hypothesis 3, as Chen et al. (2021) did not find a significant relationship between mu/alpha oscillatory activity and MI ability measured by the TAMI, we decided to examine this relationship with another measure, ease of imagination. Therefore, an additional Bayesian Pearson correlation was performed between the average Ease of Imagination scale score over three blocks and the difference in mu/alpha oscillation suppression. Again, this correlation was performed once for power and once for Pepisode measures.

For the main correlation analyses, performance scores and oscillation data were averaged across the three repetitions of the TAMI. To explore whether this might obscure a possible correlation between measures, we performed a repeated measures correlation (Bakdash and Marusich, 2017). In brief, repeated measures correlation (rmcorr) identifies common within-individual associations across occasions while maintaining assumption of independence, thus avoiding bias from aggregated data. This method provides strong statistical power by estimating a common regression slope without the need for averaging. First, we performed a correlation between the weighted TAMI score and the average measures of mu/alpha oscillations (power and Pepisode) for each block. And second, we performed a correlation between the Ease of Imagination scale scores and the average mu/alpha oscillation measures (power and Pepisode), also for each block.





3 Results


3.1 Behavioral results

Participants’ performance on the TAMI was scored based on the weighted sum of the correct answers within each block, resulting in three total scores per participant, which were then averaged. The Ease of Imagination scale performance was also scored by summing their ratings within each block and then averaging across blocks. For the TAMI, the mean score was 15.93 (SD = 4.28) out of 24 points and for the Ease of Imagination scale it was 43.47 (SD = 6.82), out of a possible 70 points. Figure 4 shows the distribution of TAMI and the Ease of Imagination scale scores. TAMI scores are normally distributed but slightly skewed to the right, which is consistent with previous studies (Madan and Singhal, 2014). In contrast, the Ease of Imagination scale scores were left-skewed (skewness of 1.076, p = 0.021). Full descriptive statistics can be found in the Supplementary Table S2.

[image: Chart A shows a histogram of TAMI scores ranging from 5 to 25, with a bimodal distribution peaking around 10 and 20. Chart B presents a histogram of Ease of Imagination Scale Scores from 35 to 60, displaying a peak around 40 to 45. Both graphs indicate the proportion of participants on the vertical axis with a smooth density curve overlay.]

FIGURE 4
 Distribution of participants’ scores on (A) the TAMI, and (B) the Ease of Imagination scale.


To ensure that handedness was not a confounding variable in the performance of the TAMI, we conducted additional correlations between EHI handedness and TAMI scores for each block. Results revealed weak, negative correlations for block 1 (r = −0.190, BF₁₀ = 0.377, p = 0.436) and block 2 (r = −0.105, BF₁₀ = 0.309, p = 0.670) and a very small positive correlation for block 3 (r = 0.029, BF₁₀ = 0.286, p = 0.906). All BFs resulting from Bayes correlations were below 1, indicating moderate evidence for the null hypothesis of no relationship between handedness and TAMI performance, which was in correspondence with the non-significant frequentist correlations.



3.2 Electrophysiological data


3.2.1 Motor imagery success

We tested the effect of successful MI performance (Success*) on mu and alpha oscillations by comparing successful and unsuccessful responses on the TAMI. Figure 5 and Table 1 show the summary statistics for the oscillation measurements, including both Pepisode and power. The Bayesian rm-ANOVA provided moderate evidence against the effect of ‘Success’ for both the Pepisode (BFincl = 0.264) and power (BFincl = 0.193) measures. In addition, there was limited evidence for a main effect of region on either measure (refer to Table 2 for a full analysis of effects).

[image: Graphs A and B display Pepisode versus Frequency (Hz) for successful and unsuccessful conditions, with separate bar graphs showing Pepisode across four steps. Graphs C and D show Log(Power) in decibels versus Frequency (Hz) with corresponding bar graphs depicting Log(Power) across four steps. Successful conditions are shown in green and unsuccessful in red. Error bars indicate variability in data.]

FIGURE 5
 Oscillatory activity and MI success. Group-level comparison of neural oscillations during successful (green) and unsuccessful (red) trials. Pepisode measurements for mu (A) and alpha (B) bands are shown across movement steps 1–4, alongside their corresponding log-transformed power spectra (C,D). Error bars indicate standard error of the mean (SEM).




TABLE 1 Summary statistics for mu activity using Pepisode and log power [dB] measures.
[image: A table comparing mean, standard deviation (SD), and standard error (SE) for pepisode and log power (dB) across different steps, categorized by success (successful, unsuccessful) and region (visual, motor). Each section lists values for four steps within each category combination.]



TABLE 2 Analysis of effects Pepisode and log power [dB] measures.
[image: Table showing effects on Pepisode and Log(Power) [dB] with columns for probability of inclusion, probability given data, Bayes factors for inclusion, and exclusion. Effects evaluated include Success, Region, Step, and their interactions. Values vary for each effect and metric. The Bayes factor provides evidence for including predictors, with a reference to Sebastiaan Mathôt's analysis suggestion.]

For our second hypothesis, examining changes in oscillations over time, we expected an interaction between ‘Success’ and ‘Step’. However, the analysis showed moderate evidence against this effect for Pepisode (BFincl = 0.103) and power measures (BFincl = 0.174). For Pepisode measures, however, ‘Step’ was included as a predictor in the best performing model (Supplementary Table S3). There was a main effect of ‘Step’ (Table 2), indicating that the likelihood of data occurrence in models with ‘Step’ as a predictor was approximately 5.255 times higher than those without. However, according to power measures, there was only anecdotal evidence against the effect of ‘Step’ (BFincl = 0.850).

To understand which levels of ‘Step’ differ from each other, we conducted a post hoc test on this predictor (Table 3). The adjusted posterior odds show (1) strong evidence (odds of about 24) that Pepisode measures differ between Step 1 and Step 2, (2) moderate evidence (odds of about 8) that Pepisode measures differ between Step 1 and Step 3, and (3) strong evidence that Pepisode measures differ between Step 1 and Step 4 (odds of about 29). On the other hand, we found (4) moderate evidence (odds of 0.150, 0.146, 0.129) that Pepisode measures of Step 2 and Step 3, Step 2 and Step 4, and Step 3 and Step 4 are the same. The magnitude of each ‘Step’ on the Pepisode measures are displayed through the model averaged posteriors in Figure 6A, highlighting how Step 1 has lower Pepisode values than all other steps. The parameter estimates of the marginal posterior effects are shown in Supplementary Table S5.



TABLE 3 Post hoc test for step factor from Pepisode measures.
[image: A table displays statistical comparison data between steps in an analysis. It includes columns for prior odds, posterior odds, Bayes factor, and error percentage. Steps are compared in pairs, with posterior odds showing significant differences, ranging from 0.414 to 28.968. Bayes factors and error percentages are listed for each comparison, highlighting the strength and error in calculations. The table notes adjustments for multiple testing and includes a reference to Westfall et al., 1997, while mentioning the use of a Cauchy prior for individual t-tests.]

[image: Panel A shows density plots for four steps, differing in color, displaying the distribution of Pepisode values. Panel B is a scatter plot with a positive correlation between TAMI Score and Pepisode (r = 0.298, BF₁₀ = 0.581). Panel C is a scatter plot showing a negative correlation between Ease of Imagination Scale and Pepisode (τB = -0.319, BF₁₀ = 1.614). Panel D is a dot and violin plot comparing successful and unsuccessful outcomes at Step 1 with respect to Pepisode, indicating no significant difference (BF₁₀ = 0.25).]

FIGURE 6
 (A) Posterior distributions of the effect of each Step in Pepisode measures. Error bars above each density represent 95% credible intervals. (B) Motor Imagery Ability vs. TAMI Scores. Scatter plot showing participants’ size of motor imagery success (successful - unsuccessful trials) using Pepisode measures from the motor region, compared to their TAMI scores. Each dot represents one participant. (C) Motor imagery ability vs. Ease of Imagination scores. Scatter plot showing participants’ size of motor imagery success (successful - unsuccessful trials) using Pepisode measures from the motor region, compared to their Ease of Imagination scores. Each dot represents one participant. Both axes show ranked data for tau B correlation. (D) Raincloud plot of Success at Step 1 showing Pepisode values in the motor region. Each dot represents one participant, with overlaid box plots indicating the interquartile range and median. The density distribution illustrates data spread.




3.2.2 Motor imagery ability

We investigated whether mu or alpha suppression could indicate individual MI ability, by performing Bayesian Pearson correlations. First, we correlated the difference in mu oscillation suppression (successful – unsuccessful) with weighted TAMI scores across participants, and then with scores on the Ease of Imagination scale. Scatter plots illustrating these relationships for the mu oscillations and power measures can be found in Figures 6B,C. The complete correlation matrix is available in Table 4, and the full figures can be accessed in the Supplementary Figures S1, S2.



TABLE 4 Bayesian and repeated measures correlations for relationships between mu and alpha oscillatory activity and motor imagery ability.
[image: Table comparing TAMI and Ease of Imagination scale scores with Episodic and log power values. Columns include comparisons, Pearson's \( r \) and \( BF_{10} \), Kendall's Tau B and \( BF_{10} \), and rmcorr \( r_{rm}(37) \) and \( p \). Notable values: TAMI vs. Ease of Imagination \( p = 0.021 \), TAMI vs. Power alpha \( p = 0.046 \). Significance is indicated with an asterisk for \( p \leq 0.05 \).]

Using a two-sided alternative hypothesis, mu suppression differences were positively correlated with the TAMI score in both Pepisode (r = 0.298) and power (r = 0.288) measures. However, Bayes factors provided inconclusive evidence favoring the null hypothesis (Pepisode, BF10 = 0.581; power, BF10 = 0.552). In contrast, the difference in alpha suppression was negatively correlated, with moderate evidence supporting null hypothesis for Pepisode (r = −0.128, BF10 = 0.322), while the evidence for power measures was inconclusive toward the alternative (r = −0.498, BF10 = 2.533).

For the Ease of Imagination scale, the patterns were reversed. The mu difference measure had a negative relationship, with anecdotal evidence supporting the alternative (Pepisode: tau B = −0.319, BF10 = 1.614) or the null hypothesis (power: tau B = −0.177, BF10 = 0.496). Conversely, the alpha difference measure showed a weak positive correlation for Pepisode (tau B = 0.224, BF10 = 0.682) and a negative correlation for power (tau B = −0.024, BF10 = 0.295), with anecdotal evidence supporting the null hypothesis for both.




3.3 Exploratory analyses


3.3.1 Success at first step

Since mu/alpha oscillation suppression was strongest in the first movement step, we also examined the relationship between mu/alpha oscillations from Step 1 and individual success. As shown in Figure 6D the patterns of individual success showed little difference between unsuccessful and successful trials, with some cases even showing fewer detected oscillations in unsuccessful trials. The strength of evidence ranged from anecdotal to moderate in favor of the null hypothesis. Additional figures including BF values for both regions and measures are available in the Supplementary Figure S3.



3.3.2 Motor imagery ability and ease of imagination

As the study included two different measures of MI performance, we examined their relationship with a Bayesian Pearson correlation (Figure 7). This analysis provided inconclusive evidence of a weak positive correlation (r = 0.027, BF10 = 0.285; tau B = 0.290, BF10 = 1.204). For illustration, Figure 7 includes the sequential analysis plot showing how the Bayes factor changes with each added data point, with the BF10 fluctuating between anecdotal and moderate evidence in support of the alternative hypothesis.

[image: Panel A displays a scatter plot with a positive correlation between ranked TAMI scores and Ease of Imagination Scale scores, indicating τ_B equals 0.290 and BF_10 equals 1.204. Panel B presents a Bayes Factor analysis graph, showing anecdotal evidence for H1 with BF_10 of 1.2 and BF_01 of 0.83. Data points indicate moderate to strong evidence distribution along the n-axis from 0 to 20.]

FIGURE 7
 TAMI vs. Ease of Imagination scores. (A) Scatter plot showing participants’ TAMI weighted scores compared to their Ease of Imagination scores. Each dot represents one participant. Both axes show ranked data for tau B correlation. (B) Sequential development of the evidence as the data accumulates.




3.3.3 Repeated measures correlations

To account for repeated testing of participants across three blocks, we performed repeated measures correlations (where the block serves as the repeated measure) for each Bayesian Pearson correlation performed in the context of the third hypothesis. A summary is presented in Table 4. For correlations related to the TAMI score, results were consistent in both direction and significance with the Bayesian results. The mu difference measure and the TAMI scores showed positive, but weak and non-significant relationships [Pepisode, rrm (37) = 0.020, p = 0.920; power, rrm (37) = 0.010, p = 0.945]. In comparison, the alpha difference measure showed negative, weak correlations [Pepisode, rrm (37) = −0.280, p = 0.079; power, rrm (37) = −0.320, p = 0.046], with only the latter reaching statistical significance.

For the Ease of Imagination scale scores, most correlations align with Bayesian results; however, mu and alpha difference measures are negatively correlated, with weak and non-significant associations.

Finally, the association between TAMI scores and Ease of Imagination scale scores was similar to the Bayesian correlation: weak [rrm (37) = −0.369], but statistically significant (p = 0.021). A scatter plot showing this relationship is shown in Figure 8.

[image: Scatter plot showing the relationship between TAMI score (weighted) on the x-axis and Ease of Imagination Scale Score on the y-axis. Data points are color-coded and fitted lines indicate trends. Correlation coefficient is 0.37 with a p-value of 0.02, suggesting a moderate positive relationship.]

FIGURE 8
 Rmcorr plot for the relationship between the TAMI (weighted) scores and the Ease of Imagination scale scores for each of the three blocks. Each color represents one participant.




3.3.4 Replication Bayes factors

The need to assess and improve reproducibility in science has led to the development of statistical methods to evaluate the extent to which a replication study is successful. The replication Bayes factor is one such method, quantifying the evidence from a direct replication attempt given the data from the original study (Ly et al., 2019). Here, we made use of the replication Bayes factor to assess how the second batch of data influenced the findings from the first batch. To do this, we calculated the replication Bayes factors for our main hypotheses. These were obtained by dividing the Bayes factors from the full dataset (19 subjects) by those from the first batch dataset (13 subjects). Tables 5, 6 provide the results for our three hypotheses. Overall, the evidence from the second batch, informed by the first, did not change substantially in direction or magnitude.



TABLE 5 Replication Bayes factor for Hypothesis 1 and 2.
[image: Table showing Bayesian Factor (BF) values for different measures: Pepisode and Log (Power) [dB]. Each measure is evaluated under two hypotheses with cases labeled Success, Success × Step, and Step. Columns display Complete BF₁₀, Original BF₁₀, and Replication BF₁₀, for each case with respective values. A note explains the inclusion of the main effect of Step for Pepisode due to moderate evidence.]



TABLE 6 Replication Bayes factor for Hypothesis 3.
[image: A table titled "Hypothesis 3" displays Bayes factors for different scores. It has three columns: Complete \(BF_{10}\) (dorig, drep), Original \(BF_{10}\) (dorig), and Replication \(BF_{10}\) (drep). Rows include TAMI (weighted) and Ease of Imagination scale, with subcategories like Pepisode mu, Pepisode alpha, Power mu, and Power alpha. Each row presents corresponding numeric values for each column. A note mentions tau B Bayes factor being considered.]



3.3.5 Topographies

To support the interpretation of our results, we applied the fBOSC method not only to the selected ICs but also across all channels and participants, which allowed us to generate the average power and Pepisode maps shown in Figure 9A. For comparison, Figure 9B also displays the topographies of the average alpha, right mu and left mu ICs constructed using CORRMAP (Campos Viola et al., 2009). CORRMAP identified ICs similar to user-defined templates based on alpha, mu and left ICs from subjects with the highest percentage of brain activity as determined by IClabel. Average maps are then generated from these clustered ICs, which may have excluded some participants from the 19 total.

[image: Two panels labeled A and B display topographic maps of brain activity. Panel A shows average power and pepisode. Average power has warmer colors indicating higher power, while pepisode shows gradients of blue to green. Panel B contains three maps: Alpha, Left mu, and Right mu. Alpha shows a spectrum from blue to red, with warm colors at the bottom. Left mu displays similar gradients with warmth on the left, while Right mu shows red hues on the right, indicating higher activity in those regions. Each map includes electrode positions as black dots.]

FIGURE 9
 Topographies. (A) Maps showing group average power measures (left) and group average Pepisode measures (right) across all channels (B) Group average spatial patterns (maps) for alpha, as well as left and right mu components. Only maps in (B), made using CORRMAP, are RMS-normalized.


Topographical maps of both Pepisode and power measures show their maximum activity in the sensorimotor area of the brain. However, the Pepisode map shows a more localized and pronounced concentration in this area compared to the power, which is more evenly distributed. The IC maps illustrate that the mu ICs likely captured most of the activity. Although no main effect of region was found, this corresponds to the observation that activity in the motor region (mu ICs) was higher compared to the visual region (alpha ICs), particularly for the Pepisode measure (cf. Figure 5).



3.3.6 Effects of task repetition

To further examine effects of repeated exposure to TAMI items across the three blocks as well as possible impacts on neural dynamics, we conducted a series of rm-ANOVAs to assess the effect of block on all measures (TAMI score, Ease of Imagination score, oscillatory neural activity measures Pepisode and log power). This was done in motor and visual regions.

For behavioral measures (TAMI score and Ease of Imagination scale score) Bayesian analyses provided anecdotal evidence for the null hypothesis (BFincl values between ⅓ and 1) indicating inconclusive results. In line with this, no significant block effects were found for either the TAMI or the Ease of Imagination scale score using frequentist statistics (all p > 0.05). In contrast, anecdotal to strong evidence supported a block effect on the motor-region oscillatory activity: BFincl = 2.946 for Pepisode and BFincl = 25.103 for power. Frequentist rm-ANOVAs mirrored these findings revealing significant effects of block for both Pepisode [F (2,36) = 4.488, p = 0.018] and power [F(2,36) = 5.455, p = 0.009]. Post-hoc analyses comparisons indicated that these effects were driven by differences between Block 1 and Block 3 for both Bayesian and frequentist tests. No evidence of an effect of block was observed for visual region oscillatory activity in either Bayesian (BFincl values between 1 and 3) or frequentist analyses (all p > 0.05). Complete results and visualizations are provided in the Supplementary Figures S4, S5 and Supplementary Table S9.



3.3.7 Self-reported motor imagery ability

To explore the role of self-reported motor imagery ability (visual or kinesthetic) on neural oscillatory patterns, we correlated the respective scores from the KVIQ (visual: M = 16.63, SD = 3.66; kinesthetic: M = 15.00, SD = 3.96) and MIQ questionnaires (internal visual: M = 5.33, SD = 0.85; external visual: M = 4.96, SD = 1.27; kinesthetic: M = 5.01, SD = 0.97) with the difference in mu and alpha oscillation suppression (successful – unsuccessful) during the TAMI, using both Pepisode and power measures. All correlations were weak to moderate in magnitude, with Bayesian analysis indicating anecdotal evidence, and p-values above the threshold of 0.05. The complete findings are detailed in Supplementary Table S11.





4 Discussion

In the present study, we investigated the relationship between mu and alpha oscillations and MI performance. Understanding how these oscillations and MI performance are related, both within and between individuals, may help to identify the neural correlates of performance variation, which is relevant to improving and extending the practical applicability of these rhythms. To ensure consistency, we followed Chen et al.’ (2021) work in using the TAMI to objectively measure MI performance, while implementing modifications to strengthen the methodology. First, at the intra-individual level, we hypothesized that there would be a greater decrease in mu/alpha activity for successful trials (i.e., correct responses) compared to unsuccessful trials. Second, we expected this suppression to be particularly significant for the first stages of the MI process. At the inter-individual level, we hypothesized two different outcomes. On the one hand, skilled imagers (i.e., participants with better scores on the TAMI) might show less overall mu/alpha oscillatory activity than their less skilled counterparts. Or perhaps, skilled imagers would show less reduction in mu/alpha activity due to their more efficient neural representation and reduced sensorimotor engagement.

Contrary to our expectations and previous findings by Chen et al. (2021), we did not find at least moderate evidence for a difference between successful and unsuccessful trials. The absence of difference in oscillatory activity as a function of performance, observed at the individual level, is in line with our results at the group level. However, we did find moderate to strong evidence for a decrease in mu/alpha-wave amplitude in the early stages, highlighting the importance of the initiation of imagery in neural activity, regardless of response success.


4.1 Intra- and inter-individual variability in mu and alpha rhythms

Both our within-subject and between-subject comparisons do not support the idea that mu/alpha oscillations serve as indicators of either inter-individual ability or intra-individual success in MI performance. Our results regarding MI ability are consistent with results by Chen et al. (2021), Gibson et al. (2014), and Di Nota et al. (2017). They also reported no significant differences in oscillatory activity based on participants’ familiarity or proficiency with the imagined actions. However, common patterns across participants do not always reflect the full neurophysiological reality (Wriessnegger et al., 2020). This is particularly true for mu and alpha rhythms, where variability is far from a hidden phenomenon.

Chen et al. (2021) attributed the lack of differences in oscillatory activity based on MI ability to the quantitative instability of the mu rhythms across groups (Blankertz et al., 2010; Tangwiriyasakul et al., 2013). Similarly, in a re-evaluation of their previous studies Wriessnegger et al. (2020) also pointed to the inter-subject variability in the alpha band, which could bias results and reduce sensitivity to detect true effects on performance (Haegens et al., 2014). In the field of MI brain computer interfaces, between-subject variability due to differences in motor learning and behavior, brain function and topography is a recognized challenge (Saha and Baumert, 2020).

Does the individual level provide a better reflection of performance? Chen et al. (2021) observed that reduced activity preceded correct responses in the TAMI, leading them to conclude that these oscillations could reflect individual success. However, our study found no evidence to support this observation. While Chen et al. (2021) presented each of the 10 TAMI questions only once, we repeated questions three times to increase the number of trials entering EEG analysis per participant, particularly for incorrect trials. This reduced the likelihood that differences (or lack thereof) were due to insufficient data points. Despite this, we did not find evidence for a difference between successful and unsuccessful trials.

As an exploratory analysis, we used repeated measures correlations to account for the fact that participants took the TAMI three times. This provided an additional estimate of the within-subject association by removing the between subject variability that could have masked a success effect. Even with this approach, the direction, and strength of the associations remained similar and not significant. This raises the possibility that, unlike what was suggested by Chen et al. (2021), mu and alpha oscillations may not index MI performance at the intra-individual level either, at least not reliably.

At the within-subject level, the literature shows mixed results (Ahn and Jun, 2015). For example, although Wriessnegger et al. (2020), found a high level of variability across groups, they also found that ERD/S values remained relatively consistent within individuals across conditions and time points. However, there is also literature reporting intra-individual variability. Performance inconsistency between sessions in the same subject has been observed in brain computer interface calibrations, as the classifier derived from the first session is rarely effective in subsequent sessions (Krauledat, 2008). Haegens et al. (2014) used magnetoencephalography (MEG) to investigate how alpha peak frequency differed across cognitive conditions and regions of interest within and between subjects. They found that while inter-individual variability exceeded intra-individual variability, alpha peak frequency in posterior regions increased with greater cognitive demands and engagement. This suggests that, when comparing and interpreting power values between conditions and making links to performance, power differences may be confounded with frequency shifts. This underscores the need to consider the operational range of the alpha rhythm — and arguably the mu rhythm — at both the inter- and intra-subject levels. The interactions between within- and between-subject factors are also important, as temporal variability within-subjects in EEG patterns has been found to contribute significantly to overall between-subjects variability, as seen in electrophysiological correlation patterns in an EEG-fMRI study (Meyer et al., 2013). In addition, long-term factors, such as age, gender, and environmental conditions, as well as short-term factors, such as sleep, diet, motivation, and focus on the task — which can fluctuate from trial to trial — can also have implications on the overall result (Daeglau et al., 2021).



4.2 Starting strong: onset of imagery reflected in mu and alpha suppression

We observed more pronounced mu and alpha oscillatory suppression during the initial stages of the MI process, as defined by the movement steps in a TAMI question. This finding replicates the results of Chen et al. (2021), who also found a significant decrease during the first step for both mu and alpha oscillations. However, in this study, this occurred independent of response accuracy.

Previous research on mu and alpha suppression has described more pronounced patterns at early stages. For instance, Llanos et al. (2013) found that visual stimuli used for motor planning activate mu-rhythm, inducing a short-lasting phase-locked mu-response and a persistent decrease of non-phase locked mu-rhythms. These rhythms were more marked when used for motor planning compared to passive observation, similarly for both real and imagined movements. Other studies have reported early mu ERD effects when participants view graspable objects in familiar orientations, suggesting rapid motor preparation triggered by visual cues (Kumar et al., 2013). When anticipating touch at specific body sites, greater mu desynchronization was linked to improved performance, cognitive speed and executive functioning (Weiss et al., 2020). Likewise, pre-stimulus reductions in alpha activity may reflect anticipation in response to a visual cue (Mathewson et al., 2009). After stimulus onset, alpha band power has been implicated in filtering incoming sensory information and maintaining relevant details in working memory (Woodman et al., 2022; Zanto and Gazzaley, 2009).

In this study, mu and alpha oscillations showed similar activity across all analyses. Chen et al. (2021) found a main effect of location, with greater reductions in oscillatory activity found in the motor region as opposed to the visual region. Given that similar decreases in alpha and mu were associated with MI success, the findings in the occipital region were interpreted as internal visual imagery facilitating the process of MI on the TAMI, a test that relies on visual strategies (Madan and Singhal, 2013). In contrast, we found no clear distinction between the two (i.e., inconclusive evidence for a main effect of region), despite disentangling the rhythms by ICA. In an effort to further clarify the distinct roles of mu and alpha oscillations, we leveraged our data set to examine whether imagery modality influenced neural activity. Specifically, we correlated participants’ self-reported MI scores (KVIQ and MIQ scales) with the mu and alpha oscillatory activity during the TAMI. However, all correlations provided only anecdotal evidence in support for the absence of a relationship between MI modality and oscillatory activity. The lack of distinct oscillatory patterns makes it difficult to determine the precise roles of visual and kinesthetic strategies in this task and consequently limits our interpretations of participants’ attentional and sensorimotor engagement.

It is important to note that we found evidence of more pronounced suppression only for the Pepisode measure, which, while characterizing the same brain oscillations, may have captured additional information not captured by power measures alone. Whereas wavelets do not distinguish between signal duration and amplitude, Pepisode excels at detecting variations in signal duration (van Vugt et al., 2007). Additionally, by using the BOSC method, we were able to control for aperiodic activity in neural oscillations, an approach advocated to enhance methodological precision in neural oscillation studies (Donoghue et al., 2022).



4.3 TAMI and ease of imagination as measures of MI ability

We used an objective measure of MI ability, the TAMI, together with our own exploratory subjective scale that assesses ease of imagination. Ease of imagination has previously been associated with MI ability, both behaviorally (MIQ-3; Williams et al., 2012) and neurophysiologically (Guillot and Collet, 2010; ter Horst et al., 2013). Consequently, we expected the TAMI scores to correlate with our Ease of Imagination scale. The correlation turned out to be relatively weak and mainly supported by anecdotal evidence.

Interestingly, both measures followed a similar trajectory across blocks: participants increased performance and also reported increase of imagination in blocks 1 and 2, followed by a decrease in both measurements for block 3. This pattern may reflect task adjustment during the initial blocks and fatigue for the final block, rather than a relationship between the two measures. However, given these changes were not supported by at least moderate evidence, we remain cautious with our interpretations.

One possible explanation for the weak association could be the exploratory nature of the Ease of Imagination scale design. Factors such as central tendency bias – as the scale was mostly skewed to the left by participants scoring toward the middle descriptions–might come into play. Alternatively, we might consider that TAMI and ease of imagination simply describe dimensions of MI performance that are not exactly the same. The TAMI provides a view of MI that was previously recognized by its authors and in the study by Chen et al. (2021) to be limited to visual modality imagery from an internal perspective and to response accuracy. Moreover, the TAMI is not a pure MI task, it includes reading instructions and memory retention. In contrast, ease of imagination may be more indicative of controllability (Guillot et al., 2010), which could be influenced by various psychological processes, such as working memory. These considerations also highlight the complexity of MI and of the TAMI itself.



4.4 Limitations

It is worth noting that our evidence of absence does not definitively indicate the absence of the success effect. Several points should be taken into consideration. First, our sample size was limited at both the participant and trial levels. To ensure a sufficient probability of detecting an effect, we employed a sequential Bayesian sampling method (Schönbrodt and Wagenmakers, 2018). However, the need to exclude some participants due to difficulties in identifying their components, reduced our sample size more than expected. Replication Bayes Factor results indicated that we gained hardly any evidence from the second batch of data (6 additional participants). Similarly, the number of trials was constrained. We increased the number of questions by repeating the TAMI 10 original questions three times.

While repeating the TAMI questions aimed to address a limitation in Chen et al. (2021), it may have introduced other unintended limitations. Although we found no clear evidence of a behavioral improvement across blocks that would indicate learning, there was a trend toward decreased performance in the final block (with anecdotal support). In contrast, the neural data showed moderate evidence of an increase in mean mu activity from block 1 to 3, which we interpret as a sign of sensorimotor disengagement. This possibly contributes to the decline in performance and serves as a potential confounding factor in the results (Neuper et al., 2006).

Regarding the experimental procedure, both Chen et al. (2021) and the present study, had participants inside a chamber, answering questions on a computer. In this study—and presumably also in the study by Chen et al. (2021) — participants remained seated while doing the TAMI, as opposed to standing as portrayed in the TAMI questions. This discrepancy may constrain participants’ ability to engage fully in the imagery task. This is important given that motor execution prior to MI has been found to influence neural activity, meaning that previous engagement in the position or movement could have facilitated the observation of brain activity (Allami et al., 2014; Pascual-Leone et al., 1995). Moreover, although the TAMI was designed to assess MI, it relies solely on the visual modality, which further hinders participant’s sensorimotor engagement with the task (Madan and Singhal, 2013).

As for the use of ICA, the ICs acted as a lens through which we defined and analyzed brain activity. However, this focused perspective may have caused us to miss part of the bigger picture. While descriptively (cf Figure 9), the mu components align well with the central-posterior regions displaying the largest Pepisode values, this correspondence is less evident for power. Neither Pepisode nor power show topographic peaks corresponding to the alpha component. While the areas with the highest power or Pepisode values cannot automatically be assumed to be the areas with the largest differences, we cannot rule out that the ICA approach contributed to not capturing the latter. However, this limitation applies to an even larger degree to channel-based analysis approaches, where, in effect, a single channel selected for analysis acts as a narrow spatial filter or lens.

Additionally, following Haegen’s et al. (2014) conclusions, using fixed alpha frequency bands might have biased our results against certain subjects whose peaks fall outside the predefined range, or against questions of the TAMI that shifted this peak. As a result, the MI performance effect could have been underestimated or missed entirely. This issue is an increasing concern in neural oscillation research, as peak frequency variability has been observed not only between and within subjects (Haegens et al., 2014), but also across cortical locations (Mahjoory et al., 2020), and within participants during a task (Benwell et al., 2019; Wutz et al., 2018).

In this regard, additional sources of variability in our study, —such as the inclusion of left-and mixed-handed participants, differences in prior engagement with motor-related activities like sports, music or video games (between subjects differences), and the possible sensorimotor disengagement observed in the third block (within participants differences within a task)—may have further contributed to inconsistencies in oscillatory responses. Moving forward, validating oscillation band definitions should be considered a necessary methodological step in future oscillation studies (Donoghue et al., 2022).



4.5 Future directions

The results of our analyses provide several directions for future research. A key limitation of the TAMI is the number of questions and narrow focus on visual MI. To provide more conclusive evidence regarding mu and alpha rhythms in MI performance, future MI performance measures could benefit from an expanded set of questions, incorporating a broader range of movements, outcomes, and modalities. Moreover, adaptive or staircased procedures borrowed from psychophysics could also enhance MI performance assessment. Adaptive methods focus on trials that provide the most information, improving efficiency and reducing the impact of ceiling and floor effects inherent in fixed-difficulty measures (Kingdom and Prins, 2016), such as the TAMI. This approach could provide a more balanced distribution of correct and incorrect trials, increasing statistical power and sensitivity to detect performance-related differences.

Finally, while replication of Chen et al.’s (2021) findings would have further validated the TAMI as an objective measure at the neurophysiological level, the discrepancies found in our study—which cannot be attributed to a single factor—highlight important considerations for the field. On one hand, our results contribute to the ongoing dialogue about how a universal and widely accepted protocol for the assessment of MI has yet to be established (Chepurova et al., 2022). Furthermore, our findings raise awareness about the importance of carefully examining and refining the methodological principles guiding study design and analysis, for meaningful interpretation of neural oscillations in relation to cognitive performance (Donoghue et al., 2022).




5 Conclusion

To conclude, our study extends the literature on mu and alpha oscillations and their relationship to MI performance. Despite previous findings suggesting an association at the individual level, our data provide evidence for a lack of association at both the intra- and inter-individual levels. While this does not rule out an association, it does highlight the need for a comprehensive assessment of these rhythms within and between subjects, as well as the exploration of factors that may influence their variability. In addition, our study supports the idea that the mu and alpha rhythm reflects the generation of the initial motor representation. A deeper understanding of this relationship could enhance the utility of mu and alpha rhythms in the development of tailored interventions and training programs for different users and sessions.
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Footnotes

1   https://osf.io/86e9b

2   https://osf.io/tqxub/

3   https://gitlab.com/mariapaulavillabona/mu-alpha-mi-performance

4   The original pre-registered threshold of >90% was not met. In some participants, mu components were visually identified below the threshold of brain activity (never below 64.6%) and to maintain consistency across the majority of participants, selection was primarily based on expert visual inspection.

5   https://github.com/neurofractal/fBOSC
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functions attention (50, 51) demonstrate moderate levels of
concentration, this could benefit on-field
decision making and overall performance
due to the ability to maintain focus, and
process information effectively.
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Anxiety Control

Standard
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Participants | Mean

(Studies)

134 participants
(50, 51)

ICF
Descriptor

Practical interpretation
based on aggregated mean
results

Male youth athletes in team-based
academies reported a high tendency to
control their anxiety levels. Which may
enhance resilience, performance under
pressure and improved emotional well-
being.

Coping with performance
and developmental
pressures

239 participants
(6, 52-54)

Moderate

Male youth athletes in team-based
academies reported moderate levels of
coping with performance and
developmental pressures. This could
benefit athletes by increasing resilience,
and overall well-being, enabling them to
navigate the challenges and setbacks
experienced during an academy pathway.

Adverse response (o
failure

566 participants
(55, 56)

Moderate

Youth athletes in team-based sports
academies demonstrated a moderate level
of adverse response to failure, which may
lead to improved resilience, and greater
learnings from setbacks.

Active coping

566 participants
(55, 56)

Moderate

Male youth athletes in team-based
academies reported moderate levels of
active coping, that could improve
mechanisms such as self-regulation to
navigate the challenges along the talent
pathway.
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Mean
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Practical interpretation based on
aggregated mean results
Male youth athletes in team-based academies
reported moderate levels of mental preparation, this
can lead 1o effective use of mental skills and strategies
such as mental rehearsal to handle competitive stress
and optimise performance.

Imagery use during
practice and
competition

239 participants
(6, 52-54)

Moderate

Male youth athletes in team-based academies
reported moderate levels of imagery use during
practice and competition. This could enhance
learning and skill acquisition, enable consistent
through such imagery strategies.

Tmagery and active
preparation

566 participants
(55, 56)

Moderate

Male youth athletes in team-based academies
reported moderate levels of imagery and active
preparation for performance and arousal control
purposes. This can improve mental readiness, skill
execution, consistent performance.

Higher-level
cognitive
functions,
other
specified, self-
regulation

Self-regulation
(global)

642 participants
(68, 69)

Male youth athletes in team-based academies showed
high levels of self-regulation that could lead to greater
self-control, and emotional management. This allows
the athlete to help regulate their thoughts, emotions
and behaviours.

Evaluating
performance and
working on weakness

239 participants
(6,52-54)

Male youth athletes in team-based academies
demonstrated high levels of evaluating performance
and working on weakness. This can create greater
self-awareness, targeted skill development, as the
athlete seeks feedback to identify areas of
improvement and focus effort to improve that skill
leading to continued progress.

Self-directed control
and management

566 participants
(55, 56)

Moderate

Male youth athletes in team-based academies
displayed moderate levels of self-directed control and
‘management. This can improve personal
accountability, decision making, as the athlete takes
ownership of their actions, and actively contribute to
their own development.
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|CE
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Practical interpretation
based on aggregated mean
results
Male youth athletes in team-based
academies perceive that they are being
equipped with the necessary skills
required to achieve long-term success.

Seeking and using
social support

Youth athletes adequately use their
support networks to help faciltate their
development in team-based sports
academies.
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Ability to organise and
engage in quality
practice

Participants
(Studies)

239 participants
(6, 52-54)

Standard
deviation

ICE
Descriptor

Practical interpretation
based on aggregated
mean results
Male youth athletes in team-based

academies display high levels of
attitudes and behaviours during
practice that help facilitate effective
development.

Perfectionistic
tendencies

566 participants
(55, 56)

Male youth athletes in team-based
academies display modest levels of
perfectionism, which may have both
positive and negative traits.

Confidence

Confidence

134 participants
(50, 51)

Male youth athletes in team-based
academies display high levels of self-

confidence.
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Male youth athletes in team-based sports academies
reported elevated levels of being energetic and
“feeling alive” from their participation in their sport
academy.

Motivation

Task orientation

568 participants
(50, 59-62)

Male youth athletes reported being highly motivated
by personal improvement, learning and effort within
team-based sports academies.

Ego orientation

568 participants
(50, 59-62)

Male youth athletes reported being moderately
motivated by winning, external validation and
comparing oneself to others within team-based
sports academies.

Win orientation

365 participants
(62-64)

Male youth athletes in team-based sports academies
reported a high desire to win, by focusing on the
outcome, potentially at the expense of development.

Goal orientation

Motivation

385 participants
(62-65)

134 participants
(50, 51)

Male youth athletes in team-based sports academies
reported very high usage of setting specific and
measurable objectives, working towards these goals
and placing the importance on personal progress and
improvement, regardless of the outcome.

Male youth athletes participating in team-based
academies reported high levels of motivation and a
drive for excellence and success.

Competitiveness

271 participants
(62, 63)

Male youth athletes in team-based academies display
a strong competitive nature, who possess a high
desire to excel against others and be the best in their
sport. As well as showing an appreciation for the
challenges and opportunities presented in sport.

Hope for success

377 participants
(62, 66)

Male youth athletes in team-based academies show
high levels of hope for success, indicating a positive
outlook on their ability to achieve sporting success

and challenging goals.

Fear of failure

377 participants
(62, 66)

Male youth athletes in team-based academies scoring
low on fear of failure, suggesis an adaptive approach
10 training and competition. With athletes displaying
higher levels of persistence, risk-taking and overall
enjoyment in sports.

Self determination
(Index score)

114 participants
(64, 65)

Male youth athletes in team-based academies
reported high levels of self-determination, where
athletes may be more intrinsically motivated, and
autonomous, which can lead to greater persistence,
goal achievement and overall satisfaction.

‘mental health

Clinical indicators

566 participants
(55, 56)

Male youth athletes in team-based academies
reported low levels of mental health issues regarding
anxiety, depression, eating disorders.
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Movement phase

Stance Base of Support (%) Horizontal displacement between the right Provides insight on the stability of the body Horizontal distance calculated between the right
and left ankle (normalized to leg length) and left ankle marker and reported as a percentage
within the Base of Support at the end of the ofleg length
Stance phase prior to lowering

Horizontal Center of Mass (%) Horizontal position of the Center of Mass Provides insight on the stability of the body Position of Center of Mass is reported as a
within the Base of Support at the end of the percentage of Base of Support
Stance phase prior to lowering

Vertical Center of Mass (%) Vertical position of the Center of Mass within Provides insight on the height of the Center of Position of Center of Mass is reported as a
the Base of Support at the end of the Stance Mass from the ground percentage of leg length
phase prior to lowering

Lowering Peak Left Hip Flexion Angle (degrees) Minimum/Peak Left Hip Flexion Angle Provides insight on the minimum trunk flexion Hip Flexion Angle is determined from the Vicon

during the lowering phase during the downward motion of the center of mass | Plug-in Gait model from the angle between the
torso and upper leg vector using the vector dot
product between the two segments
Peak Left Knee Flexion Angle (degrees) Minimum/Peak Left Knee Flexion Angle Provides insight on the optimum knee angle for Knee Flexion Angle is determined from the Vicon
during the lowering phase generation of force Plug-in Gait model from the angle between the
lower leg and upper leg vector using the vector dot
product between the two segments
Peak Flexion Angle Time Difference (s) Time difference between the Minimum/Peak Provides insight on the synchronization of the Temporal values are calculated from the frame
Left Hip and Knee Flexion angle during the trunk and lower body rate of the Vicon system
lowering phase
Change in Horizontal Center of Mass (m) Change in the horizontal displacement of the Provides insight on the stability of the body Position of Center of Mass is determined from the
Center of Mass from the initiation of the Vicon Plug-in Gait model and reported asa
vertical lowering of the Center of Mass to a percentage of Base of Support
minimum
Change in Vertical Center of Mass (%) Change in the vertical displacement of the Provides insight on the height of the Center of Position of Center of Mass is determined from the
Center of Mass from the initiation of the Mass from the ground Vicon Plug-in Gait model and reported as a
vertical lowering of the Center of Mass to a percentage of leg length
minimum
Mean Vertical Velocity (m/s) Mean vertical velocity of the Center of Mass Provides insight on the control during the Average vertical velocity is calculated from the
from the initiation of the vertical lowering of lowering phase change in vertical displacement divided by the
the Center of Mass to a minimum time of the lowering phase
Propulsive Peak Right Knee Extension Velocity (deg/s) Peak Extension Velocity of the right knee Provides insight on the momentum being Knee extension velocity is determined from the

during the propulsive phase

transferred to upper body and to opponent

knee angular displacement data (in the sagittal
plane) and time using mathematical
differentiation

Peak Right Ankle Extension Velocity (deg/s)

Peak Extension Velocity of the right ankle
during the propulsive phase

Provides insight on the momentum being
transferred to upper body and to opponent

Ankle extension velocity is determined from the
ankle angular displacement data (in the sagittal
plane) and time using mathematical
differentiation

Peak Vertical Center of Mass Velocity (m/s)

Peak Vertical Velocity of the Center of Mass
during the propulsive phase

Provides insight on the momentum being
transferred to upper body and to opponent

Center of Mass velocity is determined from the
vertical Center of Mass displacement data and
time using mathematical differentiation
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Basic action concept (BAC)

1 Right hand pulls down on partner’s neck

2 Lower body and center of mass

3 Drop left knee toward the ground

4 Contact between left hand and partner’s right ankle

5 Left hand scoops up their right ankle

6 Drive forward with body

7 Right hand guides partner's head backwards and downwards
8 Right leg drives movement to stand back up
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Mental health (55, 56)
Global mental functions
Mental health (burnout) (57, 58, 67)
Emotional functions
Regulation of emotion (6, 53-56)
Higher-level cognitive function
Organisation and planning (6, 52, 53, 55, 56)
Self-regulation (68, 69)
Evaluating performance and working on weaknesses (6, 52-54)

Self-directed control and management (S5, 56)
4

Activities & Participation

Soccer academy versus school peers (age equivalent) (2)

Youth academy soccer participation (2, 53, 57, 58, 67)

Soccer categories/scholarship status (6, 56, 51, 69)

Likelihood of progress into the top level of their sport (55)

Elite vs non-elite soccer academy participation (59, 60)

National soccer team selection (64, 68)

Retention into regional academy squad 1-year later (64)
Promotion to professional soccer status (62)

Discriminate between elite and non-elite field hockey athletes (51)
High-potential soccer athlete (rated by coach) (54)

T

T

Environmental Factors

Support and relationships
Perceived autonomy support from coach (57)
Perceived basic psychological needs satisfaction from coach (57, 58)

Environmental factors
Socioeconomic status (54)

Personal Factors

Age (6, 56, 62)
Biological maturation (69)
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ICF descriptor/qualifier ()

None, absent, negligble

ICF descriptor code () Scales from Psychometric Tools

0to4scale | 1to5scale | 1to6scale | 1to7 scale

0 (0-4%)

Mild, slight, low

1 (5-24%)

Moderate, medium, fair

2 (25-49%)

Severely, high

3 (50-95%)

Total, complete

4 (96-100%)
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ICF
category

Orientation
functions

ICF sub-
category

Orientation to

Psychological
attribute

Total athletic identity

Participants
(Studies)

201 participants (2, 49)

Mean

Standard
deviation

ICF
Descriptor

Practical interpretation
based on aggregated
mean results

Male youth athletes in team-based
academies highly identify themselves as
athletes, which can lead to positive and
negative psychosocial impacts.

Total athletic identity—
Exclusivity

201 participants (2, 49)

An individual’s self-worth is strongly
established through sport participation
for male youth athletes in team-based
academies.

Total athletic identity—
Negative affectivity

201 participants (2, 49)

Youth athletes experience higher
negative emotional responses as a result
from unwanted sporting outcomes in
youth team-based spors academies.

Orientation to
others

Total athletic identity—
Social identity

201 participants (2, 49)

Youth athletes highly view themselves
as holding the role of an athlete, when
participating in team-based sports
academies.

Team emphasis

134 participants (50, 51)

Male youth athletes in team-based
academies focus on their individual
‘performance as much as they do on
team elements.
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Database
Pubmed

Search Strategy
(psycholog’tiab] OR personality[tiab] OR “mental
toughness” tiab] OR grit[tiab] OR resilience[tiab] OR copingtiab]
OR “emotional inteligence’[tab] OR “emotional
\petence”[tiab] OR self- i OR self-
OR imagery[tiab] OR motivation{tiab] OR “intrinsic
‘motivation”[tiab] OR “fear of failure’[tiab] OR perfectionis*[tiab]
i OR

OR self-confidence[tiab] OR self-efficacy{tiab] OR self-
determination(tiab] OR “goal orientat**[tiab] OR
“Individuality"[Mesh] OR “Adaptation, Psychological’[Mesh] OR
“Child Development”[Mesh] OR “Resilience, Psychological”[Mesh]
OR “Emotional Intelligence”[Mesh] OR “Self-Control"[Mesh] OR
“Imagery (Psychotherapy)”[Mesh] OR “Motivation”[Mesh] OR
“Risk-Taking”[Mesh] OR “Perfectionism”[Mesh] OR “Acceptance
and Commitment Therapy”[Mesh] OR “Self Concept”[Mesh] OR
“Self Efficacy”[Mesh] OR “Personal Autonomy”[Mesh] OR
“Goals"[Mesh] OR “Psychology, Sports”[Mesh]) AND (youth*
[tiab] OR adolescen*{tiab] OR teen”[tiab] OR pubescent[tiab] OR
young'[tiab] OR child*[tiab] OR juvenile*[tiab] OR
“Adolescent”[Mesh]) AND (player*[tiab] OR athlete*(tiab] OR
“Athletes”[Mesh]) AND (talent*[tiab] OR academy|tiab] OR
gifted{tiab] OR aptitude[tiab] OR “Aptitude”[Mesh] OR
“Academies and Institutes"[Mesh]) AND (“team sport*[tiab]” OR
el iab] OR football{tab] OR soccer(iab] OR rugby{tiab] OR
league[tiab] OR OR iab] OR cricket[tiab]
OR hockeyltiab] OR “Football"[Mesh] OR “Soccer”[Mesh] OR
“Youth Sports”[Mesh] OR “Sports”[Mesh] OR “Basketball"[Mesh]
OR “Baseball”[Mesh] OR “Hockey”[Mesh])
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Inclusion Criteria
Studies must include participants
who were:

youth athletes, aged between 12
and 19 years of age (or
‘population with mean age
between these years)

male

involved in team-based ball sports
(including stick/bat and ball/
puck sports)

participate in academy-based
development program

Studies must report at least one
‘psychological attribute/mental
function relating to talent
development or sports performance
Studies must state validated
psychomeric tool used

Studies must be written in English
Peer reviewed studies (e.g, cross-
sectional, itudi

Exclusion Criteria
Study not available in full text
Individual sports or separate team-
based sport data not available when
multiple sports included.
Psychomator attributes only
Athletes with a disability
Gaming athletes
Athletes with a documented neuro-
developmental condition (e,
ADHD, DCD, ASD)
No male data available for extraction
in mixed sex studies
No data available for youth age (12-
19 years) when mixed age study was
included
Individual case studies
Data from retrospective interviews
during adulthood based on youth
experiences
Books/Chapters

to
consensus statement

Review (e.g, systematic, narrative)
Evidence-based grey literature
articles covering the above-
mentioned inclusion criteria (e.g,
policies, guidelines, procedures,
articles, publicly available data)
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Source of variance
Between groups

Group

Error

Within groups
Measurement (pre-post T)
Measurement x Group

Error

ss
356,285
353.628
2657
217.281
118606
86.757

11918

df
29.000
2000
27.000
104.079
3469
6939

93.671

MS
176911
176813

0.098
46817
34187
12503

0127

1796608

268.697

98.272

<0.001

<0.001

<0.001
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Pre test Post test

VRBI 175 044 642 028
VMBR + VM 177 032 450 037

Control 137 017 1.80 028
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Source of variance
Between groups
Group
Error

 Within groups
Measurement (pre-post T)

Measurement x Group

Error

ss

66.609

63.700

2909

102051

45.258

2784

27

27

Ms
139.85
31850

108

102051
22629

0.103

295,579

219.434

<0.000

<0.000
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Category

Sports event

Content

Visual target

Training

Basic activity skills

Ball sports

Running

Jumping

‘Throwing

Basketball

Football

Badminton

Fast running, shuttle running, timed running, obstacle running,
relay running, and other related exercises

Exercises related to standing long jump, squatting long jump, and
leaping high jump

Exercises related to running pitching sofiballs (sandbags) and
pushing solid balls

Comprehensive drills and competitions in dribbling moving,

passing and receiving, dribbling in different directions, shooting

from spots, etc.
Practice and competitions in inner and outer instep, catching, and
back-front kicking, dribbling, etc.

Combination exercises and teaching games such as moving
footwork, moving front two-handed padding, side underhand

serves, etc.

and equipment

Sandbags, softballs,
solid balls, basketballs,
footballs, volleyballs,
sign barrels, sight
frames, ladders,
number cards,letter

cards, word cards, etc.

requirements

Visually capturing
numbers, words, or letters
on the visual targets

during exercises
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Group (N) UDVA (left) UDVA (right) KVA Accommodative facility

Group 1(37) 48110317 4.841 +0.368 0.490+0.234 7.095 + 2,140
Group 2 (40) 4805+ 0323 4857 £0319 05530317 6,550 +2.449
Group 3 (40) 4837+ 0287 48570262 04840275 677542178
Control Group (37) 4795+ 0,370 4768 +0.400 0.451+0.296 6351+ 1.996
F 0124 0.603 0.868 0782

» 0946 0.614 0.459 0506
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Records removed before
screering:

Records idenifed fom
s ‘Ciation searching (n =2)

Records screened Records exciuded
(n=1150)

Reports sought forretreval Reports not retrieved
(n=a4) ¥

Reports sought fo retrieval Reports not retrieved
0=0) 0=2) =0

Reports assessed for eligibilty Repors excluded
(n=44) (n=39)

Reports assessed for elgibity
0=2)

ample ae not " Reports excluded (n=
=15)

‘Scale validation study (n = 4)
‘Sample’s age (n = 14)
Motwvational sequence not
taken into account (n = 6),

‘Studies included in review

n=
Reports of included studies
(n=0)
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Investigator number

(“Hierarchical Model of Intrinsic and
Extrinsic Motivation” OR
“motivational sequence’) AND
(exercise OR gym OR fitness OR
“health clubs") AND (interpersonal
behavio* OR “instructor behaviors”
OR “social support” OR motiv* OR
“behavior regulation’” OR “basic
psychological needs” OR enjoyment
OR frequency OR intention OR

persistence)
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Studies

Edmunds etal,
(2008)

Ngetal. (2013)

Ngetal. (2013)

Jones etal. (2017)

Rodrigues et al.
019)

Rodrigues et al.
(2021)

Choetal. (.

(1) To analyze whether
the teaching style of an
exercise instructor can
be manipulated in such a
way that it satsfies more
autonomy support,
structure, and
interpersonal
involvement

(2) To analyze the impact
of an exercise class taught
according to socio-
contextual variables on
psychological needs,
autonomous motivation
and behavior;

(3) To analyze the
‘motivational sequence

incorporated into SDT.

“This study aimed to
analyze how others can
support or counteract the
psychological needs of
exercisers with weight
control goals, and how
this condition can impact
well-being and

behaviour.

‘The study aimed to
analyze how the
perception of autonomy
support/control from
others can predict BPNs,
motivation regulation,
and weight control
behaviors (., physical
exercise and eating
habits).

“This study aimed to
explore two psychological
characteristics that are
potential predictors of
peoples reactions to
exercise classes: attention
style and contextual

‘motivation

Based on the theory of
self-determination, the
study aimed to analyze
the Bright and Dark sides
of motivation as
predictors of enjoyment,
intention, and persistence
in physical exercise.

(1) Considering the
‘motivational sequence
proposed by SDT, this
study aimed to test the
effect of past behavior on
future behavior.

“This study aimed to
analyze the impact of
socal support from
family and friends on the
intention to practice
physical exercise, using
BPNs, intrinsic
‘motivation, and atttude

as mediators.

Participants/Age

Exercisers (N = 56) Ages ranged
from 18-53 in the experimental
‘group (M = 21.26 years,

D

.80) and from 18-38 in
the control group (M = 21.36
years, SD = 6.71).

Exercisers (N = 156) Average
age of participants (M = 31.01
years, SD = 13.21)

235 Practitioners trying to
control their weight (183 F; 156
M) Ages ranged from 18 to 64
(M =27.39 years, SD = 8.96)

Female exercisers (N = 417)
Average age of participants
(M=537.2 years, SD = 137)

575 Portuguese exercisers (230
F) Ages ranged from 18-65
(M =34.07 years, SD = 11.47)

293 Portuguese exercisers (166
F; 127 M) Ages ranged from 18
1065 (M= 3657 years,
SD=1125)

Exercising university students in
Singapore (n = 318) Ages
ranged from 18 - >40

Design

Experimental

(10 weeks)

Retrospective

(6 months)

Cross-sectional

Cross Sectional

Cross Sectional

Cross Sectional

Cross Sectional

Assessment instruments/
technique

Perceived Environmental Supportiveness
Scale (PESS); Psychological Need
Satisfaction Scale (PNSS); Behavioral
Regulation Exercise Questionnaire 2
(BREQ-2) + Exercise Motivation Scale
(EMS); Positive Affect and Negative
Affect Scale (PANAS); Adherence

(register); Intention.

Health Care Climate Questionnaire
(HCCQ) + Controlli
Scale (CCBS); Basic Needs Satisfaction in
Sport Scale (BNSE) + Psychological Need
Thwarting Scale (PNTS); GLTEQ; Eating

Behaviors; Life Satisfaction; Self-csteem;

Coach Behaviors

Hospital Anxiety and Depression Scale
(HADS).

Perception of autonomy support + CCBS;
Basic Needs Satisfaction in Sport Scale
(BNSE) + Psychological Need Thwarting
Scale (PNTS); BREQ-2; GLTEQ; Eating
Behaviors.

Attentional Focus Questionnaire
(AFQ) + Cognitive Index (CI); EMS;
Affect Grid (AG); Flow State Scale-2
(FS5-2); Behavioral Intent.

Interpersonal Behavior Questionnaire
(IBQ); Basic Psychological Need
Satisfactions and Frustration Scale
Portuguese version (BPNSFS-E); BREQ-
3; Physical Activity Enjoyment Scale
(PACES); Intention; Persistence.

1BQ; BPNSFS-E; BREQ-3; PACES;
Intention and Past and future behavior
(frequency recording)

Social Support for Exercise (SSE); Basic
Psychological Needs in Exercise Scale
(BPNES); BREQ-2; Attitude ¢ Intention.

Main conclusions

Control group: There was a
significant decrease in autonomy
support,an increase in
amotivation, and a decrease in
behavioral intention over time.
In addition, there was a
significant increase in perceived
competence and introjected
regulation.

Experimental group: This group
showed a significantly greater
linear increase in structure,
interpersonal involvement,
fulfillment of relationship and
competence needs, and positive
affect. Attendance rates were also
significantly higher in the

experimental group

“The perception of autonomy.
support from others was
associated with the satisfaction
of psychological needs, while
controlling behaviors were
linked to the frustration of these
needs.

“The satisfaction of needs was
positively related to greater
satisfaction with life, while the
frustration of needs was related
to negative consequences, such
as depressive symptoms and

unhealthy cating behaviors

“The results showed that when
others supported perceived
autonomy; participants reported
more autonomous levels of
motivation for weight
‘management, which in turn
predicted greater physical
activity and healthy eating
behaviors. In contrast, when
others adopted controlling
behaviors over autonomy,
participants reported more
controlled forms of motivation,
predicting lower physical activity
and healthy eating behaviors, as
well asa greater preponderance
of unhealthy eating behaviors

‘Atention style (internal focus)
proved o be significant

(p < 0.05) for affective, cognitive
and behavioral results.
Practitioners with an internal
focus proved to be more self-
determined and obtained more
positive results than those with
an external focus. Highly self-
determined individuals obtained
better resuls in the behavioral,
cognitive, and affective variables.
Almost 29% of the variation in
the participants’ affective valence
can be explained by the
behavioral regulations of the

externally focused practitioners.

Positive and significant
associations were found between
the “Bright” side of motivation
and the predictors under study.
However, the “Dark” side
showed negative and significant
correlation values with all the
predictors. Through a mediation
analysis, the “Bright” side model
showed total mediation, with the
influence of the mediators
always being significant in the
model. The “Dark” side model
showed no significant direct or
indirect effects on persistence.
Intention had a significant effect
on exercise persistence but only
explained 11 percent of the
variance. The overall structural
model explained 14 percent of
the variance, considering all the
direct and indirect effects.

Al the variables under study
correlated positively and
significantly with each other,
except for the relationship
between past and future
behaviors with interpersonal
support behaviors and the
satisfaction of basic
psychological needs. The results
show positive associations
between all the constructs,
respecting the motivational
sequence. However, with the
addition of past behavior, the
model cancels out the
significance between intention
and future behavior, and past
behavior becomes the significant
mediator between this

relationship. This also happens
with the indirect effects of the
model: when past behavior is
added to the model, it liminates
all the indirect effects of the
constructs on future behavior.

“The results showed a direct effect
between the social support
provided by friends on BPNs,
and that needs had an indirect
effect on the intention to
exercise, through the mediation
of intrinsic motivation and

atitude.

Variables in study

Perception of autonomy 17
support, structure, and

interpersonal involvement;

BN, regulation of motivation

(intrinsic, integrated,

introjected, amotivation),

Adherence, Intention, and

positive and negative affect.

Perception of autonomy 16
support/control; Satisfaction

and Frustration of BPN;

Exercise behaviors; Healthy

and unhealthy eating

behaviors; Psychological well-

being/ill-being;

Perception of autonomy. 12
support/control; BPN

satisfaction and frustration;

Exercise behaviors; Healthy

and unhealthy eating

behaviors

Attention Style; Motivation 2
Regulation; Affective Valence;
Intention; Concentration and

Excitement

Interpersonal behaviors of 16
support and thwarting; BPN

Satisfaction and Frustration;

Regulation of motivation;

Enjoyment; Intention;

Persistence.

Interpersonal support 16
behaviors; BPN satisfaction;

Motivation regulation

(autonomous regulation);

Pleasure; Intention; Past and

future behavior

Family and Friends’ Social
Support; BPN's; Intrinsic
Motivation; Attitude and

Intention

Methodology
quality
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References

Sample age
(years)

Male
percentage

(%)

Sample size
(E/C)

Experimental
group

Intervention
dose

Outcome
indicator

Diagnostic

Van Riper et al. (2023) USA Mean: 10-18 73.30% 28 (15/23) Cycling No treatment 25min* 1 times* 1 GNG N-Back Hospital certificate
Range: 13.6 % 1.9 weeks

Ludyga etal. (2022) China Mean: 8-12 NA 57 (29/28) Judo Training Regular 60 min * 2 times * E-Prime DSM-V
Range: 10.8 & 1.2 education 12 weeks

Liang et al. (2022) China Mean: 6-12 77.50% 80 (40/40) Cognitive Aerobic No treatment 60 min * 3 times * Tol Flanker TMT | DSM-V
Range: 8.4 % 1.4 12 weeks

Nejati and Derakhshan (2021) | Iran Mean: NA 100.00% 30 (15/15) Cognitive Aerobic Running 45min* 3 times * 5 GNG WCST DSM-V
Range: 9.43 £ 1.43 weeks N-Back

Bigelow et al. (2021) Canada Mean: 10-14 80.00% 32 (16/16) Cycling No treatment 10min* 1 times* 1 Stroop Leiter-3 DSM-V
Range: 11.38 + 1.5 weeks TMT

Smith et al. (2020) USA Mean: 5-9 70.00% 80 (53/27) Cognitive Aerobic Regular 45 min * 3 times * CVLT Flanker DSM-1V
Range: 7.4 £ 1.1 treatment 15 weeks

Geladé etal. (2018) Netherlands | Mean: 7-13 78.00% 92 (33/28/31) Simple Aerobic Neurotherapy/ 45min* 3 times * VSWM DSM-V
Range: 9.6 & 1.67 medication 12 weeks

Pan etal. (2019) China Mean: 7-12 100.00% 30 (15/15) Bad minton No treatment 70 min * 2 times * Stroop WCST DSM-1V
Range: 9.08 £ 1.43 12 weeks

Benzing and Schmidt (2019) Switzerland Mean: 8-12 82.40% 51(28/23) Exerga ming No treatment 30min* 3 times* 8 Simon Flanker ICD-10
Range: 10.46 £ 1.30 weeks

Rezaei et al. (2018) Iran Mean: 7-11 NA 14 (7/7) Yoga No treatment 45min* 3 times * 8 CPT WISC-R DSM-V
Range: NA weeks

Benzing et al. (2018) Switzerland Mean: 8-12 82.60% 46 (24/22) Exerga ming Watching 15min* 1 times* 1 Stroop FT CSBT ICD-10
Range: 10.46 + 1.35 videos weeks

Geladé etal. (2017) Netherlands | Mean: 7-13 75.90% 112 (37/39/36) Simple Aerobic Neurotherapy/ 45 min * 3 times * SST VSWM DSM-1V/
Range: 9.8 +:2.0 medication 12 weeks

Bustamante et al. (2016) USA Mean: 6-12 69.00% 35 (19/16) Simple Aerobic Sedentary 90 min* 5 times * STOPIT AWMA DSM-1V
Range: 9.4 £ 2.2 10 weeks

Ruiter et al. (2022) Netherlands | Mean: NA 94.40% 18 (18/18) Cycling Sedentary 30min* 1 times* 1 Phonological DSM-V
Range: 15.62 £ 2.20 weeks WM Task

Hung et al. (2016) China Mean: 8-12 97.00% 40 (20/20) Running Watching 30min* 1 times* 1 TSP Hospital Certificate
Range: 10.24 + 1.78 videos weeks

Changetal. (2012) China Mean: 8-13 93.00% 40 (20/20) Running Watching 30min * 1 times * 1 Stroop WCST DSM-1V
Range: 10.43 videos weeks

Ziereis and Jansen (2015) Germany Mean: 7-12 74.00% 43 (13/14/16) Cognitive Aerobic No treatment 60min * 1 times* DSEBT LNST ICD-10
Range: 9.2+ 1.3 12 weeks

For convenience, only the first author is given. E/C means experimental group/control group; NA, no report; GNG, Go/No-Go Task; N-Back, N-Back Task; E-Prime, E-Prime Software for Psychological Experimentation; ToL, Tower of London; TMT, Trail Making
‘Test; WCST, Wisconsin Card Sorting Test; Stroop, Stroop Task; Leiter-3, Leiter International Performance Scale-Third Edition; CVLT, California Verbal Learning Test; Flanker, Flanker Task; NeuroTrax, NeuroTrax Cognitive Test; CPT, Continuous Performance
Test; WISC-R, Wechsler Intelligence Scale for Children - Revised; CSBT, Color Span Backward Task; Auditory Oddball, Auditory Oddball Task; SST, Stop-Signal Task; VSWM, Visual-Spatial Working Memory Task; STOPIT, Stop-Signal Task; AWMA, Automated
Working Memory Assessment; Phonological WM, Phonological Working Memory Task; TSP, Task Switching Paradigm; DSFBT, Digit Span Forward and Backward Task; LNST, Letter-Number Sequencing Task.
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Study Score Methodological quality

Edmunds etal. 17 Fair
(2008)
Ngetal. (2013) 16 Fair
Ngetal. (2013) 12 Poor
Jones etal. (2017) 12 Poor
Rodrigues et al.

16 Fair
(2019)
Rodrigues et al.

16 Fair
(2021)
Choetal. (2023) 1 Poor

The score ranges o the scale were given corresponding quality levels: excellent (26-28); good
(20-25); fair (15-19); and poor (<14).
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Effects Pepisode Log (Power) [dB]

Plincl) P(incl|data) BFinct Pl(incl) P(incl|data) BFinct
Success 0.263 0.188 0.264 3788 0263 0.154 0193 5181
Region 0.263 0348 0702 1425 0.263 0395 0786 1272
Step 0263 0.748 5255 0.190 0.263 0422 0850 1176
Success 3 Region 0.263 0081 1026 0975 0263 0039 0476 2101
Success * Step. 0.263 0.023 0.103 9.709 0263 0015 0174 5747
Region % Step 0.263 0.091 0253 3953 0.263 0.069 0319 3135
Success * Region 3 Step 0053 1885 107 0.106 9434 0053 1585 % 107 0.187 5348

The BE,., can be interpreted as evidence in the data forincluding predictor. For interpretation, BE.., was given with B, = 1/BF.... Tne anaysis of effects compares models that contain the
effect to equivalent models stripped of the effect. Analysis suggested by Sebastiaan Mathdt (van den Bergh et al, 2020).
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Older Adults Younger Adults

Study Age N Mean SD Age N Mean SD Weight (%) MD, seconds [95%CI]
Schattetal, 2013 (Group 2) 7079 44 765 3 200 63 743 238 —_— 36.49% 022(-084,128)
Schottetal, 2012 (Group 2) 70-79 3 825 268 200 40 758 216 — 3572% 067(-040,174)
Boauchet ot al 2018 7087 0 82 26 208 3 71 22 — 27.79% 1101-0.12,232)
13 133
RE Model for All Studies (Q=1.15, 563; 20.0%, #0.00) —_— 100% 0631-0.02,1.27]
Favors Younger Aduts Favors Older Aduts
4 0 1 2 3

MD (seconds)





OPS/images/fpubh-12-1405791/fpubh-12-1405791-g009.jpg
Older Adults Younger Adults

Study Task Posture Age N Mean SD Age N Mean SD Weight (%) MD, seconds [95%C1]
Zhuang et al, 2020 65m NS 6077 27 449 137 1824 30 475 145 —e— 21.39% -0.26(-099,047)
Kotogawa et al, 2021 SmSocmpathwidh NS 70-62 20 411 168 16-30 15 405 084 —— 2090% 0.06(-079, 091)
Skoura et al, 2005 (Exp 1 Group2)  &m Stndng 64-68 8 652 088 1923 8 642 066 —— 21.27% 010(-066,086)
Saimpont et a., 2012 6m Sundng 65-81 25 951 269 1928 26 862 221 — 18.48% 089 [-045.223)
Watanabe and Tani 2022 10m, without cruches  Standing  66-76 39 1098 445 1921 99 758 159 ————— 1797% 3400197483
120 18
RE Model for All Studies (Q=21.57, df=4, p< 001; '=89.4%, —— 100% 075 -055, 206
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Older Adults Younger Adults
Study Age N Mean SD Age N  Mean SD Weight (%) Hedges' g [95%CI]
Schottetal, 2012(Growp3)  60-69 39 585 0% 20-30 40 63 071 —— 34.23% -058(-1.03,-0.13)
Schottetal, 2013 (Growp3)  60-60 45 55 12 2030 63 54 144 —— 35.34% 007(-031, 046
Kanokvan ot al 2019 60-60 19 2616 13 2020 20 243 287 —_— 3043% 081(0.16, 146
103 s
RE Model for All Studies (Q=12.29,df=2, p= 0.002; =87.4%, ¥=0.41) — 100% 008(-071, 0.86)
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Older Adults Younger Adults

Study Tool Age N Mean SD Age N Mean SD Weight (%) Hedges' g [95%CI]
Malounetal, 2010 KVIQ-10(nvertedscore)  60-77 19 1668 87  19-7 46 181 739 ——— 2554% -0.18(-0.72,036]
Saimpontetal, 2015 KVIQ-10(meriedscor) 6581 28 177 086 1928 29 186 057 — 2707% 015(-037,067)
Luetal, 2019 wMia-2 6289 20 3105 1426 1835 31 2720 1352 —_—— 207% 027(-030,083)
Sampontetal, 2012 KVIQ-10(mertedscore) G581 26 17 07 1928 26 15 04 —— 2441% 035(-020,089)
% 2
RE Model or All Studies (Q =211, df =3, p = 0.549;  =0.0%, ¢ = 0.00) - 100% 014 (-0.13,041]
Favors Older Adults Favors Younger Adults
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05 0 05 1

Hedges' g
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Older Adults Younger Adults
Study Tool Age N Mean SD Age N Mean SD Weight (%) Hedges' g [95%C1]
Saimpontetal, 2015 KVIQ-10(mertedsco) 6581 28 150 13 1928 29 164 087 27.08% -0041-0.56,047]
Sampontelal,2012 KVIQ-10(mertedscors) 6581 26 15 11 1928 26 15 08 2472% 0.00(-054,054)
Malounetal, 2010 KVIQ-10 (mvertedscore) 6077 19 1523 894 19-37 46 1446 651 2550% 0.10[-043,064)
Luetal, 2019 wma-2 6280 20 267 138 1835 31 2181 1041 —— 267% 0.41(-0.16,097)
0 12

RE Model for All Studies (Q = 1.54,df =

. p= 0873, =00%, ¢

000)

Favors Older Adults

100% 0.11-0.16,038)
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Older Adults Younger Adults

Study Tool Age N Mean SD Age N Mean SD Weight (%) Hedges' g [95%CI]
Mulder et al. 2007 VMIQ 67-93 119 5072 2274 19-29 143 5181 1684 —-— 64.39% ~0.06[-0.30,0.19]
Schottand Munzert 2007 (Group2) ~ VMIQ 70-79 10 26 14 19-29 12 24 06 — 539% 0.19[-066,1.03]
Livetal, 2019 VMIQ-2 6289 20 2705 1504 18-35 31 2442 1047 —— 11.99% 021(-0.35,077)
Rulleau et al 2018 VMIQ 66-82 32 503 26 18-25 44 447 172 —— 1822% 026(-020,072)

181 230
RE Model for All Studies (Q = 1.94, df =3, p = 0.586; = 0.0%, ¥ = 0.00) - 100% 0.05(-0.15,024]
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Older Adults Younger Adults
Study Age N Mean SD Age N Mean SD Weight (%) Hedges' g [95%CI]
Robinetal, 2021 (Gowp2) 6070 35 395 03 16-19 45 448 026 20.99% 189(-2.42,-136]
Schottetal, 2012(Growp3) 6069 39 587 104 20-30 40 653 078 — 2524% -071(-117,-026]
Schottetal, 2013 (Groupd) 6069 45 563 141 20-30 63 521 147 — 25.44% 029-0.10, 067
Kanokwan et al 2019 60-60 19 2626 126 2020 20 B2 276 — 2432% 139(069, 209
138 168
RE Mode for Al Studios (0=69.02,df=3, p< 001; '=96.7%, £=1.8) — 100% -028(-161, 1.13]
Favors Younger Adults Favors Older Adults
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Older Adults Younger Adults

Study Age N Mean SD Age N Mean SD Weight (%) Hedges' g [95%CI]
Robin etal, 2021 (Group 1) 72 30 37 032 1819 45 448 026 —_— 3250% -271(-334,-207]
Schottetal, 2012 (Group2) 7079 39 546 12 20-30 40 653 078 — 3351% -1.05(-152,-058]
Schottelal, 2013 (Group2) 7079 44 495 165 20-30 63 521 147 — 3390% -0.17[-055, 022]
s 148
RE Model for Al Studies (Q=45.48, df=2, < 001; '206.3%, —— 100% -129(-275, 0.17)
Favors Younger Adults Favors Oldor Aduts
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Posterior  BFyoy  Error %

odds
Sepl  Step2 0414 24096 58173 280410
Step3 0414 8362 20188 9.813x10°
Stepd 0414 28.968 6993 2240x10%
Step2 | Step3 0414 0.062 0.150 0,097
Step4 0414 0.060 0.146 0,099
Step3 | Stepd 0414 0053 0129 0.108

The frst two columns show the steps being compared, while the third and fourth columns
show the adjusted prior and posterior model odds. The posterior odds have been corrected
for multipl testing by fixing to 05 the prior probability that the null hypothesis holds across
al comparisons (Westfal et 4l 1997). The fifth column shows the uncorrected Bayes factor
supporting the alternative hypotheses of different magnitudes. The last column shows the
numerical error in the calculation of the Bayes factor. Individual comparisons are based on
the default -test with a Cauchy (0, r = 1/sqr(2)) prior.
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1. Inclusion  2.Subjects 3. Exposure 4. Exposure 5. 6. 7. Outcome 8. Statistical Total

criteria and validityand  standardization  Confounding  Confounding  measures analysis
setting reliability factors. factors. validity and
identified controlled reliability
Beauchet etal, 2018 (59) Yes Yes Not applicable Yes Yes Yes No Yes 6
Cacola etal., 2013 (60) Yes No Not applicable Unclear Yes Yes No Yes 4
Devlin and Wilson, 2010 (61) Yes No Not applicable No No No No Yes 2
Dommes etal, 2013 (52) Yes No Not applicable Yes Unclear Unclear No Yes 3
Kanokwan et al., 2019 (63) Yes No Not applicable Yes Yes Yes No Yes 5
Kotegawa etal, 2021 (64) Yes No Not applicable Yes Yes Yes No No 4
Liuetal, 2019 (65) Yes No Not applicable Yes Yes Yes No Yes 5
Malouin et al,, 2010 (66) Yes Yes Not applicable No Yes Yes No Yes 5
Mitra etal., 2016 (67) Yes Yes Not applicable No Yes Yes No Yes 5
Mulder etal, 2007 (65) No No Not applicable No No No No Yes 1
Muto etal., 2022 (69) Yes Yes Not applicable Yes Yes Yes No Yes 6
Nagashima et al., 2021 (70) Yes Yes Not applicable Unclear Yes Yes No Yes 5
Naveteur etal, 2013 (71) Yes Yes Not applicable Yes Yes Yes No Yes 6
Raimo etal, 2021 (72) Yes Yes Not applicable Yes Yes Yes No Yes 6
Robin etal, 2021 (25) Yes No Not applicable No No No No Yes 4
Rulleau etal,, 2018 (73) Yes No Not applicable No No No No Yes 2
Saimpont etal,, 2009 (76) Yes Yes Not applicable Yes Yes Yes No Yes 6
Saimpont etal,, 2012 (74) Yes Yes Not applicable Yes Yes Yes No Yes 6
Saimpont etal, 2015 (75) Yes No Not applicable Yes Yes Yes No Yes 5
Schott etal., 2012 (77) Yes Yes Not applicable Yes Yes Yes No Yes 6
Schott etal., 2013 (75) Yes Yes Not applicable Yes Yes Yes No Yes 6
Schott and Munzert, 2007 (79)  Yes No Not applicable Yes Yes Yes No Yes 5
Skoura etal, 2005 (50) Yes No Not applicable Unclear Yes Yes No Yes 4
Wang etal,, 2020 (81) Unclear No Not applicable No Unclear Unclear No Yes 1
‘Watanabe and Tani, 2022 (52) Yes No Not applicable Yes Yes Yes No Yes 5
Zhuang et al,, 2020 (83) Unclear No Not applicable No No No No Yes 1

Zito etal, 2015 (54) Yes Yes Not applicable Yes Yes Yes No Yes 6
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BADL basic activties of daily ivings CVD, cerebrovascular disease; EV, external visual; Exe, executeds F female; IV, internal visual; K1, kinesthetic; KVIQ-10, kinesthetic and visual imagery questionnaires MI, motor imagery; MIQ-R, movement imagery questionnaire
revised version; MIQ-3sf, movement imagery questionnaire 3 French version; MoCA, Montreal cognitive assessment; MMSE, mini-mental state examination; NI, no information; OA, older adults; Overest, overestimation; Perf, performance; Underest,
underestimation; VMIQ, vividness of movement imagery questionnaire; VMIQ-2, vividness of movement imagery questionnaire 2* version; YA; younger adults.
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Outcome measure Eligible studies (k)  Text/Table or Plot (k) Included in the meta-analysis

Extractable (k) Raw extraction as
Mean and SD (k)
Capacity to generate MI - 4studies: Kanokwan etal,  Text/Table (4): Kanokwan etal., = Yes (4): Kanokwan etal., Yes (4): Kanokwan et al,, 2019;
kinesthetic modality - 60-70 years  2019; Robin et al., 2021; 2019; Robin etal,, 2021; Schott, 2019 Robin etal., 2021; Robin etal, 2021; Schott, 2013,
Schott, 2013,2012 2013,2012 Schott, 2013, 2012 2012
Capacity to generate MI - 3 studies: Robin etal, 2021;  Text/Table (3): Robin etal., Yes (3): Robinetal, 2021;  Yes (3): Robin et al., 2021; Schott,
kinesthetic modality - 70-82 years  Schott, 2013, 2012 2021; Schott, 2013, 2012 Schott, 2013, 2012 2013,2012
Capacity to generate MI - visual 3 studies: Kanokwan etal,,  Text/Table (3): Kanokwan etal,,  Yes (3): Kanokwan etal., Yes (3): Kanokwan etal., 2019;
modalities 2019; Schott, 2013, 2012 2019; Schott, 2013, 2012 2019; Schott, 2013, 2012 Schott, 2013, 2012
Vividness - kinesthetic modality 4 studies: Liuetal, 2019 Text/Table (3): Liuetal, 2019 Yes (3): Liu etal., 20 Yes (1): Liv etal, 2019
Malouin etal., 2010; Saimpont etal, 2015, 2012 Saimpont etal, 2015,2012 |\ (3): Saimpont et al, 2015%,
Saimpont etal., 2015, 2012 2012+
Graphics (1): Malouin etal,  Yes (1): Malouin etal, 2010 No (1): Malouin et al,, 2010 *
2010
Vividness - internal visual modality | 4 studies: Liu etal, 2019 Text/Table (3): Liuetal, 2019 Yes (3): Liu etal., 2019; Yes (1): Liu etal, 2019
Malouin etal., 2010; Saimpont etal, 2015, 2012 Saimpont etal, 2015,2012 |\ (2): Saimpont et al, 2015%,
Saimpont et al, 2015, 2012 2012%
Graphics (1): Malouin etal,  Yes (1): Malouin etal, 2010 No (1): Malouin etal., 2010 *
2010
Vividness - external visual modality | 4 studies: Liuetal, 2019 Text/Table (4): Liu etal, 2019;  Yes (4): Liu etal., 2019; Yes (3): Liu etal, 2019; Rulleau
Mulder etal, 2007; Rulleau  Mulder et al,, 2007; Rulleau Mulder etal,, 2007 Rulleau  etal, 2018; Schott and Munzert,
etal., 2018; Schott and etal, 2018; Schott and etal, 2018; Schott and 2007
Munzert, 2007 Munzert, 2007 Munzert, 2007 No (1): Mulder et al, 2007 *
Temporal features of MI (mental 3 studies: Beauchetetal,  Text/Table (3): Beauchetetal,  Yes (3): Beauchet etal., Yes (3): Beauchet etal, 2018;
chrometry) - TUG 2018; Schott, 2013, 2012. 2018; Schott, 2013, 2012. 2018; Schott, 2013, 2012, Schott, 2013, 2012,
Temporal features of MI (mental 8 studies: Kotegawa etal,  Text/Table (1): Schott etal., Yes (1): Schottetal, 2012 Yes (1): Schott etal,, 2012

chrometry) - Linear Walk (5-10m) | 2021; Naveteur etal, 2013; 2012

Saimpont etal, 2012; Schott  Graphics (5): Kotegawa etal,  Yes (4): Kotegawa etal., Yes (2): Saimpont et al., 2012;
etal, 2012; Schott and 2021; Saimpont et al, 2012; 2021; Saimpont etal, 2012;  Skoura etal., 2005
M“"lj;v 20073 5‘“’": etals Schott and Munzert, 2007; Skoura etal., 2005 Zhuang N (2): Kotegawa et al, 2021
2005; Watanabe and Tan, - koura et al, 2005; Zhuang etal, 2020 Zhuangetal, 2020°
2022; Zhuang et al., 2020 etal., 2020,
No (1): Schott and Munzert, | ~
2007
Provided by authors (1): Yes (1): Watanabe and Tani, | Yes (1): Watanabe and Tani, 2022
‘Watanabe and Tani, 2022 2022
Notavailable (1): Naveteur No (1): Naveteur etal, 2013 | —
etal, 2013
Temporal features of MI (mental 2 studies: Mitra etal, 2016; | Graphics (2): Mitraetal, 2016;  Yes (2): Mitraetal, 2016;  Yes (1): Skoura et al,, 2005
chrometry) - UL tasks Skoura etal, 2005 Skoura etal, 2005 Skoura etal, 2005 §
No (1): Mitra etal., 2016 -*
Ml-execution temporal congruence 3 studies of performance  Text/Table (2): Dommes etal,,  Yes (2): Dommes etal,, Yes (2): Dommes etal., 2013;
(performance overestimation) - overestimation: Dommes 2013 Watanabe and Tani, 2022 2013; Watanabe and Tani, | Watanabe and Tan, 2022
Linear Walk (5-10 m) etal, 2013; Kotegawa et al., 2022
2021; Watanabe and Tani, - Graphics (1): Kotegawaetal, | Yes (1): Kotegawa etal., No (1): Kotegawa et al,, 2021 *
2022 2021 (and Kotegawa etal,, 2019 2021 (and Kotegawaetal,  (and Kotegawa et al., 2019 for
for comparison) 2019 for comparison) comparison )
Yes (1): Kotegawa et ., No (1): Kotegawa etal, 2019
2019
4 studies of performance | Text/Table (2): Saimpont etal,, | Yes (2); Saimpont etal., No (2): Saimpont et al, 2012
underestimation: Naveteur  2012; Zhuang et al, 2020 2012 Zhuangetal 2020 | Zhuangetal, 2020 "¢
etal,, 2013; Saimpontetal,  Graphics (1): Schott and No (1): Schott and Munzert, | -
chottand Munzert,  Munzert, 2007 2007
huang etal., 2020
une Notavailable (1): Naveteur - -
etal, 2013
Hand recognition - Accuracy 2 studies analyzing correct  Text/Table (1): Nagashima Yes (1): Nagashima et Yes (1): Nagashima et al, 2021
(grouped rotations) responses: Nagashima etal,  etal., 2021 2021
2021; Raimo et al., 2021 Graphics (1): Raimo etal, 2021 Yes (1): Raimo etal, 2021 No (1): Raimo etal., 2021
Hand recognition - Accuracy (0° 2 studies analyzing correct  Graphics (2): Saimpont etal,  Yes (1): Wang et al., 2020 No (1): Wang etal, 2020
rotation) responses: Saimpontetal, 2009 Wang etal, 2020 No (1): aimpont etal. 2009~
2009; Wang et al., 2020
1 study analyzing errors: Graphics (1): Devlin and Yes (1): Devlin and Wilson  No (1): Devlin and Wilson 2010 *
Devlin and Wilson 2010 Wilson 2010 2010 *
Hand recognition - Accuracy (90° 2 studies analyzing correct  Graphics (2): Saimpontetal,  Yes (1): Wangetal, 2020 No (1): Wang etal, 2020
rotation) responses: Saimpont etal, 2009 Wang etal, 2020 No (1): Saimpont etal, 2009 | —
2009; Wang et al., 2020
1 study analyzing errors: Graphics (1): Devlin and Yes (1): Devlinand Wilson | No (1): Devlin and Wilson 2010 ™
Devlin and Wilson 2010 Wilson 2010 2010 ’
Hand recognition accuracy in HLJ 2 studies analyzing correct  Graphics (2): Saimpontetal,  Yes (1): Wangetal, 2020 No(1): Wangeetal, 2020
(180° rotation) responses: Saimpont etal,  2009; Wang etal, 2020 No(1): Saimpont etal, 2009 | -
2009; Wang et al, 2020
1 study analyzing errors: Graphics (1): Devlin and Yes (1): Devlinand Wilson  No (1): Devlin and Wilson 2010 *
Devlin and Wilson 2010 Wilson 2010 2010 *
Hand recognition - Response time 1 study: Nagashima et l., “Text/Table (1): Nagashima Yes (1): Nagashima et al., Yes (1): Nagashima etal,, 2021
(grouped rotations) 2021 etal, 2021 2021
Hand recognition - Response time 3 studies: Devlin and Wilson  Graphics (3): Devlin and Yes (1): Devlin and Wilson | No (1): Devlin and Wilson 2010
(0° rotation) 2010, Saimpont et al., 2009, ‘Wilson 2010, Saimpont et al., 2010
Wang et al., 2020 2009, Wang et al., 2020 No (2): Saimpont et l., -
2009, Wang et al, 2020
Hand recognition - Response time Graphics (1): Devlin and Yes (1): Devlinand Wilson  No (1): Devlin and Wilson 2010 *
(30° rotation) Wilson 2010 2010

Hand recognition - Response time 2 studies: Muto etal, 2022, Textand Graphics (1): Muto  No (1): Muto etal, 2022 -
(45° rotation) Wang etal., 2020 etal, 2022

Graphics (1): Wang etal, 2020 No (1): Wangetal, 2020 -

Hand recognition - Response time 1 study: Devlin and Wilson  Graphics (1): Devlin and Yes (1): Devlinand Wilson  No (1): Devlin and Wilson 2010 *
(60° rotation) 2010 Wilson 2010 2010

Hand recognition - Response time 4 studies: Devlin and Wilson | Text and Graphics (1): Muto  No (1): Muto et al,, 2022 -

(90° rotation) 2010, Muto et al, 2022, etal., 2022
Saimpont etal, 2009, Wang  Graphics (3): Devlin and Yes (1): Devlinand Wilson ~ No (1): Devlin and Wilson 2010 *
etal., 2020 Wilson 2010, Saimpont et al., 2010
2009, Wang et al., 2020 No (2): Saimpont etal,, 2009, -

Wang et al., 2020
Hand recognition - Response time evlinand Wilson  Graphics (1): Devlin and

‘Wilson 2010

evlinand Wilson | No (1): Devlin and Wilson 2010 *

(120° rotation)
Hand recognition - Response time 2 studies: Muto etal, 2022, Textand Graphics (1:Muto  No (1): Muto etal,, 2022 -
(135° rotation) Wang etal, 2020 etal, 2022

Graphics (1): Wang etal, 2020 No (1): Wangetal, 2020 -

Hand recognition - Response time 1 study: Devlin and Wilson  Graphics (1): Devlin and Yes (1): Devlin and Wilson  No (1): Devlin and Wilson 2010 *
(150° rotation) 2010 Wilson 2010 2010
Hand recognition - Response time 3 studies: Devlin and Wilson  Graphics (3): Devlin and Yes (1): Devlin and Wilson No (1): Devlin and Wilson 2010 *
(180° rotation) 2010, Saimpont et al., 2009, ‘Wilson 2010, Saimpont et al., 2010

Wang et al., 2020 2009, Wang et al., 2020 No (2): Saimpont etal, 2009, | -

Wang etal, 2020

Hand recognition - Efficiency (back 1 study:

agashima 2021 Graphics (1): Nagashima 2021

No (1): Nagashima 2021 *
view medial rotations grouped)

Hand recognition - Efficiency (back | 1 study: Nagashima 2021 Graphics (1): Nagashima 2021 | Yes (1): Nagashima 2021 No (1): Nagashima 2021 *
view lateral rotations grouped)

Hand recognition - Efficiency (palm 1 study: Nagashima 2021 Graphics (1): Nagashima 2021 Yes (1): Nagashima 2021 No (1): Nagashima 2021 *
view medial otations grouped)

Hand recognition - Efficiency (palm 1 study: Nagashima 2021 Graphics (1): Nagashima 2021 Yes (1): Nagashima 2021 No (1): Nagashima 2021 *
view lateral rotations grouped)

“In the KVIQ-10 (1-5 points) tool, 1-point i the lowest and 5-points the highest achievable vividness score. Its mean score was transformed into a scale where 1-point would be the highest
and 5-points the lowest achievable vividness score (inverted KVIQ-10 scale): [Mean Inverted KVIQ =5 — Mean KVIQJ. SD would not be transformed.

‘In the KVIQ-10 (10-50 points) tool, 10-points i the lowest and 50-points the highest achievable vividness score. Its mean score was transformed into a scale where 1-point would be the
highest and 5-points the lowest achievable vividness score (inverted KVIQ-10 scale). [Mean Inverted KVIQ =50 ~ Mean KVIQ]. SD would not be transformed.

s%cnosu;{sb i  (95%C1 Upper limit - 95%Cl Lower | )]
392 i

SE10SD:[SD % Vi xSE |

Millseconds to Seconds for both mean [M:an o Mctnie }

sand SD, [svs M}.

1000,
Mltime

Execution time.
Execution Time

‘Performance underestimation (Perf. Underest. )[ T
ime

} into performance overestimation (Perf, Overest.) [ } for mean

SDPerf Overerst =

[Mm e 1 :|and sD SDPerf, Underest |- Simulations were conducted with the function “rnorm;’ from the package
Mean Perf. Underest. (Mean Perf. Underest)?

compositions” version 208, in R Software version 4.3.1, with the following syntaxis
# Install compositions package.

install packages (‘compositions”).

# Activate compositions package

require (compositions),

# Generate simulated normal distribution data with n, mean, and SD for M and Execution time.
MI_time = rmorm (n = 1,000, mean = 300, s = 10).

Execution_time = rnorm (1 = 1,000, mean = 400, sd = 10),

# Generate ratios between MI and Exccution time as underestimation and overestimation.
Underestimation = MI_time / Exccution_time.

Overestimation = Exccution_time / MI_time.

¢ Reportthe Mean underestimation and Mean overestimation.

mean (Underestimation).

mean (Overestimation).

* Estimate mean overestimation from mean underestimation data.

1/mean (Underestimation).

# Reportthe SD of underestimation and SD of overestimation.

«d (Underestimation).

«d (Overestimation).

¢ Estimate overestimation SD from underestimation SD.

«d (Underestimation)/mean (Underestimation)"2.

Median, Q3 and Q1 to mean [w} andsD [%J

fean error rate (%) to mean accuracy rate (%): [Mean accuracy rate =100 — Mean error rate].
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Meta—analyzed outcome measures

Quantitative synthesis Discussion

Studies (p. comp) ~ Method. OAage(n) YAage(n) Difference (95%Cl) Heterog. F.outliers  Pub.and Leave-One-Out Authors’

quality (p. comp) Sel. bias Influence | Extraction conclusions

(k) results

Capacity to generate MI - kinaesthetic modality

4(4) 4-6 60-70 years. 18-30years  Hedges'g -024  Significant Yes (4) Significant NS - OA = YA, but imprecise
(n=138) (n=168) (-161,1.13)

30) 4-6 70-82 years 18-30years  Hedges'g -129  Significant Yes (2) Significant - - OA = YA, tending to
(n=113) (n=148) (-275,0.17) OA<YA

Capacity to generate Mi — visual modalities

303) 5-6 60-69 years 20-30years | Hedges'g 08 Significant Yes (2) Significant - - OA % YA, but imprecise
(n=103) (n=123) (-071,0.86)
Vividness — kinaesthetic modality
49 5-6 60-89 years 18-37years  Hedges'g 0.14(-0.13, NS No NS NS - OA % YA, and precise
(n=93) (n=132) 0.41)
Vividness - internal visual modality
4(1) 56 60-89 years 18-37years | Hedges'g 0.11(-016, NS No Ns - OA % YA, and precise
(n=93) (n=132) 0.38)
Vividness — external visual modality
() 1-5 62-93 years 18-35years  Hedges'g 005(-0.15, NS No Significant NS - OA % YA, and precise
(n=181) (n=230) 0.24)
Temporal features of MI (mental chronometry) - TUG
303) 6 70-87 years 20-58years | MD (s) 063(-0.02, NS No Ns - - OA % YA, tending to
(n=113) (n=133) 127) OA>YA
Temporal features of MI (mental chronometry) — Linear Walk (5-10 m)
5(5) 1-6 60-82 years 18-30years  MD(s) 075(-055, | Significant Yes (2) Significant Ns - OA % YA, tending to
(n=120) (n=178) 2.06) OA>YA
Mi-execution temporal congruence (performance overestimation) - Linear Walk (5-10 m)
505 16 60-82 years 18-35years  Hedges'g ~002  Significant Yes (2) Significant NS - OA % YA, but imprecise
(n=129) (n=186) (=0.73,0.69)
Visually analyzed outcome measures
Temporal features of MI (mental chronometry) - UL tasks
20 4-5 62-80 years. 18-30years  MD(s) 097(-007, | nfa nla nla nla - OA % YA, tending to
(n=60) (n=57) 2.00) OA>YA
Hand recognition - accuracy
Groupingrot. | 2(4) 5-6 60-88 years 18-59years  Hedges'g nla nla nla nla - OA<YA
(n=111) (n=118)
0°rot. 202 1-2 60-87 years 19-29years  Hedges'g nla nla nla nla - OA%YA
(n=40) (n=41) (0.50,0.37)
30° rot. ol 2 65-69 years 19-24years | Hedges'g -043  nha nla nla nla - OA<YA
(n=20) (n=20) (-1.06,0.20)
45° rot. o] 1 60-69 years 20-29years | Hedges'g -003  nha nla nla nla - OA%YA
(n=20) (n=21) (~0.64,0.58)
60° rot. o] 2 65-87 years 19-24years | Hedges'g -030  nha nla nla nla - OA<YA
(n=20) (n=20) (<0.92,0.33)
90° rot. 20) 1-2 60-87 years 19-29years | Hedges'g 043(=0.15,  n/a nla nla nla - OA>YA
(n=40) (n=41) 101)
120° rot. ol 2 65-87 years 19-24years | Hedges'g -052 0l nla nla nla - OA<YA
(n=20) (n=20) (=1.15,0.11)
135° rot. o] 1 65-69 years 20-29years | Hedges'g -052 0l nla nla nla - OA<YA
(n=20) (n=21) (~1.14,0.11)
150° rot. ol 2 65-87 years 19-24years | Hedges'g 000(-062,  nla nla nla nla - OA%YA
(n=20) (n=20) 062)
180° rot. 202 1-2 60-87 years 19-29years  Hedges'g ~073 nla nla nla nla - OA<YA
(n=111) (n=118) (~1.64,0.17)
Hand recognition - response time
Groupingrot. | 1(3) 5 60-88 years 30-59years  Hedges'g 172(116, | nja nfa nfa nla - OA>YA
(=74 (n=68) 227)
0 rot. 1 2 65-87 years 19-24years | Hedges'g 104038, na a na - OA>YA
1.71)
30° rot. () 2 65-87 years 19-24years | Hedges'g 112046, nla nla nla na - OA>YA
(n=20) (n=20) 179)
60° rot. 1 2 65-87 years 19-2years | Hedges'g 110043, | na nia nfa nla - OA>YA
(n=20) (n=20) 1.76)
90° rot. o] 2 65-87 years 19-24years | Hedges'g 134066, n/a na a a - OA>YA
(n=20) (n=20) 2.03)
120° rot. 1) 2 65-87 years 19-24years | Hedges'g 169096, nfa nla nla la - OA>YA
(n=20) (n=20) 241)
150° rot. o] 2 65-87 years 19-24years | Hedges'g 149079, | nla nla nla nla - OA>YA
(n=20) (n=20) 219)
180° rot. 1 2 65-87 years 19-24years  Hedges'g 099033, a a a - OA>YA
(n=20) (n=20) 1.64)
Hand recognition - efficiency
Back view - 1) 5 60-88 years. 30-59years | Hedges'g 135068, n/a nla nfa nla - OA<YA
Medial rot. (n=74) (n=68) 203)
Back view - 1) 5 60-88 years 30-39years | Hedges'g 122006, na a a a - OA<YA
Lateral rot. (n=74) (n=68) 227)
Palm view - 1) 5 60-88 years 30-59years  Hedges'g 079034, | nha nla nla la - OA<YA
Medial rot. (n=74) (n=68) 124)
Palm view - 1) 5 60-88 years 30-59years | Hedges'g 110040, | n/a nla nfa nla - OA<YA
Lateral rot. (n=74) (n=68) 179)

Comp, comparisons; E: outliers, funnel plot outliers; LL, lower limb; MC, mental chronometry; MD, mean difference; Method., methodological; Mod-good, moderate-to-good; n/a, not analyzed; NOS, Newcastle Ottawa Scale; OA, older adults; P.comp., pairwise
comparisons; Pub. and Sel. bias, publication and selection bias; Seated knee ext, seated knee extensions; TUG, timed-up-and-go test; UL, upper limbs YA, younger adults.
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Older Adults Younger Adults
Study Task Posture Age N Mean SD Age N Mean SD Weight (%) Hedges' g [95%CI]
Watanabe and Tani 2022 10m, withoutcrutches  Standing 6676 30 024 036 19-21 99 003 045  —e— 21.52% 117 (17,078
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Older Adults Younger Adults
Study Task Posturs Age N Mean SD Age N Mean SD Weight (%) MD, seconds [95%CI)
Miaolal, 2016 Foward arm clovation (FAE)-fastest spesd  Standing 65-80 44 083 016 1830 41 09 022 = -007(-0.15,001)
Skoura et al, 2005 (Exp 2 G2)  FAE o 4 o targel - normalspoed Standing 62-67 8 527 038 1925 8 376 039 —_— 151(113, 189
Skoura otal, 2005 (xp 1 62) FAE-nomalspeed  Slanding 64-68 & 609 041 19-23 8 457 053 —_— 1.52(106, 198)
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