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Abstract

Background. Bibliometric analyses provide an evidence-based approach for examining the thematic orientation,
development trajectories, and collaboration patterns of scientific journals.

Purpose. The purpose of this study was to analyze the thematic structure, thematic evolution, and authorship
patterns of publications in Physical Education Theory and Methodology (PETM) during 2019-2025.

Methods. Scopus-indexed metadata were analyzed using bibliometric methods. A weighted keyword co-occurrence
network was constructed and examined using the Louvain community detection algorithm. Thematic evolution

was assessed across three periods (2019-2020, 2021-2022, 2023-2025), and recurrent co-authorship patterns were
identified based on indexed author records.

Results. Five major thematic clusters representing the core research domains of PETM were identified. Thematic
evolution analysis revealed a cumulative development pattern characterized by stable methodological foundations
and pronounced growth in health-related, assessment-oriented, and integrative applied research. Authorship analysis
demonstrated the presence of recurring author teams and stable collaborative structures.

Conclusions. The findings provide quantitative evidence of PETM’s controlled thematic diversification and support
its positioning as a methodologically grounded journal with expanding international relevance. The results may
inform editorial positioning, scope refinement, and future policy development.

Keywords: bibliometric analysis, thematic evolution, co-authorship patterns, physical education research, journal analysis.

Introduction collaboration patterns in scientific journals (Zupic & Cater,
2015; Donthu et al., 2021).

Founded more than two decades ago, Physical
Education Theory and Methodology (PETM) represents a
specialized journal in the field of physical education, motor
development, and movement science. As the journal enters
a new stage of development, a systematic examination of its
recent thematic profile and authorship structure is necessary
to support evidence-based editorial decisions.

The purpose of this study is to provide a bibliometric
overview of PETM publications from 2019 to 2025, with
specific objectives to: (1) identify the journal’s core thematic
© Khudolii, O., & Ivashchenko, O., 2026. clusters; (2) examine thematic evolution over time; and

(3) analyze authorship and collaboration patterns. The
PETM
(@ LLCOVS

Over the past decade, bibliometric methods have become
an important tool for analyzing the development of scientific
journals, allowing researchers and editors to assess thematic
orientation, structural changes, and collaboration patterns
at the journal level. Such analyses are particularly relevant
for long-standing journals, where questions of continuity,
diversification, and international visibility are central to
editorial strategy. Bibliometric approaches are widely used
to examine thematic orientation, structural change, and
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study focuses on journal-level characteristics rather than
individual author performance.

Methodology

Data Source and Dataset

The analysis was based on publications from Physical
Education Theory and Methodology indexed in the Scopus
database. Metadata were exported in BibTeX format and
processed using the bibliometrix package in R. The initial
dataset comprised 568 documents, of which publications
dated between 2019 and 2025 were selected for detailed
analysis. The Scopus metadata were exported on 23
December 2025, including documents indexed as “articles”
and “reviews.” Other document types (editorials, notes,
letters) were excluded from the analysis. Only records
containing author keywords were retained for the keyword
co-occurrence analysis. Bibliometric mapping and science
mapping procedures were implemented using established
methodological frameworks (Aria & Cuccurullo, 2017;
Cobo et al., 2011).

Keyword Processing and Network Construction

Author keywords were extracted from the metadata
fields DE and KW_Merged. Keywords were standardized
by conversion to uppercase and trimming of whitespace.
A binary document-keyword matrix was constructed to
indicate the presence of keywords in each publication. Based
on this matrix, a weighted keyword co-occurrence network
was generated, where edge weights reflected the frequency
of joint occurrence of keywords within the same document.
Keywords with very low frequencies were excluded to
reduce noise in the network structure. Minor lexical variants
were merged during preprocessing to ensure conceptual
consistency at the cluster level. Keyword co-occurrence
analysis is a standard approach for identifying conceptual
structures within scientific domains (Zupic & Cater, 2015).

Community Detection and Thematic Evolution

The keyword co-occurrence network was modeled as
an undirected weighted graph, and isolated nodes were re-
moved. The Louvain community detection algorithm was
applied to identify thematic clusters through modularity op-
timization. Community detection was performed using the
Louvain algorithm, which is widely applied in large-scale
network analysis (Blondel et al., 2008; Newman, 2006). The
resulting cluster structure demonstrated high internal co-
herence, allowing stable interpretation of thematic domains
across all three time periods. To analyze temporal dynamics,
publications were grouped into three periods: 2019-2020,
2021-2022, and 2023-2025. Keyword frequencies were ag-
gregated at the cluster level for each period to examine the-
matic evolution.

Authorship and Collaboration Analysis

Authorship patterns were analyzed using Scopus
metadata fields related to authors and affiliations. Recurrent
co-authorship patterns were identified to describe stable

collaborative structures within the journal. The analysis
emphasizes recurring author teams rather than individual
author rankings. It should be noted that Scopus author
identification and name disambiguation procedures
may influence the aggregation of co-authorship records.
Therefore, the results are interpreted at the level of indexed
author teams rather than individual researcher performance.

Results

Thematic clusters

Community detection identified five major thematic
clusters corresponding to the core research domains of
PETM:

1. Pedagogical models and instructional design in

physical education.

2. Motor development and fundamental movement

skills.

3. Assessment, testing, and measurement.

4. Physical fitness, training effects, and experimental

designs.

5. Health-related physical activity, inclusion, and

functional outcomes.

Although network visualization revealed transitional
zones between clusters, modularity optimization integrated
these areas into broader, stable thematic communities.

Table 1. Thematic clusters and their conceptual focus in
PETM (2019-2025)

Cluster
Cluster 1

Conceptual focus Representative keywords

Pedagogical models and
instructional design in
physical education

physical education;
teaching; students;
program; control;

pedagogical modeling
Cluster 2 motor skills; motor fitness;

physical fitness; children;

Motor development and
fundamental movement

skills boys; girls
Cluster 3 Assessment, testing, and  testing; discriminant
measurement analysis; assessment;
agility; balance; VO,max
Cluster 4 Physical fitness, training  training; strength; exercise;

effects, and experimental
designs

performance; experimental
design

Cluster 5 Health-related physical
activity, inclusion, and

functional outcomes

physical activity; body
composition; healthy
lifestyle; inclusion; physical
performance

Network visualization and bibliometric mapping
were used to support the interpretation of thematic and
collaborative structures (van Eck & Waltman, 2010).

Thematic evolution

Thematic evolution analysis demonstrated differentiated
growth trajectories across clusters. During 2019-2020,
research activity was concentrated in methodologically
oriented domains, with emphasis on experimental design,
testing, and multivariate statistical methods. In 2021-2022,
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Fig. 1. Keyword co-occurrence network with five clusters

Table 2. Thematic evolution across periods (cluster-level keyword frequencies) in PETM (2019-2025)

Cluster

2019-2020 2021-2022 2023-2025 Evolutionary pattern

Cluster 1 Pedagogical models and instructional design

Cluster 2 Motor development and fundamental movement skills
Cluster 3 Assessment, testing, and measurement

Cluster 4 Physical fitness, training effects, and experimental designs

Cluster 5 Health-related physical activity, inclusion, and functional
outcomes

32 54 61 Stable growth
4 34 105  Late acceleration
31 99 Progressive expansion
28 33 81 Continuous growth
5 27 108  Rapid expansion

Cluster V1
Cluster V2
Cluster V3
Cluster V4
Cluster V5

Keyword occurrences (sum)
60 80 100
1
ttett

40

20
1

°
I
T

o

2019-2020 2021-2022 2023-2025

Period

Fig. 2. Thematic evolution trends across three periods

all clusters showed increased activity, reflecting expansion
toward training interventions, physical activity, and
functional performance indicators. The period 2023-2025
was characterized by a sharp increase across all thematic

domains, particularly in health-related and assessment-
oriented research.

Authorship and Collaboration Patterns

Analysis of Scopus metadata revealed a limited number
of recurring author teams contributing multiple publications
to PETM. The most frequent teams authored two or three
articles each, indicating the presence of stable collaborative
groups rather than isolated individual contributions.
Examples include the author teams Ben Rakaa O.; Bassiri
M.; Lotfi S., Kumar S.; Das R., and Milenkovi¢ D., each
contributing three articles during the analyzed period.

Table 3. Most frequent author teams in PETM (2019-2025)

Number of
articles

Ben Rakaa O.; Bassiri M.; Lotfi S. 3

Kumar S.; Das R.

Milenkovi¢ D.

Abiyra A.J; Tiwari S.; Haqg M.A.U.

Choudhary PK,; Dubey S.

Elezi A.; Elezi G.; Gontarev S.; Georgiev G.

Kapkan O.0.; Khudolii O.M.; Bartik P.

Nuttoch W.; Hemarachatanon P; Huntula S.

Pahan M.K,; Singh ML.K.

Author team (as indexed in Scopus)

NN NN NN W W
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Fig. 3. Co-authorship network of PETM publications

Discussion

The results indicate that PETM has undergone a process
of controlled thematic diversification during 2019-2025.
Rather than replacing its methodological core, the journal
has expanded cumulatively into health-related, assessment-
based, and integrative applied research domains. This
pattern suggests a balance between thematic stability and
innovation. Importantly, the observed thematic expansion
reflects cumulative development rather than a shift away
from the journal’s established methodological core. Journal-
level bibliometric analyses provide a descriptive basis for
understanding cumulative thematic development rather than
evaluative assessments of individual performance (Moed, 2005).

The presence of recurring author teams and stable
collaboration structures further supports the interpretation
of PETM as a journal embedded in sustained scientific
cooperation. Together, the thematic and authorship findings
provide an empirical basis for editorial positioning and
future strategic development.

Conclusions and Editorial Implications

This bibliometric analysis demonstrates that the develop-
ment of Physical Education Theory and Methodology during
2019-2025 is characterized by cumulative thematic growth,
stable collaborative authorship, and controlled diversification
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toward applied and health-related research domains. The
identified thematic clusters and evolution patterns provide
an empirical foundation for refining the journal’s scope, edi-
torial priorities, and desk-review criteria. Overall, the results
confirm PETM’s position as a methodologically grounded
journal with expanding international relevance. These find-
ings may inform future editorial policies, including thematic
prioritization, desk-review criteria, and the strategic balance
between methodological rigor and applied research.
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TemaTu4yHa CTPYKTYypa, eBONIOLiA Ta aBTOPCbKi Mogeni »ypHany
Physical Education Theory and Methodology (2019-2025)

Oner Xynoniit'*?, Onpra IBamenko'4#<P

(Bipm imeHi pegaxuiiinoi konerii )xypHany «Physical Education Theory and Methodology»)
"XapkiBcbKa fiep)kaBHa akazieMist pisMIHOI KyIbTypn

ABTOpCHKNMIT BKIAL: A — FU3aiiH KOCTiIKeHHsT; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pedepar. Crarts: 6 c., 3 Tabn., 3 puc., 8 mxepernt.

OO6rpynTyBanHs:. bibmiomerpryni aHami3n 3a0€31e9y0TD JOKAa30BIII MiXi/ O BUBYEHHS TeMATNYHOI CIIPSIMOBAHOCTI, Tpa-
€KTODIll pO3BUTKY Ta MOJie/Iell HayKOBOI CIIiBIIpalli B Me)KaX HayKOBUX >KyPHaJliB.

Meta. MeTo10 11bOT0 JOCTI/PKeHH OY/I0 IIpOaHasi3yBaTu TeMaTHYHY CTPYKTYPY, TEMAaTHYHY eBOJIIOLIII0 Ta aBTOPChKi MOfierti
ny6nikauiit y xyphai Physical Education Theory and Methodology (PETM) 3a nepion 2019-2025 poxiB.

MeTtopu. AHaji3 BUKOHAHO Ha OCHOBI MeTafjaHUX ITy0iKaliiif, mpoiHgekcoBaHux y 6asi Scopus, i3 BUKOpUCTaHHAM 6i6Ti-
OMeTPUYHUX MeTOAIB. II06y0BaHO 3BaXKEeHY MEPEeXY CIIIbHOI MOSABU K/IIOYOBUX CIIiB, AKY IPOAHaTi30BaHO 3a JOIOMOTOI0
aJITOPUTMY BUABJICHHA CIIIIBHOT Louvain. TemaTyHy eBosoLifo OLiHIOBa/MN Y TPhOX YaCOBUX Iepiofax (2019-2020, 2021-2022,
2023-2025), a moBTOpIOBaHi Mofe/i CIiBaBTOPCTBA ieHTN(IKOBaHO Ha OCHOBI iHIEKCOBAaHMX aBTOPCHKMUX 3aIIUCIB.

Pesynbrari. BisHaueHO ITATh OCHOBHMX TEMaTHYHMX KJIACTEPIB, 1[0 PeNPe3eHTYIOTh KII0YOB] HAIPAMIM HOCTI/PKEHD Ky pHa-
ny PETM. AHanis TeMaTn4Hoi eBOMIOLi BUABUB KyMY/IATUBHUIL XapaKTep PO3BUTKY, AKMII IO€AHYeE CTabibHe MeTOHOIOTiUHe Iiji-
IPYHTA 3 BYPa3HUM 3POCTaHHAM JOCTI/PKEHb, OPIEHTOBaHMX Ha 3[J0POB 4, OLIiHIOBAHHA Ta iHTerpaTHBHI NPUKIAHI migXonu. AHa-
713 aBTOPCHKIMX MOJIeriell 3aCBiIYMB HasABHICTb IIOBTOPIOBAHMX aBTOPCHKMX KOMaH i CTabiIbHMX CTPYKTYP HayKOBOI CIIiBIIpali.

BucnoBku. OTpuMaHi pe3ynbTaTu HafaloTh KiNbKiCHi JOKa3u KOHTpoIboBaHOI TeMaTtuyHoi guBepcudikauii PETM Tta
MiATBEPKYIOTh JIOTO MO3UIIiI0 K METOHONOTiYHO OPi€HTOBAHOIO XyPHAJy 3 PO3MINMPIOBAHOK MiXXHAPOJHOIO NPUCYTHICTIO.
BucHOBKM MOXYTb OyTH BUKOPMCTaHI /A pelaKLiffHOrO NMO3NII0BAaHHsA, YTOYHEHHA TeMaTu4Horo npodimo ta popMyBaHHA
Mail0y THBOI PeaKI{ilIHOI TOMTiTUKIL.

KirouoBi cnoBa: 6i6ioMeTpryHMiT aHai3, TeMaTIYHA €BOJIOLIA, MOJie/i CIiBaBTOPCTBA, JOCTI/PKEHH: 3 (pi3au4HOrO BU-
XOBaHHs, aHa/li3 HayKOBOI'O XypHay.
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Abstract

Objectives. This study aims to systematically map global research trends, influential contributors, and thematic
evolution in resistance training (RT) research involving elite athletes from 2015 to 2023.

Materials and Methods. A systematic bibliometric analysis was conducted using the Scopus database. Study
selection followed PRISMA 2020 guidelines and focused on RT interventions involving elite competitive populations.
Duplicate records were removed, followed by title, abstract, and full-text screening conducted by independent
reviewers. VOSviewer version 1.6.20 was used to generate bibliometric visualizations, including co-authorship,
co-citation, and keyword co-occurrence networks. Key bibliometric indicators, such as publication trends, citation
impact, collaboration networks, and thematic clustering, were evaluated.

Results. From an initial total of 2,710 records, 678 documents met the eligibility criteria. Global scientific
productivity exhibited steady growth, with a marked acceleration after 2019. The United States demonstrated

the highest citation impact, whereas Spain and Brazil emerged as central international collaboration hubs. Three
major thematic clusters were identified: (1) performance optimization strategies, including velocity-based training
and blood flow restriction; (2) neuromuscular adaptations and hypertrophy mechanisms; and (3) youth athlete
development with increasing integration of digital and monitoring technologies.

Conclusions. Research on RT in elite athletes continues to expand, characterized by strong international
collaboration and increasing methodological refinement. The findings emphasize the central role of RT in high-
performance sport and provide directions for future research, particularly regarding gender inclusivity, advanced
monitoring technologies, and standardized measurement approaches.

Keywords: resistance training; elite athletes; bibliometric analysis; hypertrophy; neuromuscular adaptation; performance

enhancement.

Introduction

Resistance training (RT) is a fundamental component
in elite athlete development programs, particularly due
to its role in enhancing muscle strength, neuromuscular
capacity, and injury resilience. Recent studies have shown
that RT not only contributes to competitive performance
but also has significant effects on metabolic health and
body composition in athletes (Grgic & Schoenfeld, 2018;
Schoenfeld & Grgic, 2018). At the elite level, the high

©  Wiria Dinata, W,, Fitri, M., Mukhtarsyaf, E, & Rifki, M. S., 2026.

@ PETM
/ LLCOVS

intensity of competition requires science-based training
approaches to achieve optimal physiological adaptations.
This highlights that RT is not merely an auxiliary exercise but
a primary strategy in supporting the long-term performance
of athletes. Furthermore, the theoretical foundation of RT
emphasizes the importance of progression, periodization,
and individualization, which have long been recognized as
key principles in exercise science (Kraemer & Ratamess,
2004; Moesgaard et al., 2022). Nevertheless, although RT has
become a common practice, global research developments
in this area still reveal disparities, particularly in the context
of elite athletes from different regions of the world (Pedersen
& Saltin, 2015; Makaruk et al., 2024).
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The increase in RT publications over the past decade
indicates a growing scientific interest in this training
method, especially in exploring its effects on muscle
hypertrophy, maximal strength, and neural adaptations.
(Morton et al., 2018) emphasized that combining RT with
protein supplementation leads to significant improvements
in muscle mass and strength performance. Moreover, new
training methodologies such as velocity-based training
(VBT) and blood flow restriction (BFR) have gained
attention in recent studies, as they are considered effective
in eliciting greater adaptive responses in elite athletes
(Michat Wtodarczyk et al., 2021; Centner et al., 2019). For
instance, VBT allows coaches to monitor lifting intensity
and movement velocity in real time, making training more
objective and measurable (Nagatani et al., 2025; Weakley
et al., 2021). These trends indicate that RT is evolving into
an arena of methodological innovation, technological
experimentation, and reinforcement of individualized
training principles (Krzysztofik et al., 2019).

Despite the increasing number of studies on RT,
there remains considerable variation in terms of research
populations, methodologies, and reported outcomes. Most
studies continue to focus on male athletes, while female and
Paralympic athletes remain underrepresented (Franchi et
al., 2023; Larsen et al., 2016). This lack of representation
indicates that research findings cannot yet be fully
generalized to all athlete populations. Recent studies have
also highlighted the importance of examining psychosocial
and hormonal factors specific to female athletes, as well as
the unique needs of disabled athletes (Suchomel et al., 2018;
Heather et al,, 2021). Similarly, RT studies in Asia, Africa,
and Latin America are relatively limited compared to those
in Europe and North America (Faigenbaum, 2018; Baker
et al,, 2021). This imbalance restricts the applicability of
research findings across different cultural, infrastructural,
and athletic contexts (Peters & Klatt, 2023).

Bibliometric analysis provides a relevant approach to
understanding the global landscape of RT research. Through
this method, researchers can identify publication trends, col-
laboration networks, and dominant research themes. Simi-
lar studies have been successfully applied in mapping other
sport science domains, such as high-intensity interval train-
ing (HIIT) and sport tourism (Pham, 2024; Da Silva et al,,
2020). Thus, bibliometric analysis in the context of RT offers
amore comprehensive picture of research directions, knowl-
edge gaps, and opportunities for cross-country collaboration
(Chen, 2025). Furthermore, this approach is strengthened
by the use of visual analytic tools such as VOSviewer, which
has proven effective in mapping author collaborations and
thematic clusters (Van Eck & Waltman, 2010; Du et al., 2024).

Based on this background, the present study aims to
map global research trends on RT in elite athletes between
2015 and 2023. The main focus is directed toward patterns
of publication, citation performance, the most influential
articles, country distribution, collaboration networks, and
the emergence of dominant keywords. The findings are
expected to enrich understanding of RT development at the
international level and open avenues for further research
in underexplored regions and populations. In this way,
the article seeks to provide a knowledge framework that
can serve as a foundation for coaches, athletes, and sport
scientists in designing evidence-based training strategies.
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Materials and Methods

Data Source

The Scopus database was selected as the primary source
for data retrieval due to its wide coverage, reliability, and rel-
evance for bibliometric studies (Suhendar et al., 2024). Data
collection was conducted in March 2024, ensuring that all
available publications up to December 2023 were included.
Boolean operators were applied to identify documents re-
lated to resistance training (RT) and elite athletes. Two main
search strings were used: “resistance training” AND “elite
athlete” and “resistance training” AND “muscle hypertrophy.”
To maintain focus on scientific contributions, filters were ap-
plied to restrict the dataset to articles and reviews published
in peer-reviewed journals, written in English, and indexed in
medicine, health, and social sciences subject areas.

Data Selected and Analysis

The initial search yielded 2,710 documents from Scopus.
After duplicate removal using Scopus utilities and manual
verification (n = 420), 2,290 records remained for title and
abstract screening. A total of 1,412 records were excluded due
to non-elite populations or irrelevance to resistance training.
Full-text assessment was performed on 878 articles, and 200
were excluded based on eligibility criteria. Ultimately, 678
documents met all inclusion criteria and were retained for
bibliometric analysis. Data were organized and validated
prior to bibliometric mapping to ensure accuracy (Donthu
et al., 2021; Hassan & Duarte, 2024).

Table 1. Search strategy

Item Details

Database Scopus

Date of search ~ January 2024 (includes publications up to 31
Dec 2023)

Time window  2015-2023

Fields searched TITLE-ABS-KEY

Search string ~ TITLE-ABS-KEY/( «resistance training» OR

(primary) «strength training» ) AND TITLE-ABS-KEY(
«elite athlete» OR «high-performance athlete»
OR «professional athlete» )

Filters applied =~ Document type = Article OR Review;

Language = English; Subject areas = Sport
Sciences / Physiology / Rehabilitation /
Medicine related

RIS / CSV (full metadata: authors, title,
abstract, year, keywords, affiliations, citations)

Export format

Deduplication  Scopus built-in deduplication + manual

tools verification in Zotero

Screening Title > Abstract > Full-text; two independent

process reviewers; disagreements resolved by third
reviewer

Inclusion Studies on RT interventions / outcomes

criteria in elite/high-performance athletes; peer-

summary reviewed; English; 2015-2023

Exclusion Recreational/non-elite populations; non-

criteria primary RT studies; conference abstracts,

summary editorials, book chapters

VOSviewer v1.6.20; Bibliometrix (R) for
descriptive stats (if used)

Software for
analysis
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Procedure

The analysis followed three main stages. First, descrip-
tive statistics were generated to identify annual publication
trends, most cited articles, productive authors, journals, and
countries. Second, bibliometric mapping was performed us-
ing VOSviewer (version 1.6.20), enabling visualization of co-
authorship networks, bibliographic coupling, and keyword
co-occurrence. Thresholds were set at a minimum of five
publications per author and ten citations per document to
focus on influential contributions. Third, thematic clusters
were identified to detect major research streams in the field
of RT for elite athletes. This systematic approach ensured
consistency and replicability in line with bibliometric re-
search standards (Pamboris et al., 2024; Mi et al., 2023).

The initial title abstract search in Scopus yielded 2,710
records. A multi-stage screening process was then applied
using Scopus filtering tools. Records were sequentially
refined based on publication year, subject area, document
type, publication stage, keyword relevance, and language
criteria. After these screening refinements, 678 records
remained eligible for detailed evaluation.

Duplicate detection using Scopus utilities and manual
verification removed 910 overlapping entries, resulting
in 1,800 unique records for title and abstract screening.
Two independent reviewers screened these records, with
disagreements resolved through discussion and, when
necessary, adjudication by a third reviewer. Of the 1,800
screened records, 1,122 were excluded based on topic
irrelevance, leaving 678 records for full-text retrieval.

All 678 full-text articles were successfully retrieved
and assessed. None were excluded at this stage, as all
met the predetermined eligibility criteria. Thus, a total of
678 documents were included in the final dataset for the
bibliometric analysis (2015-2023).
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Records identified from removed: (n = 910)
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Fig. 1. PRISMA 2020 Flow Diagram.

Note: Data retrieved from Scopus (2015-2023). Screening,
deduplication, and eligibility assessment followed PRISMA 2020
procedures. Diagram generated manually based on extracted
records
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Results

Publication Trends

Thebibliometric searchrevealed a total of 678 documents
published between 2015 and 2023 that focused on resistance
training (RT) in the context of elite athletes. As illustrated
in Figure 1, annual publication output showed a fluctuating
pattern, with a notable increase from 2018 to 2020. The
peak occurred in 2020 with 118 publications, followed by a
slight decline in 2021 (110 documents) and a more modest
output in 2023 (93 documents). This trend reflects the rapid
expansion of interest in RT research before and during the
COVID-19 pandemic, which likely influenced the volume
of sport science publications worldwide. In terms of citation
counts, the most cited works appeared in the earlier period
of the dataset, indicating that impactful studies tend to
accumulate citations over time.

Documents by year

120

Documents

2018 2019

Year

Fig. 2. Annual Distribution of Publications.
Note: Publication data extracted from Scopus for the period
2015-2023. The initial trend visualization was generated using
Scopus analytical tools

Most Cited Articles

Table 2 presents the top 10 most cited articles in the
dataset. The study by (Morton et al., 2018) emerged as
the most influential, with 612 citations, emphasizing the
importance of protein supplementation in enhancing the
outcomes of RT. This is consistent with the broader literature
highlighting the synergistic role of nutrition and exercise in
muscle hypertrophy and strength development (Deldicque,
2023). Other highly cited works include (Izquierdo et al.,
2021)ubiquitousand inevitable. Every physiological function
is being continuously diminished. There is a range between
two distinct phenotypes of ageing, shaped by patterns of
living - experiences and behaviours, and in particular by the
presence or absence of physical activity (PA, which addressed
evidence-based exercise recommendations for older
populations, and (Franchi et al., 2018), which investigated
methods for accurately measuring hypertrophy. Collectively,
these findings demonstrate that the most impactful studies
focus on methodological rigor and practical implications for
training interventions.
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Tabel 2. Ten articles with the most citations based on Scopus

No Document Title Author and year .Tofal
citations

1 A systematic review, meta-analysis and meta-regression of the effect of protein  Morton, Robert W et al., 2018 612
supplementation on resistance training-induced gains in muscle mass and
strength in healthy adults

2 International Exercise Recommendations in Older Adults (ICFSR): Expert Izquierdo, M et al., 2021 345
Consensus Guidelines

3 Muscle thickness correlates to muscle cross-sectional area in the assessment of ~ Franchi, Martino V et al., 2018 175
strength training-induced hypertrophy

4  Effects of Blood Flow Restriction Training on Muscular Strength and Centner, Christoph M et al,, 168
Hypertrophy in Older Individuals: A Systematic Review and Meta-Analysis 2019

5  Resistance Training Volume Enhances Muscle Hypertrophy but Not Strength ~ Schoenfeld, Brad Jon et al., 159
in Trained Men 2019

6  Time-restricted feeding plus resistance training in active females: A Tinsley, Grant M et al., 2019 125
randomized trial

7  Comparing the Effectiveness of Blood Flow Restriction and Traditional Heavy  Hughes, Luke et al., 2019 122
Load Resistance Training in the Post-Surgery Rehabilitation of Anterior
Cruciate Ligament Reconstruction Patients: A UK National Health Service
Randomised Controlled Trial

8  Volume for Muscle Hypertrophy and Health Outcomes: The Most Effective Casagrande Figueiredo, Vandré 102
Variable in Resistance Training Casagrande et al., 2018

9  Effects of different intensities of resistance training with equated volume load Lasevicius, Thiago et al., 2018 94
on muscle strength and hypertrophy

10 Loading Recommendations for Muscle Strength, Hypertrophy, and Local Schoenfeld, Brad Jon et al., 92

Endurance: A Re-Examination of the Repetition Continuum

2021

Country and Institutional Contributions

Analysis of country-level productivity revealed that the
United States dominated the field, producing 254 documents
and accumulating 4,681 citations. Brazil (2,307 citations) and
Australia (1,732 citations) followed, reflecting strong contri-
butions from South America and Oceania. European coun-
tries, particularly the United Kingdom, Spain, and Germany,
also ranked among the most productive nations, with citation
counts exceeding 1,200 each (see Table 2). Asian contribu-
tions, particularly from Japan (988 citations) and China (832
citations), were relatively limited, highlighting a geographic
imbalance in the research landscape. This trend aligns with
previous bibliometric analyses in sport science, where North
America and Europe consistently appear as dominant contrib-
utors (Cruz, 2022). Institutional analysis showed that collabo-
rations were often concentrated within established universities
and research centers, suggesting that institutional reputation
and funding resources strongly influence publication output.

Tabel 2. Source: Scopus Database, Country Distribution by
Citations

Rank Country By Citation Citation
1 United States 4681
2 Brazil 2307
3 Australia 1732
4 United Kingdom 1340
5 Japan 988
6 Canada 916
7 New Zealand 891
8 Italy 865
9 Spain 799

10  Germany 788

Co-Authorship and Collaboration Networks

The co-authorship analysis generated five major clusters
of researchers, reflecting international collaboration patterns
(Figure 2). The largest cluster linked authors from the
United States, Brazil, and Canada, while another prominent
cluster connected researchers from Spain, Germany, and
the United Kingdom. These networks suggest that RT
research is increasingly multidisciplinary, involving experts
in physiology, nutrition, biomechanics, and sports medicine.
However, collaboration between developed and developing
countries remains limited, which may contribute to disparities
in global knowledge production. Strengthening international
partnerships could enhance both the quality and applicability
of RT research across diverse populations and athletic contexts.
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Fig. 3. Citation Network by Country
Note: Based on Scopus citation data (2015-2023). Network
visualization created using VOSviewer 1.6.20 with full counting
method
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Fig. 4. Keyword Co-occurrence Network
Note: Data sourced from Scopus (2015-2023). Keyword co-occurrence map produced using
VOSviewer 1.6.20 with minimum threshold of 5 occurrences per keyword

Keyword Co-occurrence Analysis

The keyword analysis revealed seven thematic clusters,
represented in Figure 3. The most dominant cluster centered
on “hypertrophy,” “protein supplementation,” and “muscle
growth,” confirming the critical role of nutrition-exercise in-
teractions in RT research. Another strong cluster focused on
“neuromuscular adaptation,” “muscle fibers,” and “strength,”
highlighting the physiological mechanisms underlying train-
ing outcomes. A third cluster was associated with “train-
ing volume,” “intensity;” and “endurance;” reflecting ongoing
debates about the optimization of RT variables. Emerging
terms such as “velocity-based training,” “blood flow restric-
tion,” and “individualization” indicate the incorporation of
innovative methods in recent years (Cetin et al., 2022). These
thematic groupings demonstrate both continuity in estab-

lished areas and expansion into novel research directions.

Discussion

This bibliometric analysis (2015-2023) demonstrates
substantial growth in resistance-training (RT) research in
elite athletes, with a publication peak in 2020. This increase
aligns with the shift toward controlled or remote training
studies during early COVID-19 restrictions (Gentil et al.,
2020), followed by a decline linked to funding challenges
and limited athlete access (Jukic et al., 2020; Adrian et al.,
2022). These patterns mirror disruptions across performance
sciences during the pandemic, where many laboratory
studies were halted (Poteko et al., 2023).

The prominence of (Morton et al., 2018) among the most
cited works emphasizes the established importance of nutri-
tion training interactions in maximizing hypertrophy and
strength. This is consistent with systematic reviews showing
synergistic effects of protein supplementation and resistance
training (Lin et al., 2021; Grgic et al., 2022). Similarly, con-
tinued interest in program variables such as volume, intensi-
ty, and progression highlights sustained focus on optimizing
neuromuscular adaptation (Franchi et al., 2018; Centner et
al., 2019). Ongoing debates on the repetition continuum and
load distribution further illustrate methodological evolution
within RT research (Ralston et al., 2018; Schoenfeld et al.,
2017). Emerging work on movement velocity, autoregula-
tion, and fatigue monitoring signals increasing adoption of
individualized prescription models (Weakley et al., 2021;
Pareja-Blanco et al., 2016; Carvalho et al., 2022).

Country-level analyses demonstrate dominant contri-
butions from the USA, Brazil, and Australia regions with
established sport science infrastructures. Conversely, Africa
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and Southeast Asia remain underrepresented, reflecting re-
source constraints and limited access to elite athlete samples.
These imbalances align with broader inequities in global
sport science output (Paleti et al., 2025; Wang et al., 2015;
Riot et al., 2020) and reinforce calls for more geographically
inclusive athlete data (Goyal, 2024).

Co-authorship mapping shows concentrated collabo-
ration among leading institutions in North America, South
America, and Europe. While such clustering supports strong
thematic specialization, it may also restrict global dissemi-
nation of methodological innovations. Encouraging trends
include increased adoption of open-access practices, digital
collaboration tools, and shared data repositories, which can
expand participation from emerging research regions (Beuke-
laar & Mantini, 2023; Yan & Girard, 2023; Kriiger et al., 2023).

Keyword co-occurrence patterns reveal both established
and emerging themes. Classical focuses such as hypertrophy,
strength, and protein supplementation remain central,
while newer approaches such as blood-flow restriction and
velocity-based training reflect innovation in individualized
load management (Moore & Dorrell, 2020). The increasing
presence of terms related to wearable technology, athlete
monitoring, and artificial intelligence indicates a shift
toward data-driven training models (Mateus et al., 2024).
These developments align with growing interest in machine-
learning applications for athlete profiling, performance
prediction, and injury prevention (Pisaniello, 2024; Claudino
etal, 2017; Worsey et al., 2021).

Collectively, these findings show that RT research in
elite athletes is simultaneously mature supported by founda-
tional work on training variables and adaptation and evolv-
ing through methodological diversification sand technology
integration. Persistent challenges include geographic bias,
limited representation of female, youth, and Paralympic
athletes, and slow adoption of advanced monitoring tools.
Addressing these gaps will improve the breadth, precision,
and applicability of RT research in high-performance en-
vironments (Granacher et al., 2016; Halperin et al., 2017;
Behringer et al., 2023).

Analytical Synthesis: Methodological
and Practical Implications

The integration of keyword, author, and citation
networks reveals several methodological tendencies shaping
contemporary RT research in elite athletes. Five dominant
clusters hypertrophy and protein supplementation,
neuromuscular monitoring, volume-intensity prescription,
velocity-based training (VBT), and blood-flow restriction
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(BFR) indicate a clear shift toward individualized and
technology-supported programming. Highly cited studies
(e.g.,Mortonetal.,2018) continue to reinforce theimportance
of optimizing load, intensity, and recovery strategies.

Author and country networks highlight concentrated
contributions from the USA, Brazil, and Australia, creating
methodological bias and limiting external validity for
underrepresented populations. Citation clusters further
reveal the dominance of short-term experimental studies,
with limited long-term monitoring, female athlete research,
and in-season intervention trials. These patterns point to the
need for more diverse sampling strategies and longitudinal
research designs.

Practically, these clusters underscore the value of
integrating nutritional strategies, real-time load monitoring,
athlete readiness assessment, and individualized progression
models into elite RT programming. The growing presence of
VBT and neuromuscular monitoring also suggests increased
emphasis on fatigue management and precision training.
Meanwhile, interest in BFR highlights its relevance for
maintaining muscle qualities during congested schedules or
post-injury scenarios.

Future Research

Future research on resistance training (RT) in elite
athletes should address several critical gaps. Geographic
disparities especially limited contributions from Asia, Africa,
and parts of South America necessitate broader international
collaboration and targeted funding (Fon, 2023; Steele et al.,
2023). Open-access publishing and data-sharing platforms
can further support inclusivity and enhance global research
visibility (Murphy et al., 2023).

Specific athlete groups remain underexamined,
including female, youth, and Paralympic athletes, each
requiring population-appropriate training models (Franchi,
Longo, et al., 2018; Faigenbaum & McFarland, 2023; Rodr
et al., 2022). Increasing representation of these groups will
improve the ecological validity of RT recommendations.
Most RT studies still focus on short-term interventions,
underscoring the need for longitudinal designs that capture
in-season adaptation, chronic fatigue, and interactions with
sport-specific demands (Townsend, 2022).

Finally, emerging technologies including wearables,
artificial intelligence, and machine learning offer
promising avenues for advancing monitoring precision and
individualized programming (José et al., 2022; Mateus et
al., 2024). Molecular and imaging methods also provide
opportunities to investigate adaptation mechanisms at
deeper biological levels (Bersiner & Kirill, 2023).

Conclusions

This bibliometric study (2015-2023) reveals that
resistance training (RT) remains a highly active research
field for elite athletes, with consistent scientific output, a
publication peak in 2020, and a clear geographic imbalance
dominated by established countries while developing regions
areunderrepresented. Coreresearch themes continue tofocus
on hypertrophy, neuromuscular adaptations, and training
volume, alongside growing interest in innovative methods
such as velocity-based training, blood flow restriction, and
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technology-assisted monitoring. In conclusion, RT is a
fundamental pillar of elite athlete development, but future
progress requires greater inclusion of diverse populations,
enhanced international collaboration, and deeper
integration of technology to strengthen both the scientific
evidence base and practical application in optimizing elite
sports performance.
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TpeHyBaHHA 3 ONOPOM i eliTHI CTOPTCMEHN: CUCTEMATUYHMIA
6i6niomeTpnuHnn aHanis (2015-2023)
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Pedepar. Crarts: 10 c., 3 Tabn., 4 puc., 73 mxeperna.

Mera. Lle gocmimKeHHs Mae Ha MeTi CUCTEMAaTHYHO Bio6pasnTu I106abHi JOCTITHUIIbKI TEH/eHIIil, BIVIMBOBYUX aBTOPIB i
TeMaTUYHY €BOJIOLI0 IOCII/KeHDb TpeHyBaHb 3 ortopoM (RT), 1[0 CTOCYIOThCA eIiITHIUX CIIOPTCMEHIB, ¥ mepion 3 2015 mo 2023 pik.

Marepiamu i Mmetopu. Byto mposeneno cucreMaruyHuit 6i671i0MeTpUUHNIT aHaI3 i3 BUKOPUCTaHHAM 6asy JaHMX Scopus.
Binbip mocnmimxeHb 3AiiICHIOBAaBCS BiAMOBiTHO 0 HacTaHOB PRISMA 2020 Ta 6yB 30CepefpKeHNMII Ha iHTEPBEHIifAX 13 TPeHy-
BaHHAM 3 OIIOPOM 32 YYaCTIO eTiTHUX CIOPTUBHMX IOmy/sinii. Jy6nikary 6y/1o BUIy4eHO, MIC/st YOTO He3aIeKHI perieH3eHTH
BUKOHA/IM CKPYMHIHT 3a Ha3BaMM, aHOTAIliAMM Ta IIOBHMMM TeKcTaMu. [Iis1 mobynoBu 6i6mioMeTpyyHuX Bisyasisariii, 30kpeMa
MepeXX CITiBaBTOPCTBA, CIiBaB IIUTYBaHHA Ta CIiB3YCTPivalIbHOCTI K/IIOYOBYX C/IiB, BUKOPUCTOBYBA/IOCA IpOrpaMHe 3abe3nedeH-
Ha VOSviewer Bepcii 1.6.20. OuiHoBanucs K1o4oBi 6i6ioMeTpUyHi ITOKa3HMKY, 30KpeMa AMHaMiKa 1y6iKariiii, IiMTOBaHiCTh,
MepeXXi HayKOBOI CIiBIIpalli Ta TeMaTUYHe KIaCTEPyBaHHA.

Pesynbraru. I3 mouyarkoBoi cyKynHocTi 2 710 3anucis 678 fOKyMeHTIB BifjloBifanm kpurepiam BKmodeHHs. CBiToBa HayKoBa
IPOAYKTUBHICTD JEMOHCTpPYBasa CTabibHe 3pOCTaHHA 3 MOMITHUM IpUCKOpeHHAM miciA 2019 poky. Cromydeni Illtatn Ame-
PMKU IPOJIeMOHCTPYBaIV HaliBULINIL piBeHb LIMTOBAHOCTI, ToAi 5K Icranis Ta Bpasutis chopMyBamics sK KI0490Bi MKHApOAHI
LIeHTpy HaykoBoi cmiBnpari. Byno ifeHTndikoBano Tpu ocHoBHI TemaruyHi Kmacrepu: (1) crparerii ontumisanii cnopTUBHMUX
pe3y/IbTaTiB, 30KpeMa TPeHyBaHHsI, 3aCHOBaHi Ha IIBUKOCTI BUKOHAHHSI, Ta 0OMEXXeHHsI KPOBOTOKY; (2) HellpoM s130Bi afamTa-
1iii Ta MexaHismu rimeptpodii; (3) po3BUTOK IOHMX CIIOPTCMEHIB i3 fefasi UIMpIIo iHTerparieo uudpoBrx i MOHITOPMHTOBUX
TEXHOJIOTiI.

Bucnosxku. Jlocnifi)keHHA TPeHYBaHb 3 OIIOPOM Y €iTHUX CIIOPTCMEHIB IPOJOBXXYIOTb aKTMBHO PO3IINMPIOBATUCH, XapaKTe-
PU3YIOUMCh BUCOKMM piBHEM Mi>XKHApOJHOI CIIiBIIpalli Ta 3pOCTAaHHAM METOONIOTiYHOI BUBaKeHOCTi. OTpMMaHi pe3yabraTy Imifl-
KPEeC/III0Th LIeHTPaIbHY POJIb TPEHYBaHb 3 OIIOPOM Y CIIOPTi BUILIMX HOCATHEHD i OKPECTIOITh HAIPSAMI MaltOy THIX JOCII/KEHD,
30KpeMa LIOfI0 TeH/IEPHOI iHK/II03MBHOCTI, BUKOPUCTAHHA II€PeJOBMX T€XHO/IOTiI MOHITOPMHIY Ta CTaH/apTU30BAHMX IIiIXO/IiB
710 BUMipIOBaHHA.

Kitro4oBi cmoBa: TpeHyBaHHs 3 OIIOPOM, eTiTHI ciopTcMeHH, 616mioMeTpUYHNMIT aHali3, TinepTpodis,HeilpoM s130Ba afanTa-
11is, TiIBUIEHHA CIOPTUBHOI Pe3yIbTaTNBHOCTI.
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Abstract

Background. Functional asymmetries in youth soccer players represent an important biomechanical and
neuromuscular phenomenon, acting both as adaptive mechanisms and as potential risk factors for injury. However,
existing evidence remains fragmented regarding the effectiveness of technological and artificial intelligence (AI)-
based approaches for their assessment across different populations.

Purpose. This systematic review aimed to synthesize current methodologies and applications of technological tools
and artificial intelligence used to assess functional asymmetries in youth soccer players.

Methods. The review was conducted in accordance with PRISMA guidelines. A total of 418 records were identified
through searches in Scopus, Web of Science, and PubMed, of which 28 studies met the inclusion criteria. Methodological
quality was evaluated using standardized assessment tools. The included studies examined wearable technologies,
biomechanical assessment systems, and Al-based analytical models for asymmetry detection and interpretation.
Results. Al-based models demonstrated moderate predictive accuracy for injury risk, with reported values up

to AUC = 0.70. Wearable inertial measurement units showed high ecological validity for on-field assessment of
functional asymmetries. However, substantial heterogeneity was observed across studies in terms of asymmetry
thresholds, outcome definitions, and analytical procedures, limiting cross-study comparability. A key finding was that
strength asymmetries exceeding 15% were significantly associated with increased injury risk (p < 0.05), while such
asymmetries did not consistently impair sprint performance, indicating context-dependent functional effects.
Conclusions. The findings indicate that technological and Al-based approaches provide valuable tools for assessing
functional asymmetries in youth soccer players, particularly when applied in ecologically valid settings. The integration
of explainable AI with multimodal biomechanical data appears to be a promising direction for personalized monitoring
and intervention strategies. Future research should prioritize standardized methodological reporting, harmonized
asymmetry thresholds, and longitudinal study designs to improve comparability and clinical translatability of findings.
Keywords: functional asymmetry, youth soccer, artificial intelligence, injury prediction, wearable sensors.

Introduction recruitment patterns that consolidate through repeated
motor experiences, influencing both torque capacity and
proprioceptive recalibration (Ballmann et al., 2021).
Contemporary evidence highlights tendon stiffness
modulation, fascicle reorganization, and stretch-shortening
cycle efficiency as primary mediators of laterality, with
divergent energy system contributions modulating

C@ PETM metabolic flexibility between limbs (Falces-Prieto et al.,
! LLCOVS

During adolescence, corticospinal plasticity and
neuromuscular differentiation create asymmetrical
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2021). Such divergences interact with proprioceptive
weighting strategies, producing interlimb variability
during high-intensity actions such as cutting or striking.
This complex interplay between structural, neurological,
and metabolic factors underscores why asymmetries
manifest differently across individuals and contexts. Recent
theoretical frameworks describe asymmetry not merely
as a deficit but as an adaptive manifestation of ecological
dynamics, reflecting functional solutions to sport-specific
constraints (Sullivan et al., 2021). This paradigm shift from
a purely deficit-based to an adaptation-focused perspective
necessitates more nuanced assessment and interpretation
strategies. Nonetheless, prospective cohort evidence
confirms that magnitudes surpassing 10-15% correlate
with elevated musculoskeletal injury risk, emphasizing their
dual status as adaptive markers and pathological indicators
(Edouard et al., 2024). From a developmental perspective,
the timing of peak height velocity strongly conditions
asymmetry trajectories, underscoring the necessity for
maturation-sensitive interpretation (Solleveld et al., 2022).
The adolescent growth spurt represents a critical window
where asymmetries may either consolidate or resolve,
depending on training load and intervention strategies.
Empirical data from multiple geographies reinforce the
global relevance of asymmetry, with consistent associations
identified across European, South American, and Middle
Eastern academies (Moreno-Villanueva et al., 2025).
This ecological validity expands the conceptualization
of asymmetries beyond Eurocentric contexts, confirming
their role as universal markers of adolescent adaptation.
However, cultural differences in training methodologies,
playing surfaces, and competition structures may influence
how asymmetries develop and manifest across different
populations. Advances in monitoring technologies now
enable their precise quantification across morphological,
neuromuscular, and kinematic domains, thereby
consolidating asymmetry as a multidimensional construct
within contemporary sports science (Jiang et al., 2023).
This theoretical anchor legitimizes asymmetry profiling as
an indispensable element for understanding developmental
motor control, performance optimization, and injury
mitigation in youth soccer (Ben Rakaa, Lourengo, et al.,
2025). Despite this recognition, significant methodological
challenges persist in standardizing assessment protocols and
establishing universally applicable thresholds.

The methodological landscape of asymmetry research
demonstrates substantial heterogeneity, constraining
interpretability and translational impact (Franca et al.,
2023). Isokinetic dynamometry remains the reference
standard for torque quantification, but ecological limitations,
resource intensity, and scheduling barriers restrict large-
scale youth application (Vargas et al., 2020). Comparisons
of bilateral versus unilateral countermovement jump
assessments reveal divergent reliability properties, with
bilateral tasks offering stronger longitudinal stability,
although interpretive thresholds remain inconsistent (Fain
et al., 2021). Functional tests, such as the Y-Balance, exhibit
variable predictive accuracy, particularly in non-Western
youth cohorts, highlighting cultural and developmental
moderators of screening validity (Johnson et al., 2023).
These inconsistencies in test selection, administration, and
interpretation underminethe developmentofevidence-based
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guidelines for practitioners. Recent advances in wearable
inertial measurement units allow for session-embedded
asymmetry monitoring during change-of-direction or
soccer-specific drills, enhancing ecological validity (Jiang et
al., 2023). However, device calibration, placement variability,
and task standardization challenge reliability, demanding
rigorous validation protocols (Kadlec et al., 2023).
Analytical heterogeneity further complicates prevalence
estimates, as divergent formulas for limb symmetry indices
produce substantial discrepancies in individual classification
(Ascenzi et al., 2022). Without consensus on calculation
methods and reporting standards, cross-study comparisons
remain problematic and meta-analytical approaches limited.
Artificial intelligence applications mark a methodological
frontier, offering nonlinear modeling of high-dimensional
datasets to predict injury susceptibility (Oliver et al., 2020).
Exploratory studies report moderate predictive accuracy, but
calibration instability, sparse datasets, and overfitting risks
limit generalizability (Cular et al., 2023). The integration
of domain knowledge with data-driven approaches appears
essential for developing clinically useful Al tools. Cross-
cultural investigations from South America and North
Africa stress the importance of contextualized approaches
when applying machine learning models to youth sport
(Cular et al., 2023). The relevance of this domain extends
to athlete development, where valid, reliable, and scalable
methodologies are essential for personalized training,
targeted injury prevention, and longitudinal monitoring
(Din et al., 2025). Integration of multimodal technologies
with explainable AT offers an unprecedented opportunity to
reconcile precision with ecological applicability, ensuring
translational value for practitioners and safeguarding
developmental health (Brouki et al., 2025). This systematic
review therefore aims to critically evaluate the convergence
of traditional assessment methods with emerging Al
technologies in youth soccer asymmetry research.
Empirical evidence from recent observational and
interventional studies underscores the prevalence of
asymmetries across morphological, neuromuscular, and
functional domains in youth soccer (Fain et al., 2021).
Interlimb discrepancies in strength and jump metrics
often exceed injury-risk thresholds, yet associations with
sprint and agility outcomes remain inconsistent, reflecting
compensatory neuromuscular strategies (Fain et al., 2021).
This performance-asymmetry paradox suggests that athletes
may develop effective compensation mechanisms that mask
underlying imbalances during specific tasks.Longitudinal
data confirm mid-adolescence as a sensitive period where
hamstring asymmetries peak, reinforcing the need for
maturation-adjusted protocols (Moreno-Villanueva et al.,
2025). This proximal-distal interdependence highlights the
importance of assessing asymmetries beyond the lower limbs
alone. Proximal asymmetries in trunk control additionally
propagate distal discrepancies, underscoring integrated
conditioning approaches (Moreno-Villanueva et al., 2025).
Meta-analyses reveal that targeted unilateral or bilateral
training interventions reduce asymmetry magnitudes
with small-to-moderate effect sizes, validating progressive
overload strategies in academy settings (Bettariga et al,,
2022). However, morphological asymmetries derived from
imaging technologies exhibit limited predictive power for
injury outcomes, cautioning against structural metrics
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as standalone indicators (Vaillancourt et al., 2024).The
dissociation between structural and functional asymmetries
necessitates multimodal assessment approaches that capture
both anatomical and neuromuscular dimensions. Ecological
replications from Turkey, Brazil, and North Africa
corroborate the injury-asymmetry nexus, substantiating
global applicability across developmental environments
(Edouard et al., 2024; Moreno-Villanueva et al., 2025).
Despite promising findings, evidence synthesis reveals
enduring methodological limitations: small sample sizes,
cross-sectional dominance, and inconsistent asymmetry
reporting preclude robust causal inferences (Franca et
al., 2023). Moreover, Al-driven injury prediction models
remain underdeveloped, characterized by fragile calibration
and limited external validation (Xia et al., 2021). These
methodological shortcomings collectively constrain the
evidence base and hinder the development of clinically
actionable insights.These shortcomings underscore the
urgency of establishing harmonized thresholds, multi-
academic longitudinal datasets, and tailored, inclusive
machine learning frameworks (Ben Rakaa, Bassiri, et al.,
2025b, 2025a; Ben Rakaa, Lourenco, et al., 2025). The
present systematic review directly addresses these challenges
by critically synthesizing studies on functional asymmetries
in youth soccer between 2015 and 2025, with particular
focus on three key domains: assessment technologies, Al
applications, and practical implementation frameworks. The
present systematic review directly addresses these challenges
by critically synthesizing studies on functional asymmetries
in youth soccer between 2015 and 2025. By integrating
technological innovations with Al-based analytics, the
objective is to advance methodological precision, contextual
relevance, and applied utilityl, thereby supporting evidence-
informed interventions in athlete development and injury
prevention (Bouzid et al., 2025). Specifically, this review
aims to: (1) evaluate the methodological quality of current
assessment approaches; (2) synthesize evidence on AI/ML
applications for asymmetry analysis and injury prediction;
and (3) propose standardized frameworks for asymmetry
monitoring and intervention in youth soccer academies.

Methods

This systematic review was conducted and reported in
accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. The
review protocol was registered on the PROSPERO platform
prior to the initiation of the selection process (registration
number: CRD420241125443).

Working Definitions

To ensure conceptual clarity and methodological
consistency throughout this systematic review, the following
operational definitions were adopted:

Functional Asymmetry

Functional asymmetry refers to any measurable
difference between homologous limbs in strength, power,
kinematic, or neuromuscular performance during sport-
specific or standardized tasks. In this review, asymmetry
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is considered functional when it arises from training-
induced adaptations, maturation effects, or biomechanical
constraints, rather than from structural pathology or injury.

Inter-limb and Intra-limb Asymmetry

Inter-limb asymmetry denotes discrepancies between
the dominant and non-dominant limbs in quantitative
parameters such as torque, force, or jump height.
Intra-limb asymmetry reflects imbalance between agonist
and antagonist muscle groups within the same limb (e.g.,
hamstring-to-quadriceps ratio).

Dominant and Non-dominant Limb

The dominant limb was defined as the limb preferentially
used for ball manipulation or kicking tasks, while the non-
dominant limb refers to the supporting or stabilizing limb.
In studies where self-reported dominance was not provided,
functional dominance was inferred from the primary limb
used during kicking or performance tasks.

Limb Symmetry Index (LSI)

Limb asymmetry was most frequently quantified using
the Limb Symmetry Index (LSI), calculated as:

LSI = (Dominant-No-dominant)/ Dominant x 100
or equivalently using contralateral ratios depending on the
variable measured. An LSI of 0-10% was interpreted as
normal or negligible; 10-15% represented a “monitoring
zone, suggesting elevated injury susceptibility; and >15%
was considered clinically significant, warranting corrective
intervention.

Asymmetry Thresholds

Consistent with prior evidence, asymmetry magnitudes
exceeding 10-15% were considered predictive of increased
musculoskeletal injury risk, particularly for lower-limb
soft tissue injuries. However, the functional impact of such
asymmetries on performance outcomes (e.g., sprint, change
of direction, jump height) was treated as context-dependent
and moderated by maturation status, task type, and sport-
specific demands.

Technological Assessment Modalities

Assessment technologies included isokinetic
dynamometry, force platforms, inertial measurement
units (IMUs), 3D motion capture, and Al-based video or
wearable systems. These tools were classified according to
their measurement domain: Kinetic (e.g., torque, impulse,
ground reaction force),Kinematic (e.g., joint angles,
movement trajectories), and Neuromuscular (e.g., rate of
force development, time-to-stabilization). Wearable sensors
and AI algorithms were included when they objectively
quantified or predicted asymmetry-related outcomes.

Artificial Intelligence (Al) and Machine Learning (ML)

For the purpose of this review, AI/ML applications refer
to computational approaches that use data-driven algorithms
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(e.g., Random Forest, Support Vector Machine, Neural
Networks) to identify, classify, or predict asymmetry patterns
and their association with injury risk or performance. Only
peer-reviewed studies providing explicit methodological
descriptions of algorithm design, validation, and feature
selection were considered.

Youth Soccer Players

The term youth soccer players encompasses male and
female athletes aged <19 years, actively participating in
structured competitive or academy programs. Maturation
status was classified as pre-, mid-, or post-peak height velocity
(PHV), where reported, to allow age- and development-
sensitive interpretation of asymmetry profiles.

Information Sources

A comprehensive and systematic literature search was
performed across three major electronic bibliographic
databases: Scopus, Web of Science, and PubMed. These
databases were selected for their extensive coverage of peer-
reviewed scientific literature in the fields of sports medicine,
biomechanics, orthopedics, and physiotherapy. The search
covered the period between the creation of each respective
database between January 2015 and July 2025. Furthermore,
the reference lists of all included studies and relevant review
articles were manually screened to identify any potentially
omitted publications.

Eligibility Criteria

Eligible studies will investigate youth soccer players—
defined as academy or adolescent athletes of any sex
who compete in organized, competitive soccer—and will
report original data in a peer-reviewed journal. To meet
the phenomenon-of-interest requirement, studies must
quantify inter-limb functional asymmetry at the individual
level, operationalized as between-limb differences in at
least one domain: (i) muscular strength (e.g., isokinetic or
isometric measures), (ii) kinematics (e.g., joint angles or
segmental motion during task execution), (iii) kinetics (e.g.,
force, impulse, torque), (iv) morphological characteristics
(e.g., muscle volume, architecture), or (v) soccer-relevant
functional performance (e.g., jump performance, change-
of-direction ability, sprinting outcomes). Assessment must
be conducted using technological instrumentation (such
as isokinetic dynamometry, three-dimensional motion
capture, force platforms, or inertial measurement units) or
incorporateartificial intelligence/machine-learning methods
for the analysis or interpretation of asymmetry outcomes.
The context must be exclusively soccer; mixed-sport
samples are admissible only when soccer-specific data are
extractable. Acceptable study designs include observational
(cross-sectional, cohort, case—control) and experimental
(randomized controlled or quasi-experimental) designs that
provide sufficient methodological detail on the instruments
and procedures used to quantify asymmetry, together with
the magnitude and/or direction of inter-limb differences.

Studies will be excluded if they focus solely on adult
professional players (typically > ~21 years) without
separable youth data; if they are not conducted in soccer
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or present mixed-sport data from which soccer-specific
results cannot be isolated; or if they do not quantify inter-
limb asymmetry at the individual level (e.g., report only
group means without between-limb metrics). Studies
relying exclusively on subjective or non-instrumented
assessments (e.g., questionnaires alone, manual clinical
tests without technological measurement) will be excluded.
Finally, we will exclude non-original or non-peer-reviewed
works, including narrative or systematic reviews, editorials,
conference abstracts, theses, preprints not certified by peer
review, and other grey-literature sources (e.g., conference
abstracts, theses, preprints) was excluded to ensure that
only peer-reviewed and methodologically validated studies
were synthesized. Similarly, no-English publications were
excluded due to resource constraints and the need for
consistent quality assessment across studies. While this may
introduce a language bias, it enhances the reproducibility
and comparability of the review process.

Search Strategy

The search strategy was specifically designed to identify
studies investigating functional asymmetries in youth soccer
players, with a particular focus on assessment technologies
and artificial intelligence applications. In collaboration with
a specialized librarian, a structured Boolean query was
constructed by combining relevant keywords and Medical
Subject Headings (MeSH) terms. The core concepts utilized
were (“soccer player*” OR “football player*” OR “youth
soccer” OR “elite youth” OR junior OR adolescent OR
“young athlete*”) AND( asymmetr* OR “limb dominan*”
OR “bilateral deficit” OR “inter-limb” OR “intra-limb” OR
“side-to-side difference” OR imbalance) AND(“artificial
intelligence” OR “machine learning” OR “deep learning”
OR “neural network” OR “AI” OR “predictive model” OR
“data analytics” OR “wearable technology” OR “inertial
measurement unit” OR IMU OR “wearable sensor*” OR
“GPS” OR “local positioning system”OR “force plate” OR
“force platform” OR “pressure plate” OR “plantar pressure” OR
“3D motion capture” OR “kinematic analysis” OR “isokinetic
dynamometer” OR “strength assessment”)AND(“change
of direction” OR COD OR decelerat* OR cut* OR pivot*
OR jump* OR “drop jump” OR “countermovement jump’
OR CM]J OR “sprint” OR “balance” OR “postural control”
OR “strength” OR “injury risk” OR “injury prediction”
This syntax was adapted to the specific formats required
by Scopus,Web of Science and Pubmed. No restrictions on
language were applied.

In compliance with the PRISMA 2020 statement, the
search and selection procedures were documented in full to
enhance methodological transparency and reproducibility.
Numerical consistency in the PRISMA flow diagram
(Figure 1) was verified to ensure complete arithmetic
accuracy between records identified, screened, excluded, and
included. Reasons for full-text exclusions—such as studies
not conducted in soccer, lack of inter-limb asymmetry data,
mixed-sport samples without extractable soccer-specific
results, or exclusion of non-peer-reviewed sources—are now
clearly presented in the Supplementary Appendix.

A completed PRISMA 2020 Checklist has been included
as Supplementary Appendix 1, allowing independent
verification of reporting completeness. Additionally, the



Bouzid, W., Ben Rakaa, O., Brouki, Y., Chokri, A., Eloirdi, A., El Ouali, E. M., Chahboune, M., & Barkaoui, M. (2026). Functional
Asymmetries in Youth Soccer Players: A Systematic Review of Assessment Technologies and Artificial Intelligence Applications

full database search strings, including Boolean operators,
filters, and final search dates, are provided below to facilitate
replication of the search process:

Scopus (last search: July 30, 2025): (“soccer player*”
OR “football player*” OR “youth soccer” OR “elite youth”
OR “junior” OR “adolescent” OR “young athlete*”) AND
(asymmetr* OR “limb dominan*” OR “bilateral deficit” OR
“inter-limb” OR “side-to-side difference” OR imbalance)
AND (“artificial intelligence” OR “machine learning” OR
“wearable technology” OR IMU OR “force plate” OR “3D
motion capture” OR “isokinetic dynamometer”) AND
(“change of direction” OR COD OR “jump*” OR “sprint” OR
“balance” OR “injury risk”). Filters applied: peer-reviewed
journal articles only; publication period January 2015 - July
2025; no language restrictions.

Web of Science (last search: July 30,2025): Same Boolean
logic adapted to “Topic Search (TS)” fields; limited to peer-
reviewed journal articles.

PubMed (last search: July 30, 2025): (“soccer”[MeSH
Terms] OR “football”[Title/Abstract]) AND (asymmetry OR
“limb dominance” OR “bilateral deficit”) AND (“artificial
intelligence” OR “machinelearning” OR “wearable sensor” OR
“force plate”) AND (“youth” OR “adolescent” OR “academy”).
Filters applied: Humans; Journal Article; 2015-2025.

The study selection process was conducted by two
independent reviewers (W.B. and O.B.R.). After duplicate
removal, both reviewers screened the titles and abstracts
of all retrieved records against the eligibility criteria. The
full texts of potentially relevant studies were then assessed
independently by the same two reviewers. At both stages,
any discrepancies regarding the inclusion or exclusion of a
study were resolved through discussion until a consensus was
reached. If a consensus could not be reached, a third senior
reviewer (M.B.) was consulted to make the final decision. No
automation tools were used for the study selection process.

Data Extraction and Management

A standardized data extraction form was developed a
prioriandpilotedbytheresearchteam. Datafromtheincluded
studies were extracted independently by two reviewers (Y.B.
and A.C.). Any disagreements in the extracted data were
resolved by consensus or, if necessary, by arbitration from
a third reviewer (A.E.). The following data were extracted:
Study characteristics: first author, publication year, country,
study design, sample size. Participant characteristics: sex,
age, biological maturity status (e.g., Peak Height Velocity -
PHYV), competitive level (e.g., elite, sub-elite, recreational),
and training experience. Asymmetry-related data: type of
asymmetry (e.g., strength, kinematic, kinetic), assessment
technology used (e.g., isokinetic dynamometer, force plate,
IMU), AI model used (if applicable), variables measured
(e.g., peak torque, jump height, joint angles), and the
magnitude/direction of asymmetry. Key outcomes: primary
findings related to asymmetry, injury risk, and performance.
Other variables: source of funding and conflicts of interest,
as reported. In cases of missing or ambiguous data, the study
was not excluded, but the specific missing variable was
noted and excluded from the relevant analysis. Authors of
the primary studies were not contacted for missing data, as
the review was designed to synthesize only the information
available in the published reports.
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Assessment of Study Methodology

The methodological quality of each included study was
independently assessed by two reviewers using validated
tools appropriate for the respective study designs (e.g.,
the Newcastle-Ottawa Scale for cohort and case-control
studies, and a modified tool for cross-sectional studies).
The domains examined included selection of study groups,
their comparability, and the ascertainment of both exposure
and outcome. Any discrepancies were resolved through
consensus. The results of this appraisal are presented in
Table 1, providing a transparent overview of the robustness
of the evidence; this assessment was not used as an exclusion
criterion.

Asymmetry Metrics and Thresholds

To ensure consistency in terminology, the following
abbreviations are used throughout this review: Artificial
Intelligence and Machine Learning (AI/ML), Inertial
Measurement Unit (IMU), and Limb Symmetry Index (LSI).
The magnitude of inter-limb asymmetry was quantified
using various metrics across the included studies. The most
prevalent method was the Limb Symmetry Index (LSI),
typically calculated using the following formula:

Value of Non-Dominant Limb

LSI (%) = ( 100

) X

Alternative common formulae for asymmetry
percentage (Asym%) include:

Value of Dominant Limb

| Dominant Limb — Non-Dominant Limb |

Asvm% = x 100
sym% (MaX(Dominant Limb, Non-Dominant Limb))
or
| Dominant Limb — Non-Dominant Limb |
Asym% = ( ) X 100

(Dominant Limb + Non-Dominant Limb) /2

For the context of this review, asymmetries exceeding
the 10-15% threshold were considered clinically significant. This
range is widely cited in the literature, where: Asymmetries below
10% are often considered normal or negligible in youth athletic
populations. Asymmetries between 10% and 15% are viewed as
a “grey zone,” potentially indicating elevated injury risk or a need
for monitoring. Asymmetries exceeding 15% are consistently
associated with a significantly increased risk of musculoskeletal
injury and are typically targeted for corrective intervention. It is
important to note that the interpretation of these thresholds can
be context-dependent, varying by the specific test (e.g., strength,
jump), the variable measured (e.g., peak force, impulse), and the
individual's maturation status.

Results

The study selection (Figure 1) identified 418 articles
via Scopus (n=205), Web of Science (n=201), and PubMed
(n=12). After removing 89 duplicates, 329 abstracts were
reviewed. 290 were excluded, leading to the evaluation of 37
tull texts. 8 articles were excluded according to predefined
criteria (3 not focused on soccer, 3 without individual
asymmetry data, and 1 grey literature), resulting in 28
included studies. This PRISMA methodology ensures the
rigor and reproducibility of the systematic review.
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Identification of studies via academic databases

2 Records identified from:
'ﬁ Scopus (n = 205) Records removed prior to screening:
g Web of Science (n=201) Duplicate records removed (n = 89)
E PubMed (n = 12) — Records marked as ineligible by automatio tools (n = 0)
.5 Total: 418 Records removed for other reasons (n=0)
~
Records screened: (n = 329) o

(418 total records — 89 duplicates Records excluded: (n=290)
E‘ Reports sought for retrieval: (n=37)
E (37 screened - 290 excluded) Reports not found: (n=2)
<9
7]

Reports assessed for eligibility:

(n=35) [ . s excluded :
(37reports sought - 2 not found) Reportsexcluded ;7

Exclusion criterion 1 =3
Exclusion criterion 2 =3
Exclusion criterion 3 = 1

Studies included in the review
(n=28)

Inclusion

Fig. 1. Flowchart of the systematic review

The following section presents the results of the study,
based on the data collected and analyzed.

Synthesis of Al/ML Studies

Among the 28 included studies, two primary
investigations focused specifically on the development and
validation of AI/ML models for predicting injury risk in
youth soccer players. The quantitative characteristics of these
models are summarized in Table 3. The study by (Robles-
Palazon et al., 2023) utilized an ensemble of models, with the
best performance achieved by a Random Forest algorithm.
In contrast, (Oliver et al., 2020) compared a single ML model
against traditional logistic regression, demonstrating the
superior sensitivity of the ML approach. Both studies relied
on internal validation methods, and calibration metrics were
not consistently reported, highlighting a common limitation
in the current literature.

Discussion

This systematic review, based on the analysis of 28
studies, highlights the considerable evolution of methods
for evaluating functional asymmetries in young soccer
players, driven by emerging technologies and artificial
intelligence. All of the studies converge on one conclusion:
instrumented approaches, whether involving motion
capture, isokinetic dynamometry, force platforms, inertial
measurement units (IMU), or machine learning algorithms,
allow for the quantification of inter-limb imbalances with
unprecedented precision, sensitivity, and predictive value.
As demonstrated by (Robles-Palazén et al., 2023), models of
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automated learning incorporating six asymmetric variables
— notably valgus, force of landing and internal rotation of
the hip — achieve a rate of precision of 70% in predicting the
likelihood of injury. This approach provides an economically
advantageous alternative to the use of bulky batteries for
testing purposes. Furthermore, it is necessary to conside, As
indicated by (Oliver et al., 2020), the application of machine
learning algorithms to asymétries resulting from single-leg
countermovement jump does not enhance the sensitivity of
injury prediction (55.6% compared to 15.2% for the logistical
regression model). A multitude of studies, including those
by (Barbalho et al., 2021) and (Read et al., 2016), have
underscored the significance of a multi-test approach. The
asymmetries detected in a particular jump (e.g., the squat
jump [SJ], the countermovement jump [CM]J], or the drop
jump [D]]) vary according to the task, thereby substantiating
the necessity of a comprehensive evaluation encompassing
diverse modalities. The proliferation of portable tools
signifies a pivotal juncture within this domain. Indeed, the
research conducted by (Di Paolo et al,, 2021) and (Izzo
et al,, 2022) has demonstrated the significance of inertial
sensors in the longitudinal monitoring of asymétries
throughout the season. These investigations have facilitated
the identification of fluctuations associated with the load
of training, thereby providing novel insights into the
analysis of sporting performance. In addition, non-marker-
based motion capture systems, such as those employed by
(Nakahira et al., 2022), have been shown to detect subtle
cinematic asymmetries, including a valgus knee rotation
of 8 to 10° in the dominant lower extremity, which is
imperceptible to the naked eye. As demonstrated in the
studies conducted by (Zeleznik et al., 2025) and (Vargas
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Table 3. Risk of Bias Assessment Table Newcastle-Ottawa Scale (NOS)

Author(s) and Year

Study Type

Selection Comparability Outcome/ Total Score Subjective

(4) 2) Exposure (3) /9 Evaluation

(Robles-Palazon et al., 2023)  Prospective cohort 3 1 2 6 Moderate
(Bonetti et al., 2017) Cross-sectional 3 1 2 6 Moderate
(Vargas et al., 2020) Cross-sectional 4 2 2 8 High
(Jones et al., 2021) Multicenter cross-sectional 4 2 2 8 High

(Di paolo et al., 2021) Cross-sectional 3 1 2 6 Moderate
(Przysucha et al., 2024) Cross-sectional 3 1 2 6 Moderate
(Zeleznik et al., 2025) Cross-sectional 4 2 2 8 High
(Silva et al., 2022) Cross-sectional 4 2 2 8 High
(Barbalho et al., 2021) Cross-sectional 3 1 2 6 Moderate
(Read et al., 2016b) Cross-sectional 4 2 2 8 High
(Bromley et al., 2021a) Experimental 4 2 2 8 High
(Vasileiou et al., 2024) Experimental 4 2 2 8 High
(Daneshjoo et al., 2015) Cross-sectional 3 1 2 6 Moderate
(Bahensky et al., 2020) Cross-sectional 3 1 2 6 Moderate
(Michailidis et al., 2025) Cross-sectional 4 2 2 8 High
(Izzo et al., 2022) Longitudinal 3 1 2 6 Moderate
(Bishop et al., 2021) Comparative cross-sectional 4 2 2 8 High
(Contreras-diaz et al., 2023)  Cross-sectional 4 2 2 8 High
(Rosa et al., 2022) Cross-sectional 3 1 2 6 Moderate
(Sannicandro et al., 2023) Cross-sectional 3 1 2 6 Moderate
(Michailidis et al., 2020) Cross-sectional 3 1 2 6 Moderate
(Nakahira et al., 2022) Cross-sectional (Al-based) 4 2 2 8 High
(Ince & tortu, 2025) Cross-sectional 4 2 2 8 High
(Trecroci et al., 2020) Cross-sectional 3 1 2 6 Moderate
(Ferreira et al., 2018) Cross-sectional 3 1 2 6 Moderate
(Atkins et al., 2016) Cross-sectional 4 2 2 8 High
(Oliver et al., 2020) Prospective cohort 4 2 2 8 High
(Trecroci et al., 2020) Cross-sectional 3 1 2 6 Moderate
Table 4. Quantitative Summary of AI/ML Studies for Injury Risk Prediction

A;ﬂ;{:;is) AI/ML Model(s) Used Key Predictive Features AUC (95% CI) Cﬁ::;tci:n Type of Validation
(Robles- Support Vector Machine Knee valgus, landing force AUC: 0.70 Not Internal: Cross-

Palazén et (SMO), Random Forest,
al., 2023) Uniform Bootstrap

asymmetry, BMI, Frontal ~ (95% CI not reported) reported. validation.
Plane Projection Angle

Aggregating Ensemble (FPPA), hip internal

(UBAG). rotation, ankle range of

Best Model: Random motion.

Forest.
(Oliver et Machine Learning Model ~ Single-leg AUC for ML model Not Internal: Model
al,, 2020b)  (specific algorithm not countermovement jump  not explicitly reported. reported. performance was

specified).
Comparison: Traditional

(SLCMJ) asymmetry, knee The model identified
valgus, anthropometry.

Logistic Regression.

assessed on the
multiple interacting dataset used for
risk factors. training.

Legend: AUC, Area Under the Curve; CI, Confidence Interval; BMI, Body Mass Index; FPPA, Frontal Plane Projection Angle; SLCM]J,
Single-Leg Countermovement Jump.
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Table 5. Evidence-to-Practice Framework for Managing Functional Asymmetries in Youth Soccer

Test/Technology LSI Threshold Outcomes/Risks Practical Action
Isokinetic Dynamometry (Knee ~ >10-15% (Strength Significantly increased risk of Implement targeted unilateral
Flexors/Extensors) Deficit) hamstring strains & ACL injuries strengthening (Nordic

(OR: 1.8-2.5)

Force Plates (CMJ, SLCM], Drop
Jump)

>10-15% (Peak Force,
Impulse)

Wearable IMUs (COD, Soccer
Dirills)

>10% (Kinematic
Asymmetry)

Field-Based Strength
Tests (Nordbord, ForceFrame)

>10% (Bilateral Deficit)

AI/ML Predictive Models (Multi-
factor Analysis)

N/A (Risk
Stratification)

Moderate association with non-
contact LBI; inconsistent link to
sprint performance.

Elevated biomechanical injury risk
during high-intensity maneuvers;
valuable for ecological validity.

Strong predictor of sprint and COD
performance deficits; moderate injury
risk correlation.

Moderate predictive accuracy for LE
injury (AUC up to 0.70); identifies
complex risk interactions.

hamstrings, single-leg RDLs);
re-test every 4-6 weeks.

Use as primary monitoring tool;
if asymmetry >15%, integrate
plyometric and ballistic training
with emphasis on deficient
limb.

Adjust technical coaching cues
based on real-time data; modify
training load and incorporate
sport-specific balance drills.

Prescribe hip- and hamstring-
focused strengthening; monitor
as part of regular fitness testing.

Utilize for pre-season screening
to flag high-risk athletes;

guide allocation of preventive
resources; requires clinical
interpretation.

LSI: Limb Symmetry Index; CM]J: Countermovement Jump; SLCM]J: Single-Leg CMJ; COD: Change of Direction; IMU: Inertial
Measurement Unit; LBI: Lower Body Injury; OR: Odds Ratio; AUC: Area Under the Curve; LE: Lower Extremity; RDL: Romanian

Deadlift

et al., 2020), the asymmetrical practice, specifically the
utilization of a single upper limb to exceed 70% of the total
body’s movement, has been found to exacerbate imbalances
in power and coordination, As posited by (Vasileiou et
al., 2024), empirical evidence has been demonstrated that
targeted pliometric training can result in a reduction of
these disparities by 3 to 5 percent. As indicated by other
contributions, such as those by (Sannicandro et al., 2023)
, the context of execution exerts a significant influence on
the expression of asymétries. The surface of training, the
competitive level, and the developmental stage (14-16 years
of age, according to (Atkins et al., 2016) have been shown to
modulate these expressions. Recent literature (Ince & Tortu,
2025; Michailidis et al., 2020); (Rosa et al., 2022; Contreras-
Diaz et al., 2023) suggests that the concurrent incorporation
of cinematic, neuromuscular, and biomecahnic assessments
facilitates the acquisition of customized, asymmetric profiles,
thereby enabling precise preventive interventions. The
collective analysis of these results substantiates the notion
that the amalgamation of portable technologies, artificial
intelligence, and sophisticated analytical models engenders
a profound transformation in the evaluation of functional
asymmetries. This integration bestows a comprehensive,
dynamic, and clinically actionable perspective, thereby
marking a significant advancement in the field.
Notwithstanding these laudable advances in methodol-
ogy, the limitations of conventional approaches remain con-
spicuous. Although field tests and standardized protocols
are accessible and have been disseminated extensively, they
exhibit inherent limitations. These limitations include their
limited sensitivity, subjective nature, and inability to accu-
rately replicate the multifaceted demands of football. The
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research conducted by (Bonetti et al., 2017) and (Bishop et
al,, 2021) utilizes dynamometric isocentricity, a method that
had previously been regarded as the gold standard, and dem-
onstrates that these assessments effectively isolate the move-
ment of the joints without accounting for the actual dynamic
characteristics of the activity under investigation. Addition-
ally, the 505 test of direction change, as employed by (Jones
et al., 2021), obscures the distinction between genuine asy-
métries of force and variables associated with coordination
and motor strategy. Conversely, traditional postural assess-
ments are characterized by their lack of reliability. As evi-
denced by (Daneshjoo et al., 2015) the intraclass correlation
coefficient (ICC) value obtained with a force plate platform
exceeded the ICC values reported in clinical balance tests.
Furthermore, as demonstrated by (Bromley et al., 2021),
fatigue significantly alters asymétries (with a 60% increase
after a match), underscoring the variable and situational na-
ture of these metrics. Contemporary instruments, including
inertial sensors and dual-platform systems (Di Paolo et al.,
2021; (Barbalho et al., 2021), have been developed to address
these limitations by capturing global kinematic parameters
and temporal variations in functional symmetry. These ob-
servations thus necessitate a clear transition between the
evaluation of a single moment and the ongoing observation
of a process, taking into account its context and ecological
validity.

In the final analysis, the relationship between asymetry
and the potential for injury remains the paramount clinical
impetus for these innovations. The collected data demon-
strate that, upon exceeding a critical threshold (typically
>10-15%), asymétries emerge as quantifiable predictive
factors for musculoskeletal injury. As posited by (Robles-
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Palazon et al., 2023) and (Oliver et al., 2020c¢), a deficit ex-
ceeding 15% during unipodal jumps has been demonstrated
to engender a heightened risk of injury, particularly during
periods of fatigue neuromuscular function (Bromley et al.,
2021). These imbalances impact not only performance but
also joint stability and neuromuscular control. (Jones et al.,
2021) found that an asymetry of greater than 10% in the supe-
rior hip adduction resulted in a decrease in the rate of change
of direction. Conversely, (Michailidis et al., 2025) observed
that asymétries measured in vivo did not always result in lab-
oratory-measured strength deficits, emphasizing the neces-
sity of a multifactorial approach. Furthermore, the findings of
(Vasileiou et al., 2024) and (Bahensky et al., 2020) suggest that
training regimens involving high-intensity or high-volume
exercises, as well as extended periods of practice, may con-
tribute to the mitigation of inter-membrane discrepancies,
thereby promoting preventative measures. The preponder-
ance of evidence suggests a consensus: an integrated evalua-
tion approach, integrating artificial intelligence, biomecénica,
and longitudinal monitoring, is imperative for the early iden-
tification of risk-implicated asymmetries, the development
of customized interventions, and the promotion of a healthy
athletic development in young football players.

Implications for Practice, Policy, and Research

Practice Implications:

Implement regular asymmetry monitoring using
combined field tests (CM], SLCM]J) and wearable sensors
during soccer-specific drills, Apply the 10-15% LSI threshold
forintervention prioritization, with individualized correction
programs focusing on unilateral strength training, Develop
maturation-adjusted training protocols that account for
PHV-related asymmetry fluctuations ,Integrate multi-
joint assessment approaches addressing proximal-to-distal
imbalance propagation.

Policy Implications:

Sports federations should establish standardized asym-
metry assessment protocols across youth academies, Incor-
porate asymmetry profiling into periodic health examination
protocols for young athletes, Develop clear guidelines for
return-to-play decision making based on asymmetry thresh-
olds, Allocate resources for technological infrastructure sup-
porting ecological monitoring in youth sports programs.

Research Implications:

Prioritize longitudinal studies tracking asymmetry
development throughout adolescent maturation, Establish
consensus on standardized LSI calculation methods and
reporting standards, Develop validated AI models with
cross-cultural applicability for injury prediction, Investigate
cost-effectiveness of different technological approaches for
widespread implementation, Explore integrative biomarker
approaches combining neuromuscular, metabolic, and
psychological determinants of asymmetry.

Decision Pathway When LSI >10-15%

ASSESSMENT PHASE, Conduct Multimodal
Evaluation: Strength: Isokinetic dynamometry/field-based
tests, Movement: Wearable sensors/video analysis, Function:
Sport-specific drills, History: Injury record/training load.

INTERPRETATION PHASE: Contextualize Findings
Using: Maturation status (pre-/mid-/post-PHV), Playing
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position demands, Competitive level,Training phase
(in-season/off-season).

INTERVENTION PHASE: Implement Targeted
Strategies:Unilateral strength training (deficit limb focus),
Bilateral coordination exercises, Sport-specific technique
correction, Load management adjustments, Proprioceptive
training.

MONITORING PHASE, Track Progress Through:
Regular re-assessment (4-6 week intervals), Field-based
tests with established reliability (ICC > 0.8), Sport-specific
performance metrics, Symptom response monitoring

OUTCOME DECISION: LSI <10%: Maintain preventive
exercises, LSI 10-15%: Continue targeted intervention, LSI
>15%: Enhance intervention intensity/frequency

No Progress: Refer for specialist consultation

This pathway emphasizes that single assessments provide
limited value—trend analysis over time is essential for
effective management. Integration of quantitative data with
qualitative coaching observation ensures comprehensive
athlete care.

Conclusion

This systematic review establishes that functional
asymmetries exceeding the 10-15% threshold repre-
sent a significant injury risk factor in youth soccer play-
ers, while their impact on athletic performance remains
variable and context-dependent. Technological advances,
particularly wearable inertial sensors and explainable
Al offer promising avenues for ecological and personal-
ized monitoring. Decision-making pathway for practice:
For any Limb Symmetry Index (LSI) >10-15%: As-
sess through a multimodal approach combining field tests,
biomechanical analysis, and medical history review, inter-
pret within context considering maturation status, playing
position, and competitive level, Intervene via targeted uni-
lateral strengthening and proprioceptive training. Moni-
tor progression through serial standardized testing over
time, The rigorous validation of AI models and standard-
ization of assessment methodologies represent crucial next
steps for transforming asymmetry evaluation into a reliable
tool for performance optimization and injury prevention.
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QdyHKUioHanbHI acumeTtpii y oHUX ¢pyTbOONICTIB:
CUCTEeMaTUYHNI OrNAA TeXHONOorin ouiHIOBaHHA
Ta 3aCTOCYBaHHA WUITYYHOrO iHTENEeKTYy

Banip Bysin'A5PE, Omap Ben Pakaa**®CPE, FOnec Bpyki'A*“PF, A3i3 Illokpi'AP<PF,
Asis Enyappni'*®PE, Exs MoxTtap Enp Yani'A®PE, Moxamep IlIa6yn'45“PF, Moxamen bapkayi'APcP®

"VuiBepcurer Xacana I
*YuiBepcurer Xacana II m. Kacabnanka

ABTOpCBHKNMIT BKIAM: A — FU3aiiH JOCTIMKeHHsT; B — 36ip ganux; C - crarananis; D - migroroska pykomucy; E - 36ip xoruTis

Pedepar. Crarrs: 23 ¢, 5 TabL., 1 puc., 49 mxeper.

O6rpynryBannsa. PyHK1ioHaIbHI acuMeTpil y I0HUX GyTOOIICTIB € BaXK/IMBOIO 6i0MeXaHiYHOIO Ta HelipOM A30BOI0 IIpobIIe-
MOI0, OCKiZTbKM BOHI MOKYTb BUCTYIATH SIK a[JAIITUBHI XapaKTePUCTUKY, TaK i YMHHMKY HiJBUILEHOTO PUSUKY TpaBM. BogHouac
HasBHI HayKOBI JaHi 3a/MMIIAI0TbCA (PArMEHTOBAHMMI 0RO epeKTMBHOCTI 3aCTOCYBaHHA TEXHOIOTIYHIX 3ac00iB i iHCTpyMeH-
tiB mrry4Horo intenexry (IIII) mis kinbKicHOI OLiHKY Ta iHTepIIpeTalil TAKMX acUMeTpiil y pisHUX BUOIPKAaX CIIOPTCMEHIB.

Mera. MeTo0 CHCTEMAaTUYHOTO OIVLAAY OY/I0 y3araabHeHH METOJO/IOTiYHIX MiXO/IB I HAIIPsAMIB 3aCTOCYBaHH: TEXHOIOTIY-
Hux ta IlII-opieHTOBaHUX iHCTPYyMEHTIB [yIs1 OL[iHIOBaHH: (QYHKI[IOHA/IBHUX aCHMeTPiit y I0HUX Gy TOOMICTIB.

Meropu. Orisaj BUKOHAHO BifjoBigHO 0 pekoMenpariit PRISMA. ITouryk niteparypu spilicHoBaau B 6a3ax faHMUX Scopus,
Web of Science Ta PubMed, y pesynbrari goro 6yio inenrudikosano 418 my6mikauiii, 3 sxux 28 BiAIOBifamm KputepisM BKIIIO-
4yeHHs1. MeTOROOrYHy AKIiCTb BigibpaHuX JOCII/KEHDb OL[iHIOBAIM 3 BUKOPUCTAHHAM CTAaHJAPTU30BAHUX iHCTpyMeHTIB. IIpo-
aHa/Ti30BaHO 3aCTOCYBAaHHA HOCUMUX TEXHOJIOTil1, 6i0MeXaHiYHMX CUCTeM OIiHIOBAaHHA Ta MOJeNeil ITYYHOTO iHTeNeKTy Jyid
BUSBJICHH it iHTepripeTanii QpyHKIiOHaTbHMX acMeTPill.

Pesynpratn. Mogeni ITy4yHOro iHTE/IEKTY IPOJEMOHCTPYBaNIN MOMipHY IPOTHOCTMYHY TOYHICTD WOJO PUSKMKY TPaBM
(AUC no 0,70). Hocumi iHepiiianbHi BUMipioBalIbHi IPUCTPOI XapaKTepy3yBaIiCs BICOKOK eKOJOIiYHOK BaIiHICTIO Iif dac
OLIiHIOBaHHA acCHMETPiil y NO/IbOBUX yMOBaX. BogHOYac BUABIEHO 3HAYHY MDK/IOCTiIJHUIIbKY I€TepOTe€HHICTh IIOPOroBUX 3Ha-
YeHb acHMMeTpil Ta aHa/IITUYHNX IPOTOKOIB, 110 0OMEXYE MOXJIMBOCTI MDKIOCTIIHOTO HOPiBHAHHA pesynbraris. Kiouosum
Pe3y/IbTaTOM CTaJIO Te, 110 CUIOBi acuMeTpil moHaz 15 % 6y/u CTaTUCTUYHO 3HAYYIIe [TOB sI3aHi 3 Mi/|BULICHIM PUSIKOM TPaBM
(p < 0,05), ofHaK He CYNPOBOPKYBAINCS CTAOUIBHIUM 3HIDKEHHSIM MOKAa3HMKIB CIIPUHTEPCHKOI ITPalle3fjaTHOCTI, 110 BKa3ye Ha
KOHTEKCTO3a/IeXKHMII XapaKTep IX BIUIMBY.

Bucnosku. OTpyuMaHi pesynbTaTy CBifuarh, 1o TexHosnoriyui Ta II-opieHToBaHi MifX0AM € NepCeKTUBHUMU iHCTPyMeH-
TaMM /IS OLiHIOBaHHA (QYHKI[IOHa/IbHUX acuMeTpiil y 1oHux ¢yT60icTiB, 0cOOMMBO 32 YMOB iX BUKOPUCTAHH: B €KOJIOIi4HO
BaJIi[HOMY cepefoBuILi. [HTerpanisa MoACHIOBaHOTO ITYYHOTO iHTE/IEKTY 3 MY/IbTMMO/IaIbHMMM TiIXOaMI 1O OLliHIOBaHHA PO3-
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IJIABAETHCS SIK MTEPCIIEKTUBHII HAIIPSIM /L1 PO3POO/IEHHs ITepCOHANI30BaHNX IIPOrPaM MOHITOPMHIY Ta BTpy4aHs. [logaburi
TOCTiKEeHHA MalOTh OyTHU CIIPsAMOBaHI Ha CTaHJAPTU3AIIiI0 METOJO/IOTiYHOI 3BITHOCTI, FapMOHI3al[il0 IOPOrOBMX 3HAYEHDb ACHU-
METPii Ta BIPOBaPKEHHSA JIOHTITIONHNIX JM3aliHiB 3 METOIO IiABUILEHHA K/IiHIYHOI Il IPaKTUYHOI TPAaHCIALIIHOCTI pe3y/IbTaTiB.
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Abstract

Background. Physical inactivity among children has risen globally, driven by sedentary behaviors and technology-
mediated lifestyles. Emerging research suggests that virtual reality (VR) and gamification may serve as effective
digital interventions for promoting physical activity (PA) and improving children’s health outcomes.

Objectives. This systematic review aimed to synthesize and critically evaluate the current evidence on VR-

and gamification-based interventions designed to promote PA among children, with a focus on intervention
characteristics, theoretical mechanisms, effectiveness, and implementation considerations.

Methods. Peer-reviewed studies were retrieved from Scopus, ERIC, and the ACM Digital Library. Eligible studies
included intervention research involving children and adolescents aged 5-18 years that applied VR, exergaming,

or gamified digital interventions to promote PA or related health outcomes. Data were extracted and synthesized
according to intervention typology, theoretical underpinnings, outcomes, and implementation features.

Results. The review included 11 intervention studies published between 2021 and 2025. Overall, VR- and
gamification-based interventions demonstrated positive effects on PA engagement, motor outcomes, and selected
psychosocial indicators. Effective designs commonly integrated goal setting, feedback, social comparison, and reward
mechanisms, often aligned with Self-Determination Theory and Social Cognitive Theory. Key implementation
barriers included cost, accessibility, and staffing requirements, while facilitators involved remote delivery models,
stakeholder engagement, and the use of consumer-level hardware.

Conclusions. VR and gamification hold significant potential for promoting children’s PA when interventions are
theoretically grounded and well implemented. However, evidence for long-term effectiveness, sustainability, and equitable
access remains limited, underscoring the need for longitudinal research and scalable, inclusive intervention models.
Keywords: virtual reality, gamification, physical activity, children, immersive technology.

Introduction

Over the past decade, there has been a notable global
increase in physical inactivity and sedentary lifestyles among
children, driven by interacting technological, environmental,
and lifestyle factors. Research indicates that sedentary
behavior has risen substantially, with children spending a
large proportion of their waking hours inactive, a pattern
associated with increasing obesity prevalence (Al-Hazzaa &
Albawardi, 2021; Godoy-Cumillaf et al., 2023; Mohieldein et
al., 2023). Contributing factors include urbanization, dietary
transitions, and increased recreational screen time (Li et al.,
2022; Mohieldein et al., 2023).
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The COVID-19 pandemic further exacerbated these
trends, as lockdowns and school closures led to substantial
reductions in physical activity opportunities and increased
screen exposure among children (Palermi et al., 2022; Park
& Lim, 2022). Consequently, engagement in moderate-
to-vigorous physical activity (MVPA) declined across
populations (Chaves et al., 2022; Fillon et al., 2021).
These disruptions have produced lasting implications for
childhood health, reinforcing the need for innovative,
adaptable strategies to promote active lifestyles in digitally
mediated contexts (Chaves et al., 2022; Lee et al., 2025).

Virtual reality (VR) and gamification have emerged as
promising digital strategies for promoting physical activity
among children and adolescents. These approaches leverage
immersive environments and game-based design elements
to enhance motivation and engagement, potentially
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counteracting sedentary behaviors. Evidence suggests that
gamification can increase PA participation, particularly
when interventions incorporate clear goals and immediate
feedback (Gkintoni et al., 2024; Xu et al., 2022; Yoluut et al.,
2024). Similarly, VR applications transform exercise into
interactive experiences that may enhance enjoyment and
short-term adherence (Xu et al., 2022).

Common VR and gamified approaches include exer-
games, augmented-reality applications, and immersive VR fit-
ness platforms that integrate physical movement with game-
play (Gkintoni et al., 2024). Many interventions incorporate
social features such as challenges, leaderboards, and coopera-
tive tasks, which may further enhance engagement through
social comparison and interaction (Xu et al., 2022). In addi-
tion to PA outcomes, these systems have been associated with
psychosocial benefits, including enjoyment and perceived
social connectedness (Gkintoni et al., 2024; Xu et al., 2022).

Compared with traditional school- or community-based
programs, VR and gamified interventions show greater po-
tential to enhance engagement and enjoyment, factors closely
linked to PA participation among children. Immersive VR
exergames can generate enthusiasm for movement by embed-
ding PA within interactive experiences, whereas traditional
programs may lack similar motivational affordances (Godfrey
et al,, 2025). Gamification elements such as competition, re-
wards, and progression systems further support involvement
and short-term adherence to PA routine (Yau et al., 2022).

However, evidence regarding the long-term effectiveness
of VR and gamified interventions remains limited. Most
studies emphasize short-term outcomes and immediate
engagement, leaving uncertainty about sustained behavior
change and habit formation over longer periods. Moreover,
few studies have examined the integration of these
technologies into routine educational or community-based
PA settings (Gkintoni et al., 2024; Vandoni et al., 2021). These
gaps highlight the need for systematic synthesis of recent
intervention evidence to inform future research and practice.

Materials and Methods

Search Strategy and Information Sources

Several academic databases and digital repositories
were systematically searched to identify intervention
studies examining virtual reality (VR) and gamification
for promoting physical activity (PA) among children.
The databases searched included Scopus, which provides
multidisciplinary coverage across health, education, and
technology research (Carcelén-Fraile et al., 2025; Mazéas et
al., 2022; Papale et al., 2025).

To maximize retrieval accuracy, structured Boolean
search strategies were applied using combinations of
controlled vocabulary and free-text terms, including
“virtual reality, “VR,” “gamification,” “physical activity;’
“exercise,” “children,” “adolescents,” and “intervention” A
representative search string was: (“virtual reality” OR “VR”)
AND gamification AND (“physical activity” OR exercise)
AND (“children” OR adolescents).

Database-specific adaptations of the search string
were applied to account for indexing differences and
disciplinary focus (Mazéas et al., 2022; Zhu et al., 2025).
Searches were limited to peer-reviewed articles published in
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English between January 2021 and March 2025. To enhance
completeness, manual reference list screening and forward
citation tracking were conducted for all included studies.

Eligibility Criteria

Eligibility criteria were defined a priori using a PICOS
framework. Included studies were intervention studies
involving children and adolescents aged 5-18 vyears,
including both typically developing participants and those
with conditions such as obesity, ADHD, or developmental
disabilities. Eligible interventions involved VR, exergaming,
or gamified digital technologies explicitly designed to
promote physical activity or PA-related health outcomes.
Exclusion criteria included adult-only samples, non-digital
or non-interactive interventions, observational designs
without an intervention component, and outcomes unrelated
to physical activity. Studies involving participants with
severe mobility impairments or acute medical conditions
contraindicating physical activity were excluded for safety
and methodological consistency (Spring et al., 2025).

Study Selection and Data Extraction

All retrieved records were imported into a reference
management software and duplicates were removed prior
to screening. Two reviewers independently screened titles
and abstracts, followed by full-text assessment of potentially
eligible studies. Discrepancies were resolved through
discussion and consensus. Data extraction was conducted
using a standardized extraction form, capturing publication
characteristics, study design, participant demographics,
intervention features, theoretical frameworks, outcome
measures, and key findings. Reference lists of included
studies were manually cross-checked to ensure completeness.

[ ]

Identification of studies via databases and registers

Records removed before
screening:
Duplicate records removed (n
Records marked as ineligible
by automation tools (n = 0)
Records removed for other
reasons (n = 0)

Records identifed from Scopus
(n = 177) Using Boolean Search
TITLE-ABS-KEY (Virtual reaity” OR "VR" OR
exergam" OR "acti ™ OR "serious

R pediat pa
OR adolescen* OR youth)

A 4

[ Identification ]

)

Records excluded**
(n=0)

Records screened

(n=177)
|

Reports sought for retrieval
(n=177)

Reports not retrieved
(n=

v

Reports assessed for eligibility
(n=177)

Reports excluded:
Older than 2021 (n =95)

Repots Included (Limit to):
Document type (n= 35)
Languange English (n= 34)
Specific keyword: Physical
Activity, Virtual Reality and Motor

v

after manual screening (n=8)

J
Skill 20,
E Studies included in review ills (n=20)
3 (n=12)
T:’ :‘ef :rg of included studies Repots excluded: Out of scope
—J

Fig. 1. PRISMA Flow Diagram illustrates the literature selection
process, showing identification, screening, eligibility assessment,
and inclusion stages, following PRISMA guidelines
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Quality Assessment and Data Synthesis

Methodological quality was assessed in line with
PRISMA recommendations and study design. Randomized
controlled trials were evaluated using the Cochrane Risk
of Bias 2 (RoB-2) tool, while non-randomized intervention
studies were assessed using ROBINS-I to examine bias
due to confounding, participant selection, and outcome
measurement (Eng et al., 2023; Sudrez-Villadat et al., 2023).
Mixed-methods and qualitative components were appraised
using Joanna Briggs Institute (JBI) Critical Appraisal
Tools (Yau et al., 2022). Quality assessments were used to
contextualize findings rather than exclude studies. Given
heterogeneity in interventions and outcomes, a narrative
synthesis approach was employed, with results organized
thematically by intervention type, theoretical mechanisms,
and outcome domains.

Theoretical Background

Theories of Physical Activity Behaviour
and Motivation in Children

Behavioral and motivational theories, particularly Self-
Determination Theory (SDT) and Social Cognitive Theory
(SCT), provide essential frameworks for understanding chil-
dren’s engagement in gamified physical activity. According
to SDT, intrinsic motivation—driven by the fulfillment of
autonomy, competence, and relatedness—is fundamental for
sustained participation in physical activity (Tersa-Miralles
et al,, 2025). Within gamification contexts, design elements
that allow choice (autonomy), offer skill-based challenges
(competence), and encourage social interaction (related-
ness) foster enjoyment and enhance long-term adherence to
physical activities (Xu et al., 2022). Similarly, SCT highlights
the role of observational learning, reinforcement, and social
influence, which are central in gamified and digital environ-
ments where children learn by observing peers and emulat-
ing successful behaviors (Ciazynska & Maciaszek, 2023).

The constructs of enjoyment, autonomy, competence,
and relatedness are pivotal in shaping children’s sustained
participation in digital and VR-based interventions.
Enjoyment enhances motivation and engagement, helping
children associate physical activity with positive emotions
(Tobaiqi et al.,, 2023). Autonomy supports voluntary
participation, leading to greater intrinsic motivation (Chen
et al., 2024). Competence, achieved through mastering
progressive challenges, fosters achievement and persistence
(Elaheebocus & Grant, 2023). Relatedness, nurtured through
interaction with peers, strengthens social bonds and further
reinforces ongoing commitment (Chen et al., 2024; Xu et
al., 2022). Together, these constructs create a motivational
environment that sustains participation and promotes
healthier activity patterns among children.

Gamification and Behaviour Change Frameworks

Gamification elements such as rewards, feedback, chal-
lenges, and avatars can be systematically mapped onto estab-
lished Behaviour Change Techniques (BCTs) to effectively
promote physical activity. For instance, rewards correspond
to the BCT of incentivization, motivating desired behav-
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iors through tangible or virtual rewards (Wang et al., 2025).
Feedback mechanisms align with the BCT of self-monitor-
ing and feedback on performance, allowing participants
to track progress and adjust their efforts (Chukwu, 2024).
Challenges reflect the BCT of goal setting, encouraging us-
ers to meet specific milestones and build competence (Ferraz
et al., 2024). Avatars personalize the user experience and
promote a sense of identity and connection, resonating with
BCTs involving social support and modeling (Chan, 2024).

Evidence demonstrates that gamification-based
interventions significantly enhance children’s motivation
and self-efficacy compared to non-gamified approaches.
Meta-analytic findings reveal substantial improvements
in moderate-to-vigorous physical activity (MVPA) among
children and adolescents participating in gamified programs
(SMD = 0.39) (Wang et al., 2025). Moreover, gamification
fosters intrinsic motivation by fulfilling psychological needs
related to autonomy, competence, and relatedness (Ermina,
2024). Studies consistently show that children engaged in
gamified activities report higher enjoyment and are more
likely to maintain activity levels over time than those exposed
to traditional interventions (Ferraz et al., 2024).

Virtual Reality, Exergaming, and
Immersive Media Perspectives

The influence of immersion, presence, and embodied
interaction in VR and exergaming on children’s physical and
cognitive engagement is grounded in established theoretical
models, particularly Flow Theory and Presence Theory. Flow
Theory posits that deep immersion produces an optimal
state of enjoyment and concentration, leading to improved
physical engagement and persistence (Li et al., 2021).
When children experience flow within VR environments,
they often lose track of time and derive satisfaction from
accomplishing virtual challenges, thereby reinforcing
physical participation. Presence Theory, on the other hand,
emphasizes the psychological sensation of “being there”
within a virtual space, which can enhance motivation and
perceived realism of the experience (Kaimara et al., 2021).

Prolonged engagement in VR and exergaming yields
both benefits and risks. Benefits include increased physical
activity through engaging gameplay, improved coordination,
and psychological outcomes such as reduced anxiety and
enhanced mood (Lin & Chang, 2025). However, potential
risks include cybersickness, manifested as dizziness, nausea,
and discomfort (Cardullo & Wang, 2021; Kim et al., 2021).
Overstimulation from intense visual or auditory stimuli may
cause headaches or fatigue, while accessibility barriers—
such as financial constraints or physical limitations—can
restrict participation (Pelizzo et al., 2022). Balancing these
aspects is crucial to ensuring the effective, safe, and equitable
implementation of VR and exergaming technologies for
promoting physical activity among children.

Results

1. Typologies and Design Characteristics of VR
and Gamified Physical Activity Interventions

Virtual reality (VR) and gamified interventions designed
to promote physical activity in children exhibited substan-
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Fig. 2. Conceptual Model linking VR immersion, gamification
elements, behavioural mechanisms, and physical activity
outcomes in children

tial heterogeneity across technology type, implementation
context, target population, and intended outcomes. Across
the included studies, intervention platforms ranged from
immersive VR and augmented reality (AR) systems to non-
immersive exergames, mobile applications, wearable-inte-
grated feedback tools, and motion-capture consoles. These
interventions were applied across diverse pediatric popu-
lations, including typically developing children as well as
those with obesity, neurodevelopmental conditions, physical
disabilities, and mental health comorbidities, highlighting
the broad applicability of VR and gamified approaches.

Several studies illustrate recurring design patterns
across otherwise distinct technological platforms. For ex-
ample, Bowling et al. (2025) combined non-immersive
exergaming, wearable activity tracking, and remote coach-
ing over a 12-week period, demonstrating the feasibility of
hybrid, home-based interventions. In contrast, Zhu et al.
(2025) focused on technological innovation, using AR and
TENG-based wearables to enable adaptive difficulty and
real-time feedback, although intervention duration and
behavioral outcomes were not the primary focus. Figure 3
synthesizes these interventions by grouping platforms ac-
cording to level of immersion, delivery setting, and session
structure, illustrating commonalities in design despite tech-
nological variation.

Intervention dose, supervision level, and delivery
setting varied markedly across studies, reflecting differing
program objectives. Brief, single-session interventions—
such as the 10-minute immersive VR exposure used by
Fowler et al. (2024) primarily targeted short-term cognitive
or motivational outcomes, whereas multi-session, therapist-
led programs (e.g., Lee & Jin, 2024) emphasized motor skill
development and sustained engagement. School-based
(Flores et al., 2024), and home-based telerehabilitation
models (Kose et al., 2023) further illustrate how contextual
constraints shape session length, supervision, and
intervention intensity.
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Fig. 3. Typology of VR/Gamified Interventions

Across clinical and community-based contexts, VR
and gamified interventions were applied to address motor
rehabilitation, behavior change, and PA promotion, with
program duration ranging from single-session exposures to
multi-month therapeutic protocols. Clinical rehabilitation
studies (e.g., Menekseoglu et al., 2023; Khaledi et al,
2022) generally employed structured, repetitive tasks with
clinical supervision, whereas community- and school-
based programs emphasized engagement, enjoyment,
and accessibility (Reis et al., 2022; Gonzélez-Gonzalez et
al.,, 2021). Collectively, these findings demonstrate high
contextual flexibility, with interventions implemented across
home, school, laboratory, clinic, and community settings.

The technological diversity summarized in Table
1 highlights a convergent set of design principles despite
heterogeneous platforms. Across studies, common game
mechanics—including goal progression, real-time feedback,
adaptive difficulty, and reward systems—consistently
map onto competence-building, enjoyment, and social
reinforcement mechanisms described in Self-Determination
Theory and Social Cognitive Theory, suggesting theoretical
coherence in intervention design.

Overall, the interventions summarized in Table 1
demonstrate how diverse technologies are unified by
shared behavioral design strategies. Alignment with SDT
and SCT is evident across platforms, with autonomy-
supportive choices, competence-enhancing feedback, social
reinforcement, and observational learning consistently
embedded in intervention structures, reinforcing their
relevance for promoting physical activity among children.

2. Mechanisms of Engagement, Motivation,
and Behaviour Change

Findings across studies in Table 2 indicate that VR and
gamified physical activity (PA) interventions for children
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Table 1. Typology of VR and Gamified Interventions for Children’s Physical Activity

. Key VR/ .
Study (Year) Pop ujl&atlon S T 37 Primary Goal Gami};ication Setting OLEEHTY PA
ge Type F Frequency Measurement
eatures

Bowling etal. Youth with mHealth app Increase PA &  Progressive Home/ 12 weeks;  Actigraphy/

(2025) heterogeneous/ + Exergaming  sleep; improve exergaming plan; ~ Community app-guided; Fitbit steps; self-
comorbid + Fitbit (non-  psychosocial ~ gamified step goals; with remote coaching report PA
mental health  immersive outcomes coaching; feedback coaching sessions
disorders, AVGs)
13-17y

Zhu et al. Adolescents AR + Wearable Monitor Adaptive difficulty; Lab/ Not stated ~ Sensor-

(2025) (not explicitly ~ TENG sensors; & enhance performance-based Prototype  (system derived steps,
specified; AR cloud analytics  exercise rewards; narrative  context description) gait, calorie
fitness context) participation AR missions algorithms

Fowler etal.  Children with  Immersive VR Promote Psychoeducation Laboratory  Single Self-reported

(2024) BMI >85th experience healthy lifestyle + game narrative; 10min active days
percentile; 6-12 (HMD) + behaviors (incl. high immersion; session (2wk follow-up)
y; caregiver interactive go-  PA cognitions/ instant feedback (pilot RCT)
dyads kart game behavior)

Lee & Jin Children with  Combined VR + Improve PA Structured Clinic/Gym 12 weeks; GENEA

(2024) developmental gym-based PA  levels, motor & sessions; therapist 60 min x 2/ monitor (PA),
disability social skills supervision; VR week standardized

tasks integrated motor/social
with gym scales

Flores et al. School VR exergame vs. Compare Motion-based VR School Single/short Reaction time

(2024) adolescents tennis training  reaction time  gameplay; brief sessions: 8 tests (pre/post)
(~15.6y) vs. control effects sessions min (VR)

vs 30 min
(tennis)
Kose et al. Children with  Therapist- Improve motor Structured tasks; Home (tele) Program BOT-2 subtests
(2023) ADHD Guided skills therapist guidance; duration (motor
Game-Based home-based not proficiency)
Intervention accessible games specified;
(telerehab; VR/ multi-
game-based) session

Menekseoglu  Children with ~ VR-mediated Improve upper Supervised VR Clinic Baseline; Functional

etal. (2023) hemiplegic gamified upper- limb function  tasks; gamified +1and +3  tests (AHA,
cerebral palsy  limb rehab & QoL feedback; graded months ABILHAND-

challenges assessments Kids, QUEST);
(program ~ ROM measures
length NR)

Hocking etal. Youth with Custom VR Feasibility; Game-based motor Lab/Clinic 6 sessions x Motion-capture

(2022) autism game + low-cost improve gross  tasks; whole-body 20 min over movement
spectrum motion capture motor skills tracking; metrics 2 weeks metrics;
disorder; 10-17 of efficiency/ standardized
y synchrony/ motor tests

symmetry

Reis et al. Adolescents mHealth (web ~ Promote Points, challenges; ~ School/ Program Platform usage;

(2022) in obesity + mobile) with  healthy user-centered Community roll-out; behavior logs
prevention gamification behaviors; design; engagement retention (PA outcomes
program prevent obesity features tracked variably

reported)

Khaledi et al.  Children Virtual-assisted Improve motor Structured game Clinic/ 8 weeks; 3 x Lincoln-

(2022) with spastic Montessori- proficiency &  sessions; repeated  Home 45min/week Oseretsky
hemiplegia based games self-control practice; reward/ Motor Scale;
(~6.4y) feedback self-control

scale

Gonzalez- Children with  Kinect-based Behavior Motion-sensing Outpatient ~ Program- Satisfaction

Gonzalez et obesity in active games change toward games; group clinic based surveys;

al. (2021) outpatient care  + biometric active lifestyle  play; feedback; (duration behavior change

sensors enjoyment-focused NR) indicators (PA

design

self-report)
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are predominantly grounded in Self-Determination Theory
(SDT) and Social Cognitive Theory (SCT) and systematically
incorporate multiple Behaviour Change Techniques
(BCTs). Across interventions, core mechanisms—including
autonomy, competence, relatedness, observational learning,
attentional engagement, and self-regulation—were
repeatedly operationalized, demonstrating conceptual
consistency in how motivation and behaviour change were
targeted (Chen et al., 2024; Ciazynska & Maciaszek, 2023;
Elaheebocus & Grant, 2023; Tersa-Miralles et al., 2025; Xu
et al., 2022).

A dominant cross-study pattern was the emphasis
on competence-building through progressive challenge
and feedback. Interventions such as Bowling et al. (2025)
combined graded exergame progression, goal setting, self-
monitoring, and social support, reinforcing self-eflicacy
and habit formation in line with SDT and SCT. Similarly,
Zhu et al. (2025) employed adaptive difficulty, performance-
based rewards, and real-time feedback to promote flow,
competence, and social comparison. Figure 4 synthesizes
these pathways, illustrating how VR immersion and
gamified features activate psychological mechanisms that
are translated into behaviour change via BCTs, ultimately
enhancing enjoyment, self-efficacy, and PA intentions.

VR/Gamification Psychological Behaviour Change
Features Mechanisms Techniques (BCTs)
[Adaptive difficulty Autonomy }——)[ Goal setting ]

[ Immersive VR
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I
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focus
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Daily goals and
feedback

=23

. Intermediate states
~  Self-efficacy
Enjoyment

Observational g altentons

learning

Physiological
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Fig. 4. Mechanisms of Engagement & Behaviour Change

Enjoyment and immersion emerged as salient
motivational drivers, particularly in immersive VR
interventions. For instance, Fowler et al. (2024),
demonstrated that a brief, highly immersive VR exposure
enhanced short-term PA intentions, consistent with Flow
Theory predictions. Across therapist-guided programs (Lee
& Jin, 2024; Kose et al., 2023) , structured repetition, guided
feedback, and social support were emphasized, creating
competence- and relatedness-supportive environments that
align closely with SDT principles.

In clinical and rehabilitation-focused interventions,
behavioural change mechanisms were primarily driven by
high repetition, graded task difficulty, and real-time feedback.
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For example, Menekseoglu et al. (2023) strengthened
competence and self-efficacy through repetitive, feedback-
rich VR tasks, while Hocking et al. (2022) emphasized
behavioural rehearsal and attentional engagement via whole-
body tracking. Across community and mHealth platforms
(Reis et al., 2022; Gonzélez-Gonzalez et al., 2021), habit
formation, social comparison, and social support emerged
as central mechanisms, whereas Montessori-based VR
intervention (Khaledi et al., 2022) emphasized autonomy
and self-regulation through structured repetition.

Across studies, interventions incorporated between four
and ten BCTs, with competence-enhancing techniques (e.g.,
feedback, graded tasks, rewards) present in all 11 studies
and social mechanisms (e.g., coaching, peer interaction,
group play) present in the majority. The quality of theory
integration varied, ranging from explicit, theory-driven
designs (Bowling et al., 2025; Lee & Jin, 2024; Menekseoglu
et al,, 2023) to more implicit or minimally articulated
applications (Flores et al., 2024). Overall, these patterns
indicate that interventions with stronger theoretical
grounding and broader BCT integration tended to
demonstrate more consistent engagement and behavioural
outcomes, reinforcing the central role of SDT- and SCT-
aligned mechanisms in digital PA interventions for children.

Overall, the evidence indicates that theoretical coherence
and multi-component BCT integration are key determinants
of engagement and behavioural effectiveness, reinforcing
the importance of explicit theory-driven design in VR and
gamified PA interventions for children.

3. Effects on Physical Activity and Health-Related Outcomes

Across the studies summarized in Table 3, VR and
gamified interventions demonstrated overall positive but
heterogeneous effects on physical activity (PA), motor
proficiency, and selected health-related outcomes. These
effects were most consistently observed in domains directly
targeted by intervention design, such as engagement, motor
performance, and short-term PA indicators, and align with
SDT- and SCT-based mechanisms including enjoyment,
competence, and self-efficacy (Chen et al., 2024; Tersa-
Miralles et al., 2025; Tobaiqi et al., 2023). Intervention
duration varied widely, from single-session exposures to
multi-week programs, and outcome measurement relied
on both objective (e.g., accelerometry, actigraphy) and
subjective or clinical tools, contributing to variability in
reported effects.

Evidence for objective PA change was strongest in
Bowling et al. (2025), where adolescents receiving the
GamerFit intervention demonstrated directional increases
in daily step counts and improvements in sleep regularity
based on actigraphy data. Although effect sizes were not
reported, the use of objective monitoring strengthens
confidence in observed trends. By contrast, (Zhu et al., 2025)
focused on technological feasibility and sensor validation,
rather than behavioral efficacy, underscoring that not all
included studies were designed to detect PA change.

Several studies reported short-term motivational or
cognitive effects rather than sustained PA change. Fowler
et al. (2024) observed increases in PA intentions and self-
reported active days following a brief immersive VR session,
supporting Flow Theory-based explanations of immersion-
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Table 2. Mapping of Gamification/VR Features to Behavioural Mechanisms and Behaviour Change Techniques (BCTs)

. . Intermediate
Study / Theoretical Ke.y VR./ Targeted mechanisms BCTs (Michie outcomes Mediation/ Theory integration
. Gamification taxonomy q c
framing (examples) reported moderation quality
elements examples)
/targeted
Bowling et al. 2025) App-based quests; ~ Competence Goal setting Enjoyment, Possible High - explicit
progressive (achievable goals),  (behaviour); engagement moderation  features linked
GamerFit RCT exergame plan; step  self-efficacy (coach ~ feedback on (app usage), by baseline  to coaching and
(2025) / SCT + goals with Fitbit; support), autonomy  behaviour; daily steps, activityand  tracking
SDT-informed badges/points; (choice of games),  self-monitoring sleep regularity mental-
coaching remote coach relatedness (coach (Fitbit); health
feedback contact); habit graded tasks; comorbidity;
formation via daily  social support adherence
prompts (practical); mediates PA
prompts/cues; change
action planning
Zhu et al. (2025) AR missions; Flow/immersion; Graded tasks;  Engagement ~ Moderation = Moderate —
adaptive difficulty competence via rewards; social metrics, by fitness mechanisms
AR+ from sensor data; adaptive challenge;  comparison; adherence level implied via
TENGwearables /  performance social comparison;  feedback on probability, (tolerance to  adaptivity/
Tech acceptance &  rewards; attentional performance;  step counts intensity); competition
flow concepts leaderboards distraction reducing gamified (sensor- novelty
perceived exertion  challenges derived) effects
Fowler et al. (2024) HMD immersive Presence/ Information Enjoyment, Mediation by Moderate - theory
race; narrative; immersion; about health intentions; enjoyment/ implicit in design
Immersive VR instant performance affective valuation; ~ consequences;  selfreported intentions
gokart pilot RCT /  feedback; short distraction from feedback on active days hypothesised
Psychoeducation + bouts exertion; autonomy  performance;  (2week)
presence through playful experiential
choice learning;
behavioural
practice
Lee & Jin (2024) Therapistguided VR Competence Graded tasks;  Motor skill Moderation  High - structured
tasks; structured via progressive instruction gains; PA by disability  alignment to
VR + gym-based  progression; difficulty; on how to bouts during  severity; motor/SDT
PA / Motor cooperative play relatedness perform; sessions; social therapist
learning + SDT (therapist/peer); social support; interaction fidelity
motor learning behavioural
(repetition) practice/
rehearsal
Flores et al. (2024)  Short VR play with  Attentional focus; Feedback on Reaction time Moderation = Low-Moderate
rapid feedback; arousal; immediate  performance;  improvement; by prior - minimal
VR exergame vs competitive competence signals  reward; perceived gaming theoretical
tennis / Attention  challenge behavioural exertion experience articulation
& arousal practice
Kose et al. (2023) Home tasks; Executive function  Instruction; Motor Moderation ~ Moderate-High —
therapist (inhibition, graded tasks;  proficiency by baseline  therapistanchored
ADHD telerehab teleguidance; points/ sequencing); feedback; subtests; EF; framework
game based / EF &  progression competence; social support  adherence logs mediation
motor control parental support (therapist/ by task
parent) completion
Menekseoglu et al.  Gamified functional Competence; Feedback on Upperlimb Mediation by High - explicit
(2023) tasks; realtime selfefficacy; motor ~ performance;  function repetitions rehab principles
kinematic feedback; learning via graded tasks;  tests; range of achieved;
CP upperlimb VR / levels highrepetition problem motion moderation
Rehab theory solving; by age
behavioural
practice
Hocking et al. Wholebody Sensorimotor Behavioural Movement Moderation ~ Moderate -
(2022) tracking; playful engagement; practice; efficiency/ by sensory ~ mechanisms
motor quests; visual/ competence; feedback on symmetry; sensitivity discussed, limited
ASD custom auditory feedback  attentional focus; behaviour; feasibility/ formal theory
VR / Embodied reduction of anxiety shaping; acceptability
interaction via predictable prompts/cues

environment
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Table 2 (continued)

. .. Intermediate
Study / Theoretical Ke}r VR./ Targeted mechanisms BCTs (Michie outcomes Mediation/ Theory integration
framin; CariiEn o (examples) taxonomy reported moderation uali
g € ples epo: (] o quality
elements examples)
/targeted
Reis et al. (2022) Points, challenges, Habit formation; Selfmonitoring; Platform Mediation by Moderate -
progress social motivation; prompts/ engagement,  engagement explicit BCTs in
mHealth gamified  dashboards; autonomy via selfset  cues; social challenge metrics platform design
platform / reminders; peer goals comparison; completion;
Engagement & features reward; goal PA logs
habit models setting (varied)
Khaledi et al. Structured, childled Autonomy; Graded tasks;  Motor Moderation = Moderate —
(2022) tasks; repetition; competence; feedback; proficiency; by baseline  pedagogical
Virtualassisted immediate attentional control;  reinforcement; selfcontrol selfregulation theory mapped to
Montessori games  reinforcement selfregulation behavioural BCTs
/ Montessori + practice
reinforcement
Gonzalez-Gonzalez Group play; Social support; Social Satisfaction; Moderation ~ Moderate -
etal. (2021) motion challenges;  competence; comparison; PA behaviour by group practical SCT
biometric feedback; enjoyment; social support; change dynamics alignment
Kinect clinic cooperative/ relatedness feedback; indicators
program / SCT +  competitive modes rewards; goal
enjoyment focus setting
instruments and follow-up measurements, strengthening
Physical Activity Motor Outcomes confidence in these effects.

Outcomes
¢ Increased MVPA
* More daily activity
* Greater step counts

ImmersionR\

N
N

Competence

Psychosocial
Outcomes
* Greater enjoyment
* Enhanced motivation

g

» Motor proficiency

¢ Upper-limb function
e Coordination

¢ Movement efficiency

Feedback

Social
reinforcement

—~

Cognitive
Outcomes
« Faster reaction time
* Improved

« Improved self-efficacy attentional focus
* Emotional engagement
* Better self-control
Few studies included
follow-up data

Fig. 5. Outcome Pathways for PA and Health Effects

driven motivation (Kaimara et al., 2021; Li et al., 2021).
Likewise, Flores et al. (2024) reported improvements in
reaction time, with PA volume not assessed as a primary
outcome. Figure 5 synthesizes these findings, illustrating
how VR and gamified mechanisms may influence PA, motor,
psychosocial, and cognitive outcomes, even when direct PA
change is not consistently measured.

Motor outcomes showed the most consistent
improvements, particularly in clinical and rehabilitation-
focused interventions. Lee & Jin (2024) reported increases
in sessional PA and significant motor and social skill gains
following an intensive VR-integrated program. Similar
improvements were observed in children with ADHD (Kdose
et al,, 2023) and hemiplegic cerebral palsy (Menekseoglu et
al., 2023) with outcomes assessed using validated clinical
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Youth with autism spectrum disorder also demonstrated
motor-related benefits, with Hocking et al. (2022) reporting
improvements in movement efficiency and coordination
following short-term VR exposure. In contrast, community-
and school-based interventions (e.g., Reis et al., 2022)
yielded mixed PA outcomes, likely influenced by self-
reported measures, variable engagement, and limited
objective assessment.

Interventions targeting obesity showed favourable
but primarily indirect effects, with Khaledi et al. (2022)
reporting improvements in motor proficiency and self-
control, and Gonzélez-Gonzdlez et al. (2021) documenting
positive PA behaviour indicators and high satisfaction, albeit
with limited objective PA measurement.

Quantitatively, across included studies, objective PA
change was reported in fewer than half of interventions,
whereas motor outcomes assessed using validated clinical
measures were more consistently improved. Several studies
prioritized PA intentions or behavioural indicators rather
than direct activity measurement, and follow-up periods
were generally short, ranging from immediate post-tests to
a maximum of three months, limiting conclusions regarding
long-term maintenance.

Opverall, the evidence suggests that VR and gamified in-
terventions can positively influence PA-related behaviours,
motor development, and psychosocial outcomes, particu-
larly when interventions emphasize immersion, compe-
tence-building, and feedback mechanisms. However, robust
evidence for sustained PA change and long-term habit forma-
tion remains limited, reinforcing the need for longer follow-
up periods and standardized objective outcome measures.

Overall, these findings highlight the promise of VR
and gamification for improving PA, motor function, and
psychosocial outcomes, but they also reinforce the need for
long-term data and standardized objective measurement
practices.
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4. Implementation, Equity, Safety, and
Sustainability Considerations

The studies summarized in Table 4 provide important
insightsintoimplementationfeasibility,equityconsiderations,
safety requirements, and long-term sustainability of VR and
gamified physical activity (PA) interventions for children.
Consistent with earlier theoretical discussions on autonomy;,
competence, relatedness, and environmental facilitators,
intervention effectiveness was closely linked to real-world
logistical factors, including resource availability, staffing
intensity, cost, accessibility, and participant diversity (Chen
et al., 2024; Elaheebocus & Grant, 2023; Tersa-Miralles et al.,
2025; Xu et al., 2022).

Implementation contexts varied widely, spanning clinical
rehabilitation settings, home-based telerehabilitation,
schools, laboratories, and community programs,
demonstrating substantial contextual flexibility. However,
clinical settings predominated, with nearly half of studies
implemented in therapy or rehabilitation environments.
Resource demands differed markedly across intervention
types, ranging from high-cost immersive VR and motion-
capture systems to consumer-grade devices and mobile
platforms. Staffing intensity also varied, with therapist-led
models requiring substantial human resources, whereas app-
based or remote interventions reduced staffing demands.
Figure 6 synthesizes these patterns, illustrating how setting,
cost, staffing, and infrastructure interact to influence
equity and long-term sustainability of VR and gamified PA
interventions.

Cost .
Scalabbility Device izl Sustainability
pathways EIORESS AER risks
inequities . risks
Caregiver "
Remote burden Privacy
models concerns
Facilitators Facilitators
Stakeholder buy- %’P Stakeholder
in buy-in
Therap|st Therapist
guidance guidance
Culturally Culturally
tallored tallored
design design
Low-cost Low-cost
devices devices
Remote
delivery
LABORATORY an
Staff Low-cost
training devices
Remote Space Internet High
delivery equipment

Internet connectivity costs

Fig. 6. Implementation Ecosystem

Equity and safety considerations were prominent
determinants of implementation success. Barriers related to
digital access, device affordability, connectivity, and sensory
sensitivities were reported across multiple studies. Clinical
interventions targeting vulnerable populations required
supervised environments to manage physical safety and
sensory overload, while home-based programs depended
on caregiver and therapist involvement. Engagement
patterns varied, with social support and therapist guidance
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consistently associated with higher adherence, whereas
self-directed app-based interventions exhibited declining
engagement over time, highlighting the challenge of
sustaining motivation without ongoing support (Chen et al.,
2024; Tobaiqi et al., 2023).

Scalability was primarily constrained by cost,
infrastructure, and staffing demands. Remote and low-cost
interventions demonstrated greater scalability potential,
whereas equipment-intensive or therapist-led models
posed barriers to widespread implementation. Several
interventions remained at prototype or feasibility stages,
underscoring the need for cost reduction, system refinement,
and implementation trials before large-scale deployment.

Overall, these findings indicate that although VR and
gamified PA interventions are feasible across multiple
contexts, their sustainability and equitable reach depend on
deliberate attention to cost, accessibility, safety protocols,
and human-resource requirements. This underscores the
importance of implementation-focused and equity-oriented
research alongside efficacy evaluations.

Discussion

The findings synthesized from Tables 1-4 reveal
systematic and theoretically coherent patterns in how
virtual reality (VR) and gamified physical activity (PA)
interventions influence children’s engagement, motivation,
and health-related outcomes. Across populations and
settings, interventions consistently enhanced enjoyment,
competence, and self-efficacy, mechanisms central to both
Self-Determination Theory and Social Cognitive Theory
(Tersa-Miralles et al., 2025; Tobaiqi et al., 2023; Wang et
al,, 2025). his review extends prior evidence by integrating
effectiveness outcomes with behavioural mechanisms
and implementation characteristics, demonstrating that
immersive and gamified features—such as feedback, adaptive
challenge, rewards, and social interaction—are key drivers of
engagement and motor-related gains (Bowling et al., 2025;
Lee & Jin, 2024; Menekseoglu et al., 2023). However, effect
magnitude varied considerably, with intensive, theory-
driven, and supervised interventions producing more
consistent outcomes than brief or prototype-stage programs
(Flores et al., 2024; Zhu et al., 2025)

Methodological quality and theoretical alignment
emerged as central determinants of intervention
effectiveness. Studies employing robust designs, validated
outcome measures, and explicit theoretical frameworks
reported more consistent improvements in PA-related and
motor outcomes (Korkmaz & Coruh, 2025; Lin & Chang,
2025). In contrast, interventions with limited theoretical
articulation or weaker designs yielded mixed finding (Eng
et al., 2023; Gkintoni et al., 2024). Compared with earlier
reviews that focused primarily on engagement or feasibility,
this review highlights the importance of theoretical
fidelity and measurement rigor in explaining outcome
variability. Beyond efficacy, implementation constraints—
including cost, technological access, staffing demands, and
infrastructure requirements—substantially influenced real-
world feasibility (Table 4). These barriers are particularly
salient in low-resource settings, where high equipment costs
and limited digital access may exacerbate health inequities
(Gasteiger et al., 2022).
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Table 4 (continued)

Participant

inclusion
characteristics

Resource requirements

Adherence/ drop-

Reported barriers/

Reported

(hardware, software,
staffing, training, costs if

Implementation

Study/
Country

Scalability & sustainability notes

risks out/ engagement

facilitators

(age, condition,

setting

SES/region if

reported)

reported)

Children

Scalable as an adjunct to

Session completion

feasible; good

Need for caregiver

Child-led,

VR-assisted Montessori

Clinic/home

hybrid

Khaledi et al.
(2022)

conventional therapy; sustainability
depends on caregiver training and

access to suitable devices

repetitive tasks facilitation; risk of
can be continued  fatigue or frustration attendance across

with spastic
hemiplegia

games on consumer devices;

instructor/therapist at clinic;
parent facilitation at home

/ Country

NR

8 weeks; families
generally able
to maintain

in longer tasks

at home;

(~6.4y); require

caregiver

flexibility across

clinic and home

support; SES/
region NR

participation

Scalable to clinics and community
gyms with adequate space and

Attendance

Space requirements;

Group

Children with
obesity in

Kinect/active game system;
large display; biometric

Outpatient clinic

Gonzélez-

acceptable; high
satisfaction

equipment failures;
heterogeneous

enjoyment;

(group sessions)

Gonzalez /

staff training; sustainability relies
on equipment maintenance and
ongoing program funding

peer support;
immediate

outpatient care;
group-based

sensors; facilitator/instructor;

appropriate space

Country NR

reported; objective
PA measurement

limited

motivation levels

feedback from
sensors and

games

sessions; SES/
region NR
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Several facilitators were identified that enhance
acceptability, sustainability, and scalability, including
stakeholder engagement, culturally responsive design,
caregiver and staff training, and remote or hybrid
delivery models (Hamilton et al., 2024; Lowell et al,,
2023). Interventions using low-cost or consumer-grade
technologies demonstrated greater feasibility for long-
term adoption (Hocking et al., 2022; Reis et al., 2022).
Nonetheless, important research gaps remain. Most
studies assessed outcomes only in the short term, limiting
conclusions regarding sustained behaviour change and
habit formation (Kumwenda et al., 2024). Additionally,
limited demographic diversity and inconsistent reporting
of socioeconomic characteristics constrain generalizability
(Allen et al., 2022; Tully et al., 2021). Although multiple
Behaviour Change Techniques were commonly employed,
the relative contribution of specific gamification elements
to long-term adherence remains unclear, highlighting the
need for comparative, mechanism-focused, and longitudinal
research.

Conclusions

This systematic review demonstrates that virtual reality
(VR) and gamification represent promising, theory-aligned
approaches for promoting physical activity (PA) among
children across diverse settings and populations. Synthesized
evidence indicates that these interventions can enhance
engagement, motivation, motor outcomes, and selected
psychosocial indicators, particularly when designs explicitly
support autonomy, competence, and social interaction.
However, evidence for sustained PA behaviour change
remains limited, and effectiveness is strongly influenced
by methodological rigor, theoretical grounding, and
implementation context. Persistent challenges—including
cost, digital inequities, staffing demands, and limited long-
term evaluation—constrain scalability and equitable reach.
Addressing these gaps will require longitudinal, theory-
driven trials; standardized objective PA measures; and
inclusive implementation strategies. With these advances,
VR and gamification have the potential to become scalable
and equitable tools for supporting active lifestyles and child
health worldwide.
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BipTyanbHa peanbHicTb i reimidikauia gna cnpnaHHA
$i3nyHiIN aKTUBHOCTI AiTen: cuctemaTnyHNN
ornap cydacHUX TeHAEeHLin Ta iHHoBaLin

Tinanr Pamagan'A5CPE, Cymap’auti'A5<P, Cirit Hyrpoxo!ABCP

' lep>xaBHmit yHiBepcutet JHKOK sikapTa, IH0He3is
ABTOpCHKNMIT BKIAM: A — fU3aiiH ZOCTmKeHHs; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pedepar. Crarrst: 17 c., 4 Tabu., 6 puc., 56 mxeper.

O6I‘py}ITYBaHH}I. PisyyHa HeaKTUBHICTb cepef fliTell y BCbOMY CBITi 3pOCTag, 1110 3yMOBJIEHO CUJAYOI0 MOBENiHKOIO Ta CII0-
cobaMm SKUTTA, OIIOCepeIKOBaHNMY IMGpPOBUMY TexHonmoriamy. HoBi jocmimpkeHHa cBifuath, o BipTyanbHa peanbHicTh (VR)
i reiimicikariis MOXyTb cyryBaTu epeKTUBHUMM LU(PPOBYMY iHTEPBEHIIAMY LA CIpUsAHHA (isnuHiit akTusHoCcTi (PA) Ta 10-
KpalljeHHsI TIOKa3HNUKIB 3J0POB’sI iTeil.

Mera. MeTo0 [[bOr0 CHCTEMATIYHOTO OIVIIAY OY/IO y3arabHUTHU Ta KPUTUMYHO OLIHUTH CY9acHi TOKa3M IOfj0 iHTepPBEeHIIii
Ha ocHOBi VR i reiimidikariii, cipsMoBaHMX Ha IiBUIeHHA piBHA Pi3N4HOI aKTUBHOCTI cepef AiiTeil, i3 pOKycoM Ha XapaKTepuc-
THKV iHTepBEHIIiil, TEOPETNYHI MeXaHi3MM, e(i)eKTI/[BHiCTb Ta 0cOOMMBOCTI BIIPOBAJ>KEHHA.

Meropu. PeniensoBaHi focrimpkenHa 6yno Bigibpano 3 6a3 manux Scopus, ERIC ra ACM Digital Library. [To anasnisy Bxto-
Ya/IM iHTepBEHIIHI JOCI/KEHHA 3a YJacTIO IiTel i MiI/TKiB BikoM 5-18 pokKiB, y AKux 3actocoByBamm VR, excepreiiMinr a6o
refimidikoBaHi 11poBi iHTepBeHIil A1 cipuAHHA (iSUYHIN aKTUBHOCTI YU MOB’A3aHUM i3 HEl0 MMOKa3HUKaM 3[0poB’s. aui
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0yJ/10 eKCTparoBaHO Ta CUHTE30BaHO BINIIOBIAHO [{O TUIIOJIOTII iHTepBEHIIill, TEOPETUYHMX 3acall, Pe3y/IbTaTiB Ta 0COONMMBOCTEI
BIIPOBaJI)KEHHA.

Pesynprarm. [lo ormany 6y710 BK/II0OYEHO 11 iHTepBEHLITHUX JOCTi/IKEHD, 0Hy6niKOBaHMX y nepiog 3 2021 mo 2025 pik. 3ara-
7oM iHTepBeHLii Ha 0ocHOBI VR Ta reiiMidikarii mpogeMOHCTpyBaIn MO3UTUBHMI BIUIMB Ha 3a/Iy4eHHA 40 (Pi3N4HOI aKTMBHOCTI,
MOTOPHI pe3y/bTaTi Ta OKpeMi ICHMXOcolianbHi mokasHukn. EdekTuBHi AusaiiHy 3a3BUYail iHTErpyBaIM MIOCTAHOBKY LiijIei,
3BOPOTHMUIT 3B’30K, COLlia/IbHe MOPIBHAHHSA Ta MEXaHi3MM BMHATOPOJY, YaCTO Y3TOMXKEHi 3 Teopi€lo caMopeTepMiHaIil Ta co-
1ia/IbHO-KOTHITHBHOIO Teopieto. KiouoBuMu 6ap’epaMu BIpOBapKeHHs Oyl BapTiCTh, JOCTYIHICTD i KafpoBi BUMOIHM, TOAI
AK YMHHUKAMU-COPUATENAMY BUCTYIIA/IM MOJE/ IUCTaHLINHOL peaisalii, 3a/1y4eHHs 3alliKaBlI€eHUX CTODIH i BUKOPUCTAHHA
araparHoro 3abe3eveHHs CIIOKUBYOTO PiBHA.

Bucnosku. VR i reitmicikariis MarOTh SHAYHWIT TOTEHIA AJIs1 CIIPUSHH (isUYHIN aKTMBHOCTI AiTell 32 YMOBU TEOPETUIHO
06IpYHTOBAHOI Ta AKiCHOI peasisalii iHTepBeH1ill. BogHOYac ;0Ka3M 1I0JO HOBIOCTPOKOBOI e(peKTUBHOCTI, CTa/IOCTi Ta PiBHOTO
NOCTYIY 3a/IMIIAI0THCA 0OMEXXEHNMI, 1[0 MiIKPEeCToe HOTpe6y B JIOHTITIOFHUX NOC/IiPKEHHAX i MacIITab0BaHNX, IHKIIO3MBHUX
MOJIe/IAX IHTepBeHIIill.

KirouoBi coBa: BipryasnbHa peanbHIiCTb, refimidikariis, ¢isndHa akTUBHICTD, JiTH, iMepCHBHI TEXHOIOTII.
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Abstract

Background. Exercise-based interventions are increasingly incorporated into archery training to enhance
performance and reduce injury risk. However, the extent to which these interventions directly contribute to injury
management and performance improvement remains unclear.

Objectives. This systematic review aimed to examine the effects of exercise interventions on injury management
and performance improvement in archers. The review synthesizes 10 years of evidence (January 2015-April 2025) to
provide recommendations for developing targeted exercise programs that address both performance optimization

and injury prevention.

Materials and Methods. A comprehensive search was conducted across PubMed, Scopus, Web of Science, and
SPORTDiscus, yielding 767 articles. Studies were screened according to predefined inclusion criteria, resulting

in 15 eligible studies. Extracted outcomes included shooting accuracy, postural control, muscle strength, and
indicators relevant to injury management. Methodological quality was assessed using the SQAC, with all included
studies scoring >50%, indicating acceptable-to-high methodological rigor. Due to heterogeneity in study designs,
interventions, and outcome measures, a meta-analysis was not performed.

Results. Most studies focused primarily on performance enhancement rather than direct injury management.
Nonetheless, several exercise interventions demonstrated indirect benefits relevant to injury management and
prevention, including improvements in postural stability, neuromuscular control, and muscular endurance. Core
stability training, Pilates-based balance training, circuit training, and strength conditioning consistently produced
significant improvements in postural stability (moderate-to-large effect sizes), muscle strength, and shooting
accuracy. Targeted exercises such as lower trapezius strengthening, compound weight training, and archery-specific
drills further enhanced accuracy, endurance, and neuromuscular coordination.

Conclusions. Exercise interventions meaningfully improve key performance outcomes in archers and may provide
indirect benefits for injury prevention through improvements in strength, balance, postural control, and neuromuscular
stability. Future research should incorporate standardized exercise protocols and prioritize larger randomized controlled
trials explicitly examining injury-related outcomes to strengthen evidence-based practice in archery.

Keywords: archery, injury prevention, performance, strength training, systematic review.

Introduction

Archery is a competitive sport that requires a high level
of physical strength and endurance to maintain technical
consistency during performance (Falaahudin et al., 2024;
Lau et al., 2020; Mohd Saleh et al., 2022). In addition,

© Subramaniam, A., Zainudin, E E, & Sut Txi, M. R., 2026.
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optimal archery performance depends on postural stability,
balance, accuracy, and well-developed fine motor skills (Patil
& Koley, 2019; Putra, 2022; Sarro et al., 2021). The specific
nature of archery involves prolonged and repetitive upper-
limb movements, which place considerable mechanical
demands on the musculoskeletal system (Yachsie et al., 2023;
Niestroj et al., 2018). When combined with sustained static
postures, these demands substantially increase the risk of
musculoskeletal injuries among archers (Alberola-Zorrilla
et al., 2022; Subramaniam et al., 2025).
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Although archery is generally regarded as safe sport,
injury rates can reach as high as 4.4 per 10,000 participants
(Agranovich et al., 2024). A recent study of Malaysian elite
archers reported that over 80% had experienced at least
one injury, predominantly affecting the shoulder (bow arm
56.4%, drawing arm 54.5%), upper back (38.8%), lower
back (38.2%), and neck (37.6%) (Subramaniam et al., 2025).
Contributing factors such as improper technique, high
training volume, insufficient strength and poor balance have
been identified as significantly increase injury risk (B. R.
Prine et al., 2023; Subramaniam et al., 2025). These factors
not only heighten susceptibility to injury but may also
compromise performance consistency and athlete longevity.
Accordingly, implementing effective injury management
strategies comprising well designed exercise programs
with appropriate volume and intensity, along with training
and movement corrections could mitigate injury risks and
sustain athlete’s performance.

Optimal archery performance requires precise physi-
cal control and stability throughout the shooting process
that require a good core strength and lumbopelvic stabil-
ity along the kinetic chain system (Sarro et al., 2021; Sprat-
ford & Campbell, 2017). Core stability, involving the trunk
muscles supporting spinal alignment and abdominal organs,
plays a central role in maintaining postural control and en-
abling efficient limb movement (Akuthota et al., 2008; Sarro
et al,, 2021). Research indicates that exercises targeting core
strengthening exercises can improve dynamic balance abili-
ties and reduce injury risks among archers (Park et al., 2016;
Suppiah et al., 2017). Furthermore, balance training plays a
vital role in synchronizing body movements with bow sway,
a factor that significantly influences shooting accuracy (Sar-
ro etal., 2021). Balance performance itself correlates strongly
with archery success (Mohd Saleh et al., 2022) and tests such
as static balance and star excursion have been linked to ath-
lete’s anthropometric characteristics (Patil & Koley, 2019).

In addition to core and balance factors, both upper
and lower limb strength are essential for performance and
stability. Upper limb strength, particularly in the arms,
enableseffectivebowdrawingand holding, directlyimpacting
shooting accuracy and endurance (Liao et al., 2022; Susanto
etal.,2021; Yachsie, Pranata, etal., 2023). Concurrently, lower
limb strength especially in the hip extensors, abductors and
knee flexors has been shown to significantly enhance balance
control, which is vital for maintaining a stable shooting
posture (Inoue et al., 2013; Wilson et al., 2018). Despite the
recognition of limb strength’s importance in archery, most
of the training still emphasize on upper limb strength, with
comparatively less focus on concurrent lower limb or trunk
strengthening (Agranovich et al., 2024; Jogi et al., 2024;
Subramaniam et al., 2025). It is essential to emphasize the
integration of the upper limbs, trunk, and lower limbs, as
the kinetic chain concept illustrates that effective movement
in archery depends on the coordinated interaction of the
shoulder-elbow-wrist force chain, trunk stabilization, and
lower limb support (Liu, 2025) together with both static and
dynamic postural stability (Fan et al., 2025; Kesilmis et al.,
2024). Previous systematic reviews in archery have explored
biomechanical and performance related factors (Jogi et al.,
2024; Lau et al., 2020), but they have placed less emphasis
on exercise interventions that concurrently address injury
management and performance enhancement. Consequently,
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a need exists for an integrated review synthesizing evidence
on exercise interventions designed to improve both injury
outcomes and performance in archers.

This systematic review aims to address these gaps by
critically evaluating exercise interventions that support
both injury management and injury prevention, while
also enhancing performance in archery. By synthesizing
current research, the review provides evidence-based
recommendations for designing targeted exercise programs
that can optimize performance and reduce the risk of injury
among the archers.

Materials and Methods

Study Design and Protocol

This review adhered to the PRISMA-P (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines (Moher et al., 2009) and registered in PROSPERO
(The International Prospective Register of Systematic
Reviews) with identification number - CRD42023445770.
The evaluation process was conducted according to the
following: (1) preliminary, (2) identification, (3) screening,
(4) eligibility, and (5) analysis. The review adhered to the
pre-specified protocol without deviations; no amendments
were made following registration.

Study Process

Preliminary Phase

In the initial phase, the research questions were
formulated using the PICO framework (Population,
Intervention, Comparison, and Outcome measures), as
outlined in Table 1 (Aromataris & Riitano, 2014). Utilizing
this framework, a preliminary search was conducted by

Table 1. PICO concept table

Research question: What exercise interventions are most
effective for managing injuries and enhancing performance in
archery athletes?

PICO FRAMEWORK

The participants consisted of healthy female and
male archers of all ages and competitive levels,
with no restrictions.

Population

Intervention  Any form of exercise intervention without
constraints on training length, such as strength

training, stretching exercises, circuit training, etc.

Comparison Comparing against pre- or post-intervention data

or a control group

Outcomes Injury prevention, injury management, and skill
performance

Treatment effects or pre- and post-test values on
injury prevention, management, or performance
skills should be reported in the research, and at
least one effect of the exercise intervention should
be included.

Actions involving a particular task or objective
and requiring the synchronization of many motor
skills in a given context and time period were
deemed as technical skill outcomes.




Subramaniam, A., Zainudin, F. F,, & Sut Txi, M. R. (2026). Systematic Review of Exercise Interventions in Archery: Injury Management
and Performance Outcomes

combining the following terms: archer (population), exercise
(intervention), and injury prevention, injury management,
and skill performance (outcome measures). Keywords
derived from the titles and abstracts of the selected articles
were further refined utilizing a thesaurus and arranged into
an organized grid table (Table 2).

Table 2. Logic grid with identified keywords

Logic grid with identified keywords

Population Intervention Outcomes
Archer* Exercise Injury prevention
Archer* athlete  Training Injury management
Shooting sport Physiotherapy Athlet* performance
Shooting game Rehab* Technical skill

Resistance Technique

Identification phase

The current study primarily employed the databases
PubMed, Web of Science (WOS), SPORTDiscus, and Scopus,
covering publications from January 2015 to April 2025. The key-
words in the titles, abstracts, or topics of papers were matched in
advance searches using a key search strategy that used Boolean
operators, phrases, truncations, and wildcards (Table 3).

767 records were found overall as a result of the search, in-
cluding 95 articles from PubMed, 223 from WOS, 72 from Sport-
Discus, and 377 from Scopus. In addition to database searches,
we included a grey literature search using Google Scholar, Pro-
Quest Dissertations, and relevant sport science repositories to
identify unpublished theses and conference proceedings. Hand-
searching of reference lists from included articles and relevant
reviews was also performed to ensure completeness.

Screening phase

The articles from all the databases were exported to
Mendeley software to remove duplicates. Only 607 were
screened in the third phase after eliminating duplication.
During the initial part of this phase, all articles were
evaluated based on (1) document type, (2) publication year,
(3) language, and (4) topic area. (Table 4). The researchers
restricted their selection to journal publications with
empirical data, omitting master’s theses, book chapters,
conference proceedings, prefaces, and articles of opinion.
In addition, only papers pertaining to archery or shooting
disciplines, published in English between 2015 and 2025,
were considered, yielding a total of 111 articles.

A second evaluation of the articles was conducted in
accordance with their abstracts and titles during the second
stage of the screening procedure. Articles were removed if
they: (1) centered on psychological, mental, attention, arousal,
concentration, or medication aspects, (2) were unrelated
to exercise interventions or performance enhancement, (3)
involved technology, or (4) pertained to Paralympic athletes.
As a result, 18 articles were selected in this phase. Two
researchers (AS and FFZ) independently evaluated the titles
and abstracts of the discovered documents, subsequently
conducting a full-text review. All experimental and quasi-
experimental research were considered. All differences were
addressed through discussions with the third author (MR).
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Table 3. Databases and key search strings

Results
95

Database
PubMed

Strings
(“Archer*”[Title/ Abstract] OR
“Archer* athlete*”[Title/ Abstract]
OR “Shooting sport”[Title/Abstract]
OR “Shooting game”[Title/Abstract])
AND (“Exercise”[Title/ Abstract]
OR “Training”[Title/Abstract] OR
“Physiotherapy”[Title/ Abstract]
OR “Rehab*”[Title/Abstract] OR
“Resistance”| Title/Abstract] OR
“Strength”[Title/ Abstract] OR “Physical
activity”[Title/ Abstract]) AND (“Injury
prevention”[Title/ Abstract] OR “Injury
management”[Title/Abstract] OR
“Athlet* performance”[Title/Abstract]
OR “Technical skill*”[Title/ Abstract]
OR “Technique”[Title/ Abstract]
OR “Performance”|[Title/ Abstract]
OR “Injur*’[Title/Abstract] OR
“skill*”[Title/ Abstract])

TS = (“Archer*” OR “Archer* athlete*”
OR “Shooting sport” OR “Shooting
game”) AND (“Exercise” OR “Training”
OR “Physiotherapy” OR “Rehab*”

OR “Resistance” OR “Strength” OR
“Physical activity”) AND (“Injury
prevention” OR “Injury management”
OR “Athlet* performance” OR
“Technical skill*” OR “Technique” OR
“Performance” OR “Injur*” OR “skill*”)

AB ( (“Archer*” OR “Archer* athlete*”
OR “Shooting sport” OR “Shooting
game”) ) AND AB ( (“Exercise” OR
“Training” OR “Physiotherapy”

OR “Rehab*” OR “Resistance” OR
“Strength” OR “Physical activity”) )
AND AB ( (“Injury prevention” OR
“Injury management” OR “Athlet*
performance” OR “Technical skill*”
OR “Technique” OR “Performance” OR
“Injur*” OR “skill*”) )

TITLE-ABS-KEY (“Archer*” OR
“Archer* athlete*” OR “Shooting sport”
OR “Shooting game”) AND (“Exercise”
OR “Training” OR “Physiotherapy”
OR “Rehab*” OR “Resistance” OR
“Strength” OR “Physical activity”)
AND (“Injury prevention” OR

“Injury management” OR “Athlet*
performance” OR “Technical skill*”
OR “Technique” OR “Performance” OR
“Injur*” OR “skill*”)

Web of Science 223

SPORTDicus 72

SCOPUS

377

TOTAL 767

Eligibility phase

A full-text screening of all 18 articles was conducted.
Three articles were excluded because they were case studies
or focused on validity and reliability. Figure 1 presents a
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Table 4. Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Non-exercise-based interventions
— Articles focusing on
psychological, nutritional,
pharmacological, or surgical
interventions without an exercise
component.

Investigated exercise
interventions targeting
performance improvement
and/or injury prevention or
management in archers

Involved competitive or
recreational archers of any age

Low methodological quality -
Articles with major flaws in study
design, insufficient reporting, or
no control/comparison group (for
experimental designs).

Used experimental or quasi-
experimental

Master’s theses, book chapters,
conference proceedings, prefaces,
and articles of opinion

Year published; between
January 2015 to April 2025

Studies published in English

Paralympic athlete populations.

Reported outcome
measures related to physical
performance, postural
control, or injury profiles in
archery

summary of the four stages of the systematic review.
Ultimately, 15 articles remained for analysis.

There are several rationales for considering 15 publica-
tions sufficient for the present systematic literature review
(SLR), which collectively demonstrate that this number is
consistent with both methodological norms and existing
evidence in the field. First, drawing on the concept of study
maturity articulated by Kraus et al., 2020, it is recognized
that immature research fields often yield a relatively small
number of articles, largely due to the scarcity of studies ad-
dressing exercise interventions for archers in the context of
injury management and performance improvement.

There are several rationales for considering 15 publica-
tions sufficient for the present systematic literature review
(SLR), which collectively demonstrate that this number is
consistent with both methodological norms and existing evi-
dence in the field. First, drawing on the concept of study ma-
turity articulated by Kraus et al. (2020), it is recognized that
immature research fields often yield a relatively small num-
ber of articles, largely due to the scarcity of studies address-
ing exercise interventions for archers in the context of injury
management and performance improvement. Second, Rob-
inson and Lowe (2015) observed that SLRs commonly exam-
ine fewer than 50 articles, and in many cases fewer than 10,
thereby supporting the adequacy of a smaller dataset. Third,
precedents in the literature reinforce this point: published
SLRs focusing on exercise and physical training among ar-
chers, such as those by Jogi et al. (2024) and Lau et al. (2020)
each reviewed only 10 studies. Collectively, these consider-
ations justify the selection of 15 studies as a sufficient and
methodologically sound basis for the present review.

Quality Appraisal

The methodological quality of the included studies
(n=15) was assessed using the Standard Quality Assessment
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Criteria (SQAC), which evaluates key domains such
as sample selection, intervention design, outcome
measurement, and reporting clarity. The SQAC was selected
as it allows consistent methodological evaluation across
both randomized and non-randomized designs, which were
prevalent in this review. This approach enabled comparability
across heterogenous intervention studies without excluding
relevant quasi-experimental evidence. However, it is
acknowledged that SQAC does not provide the same level of
bias domain specificity as randomized control trial focused
tools such as RoB 2 or Robins-I. Therefore, while SQAC was
appropriate for this mixed design reviews, its use represents
a methodological limitation that may reduce sensitivity in
detecting certain area of bias.

Two independent reviewers assessed each study’s
quality. Any discrepancies were resolved through discussion
with a third reviewer. Each study was evaluated based on
the checklist, with scores assigned as follows: Y = fully met
the criteria (score 2), P = partially met the criteria (score 1),
and N = did not meet the criteria (score 0). If a criterion was
inapplicable to a specific research, it was designated as ‘n/a’
A cumulative quality score was calculated for every article
and changed to a percentage following the grading process.

A quality threshold of >50% was used to denote
acceptable methodological rigor, consistent with earlier
reviews employing SQAC (Kmet, 2004). Although this
threshold is inherently arbitrary, this cutoff provides a
practical compromise by eliminating studies with inadequate
methodology while keeping those with adequate internal
validity (Kmet, 2004). All 15 articles scored above 50% and
were therefore included in this phase (Table 5).

Results

Study Selection, Screening and Eligibility

The systematic review process for study selection
is illustrated in Figure 1. A total of 767 articles were
initially obtained from numerous databases. Following
the elimination of duplicates, 607 articles were retained
and evaluated according to the established inclusion and
exclusion criteria, as well as the criteria pertaining to
exercise interventions. This screening process resulted in 18
relevant articles. Upon further review of the full-text articles,
3 were excluded because they were either case studies or
studies focused on validity and reliability. Ultimately, 15
articles met the final eligibility criteria, each scoring over
80% in the quality assessment and were considered in the
current review. A meta-analysis was not performed due to
the diversity in the training protocols utilized for injury
management and performance development in archers.
Table 6 presents the primary findings.

Study Characteristics

All 15 publications considered in the present analysis
are published in English and were published between 2015
and 2025.Two studies were conducted in India (Chatla et al.,
2023; Khan et al., 2024), five studies in Indonesia (Nasrulloh
et al., 2022; Prasetyo et al., 2023; Subekti et al., 2023; Yachsie
et al., 2024; Yachsie, Pranata, et al., 2023)3-4 sets, 15-
25 repetitions, and 1-2 minutes of rest between sets. The
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study population was Yogyakarta State University archery
athletes selected via purposive sampling. The instrument
used to measure muscle strength is the hand grip strength
test. Meanwhile, to measure the upper, lower, and middle
body for the endurance of muscular test, four kinds of test
items were used namely bench jump, bent leg curl-ups,
abdominal crunches, modified dips (man and one each in
Japan (Shinohara et al., 2023)side bridges are performed
in a posture similar to archery shooting for training
the muscles around the shoulder joint and the shoulder
girdle of the pusher. Aim The purpose of this study was to
determine whether a low-tremor side-bridge exercise for
4 weeks improves bow tremor during archery movements.
Methods Participants were 20 male college students. First,
we measured the tremor during side bridges performed
with trunk inclinations of 25°, 40°, 55°, and 70° using an
accelerometer attached to the elbow joint and identified low-
tremor side bridges. The participants were then randomly
divided into intervention and non-intervention groups, and
the low-tremor side bridges were performed for 4 weeks.
Results The effect of the intervention was determined by
measuring the total tremor value using an accelerometer
attached to the bow and changes in the median power
frequency (MdPF, Korea (Park et al., 2016), Turkey (Beyaz
et al., 2024), Thailand (Hemara et al., 2021), China (Geng et
al., 2023), Ukraine (Sergiy et al., 2017), Malaysia (Suppiah et
al., 2017) and Taiwan (Liao et al., 2022).

Three studies focused on international and nationallevels
(Chatla et al., 2023; Hemara et al., 2021; Khan et al., 2024),
two studies addressed beginner levels (Beyaz et al., 2024;
Shinoharaetal., 2023)these interlimb asymmetries have been
shown to associate with spatial patterns of hand selection
behavior. Importantly, these interlimb asymmetries can be
modified systematically by occlusion of visual feedback, or a
long-term sports training. In this study, we asked about the
effects of a short-term training on interlimb asymmetries.
Eighteen healthy young participants underwent a 12-week
novice traditional archery training (TAT, while high school
level was examined in two studies (Park et al., 2016; Suppiah
et al,, 2017) and university level in two studies (Liao et al.,
2022; Nasrulloh et al., 2022). One study investigated both
national level and basic training archers (Sergiy et al., 2017)
and five studies did not specify the level of the archers (Geng
etal., 2023; Prasetyo et al., 2023; Subekti et al., 2023; Yachsie
et al., 2024; Yachsie, Pranata, et al., 2023)this paper also
explores the relationship between attention and performance
in competitions. Methods: By random sampling method, 24
archery athletes were investigated. They were divided into
three groups: A, B, and C. Group A represented excellent
scores (8).

Outcome Measures

In the analysis of outcome variables of each study,
shooting accuracy were the most assessed variables (Chatla
et al., 2023; Geng et al,, 2023; Khan et al., 2024; Liao et al,,
2022; Prasetyo et al., 2023; Sergiy et al., 2017; Suppiah et
al.,, 2017; Yachsie et al., 2024; Yachsie, Pranata, et al., 2023),
followed by posture (Hemara et al., 2021; Sergiy et al., 2017;
Suppiah et al., 2017), balance and stability (Hemara et al.,
2021; Park et al., 2016; Prasetyo et al., 2023), arm muscle
strength (Nasrulloh et al., 2022; Sergiy et al., 2017; Yachsie,
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Pranata, et al., 2023), arm muscle endurance (Nasrulloh et al.,
2022; Subekti et al., 2023)to increase arm muscle endurance
of archery athletes. This type of research is an experiment
with a “Two Groups Pretest-Posttest Design” design. The
population is archery athletes, totaling 20 males sex with
ages 12-15 years. The exercise was carried out for six weeks.
The instrument uses the Holding Bow Digitec Test. The data
analysis technique was a t-test. The results showed: 1 and
one study on each of the following variables; lumbopelvic
stability (Khan et al., 2024), tremor (Shinohara et al., 2023)
side bridges are performed in a posture similar to archery
shooting for training the muscles around the shoulder joint
and the shoulder girdle of the pusher. Aim The purpose of
this study was to determine whether a low-tremor side-
bridge exercise for 4 weeks improves bow tremor during
archery movements. Methods Participants were 20 male
college students. First, we measured the tremor during side
bridges performed with trunk inclinations of 25°, 40°, 55°,
and 70° using an accelerometer attached to the elbow joint
and identified low-tremor side bridges. The participants
were then randomly divided into intervention and non-
intervention groups, and the low-tremor side bridges were
performed for 4 weeks. Results The effect of the intervention
was determined by measuring the total tremor value using
an accelerometer attached to the bow and changes in the
median power frequency (MdPE, muscle activities of upper
trapezius, lower trapezius and serratus anterior (Shinohara
et al., 2023)side bridges are performed in a posture similar
to archery shooting for training the muscles around the
shoulder joint and the shoulder girdle of the pusher. Aim
The purpose of this study was to determine whether a low-
tremor side-bridge exercise for 4 weeks improves bow tremor
during archery movements. Methods Participants were 20
male college students. First, we measured the tremor during
side bridges performed with trunk inclinations of 25°, 40°,
55° and 70° using an accelerometer attached to the elbow
jointand identified low-tremor side bridges. The participants
were then randomly divided into intervention and non-
intervention groups, and the low-tremor side bridges were
performed for 4 weeks. Results The effect of the intervention
was determined by measuring the total tremor value using
an accelerometer attached to the bow and changes in the
median power frequency (MdPE, arm reaching movement
performance (Beyaz et al., 2024), precision (Hemara et
al., 2021), attention (Geng et al., 2023), core strength and
endurance (Suppiah et al., 2017), lower trapezius strength
and shoulder kinematics (Liao et al., 2022) (Table 6).

Duration of the Study

The highest duration of intervention among the studies
was six weeks (Khan et al., 2024; Prasetyo et al., 2023; Sergiy
et al., 2017; Subekti et al., 2023; Yachsie et al., 2024; Yachsie,
Pranata, et al., 2023)ip 2 = 0.159, p = 0.03, twelve weeks
(Chatla et al., 2023; Liao et al., 2022; Park et al., 2016), eight
weeks (Nasrulloh et al., 2022; Suppiah et al., 2017), four
weeks (Shinohara et al., 2023)side bridges are performed
in a posture similar to archery shooting for training
the muscles around the shoulder joint and the shoulder
girdle of the pusher. Aim The purpose of this study was to
determine whether a low-tremor side-bridge exercise for
4 weeks improves bow tremor during archery movements.
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Methods Participants were 20 male college students. First,
we measured the tremor during side bridges performed
with trunk inclinations of 25°, 40°, 55°, and 70° using an
accelerometer attached to the elbow joint and identified low-
tremor side bridges. The participants were then randomly
divided into intervention and non-intervention groups, and
the low-tremor side bridges were performed for 4 weeks.
Results The effect of the intervention was determined by
measuring the total tremor value using an accelerometer
attached to the bow and changes in the median power
frequency (MdPE, 12 to 16 weeks (Geng et al., 2023), one
day (Hemara et al., 2021) and one study did not mention the
duration (Beyaz et al., 2024).

Types of Exercise Intervention

Balance, Pilates and Core Training

A growing body of evidence highlights the effectiveness
of balance, Pilates and core training, with four studies
exploring various approaches (Khan et al., 2024; Park et al,,
2016; Prasetyo et al., 2023; Suppiah et al., 2017). Specifically,
these included Pilates and balance exercise (Khan et al.,
2024), circuit training using a Bosu ball (Prasetyo et al.,
2023), Pilates core stability (Park et al., 2016) and a core
stability program using bodyweight exercises (Suppiah et
al.,, 2017). All studies reported significant improvements
(p<0.05) in performance outcomes, particularly in shooting
accuracy (Khan et al., 2024; Prasetyo et al.,, 2023), balance
(Park et al., 2016; Prasetyo et al., 2023) and reduction in
postural sway (Suppiah et al., 2017).

Strength Training

Five studies have focused on strength training to improve
the performance among the archers (Chatla et al., 2023;
Liao et al., 2022; Nasrulloh et al., 2022; Subekti et al., 2023;
Yachsie, Pranata, et al., 2023). Three studies have focused
on arm muscle strength (Nasrulloh et al., 2022; Subekti
et al., 2023; Yachsie, Pranata, et al., 2023), two studies on
shooting accuracy (Chatla et al., 2023; Yachsie, Pranata, et
al., 2023), one study on overall endurance of upper, lower,
and middle muscle groups (Nasrulloh et al., 2022), and one
study on lower trapezius muscle strength (Liao et al., 2022).
Significant improvements were noted in all the outcome
measures of the studies intervention (p<0.05).

Posture and Coordination

Three studies have investigated posture and
coordination in archery (Beyaz et al., 2024; Hemara et al,,
2021; Sergiy et al., 2017). The first study adopted traditional
archery technique training to examine improvements
in arm reaching movement performance (Beyaz et al.,
2024). The second study utilized the archery skill analysis
assessment form (ASAAF) to enhance posture, focus and
muscle control among archers (Hemara et al., 2021). The
third study implemented a specialized training program me
targeting coordination, technical skills readiness as well as
improvement in completion of complex tasks (Sergiy et al.,
2017). All three studies reported significant improvement
(p<0.05) in their post intervention scores.
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Other Exercise Interventions

Yachsie et al. (2024) have examined the effects between
fixed and changing drilling exercises on the archer’s shoot-
ing accuracy with 18 sessions of training. The study has re-
ported that both the fixed and changing drilling exercises
have shown significant improvements in shooting accuracy
(p<0.05). Shinohara etal. (2023) investigated how side bridge
exercises with a 40-degree trunk inclination could reduce
bow tremor during the archery sighting phase. The study
revealed that following four weeks of interventions, signifi-
cant improvements were seen in the tremor reduction and
median power frequency of the middle deltoid. However,
the serratus anterior, upper, and lower trapezius muscles did
not show any significant improvements. Geng et al. (2023)
investigated the impact of targeted archery training on atten-
tion stability and performance among 24 Chinese athletes.
Over a controlled period, standardized practices focusing on
posture and mechanical energy training were implemented,
resulting in significant improvements in attentional stabil-
ity for the highest-performing group. The study identified a
strong correlation between focused attention and competi-
tive outcomes. These findings underscore the role of mental
focus in enhancing archery performance, providing valuable
insights for optimizing athletic preparation.
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Discussion

This systematic review consolidates the latest evidence
on exercise interventions designed to enhance performance
and manage injuries in archery athletes. Recent studies
suggest that archers experience substantial musculoskeletal
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Table 5. Quality assessment scores for the selected studies using the Standard Quality Assessment Criteria (SQAC)

Author(s) Quality Assessment Criteria Total Quality
1 2 3 4 5 6 7 8 9 10 11 12 13 14 Score Score
Khan et al., 2024 (Khan etal, Y Y Y Y Y P N Y P Y Y P Y Y 23/28 82.1%
2024)
Prasetyo et al., 2023 Y Y P Y n/a n/a n/a Y P Y Y N Y Y 18/22 81.8%
Yachsie et al., 2024 Y Y Y Y Y =n/a n/a Y P Y Y Y Y Y 24 95.8%
Shinohara et al., 2023 Y Y Y Y Y N n/a Y P Y Y Y Y Y 23 88.5%
Park et al., 2016 Y Y Y Y n/a n/a n/a Y P Y Y Y Y Y 21 95.5%
Beyaz et al., 2024 Y Y Y Y Y n/a n/a Y P Y Y Y Y Y 23 95.8%
Hemara et al., 2021 Y Y P Y n/a n/a n/a Y Y Y Y P Y Y 20 90.9%
Subekti et al., 2023 Y Y Y Y P n/a n/a Y P Y Y P Y Y 21 87.5%
Yachsie, Pranata, et al.,, 2023 Y Y P Y n/a n/a na Y P Y Y P Y Y 19 86.4%
Gengetal, 2023 (Gengetal, Y Y Y P n/a n/a n/a Y P Y Y P Y Y 19 86.4%
2023)
Sergiy et al., 2017 Y Y Y P na na na Y P Y Y P Y Y 19 86.4%
Chatla et al., 2023 Y Y Y Y n/a n/a n/a Y P Y Y P Y Y 20 90.9%
Nasrulloh et al., 2022 Y Y Y Y n/a n/a n/a Y P Y Y P Y Y 20 90.9%
Suppiah et al., 2017 Y Y Y Y Y n/a n/a Y P Y Y P Y Y 22 91.7%
Liao et al., 2022 Y Y Y Y P n/a n/a Y P P Y P Y Y 20 83.3%

Note. 1) Question/objective sufficiently described? 2) Study design evident and appropriate? 3) Method of subject/comparison

group selection or source of information/input variables described as appropriate? 4) Subject (and comparison group, if applicable)
characteristics sufficiently described? 5) If interventional and random allocation was possible, was it described? 6) If interventional and
blinding of investigators was possible, was it reported? 7) If interventional and blinding of subjects was possible, was it reported? 8)
Outcome and (if applicable) exposure measure(s) well defined and robust to measurement/misclassification bias? means of assessment
reported? 9) Sample size appropriate? 10) Analytical methods described/justified and appropriate? 11) Some estimate of variance is
reported for the main results? 12) Controlled for confounding? 13) Results reported in sufficient detail? 14) Conclusions support the by
results? Y = fully met the criteria, P = partially met the criteria, and N = did not meet the criteria.

stress, particularly in regions such as the shoulder complex,
spinal column and neck (B. Prine et al., 2016; Singh & Lhee,
2016; Subramaniam et al., 2025). The cumulative effects of
high training volumes, technical errors, and insufficient
physical preparedness can lead to tissue overload and a
heightened susceptibility to both acute and chronic overuse
injuries (Agranovich et al., 2024; Niestroj et al., 2018). While
injury prevalence remains a pressing concern, the findings
of this review indicate that exercise intervention have largely
been employed with a primary focus on performance
enhancement, rather than explicitly targeting injury
management. Nonetheless, many of these interventions
discussed in the current review indirectly reduce injury
risk by correction biomechanical inefficiencies, improving
neuromuscular control and enhancing tissue resilience.

The current review synthesizes results from 15 high
quality studies involving various training approaches and
provides valuables insight into the components of effective
exercise programs for archers. The findings emphasize the
multifaceted nature of effective archery training, revealing
the significant contributions of intervention duration,
strength conditioning, Pilates-based core engagement,
balance training, and comprehensive core stability
development. These elements work synergistically to
improve shooting accuracy, minimize postural sway, and

optimize musculoskeletal function, ultimately supporting
superior performance and injury resilience in archers.

The duration of exercise interventions across the
included studies ranged from a single-day protocol to
programs lasting up to 12 weeks. Notably, most effective
interventions spanned six to twelve weeks, delivered at a
frequency of two to three sessions per week. Studies with
shorter durations (e.g., 4-week side-bridge training) reported
limited improvements in muscle activation patterns and
neuromuscular stability (Shinohara et al., 2023). Conversely,
interventions exceeding six weeks, such as the 12-week
Pilates and strength training programs (Chatla et al., 2023;
Khan et al., 2024), demonstrated significant improvements
in lumbopelvic stability and shooting accuracy. Studies
consistently show that 6-12-week interventions outperform
shorter durations in developing neuromuscular adaptations
and motor skills (Liao etal.,2022; Steib etal.,2017). This aligns
with broader research on strength training, which indicates
that untrained individuals benefit most from 3 sessions per
week, while trained athletes see maximal gains with 2 weekly
sessions (Rhea et al., 2003). Longer interventions allow for
progressive loading and periodization, crucial for continued
and maximized adaptation in strength as well as injury
prevention (Severo-Silveira et al., 2021). Overall, evidence
supports designing archery training programs with realistic
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timeframes of 6-12 weeks for meaningful performance
improvements (Je, 2016).

Strength training has consistently proven effective in
enhancing archery performance, particularly when both
upper and lower limb muscle groups are targeted (Chatla
et al., 2023; Liao et al., 2022; Nasrulloh et al., 2022; Sergiy et
al., 2017; Subekti et al., 2023; Yachsie, Pranata, et al., 2023).
Such interventions have led to marked improvements in arm
endurance, postural stability,and shooting precision. Notably,
compound set training protocols (Nasrulloh et al., 2022) and
integrated general-specific strength programs (Chatla et al.,
2023) have outperformed isolated routines, offering superior
performance gains. These findings align with biomechanical
principles, as archery demands coordinated, multi-joint
control and stability (Vendrame et al., 2022). Evidence also
shows that free weight exercises offer a slight edge over
machine-based training, particularly in improving muscle
endurance (Subekti et al., 2023). This advantage likely stems
from the greater neuromuscular activation required by free
weights due to their stabilization demands (Schwanbeck
et al,, 2020), an effect consistent with recent meta-analyses
showing superior strength gains with free-weight training
(Haugen et al., 2023; Heidel et al., 2021). Because archery
involves complex three-dimensional movement and precise
control, training methods that replicate these demands, such
as free weights, are more effective than machines, which
limit movement patterns and stabilization.

Archery is a full-body discipline that relies on a
coordinated kinetic chain beginning from the lower limbs
and progressing through the trunk to the upper body. While
the upper extremities perform the final action of drawing
and releasing the bow, the generation and transfer of force
originate from the ground up, beginning with the legs and
pelvis and progressing through the trunk to the shooting
arm (Ertan et al., 2003). This kinetic chain mechanism is
essential for optimizing shooting performance and stability
in archery. The lower limbs play a crucial role in establishing
postural stability and initiating movement, which then
transmits through the pelvis and trunk before reaching the
bow arm (Azhar et al., 2021; Serrien et al., 2018). Enhancing
lower limb strength contributes to greater neuromuscular
control and stability, thereby minimizing energy dissipation
along the kinetic chain and improving overall performance
efficiency (Simsek et al., 2014; Vendrame et al., 2022).
Research shows that elite archers who emphasize core and
lower extremity conditioning experience more consistent
shot accuracy and postural control (Kim et al., 2019; Liao
et al.,, 2022). From a practical standpoint, the inclusion
of comprehensive training program inclusive of posture
correction, correcting the muscles imbalance, core activation
and stabilization, balance training, and also development
of strength program should prioritize multi-joint exercises
that involve dynamic stability, apply progressive overload
across different movement planes, and combine general
strength with archery-specific patterns. Future protocols
should adopt a more comprehensive approach, addressing
both upper and lower body muscular demands to prevent
compensatory strategies that lead to overuse injuries.

Core stability interventions delivered through Pilates-
based, circuit plank training or bodyweight-focused led
to measurable improvements in balance, postural control,
trunk endurance, and shooting accuracy among archers
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(Khan et al., 2024; Park et al., 2016; Suppiah et al., 2017).
While each study emphasized different outcome measures,
the findings support the conclusion that enhancing core
function translates into better shooting performance and
potentially reduced injury risk. These findings align with
the kinetic chain theory, which posits that force generation
initiates from the lower limbs and is transmitted through
a stable core to the upper extremities (Kibler et al., 2006).
A well-conditioned core not only provides a stable base for
efficient force transfer but also minimizes compensatory
movements that can contribute to common overuse injuries
in the shoulder and lumbar regions (Akuthota et al., 2008).
Furthermore, enhanced core stability improves energy
efficiency, delaying fatigue during prolonged shooting
sessions, a critical factor in competitive archery where
sustained precision is required (Spratford & Campbell, 2017).

A key limitation of the current evidence base is that
injury-related outcomes were rarely measured directly
across the included studies. Most interventions did not
report injury incidence, injury severity, or time-loss data.
Consequently, conclusions regarding injury management
and injury prevention are primarily derived from indirect
indicators such as improvements in balance, postural control,
neuromuscular stability, core endurance, and muscular
strength. While these parameters are well established
contributors to injury risk reduction, their interpretation
as injury-related outcomes should be viewed as inferential
rather than definitive.

Conclusions

This systematic review demonstrates that exercise-based
interventions consistently improve crucial performance
determinants in archers, including shooting accuracy,
postural stability, neuromuscular coordination, core strength
and upper-limb endurance; however, implications for injury
prevention and injury management should be interpreted
as indirect and inferential, as most studies did not directly
assess injury related outcomes. Although most interventions
were primarily designed for performance enhancement, the
observed improvements in trunk stability, balance control,
and muscular endurance suggest meaningful secondary
benefits that may help reduce injury risk through better
kinetic-chain efficiency and movement control. These
findings support the integration of structured, multi-week
exercise programs as an effective strategy for enhancing
overall performance capacities among archery athletes.

Despite these demonstrated benefits, there remains a
clear lack of a systematic, integrated training module that
concurrentlyincorporates strength development (both upper
and lower body), core stability, balance and proprioception,
postural re-education, and archery-specific neuromuscular
training. Moreover, most studies did not explicitly measure
injury outcomes, underscoring the need for future research
employing longitudinal designs, injury surveillance, and
functional movement assessments to better capture injury
risk and recurrence. Moving forward, future studies should
adopt standardized intervention protocols, larger sample
sizes, and multidimensional outcome measures, including
explicit injury metrics to strengthen the evidence base and
inform more comprehensive training guidelines for coaches,
therapists, and sport scientists working with archers.
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CuctematnuHum ornap pismuHnx Bnpas y CTpinb6i
3 nyKa: npo¢inakTuka Ta nikyBaHHA TPaBM i
BM/IMB Ha NOKa3HUKWN pe3yibTaTUBHOCTI

Amb6ycam Cyb6pamaniam'*A5<P, @aiipyc Papisa 3aitaynin'**", Mon Pigi Cyt Txi'A*<P

HiBepCUTET IIeJarorivyamnx H iMeHi cynTan i
'VaiBepcureT memarori ayK iMeHi cynTaHa Inpica

*YuiBepcurer Tynky A6nyna Paxmana

ABTOpChHKNMIT BKIAA: A — fU3aiiH BOCTImKeHHs; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pedepar. Crarrs: 16 c., 6 TabmL., 1 puc., 55 mxKeper.

OO6rpynryBann:. TpeHyBa/nbHi iHTepBeHIIii Ha OCHOBI (i3NYHNUX BIIPaB Aefai YacTille iHTerpyI0ThCS Y MiITOTOBKY CTPi/b-

1B 3 JIyKa 3 METOIO IIi/IBUIIIEHHS Pe3y/IbTaTUBHOCTI Ta SHIDKEHHs pU3KKy TpaBM. OfHAK CTYIIiHb, 1O SIKOTO Lii iHTepBeHIil Oe31o-
CepefHbO CIIPUAIOTD YIPABIiHHIO TPaBMaMI Ta IOKPAI[eHHIO CIIOPTUBHUX IOKa3HMKIB, 3a/IUIIAETHCA HEJOCTATHBO 3 ACOBAHM.

Mera. Ieit cucTeMaTiyHMIT OITIAL MaB Ha MeTi IpOaHaIi3yBaTy BIUIMB (DiSMYHUX TPEHYBa/IbHIUX iIHTePBEHIill Ha YIIPaB/IiHHA
TpaBMaMIU Ta MiJBUILEHHA Pe3ylIbTaTUBHOCTI Y CTPINbLiB 3 myka. Orap y3aranpHioe 10 pokiB HayKkoBuX JjoKasiB (ciuens 2015
- KkBiTeHb 2025) 3 METO0 HaJaHHs PeKOMEHJAL 100 PO3pOOIeHHs [iIbOBMUX MIPOrpaM BIIPaB, CIPSMOBAHMX OJHOYACHO Ha
ONTUMIi3allil0 pe3y/IbTaTUBHOCTI Ta MPOQITAKTUKY TPaBM.

Marepianm i meTomu. Komrtekcuuii momryk 0ysio mposezeHo B 6asax ganux PubMed, Scopus, Web of Science ta SPORTDiscus,
y pesyibrari 4oro 6y1o BusBIeHo 767 my6mikariit. JJocmipkeH s Bi6upanncs BiAIIOBITHO 0 3a3/a/IeTi/ib BUSHAYCHUX KPUTEPiiB
BKJIFOYEHHS, 1[0 3PELITO0 a0 15 MpMITHATHUX JOCTiKeHb. [lo aHaIi30BaHMX IOKA3HUKIB HAJIEKaIN TOYHICTD CTPIIbOM, 110-
CTypaJIbHIIT KOHTPOJIb, M’130Ba CIJIA Ta IHAMKATOPY, Pe/IeBaHTHI LA YIIPaB/IiHHA TpaBMaMu. MeTO0/IOTiuHY AKICTh OLiHIOBa/IN
3a mkano SQAGC; yci BKIodeHi focmipKeHHst Habpanu 250 %, 110 CBiAYNTD PO NPUITHATHUI a60 BUCOKMIT PiBEHb METOLOTIO-
riyHoI cTporocTi. Yepes reTeporeHHICTb AM3alHIB JOCTIIKeHb, iHTepBeHIlill Ta TOKa3HMKIB pe3yIbTaTMBHOCTI MeTaaHasi3 He
MIPOBOJUBCS.
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PesynbraTu. Binburicts gocmimkens 6ymm 30cepeykeHi IepeBakKHO Ha MiABMINEHHI CHOPTMBHOI pe3y/IbTaTMBHOCTI, a He
Ha 6e3locepeflHbOMY YIpaB/liHHI TpaBMaMy. BogHouac HM3Ka TpeHYBaIbHUX iHTEpPBEHIiil IPOJNEMOHCTPYBaIa OMOCEpes-
KOBaHi edeKTy, pelleBaHTHI [yIs YIPABIiHHA Ta HPpOQITaKTUKM TPaBM, 30KpeMa MOKpallleHHs IOCTypanbHOi cTabimbHOCTI,
HelfpoM sI30BOr0 KOHTPOJIIO Ta M A30BOI BUTPUBAIOCTI. TpeHyBaHH: cTabimi3aliil KOpIycy, BIIpaBy Ha 6aTaHC 32 METOAMKOIO MIi-
JIaTecy, KpyroBi TpeHyBaHHA Ta CU/IOBA MiATOTOBKA CTa0iIbHO 3a6e3IeuyBaiy CyTTEBe MOKPAIeHHA IIOCTYPaIbHOI CTabiIbHOCTI
(edexTu MOMIpHOTO-BEIMKOrO PO3MIpy), M A30BOI CH/IM Ta TOYHOCTI cTpinbbu. 1]iboBi BIrpaBy, 30KpeMa 3MilJHEHHS HIDKHIX
Iy4KiB TparnerienonioHoro M’s13a, 6araTocyrio60Bi c1IoBi BIpaBy Ta ClierianisoBaHi CTpielbKi BIpaBy, JOAATKOBO MOKpALILy-
BaJIV TOYHICTh, BUTPUBAJIICTB i HeﬁpOM’HsoBy KOOPJMHALIO.

Bucnosku. ®isnyHi TpeHyBa/IbHi iHTEPBEHIIiI CYyTTEBO MOKPAIYIOTh K/II0YOBi IIOKa3HMKM PE3Y/IbTaTUBHOCTI y CTPi/IbIIiB 3
JIyKa Ta MOXXYTb 3a0esIledyBaTi OIOCepeIKOBaHi mepeBarn it IpoiTakTUKU TPaBM 32 PaXyHOK Ii/[BUIIEHHS CUIM, Oa/IaHCy,
HOCTYPaTbHOrO KOHTPOJIIO Ta HelipOM s130B0i cTabimbHOCTI. [TogabIui foCTimkeHHA MaIOTD IepefdadaTy CTaHAaPTU30BaHi mpo-
TOKO/M (Bi3MYHMX BIIPAB i HaflaBaTy IPIOPUTET MACIITAOHIINM PaHIOMI30BaHUM KOHTPOIbOBAHNUM JOCTIKEHHAM, K IIPSIMO
OL{HIOIOTH TPABMATOJIOTIUHI pe3y/IbTaTH, 3 METOI0 3MilIHEHHA J0Ka30Boi 6a3n y CTpinbOi 3 myka.

Kirouosi coBa: cTpinbba 3 myka, mpodinakTuka TpaBM, pe3yabTaTUBHICTD, CUIOBA MIATOTOBKA, CUCTEMATUIHNIL OIS,
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Abstract

Background. Wearable technologies such as heart rate monitors, accelerometers, and fitness trackers are increasingly
integrated into school-based physical education (PE) to enhance instructional strategies, student engagement, and
personalised learning. Yet empirical evidence on their pedagogical effectiveness remains fragmented.

Purpose. This systematic review synthesises research on wearable technology applications in school-based PE,
examining their integration into teaching strategies, student motivation and participation, and personalised feedback.
Methods. A systematic search across Web of Science, Scopus, ERIC, SPORTDiscus, and PsycINFO identified 12 peer-
reviewed studies published between 2000 and 2025. Methodological quality was assessed using the Mixed Methods

Appraisal Tool (MMAT), and results were synthesised.

Results. Wearable technologies facilitated diverse instructional strategies including real-time feedback, self-
monitoring, gamification, and goal setting. Their use increased student motivation, participation, and enabled
personalised feedback, although data privacy and ethical concerns were noted. Teacher digital literacy and
pedagogical competence influenced implementation effectiveness.

Conclusions. Wearable technologies offer significant pedagogical benefits for school-based PE by enhancing
motivation, participation, and personalisation. Successful implementation requires thoughtful instructional design,
teacher readiness, and careful ethical management of student data. Future research should investigate long-term
outcomes and professional development models for educators.

Keywords: wearable technologies, school-based physical education, student motivation, personalised learning,

technology integration.

Introduction

In recent years, the application of wearable technology
in physical education (PE) has increased steadily, and it is
now becoming a standard teaching tool in PE classrooms.
Devices such as heart rate monitors, accelerometers and
smart bracelets can record students’ physiological and motor
datain real time, providing a more objective basis for teachers
to understand students’ classroom participation and exercise
intensity (Lin et al., 2021, 2023; Wort et al., 2021). The use
of these technologies makes it easier for teachers to carry
out personalised feedback and differentiated teaching and
also helps students gradually form self-monitoring and self-
regulation learning ability (Boiché et al., 2020). Therefore,

© Zhao,Z., & Su, Y., 2026.
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wearable technology has not only altered the teaching
methods of traditional PE classrooms to some extent but
also provided new ideas for enhancing the quality of PE
teaching, particularly in sports intensity monitoring, real-
time feedback, and sports performance evaluation (Xu et
al., 2024).

In PE classes, wearable technology is no longer just a
health monitoring tool. However, it has gradually become
an important resource to support teaching and promote
students’ learning. By obtaining students’ motor and
physiological data in real-time, teachers can more accurately
assess students’ exercise intensity, skill performance, and
classroom participation. For example, heart rate monitoring
can guide students to participate in activities within the
appropriate intensity range and adjust the amount of exercise
in real-time according to feedback, thereby improving the
exercise effect (Cunningham-Rose et al., 2024; Grastén et al.,
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2019). At the same time, accelerometers and other devices
can record students’ activities under different exercise
intensities, providing teachers with more comprehensive
classroom information (Zhang & Wang, 2024). For students,
instant feedback helps them gain a clearer understanding
of their own motor state, thereby enhancing self-regulation
ability and improving learning motivation (Grastén et al.,
2019; Siacor et al., 2024). In general, wearable technology
can help students adjust their exercise strategies based
on real-time data, promoting improvements in exercise
performance and learning outcomes.

Although the application of wearable technology in PE
classes is increasing, the relevant research is still relatively
scattered. Existing research focuses more on changes in the
technical performance, health effects, or sports performance
of the equipment itself. It less systematically analyses how
these technologies are effectively utilised in the teaching
process and their impact on students’ learning outcomes
(Boiché et al., 2020). Some studies explain students’ learning
motivation and participation using self-determination
theory or social and cultural learning theory; however, a
comprehensive analysis ofhow wearable technology supports
the explicit teaching of strategies, classroom management,
and students’ self-regulation remains insufficient (Esmonde,
2019). Therefore, there is still a lack of a systematic overview
of the teaching application of wearable technology in PE and
its learning effect (Zhang et al., 2025).

Based on this, this study aims to systematically review
the application of wearable technology in school PE
situations, focusing on how these technologies support
teaching strategies, promote students’ learning motivation
and classroom participation, and provide personalised
feedback for students. By integrating existing research, this
study aims to provide a practical reference for PE teachers
and educational researchers, helping them utilise wearable
technology more effectively in PE classes to enhance the
quality of teaching. This review aims to address these research
questions: 1) How are wearable devices used in school
physical education classes? What are the most common
teaching strategies and classroom designs? 2) What is the
overall impact of wearable devices on students’ motivation,
participation, and learning in physical education classes?
Under what kind of classroom and teaching conditions are
these influences more likely to promote learning or bring
negative effects?

Theoretical Framework

Self-Determination Theory (SDT) is used to explain
how the learning environment influences the “quality of
motivation” in students, and how this motivation, in turn,
affectsparticipationandthelearningexperience. SDT believes
that people have three basic psychological needs: autonomy
(feeling of choice and control), sense of competence (feeling
that one can do well and make progress), and relatedness
(feeling respected, accepted, and connected with others).
When classroom teaching supports these needs, students
are more likely to form autonomous motivations, that is, to
participate because of interest or recognition of the value
of learning, which is usually more stable and sustainable.
On the contrary, when the teaching method oppresses or
thwarts these needs, students are more likely to experience
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controlled motivation (to avoid criticism, participate for
the sake of a score, or due to external pressure), and may
even experience a lack of motivation and withdrawal. The
advantage of SDT is that it not only focuses on “whether
the amount of exercise has increased” but also pays more
attention to “this increase is driven by interest or pressure’,
so it is more suitable for explaining technical intervention
in physical education classes (Deci & Ryan, 2000; Viciana
etal., 2019).

In this review, we use SDT to understand how wearable
devices affect students’ learning through “teaching
methods”, rather than attributing the effect to technology
itself. Wearable devices can support a sense of competency
by providing clear, timely, and linked feedback to learning
goals, helping students see progress and adjust their
strategies (Grastén et al., 2019). When teachers provide
explanation and guidance, and give students space to set
personal goals, choose rhythms, and understand data,
devices may also support autonomy (Kerner & Goodyear,
2017; Siacor et al., 2024). If the use of data in the classroom
emphasizes cooperation, encouragement, and inclusion,
equipment may also enhance the relationship. This review
focuses on the analysis under the framework of SDT: (1) the
teaching mechanism of equipment uses (feedback design,
goal setting, teacher language, and interaction), and (2) the
key situational conditions that determine their promotion
or suppression of psychological needs (Deci & Ryan, 2000;
Kerner & Goodyear, 2017).

Methodology

This systematic review follows the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
framework to ensure the standardisation and transparency
of the research process (Page et al., 2021). In view of the
significant differences in equipment type, research object,
teaching strategy, and learning results, this study employs a
systematic review with narrative synthesis to integrate and
analyse the relevant research findings (Rodgers et al., 2009).
In this way, this study strives to comprehensively present
the application of wearable technology in PE and provide a
theoretical reference for subsequent educational technology
research and practice (Keogh et al., 2021).

Search Strategy

The literature retrieval strategy of this study follows the
standard practice of systematic reviews, selecting five core
databases for retrieval: ERIC, SPORTDiscus, Web of Science,
Scopus, and APA PsycINFO (Page et al., 2021). The retrieval
time range is set to 2000-2025 to cover as much research as
possible on the application of wearable technology in school
PE (Keogh et al.,, 2021). To enhance the comprehensiveness
of retrieval and minimise the risk of missing relevant
research, this study develops a more systematic retrieval
strategy grounded in Boolean logic, drawing on best practice
suggestions from systematic reviews (Siddaway et al., 2019;
Higgins, 2019). Different forms of keyword expression
are included in the search process, including synonyms,
variations in spelling, changes between singular and plural
forms, and common expressions related to teaching. For
example, in terms of wearable technology, terms such as
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“heart rate monitor”, “fitness tracker” and “smartwatch” are
used; in the teaching dimension, “teaching strategies” is
covered. Expressions such as “instructional approaches” and
“learning outcomes”

To adapt to the retrieval rules of different databases, this
study employs intercepts (such as strateg*, technolog*) and
Boolean operators (AND/OR), adjusting the retrieval fields
accordingly based on the syntactic characteristics of each
database. For example, this approach utilises abstracts in
ERIC (AB), use the TITLE-ABS-KEY in Scopus (Page et al.,
2021). In addition, through manual consultation of the list
of references included in the literature, relevant research that
may be omitted in the initial retrieval is also supplemented to
identify (Stone et al., 2023). For example, we design a search
strategy of Web of science: TS=(“wearable technolog*”
OR smartwatch OR Fitbit OR “heart rate monitor” OR
accelerometer) AND TS=(“physical education” OR “PE class”
OR “school-based physical activity”) AND TS=(teaching OR
pedagogy OR “teaching strateg*” OR “learning outcome*”
OR motivation OR engagement). Table 1 summarises the
classification structure of search words and the changes in
their terms.

Table 1. Search Term

Cons1def Different Key Word
Terminology
Synonyms wearable technology, heart rate monitor,

fitness tracker, smartwatch, activity tracker

Different Spelling physical education, PE, teaching strategies,

instructional approaches, classroom feedback

device/devices, student/students, teacher/
teachers, outcome/outcomes

Singular versus
plural forms

Final Searching
Equations

(“wearable technolog*” OR “heart rate
monitor*” OR “fitness tracker*” OR
“smartwatch*”) AND (“physical education”
OR “PE”) AND (“teaching strateg*” OR
instruction* OR feedback OR engagement
OR outcome*)

This study has formulated explicit inclusion and
exclusion standards to ensure that the selected literature is
consistent with the research purpose. The included research
must be published in an English peer-reviewed journal. For
empirical research, the research design can be qualitative,
quantitative or mixed methods, as long as it has specific
educational or practical value for PE. The research content
should involve the application of wearable devices in primary
or secondary school PE classrooms, focusing on their role
in teaching strategies, classroom monitoring, or student
learning feedback, rather than just for health monitoring or
behaviour records.

Only pay attention to the technical performance of the
equipment; literature that does not belong to the school PE
classroom is excluded. To enhance the transparency and
repeatability of the research process, the specific inclusion
and exclusion criteria are outlined in Table 2. Given that
this study focuses on the application of teaching in school
PE classes during the compulsory education stage, the
intervention research conducted in colleges and universities
or with adult groups is not included in the scope of this review
due to the significant differences in teaching situations.
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Table 2. Inclusion and Exclusion Criteria

Inclusion Criteria

Topic: Pedagogical applications of wearable
technologies in school physical
education

Language: English

Publication Types: Peer-reviewed journal articles

Data Range: 2000-2025

Study Type: Empirical research (qualitative,
quantitative, or mixed methods)

Setting: Formal, school-based physical

education classes (primary and
secondary levels)

Target Participant: School-aged students, PE teachers

Intervention Purpose: Use of wearable technologies to
support teaching strategies or learning

outcomes

Exclusion Criteria

Publication Types: Conference abstracts, editorials, book
reviews, dissertations, non-peer-
reviewed works, grey literature

Setting: Informal, extracurricular, elite training,

clinical or university-based studies

Intervention purpose: Use of wearables solely for health

monitoring or technical validation

Study Focus: Studies without analysis of teaching

strategies or pedagogical outcomes

Literature Selection

This study strictly follows the PRISMA 2020 system
overview reporting guidelines, and its screening process is
shown in Figure 1 (Page et al., 2021). In the initial stage,
10,523 documents were retrieved through five databases, and
the document management software Zotero was uniformly
introduced for sorting and preliminary weighting (Gee,
2024). After the automatic removal of duplicate records (n =
493), the remaining 10,030 documents were imported into
Rayyan, a system review collaboration platform, and entered
the formal screening link (Siddaway et al., 2019).

Two authors jointly conducted the literature screening,
using independent double review and discussion. Both
reviewers screened each record based on predefined
inclusion and exclusion criteria in the title and abstract
phase. Uncertain or conflicting cases were marked using
Rayyan’s “maybe” function, then resolved through discussion
(Kellermeyer et al., 2018). At this stage, 9,871 irrelevant
records were excluded, leaving 159 articles for full-text
review. During full-text screening, both authors made
independent judgments again, using Rayyan’s “conflict”
alerts to resolve any disagreements. One additional relevant
study was identified through a literature search. Finally, 12
studies met all criteria and were included in the synthesis.
This review followed a two-person screening protocol
supported by Rayyan’s conflict resolution tools to ensure
transparency, consistency, and reproducibility.
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Quality Appraisal

This review used the Mixed Methods Appraisal Tool
(MMAT, 2018) to assess all 12 included studies to ensure
research quality and analytical credibility. MMAT is suitable
for evaluating qualitative, quantitative, and mixed-method
designs, matching the diversity of the selected literature
(Hong et al., 2018). Two authors independently conducted
the appraisal after agreeing on scoring criteria. Each
study was assessed using five design-specific questions,
rated as “yes,” “no,” or “cannot tell” (See Appendix A)
Discrepancies were resolved through discussion, and all
results were documented in a standardised scoring table.
Notably, no studies were excluded based on quality scores;
instead, the ratings informed the interpretation of findings
to enhance credibility (Souto et al., 2015). Using MMAT
adds methodological transparency and rigour to this review
(Hong et al,, 2019). MMAT results are used to control the
certainty of conclusions: if a topic mainly comes from
multiple “unjudged/unsatisfied” studies, we will regard it as
a preliminary discovery and express it more carefully in the
discussion.

Data Extraction and Synthesis

In this study, a systematic review with narrative
synthesis was employed to investigate the impact of wearable
technologies on students’ motivation, participation, and
learning outcomes in physical education. Key information—
including study aims, device types, research designs, and
contexts—was extracted from 12 included studies to establish
a systematic analytical basis (see Appendix B) (Page et al,,
2021; Souto et al., 2015).

Given the substantial heterogeneity in study designs,
samples, and wearable devices, conducting a statistical
meta-analysis was not appropriate (Keogh et al., 2021;
Siddaway et al., 2019). Instead, a narrative approach was
adopted to synthesise findings across studies. Each article
was coded in Microsoft Excel 16 according to its objectives,
methods, and key outcomes, allowing recurring patterns
and thematic similarities to be identified across different
educational contexts. This process enabled the comparison
of convergent and divergent findings, revealing consistent
trends in how wearable technologies support student
motivation, participation, and skill development (Hong et
al., 2019). Results were therefore reported descriptively, with
an emphasis on pedagogical implications and directions for
future research.

This review establishes a standardized data extraction
table in Microsoft Excel and first selects a small number of
them to be included in the literature for trial extraction to
unify the field meaning and extraction rules. The extracted
content includes: author and year, research country and
school situation, sample characteristics, such as grade/age/
number of people, research design and duration, wearable
device type and data indicators, teaching purpose and
teaching strategy, such as feedback, goal setting, gamification,
self-monitoring, etc., outcome indicators, such as, motives,
participation, classroom activity volume, learning-related
results, and core findings related to research problems. The
first author completes the data extraction of all literature,
and the second author checks the extraction results item

82

by item. When differences arise, an agreement is reached
through discussion, and the extraction rules are refined as
needed.

To enhance the trustworthiness of the synthesis, all
identified themes were reviewed through team discussions
to ensure the evidence well supported them. Following this
iterative process, three core themes were confirmed: (1) the
application of wearable technology in physical education; (2)
its role in enhancing student motivation and participation;
and (3) the use of wearable devices to provide personalised
feedback.

—
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E] search
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o
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W }
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3 for eligibility Full text records excluded
(n = 159) s (n=148)
Article included in literature Additional articles identified
review > by citation and manually
(n=11) search
(n=1)
—
: “
E Final list of include in
(n=12)
S
Fig. 1. PRISMA flow chart
Results

This review encompassed a total of 12 empirical
studies on wearable technology in school PE classrooms.
The research designs included quantitative description,
qualitative interviews with control trial teachers, and a small
number of mixed methods and technology evaluation studies
(Almusawi et al., 2021; Boiché et al., 2020; Cunningham-
Rose et al., 2024; Grastén et al., 2019; Guijarro-Romero
et al,, 2025; Layne et al., 2022; Lindberg et al., 2016; Sit
et al,, 2019; Smith et al., 2019; Stockel & Grimm, 2021;
Wort et al., 2021; Zhang & Wang, 2024) The device includes
heart rate monitoring, accelerometers/activity trackers,
pedometers, and smart sports glasses, etc. The results are
presented according to the three themes of the original draft.

The Application of Wearable Technology
in Physical Education

Wearables were rarely used as pedagogy in isolation;
instead, they were integrated into existing teaching
structures (Layne et al., 2022; Cunningham-Rose et al,,
2024; Guijarro-Romero et al., 2025). When wearable data
are used to communicate clear lesson intentions and provide
understandable performance information, they can function
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as competence-supportive scaffolds. For example, investigate
the influence of heart rate projection on classroom effort
(Cunningham-Rose et al., 2024), integrate the heart rate
system with the sports education model and evaluate
classroom activity volume and rope skipping performance
(Layne et al., 2022), it provides real-time heart rate feedback
in the classroom and simultaneously measures physiological
and motivational indicators (Stockel & Grimm, 2021).
Studies mainly based on accelerometers have mostly been
used to objectively measure MVPA sedentary time or activity
patterns, and to investigate the relationship between these
indicators and classroom/school context (Boiché etal., 2020).
In addition, a group randomized controlled trial evaluated
the effect of gamified interval units on students’ weekly
activity levels (Guijarro-Romero et al., 2025). Technology
integration research also includes classroom solutions for
wearable motion-sensing games (Lindberg et al., 2016) and
classroom evaluation based on real-time feedback from
smart glasses (Zhang & Wang, 2024). Research indicates
that the implementation of wearable devices is significantly
influenced by teacher readiness resource conditions and
classroom feasibility (Almusawi et al., 2021; Wort et al,,
2021).

The teacher’s perspective study points out that the
implementation of wearable devices is significantly affected
by teachers’ readiness, resource conditions and classroom
feasibility (Almusawi et al., 2021; Wort et al., 2021). If
teachers lack time, confidence, or data interpretation
routines, wearable integration may become fragmented and
harder for students to understand, limiting its pedagogical
value (Almusawi et al., 2021; Wort et al., 2021).

Improving Motivation and Participation

The research results indicate that wearable technology
can indeed enhance students’ participation motivation and
activity input to a certain extent in PE classes, primarily
through real-time feedback that concretises and visualises
sports efforts, thereby improving students’ perception of
their own performance (Stockel & Grimm, 2021; Wort et al.,
2021). When such technologies are combined with gamified
design or clear goal setting, it becomes easier for students
to understand classroom requirements and maintain
participation, especially in the short term, resulting in a
higher level of activity (Guijarro-Romero et al., 2025; Viciana
etal., 2019).

There are two main ways to present motivation and
participation in research: one type reflects classroom effort
and participation (such as heart rate interval time and
moderate-to-vigorous physical activity, or MVPA) through
objective intensity/activity indicators; the other directly
measures motivation or motivation-related variables. The
heart rate projection study reported classroom intensity
and effort indicators (Cunningham-Rose et al., 2024), and
the real-time heart rate feedback study also reported the
results of psychophysiology and motivation (Stockel &
Grimm, 2021). Research shows that motivation variables
are related to school activities measured by accelerometers
(Boiché et al., 2020), and SDT-related variables can predict
physical education classes and total MVPA (Grastén et al.,
2019). Additionally, studies have examined the differences
in activity patterns of depicting school hours (including
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physical education) among various groups and under
different seasonal conditions (Sit et al., 2019). Technology
integration research also reveals classroom effects, including
“learning experience/sense of participation” and “learning-
related results” (Lindberg et al., 2016; Zhang & Wang, 2024).

However, this motivational improvement is not stable
or universal, and its effect is highly dependent on the
logic of using teaching situations and techniques. Many
studies have shown that when wearable technology is
used to compare, rank, or continuously monitor student
behaviour, the motivation structure in the classroom may
shift from interest- and experience-oriented to data-driven
and externally controlled (Kerner & Goodyear, 2017). In
this case, although students may temporarily increase the
amount of activity, it is accompanied by a decrease in stress,
anxiety and motivation, weakening the autonomy and
positive experience that should have been emphasised in
PE classes.

Providing Personalised Feedback through Wearable Devices

The research results indicate that wearable technology
offers a new support pathway for differentiated teaching,
formative evaluation, and students’ self-regulation in
PE classrooms through real-time and personalised data
feedback (Goodyear et al., 2019; Wort et al., 2021; Zhang &
Wang, 2024). When feedback is directly related to students’
own performance, it is easier for students to understand
learning goals and adjust behaviour, thus improving skill
learning efficiency and classroom participation to a certain
extent (Goad et al.,, 2019; Cunningham-Rose et al., 2024).
This mechanism enables students to gradually participate in
the self-regulated learning process, no longer relying entirely
on the teacher’s immediate instructions.

The most consistent function of cross-research is
“feedback,” including classroom real-time intensity feedback,
activity feedback, and action/posture feedback. Heart rate
projection provides real-time visual data and collects effort
indicators accordingly (Cunningham-Rose et al., 2024);
real-time heart rate feedback research takes data as part
of the classroom experience and evaluates relevant results
(Stockel & Grimm, 2021); The integrated research of sports
education model uses the heart rate system for classroom
monitoring and connects it to the evaluation of activity and
skill performance (Layne et al., 2022). The study of smart
glasses uses real-time posture feedback in the classroom and
reports skill-related results (Zhang & Wang, 2024). Device
measurement research reveals differences in the accuracy
of pedometers across various action tasks, suggesting that
the step index may be unstable in certain physical education
class contents (Smith et al., 2019). Teacher research also
highlights that data can be of potential value for feedback and
informed decision-making in teaching, but the feasibility
of implementation and the ability to interpret data are key
conditions (Wort et al., 2021; Almusawi et al., 2021).

However, research also clearly shows that the teaching
value of personalised feedback is not automatically
generated by technology. First of all, the data generated by
wearable devices is not equivalent to the quality of learning.
Its measurement results have obvious situational limitations.
If they are directly used to evaluate students’ performance,
it is easy to simplify or even misjudge the learning process
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(Smith et al., 2019). Secondly, students’ ability to understand
data is not a priori, and the lack of teaching-guided data
feedback may be transformed into a cognitive burden, thus
weakening their original intention to support learning
(Casey et al., 2017; Creaser et al., 2022).

Discussion

Theresults of this review indicate that wearable technology
is more akin to a “classroom infrastructure” than a neutral
teaching tool in school physical education classes. It often
enters the classroom through the data process of “monitoring-
feedback-display” and affects how teachers organize teaching,
how students understand effort and performance, and how
classroom relationships are redefined (Layne et al., 2022;
Cunningham-Rose et al., 2024; Wort et al., 2021). Therefore,
we need to analyze this phenomenon using a theoretical
framework that can explain why the same technology
produces different consequences in different classrooms.
Self-determination theory (SDT) provides a clear entry point:
whether technology truly promotes learning, the key is not the
equipment itself, but whether it supports or hinders students’
autonomy, sense of competence, and relationships in the
classroom (Deci & Ryan, 2000). From this perspective, your
three themes are not simply the linear logic of “application-
effect-feedback’, but three groups of motivational mechanisms
that may reinforce or offset each other.

In teaching integration and teaching strategy, the
study generally points out that wearable devices rarely
constitute teaching methods alone, but are superimposed
on existing teaching structures, such as sports education
models, game units, or intensity-centered lessons (Layne
et al., 2022; Guijarro-Romero et al., 2025; Cunningham-
Rose et al., 2024). The critical point of SDT is that this
“superposition” does not necessarily mean better learning. It
may not only provide clear goals and informative feedback
to support the sense of competency; it may also become
a fragmented monitoring process due to teachers’ lack of
data explanation and classroom routines but also increase
students’ confusion and pressure (Almusawi et al., 2021;
Wort et al., 2021). More importantly, there is a natural risk
of a mismatch between equipment indicators and classroom
tasks. The underestimation of pedometers in non-walking
tasks reminds us that data is not equivalent to effort, let alone
the quality of learning; once teachers or students regard data
as “expressing the truth’, the sense of competence may be
continuously frustrated by wrong feedback (Smith et al.,
2019). This means that in practice, “technical integration”
must be redefined as a teacher’s professional judgment
ability: teachers need to know when data is informational
support and when it is just noise; and they should be able
to put the data back into the teaching objectives and action
tasks to explain, instead of letting the data reverse define that
the classroom should teach What (Casey et al., 2017).

Motivational engagement and participation are most
likely to be misinterpreted because some studies have
indeed reported higher intensity indicators or higher
MVPA, especially in the context of heart rate projection
or gamification design (Cunningham-Rose et al., 2024;
Guijarro-Romero et al., 2025). However, according to the
SDT, a more crucial question arises: What is the quality of
motivation underlying the same greater effort? If the data
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presentation in the classroom resembles a publicly visible
supervisory device, students may increase their intensity
due to the pressure of being evaluated, which is closer to
controlled motivation. It may seem effective in the short
term, but in the long run, it may weaken autonomy and
continuous participation (Deci & Ryan, 2000) This is also why
critical research would remind us that heart rate monitoring
and feedback loops may reshape classroom power relations,
slide physical learning towards data compliance, and impose
an additional burden on students who are unwilling to be
shown or perform poorly (Esmonde, 2019) Meanwhile, the
research also suggests that there is a connection between
motivational variables and objective activity levels, and the
differences are presented among different groups (Boiché et
al., 2020; Grastén etal.,2019). This means that, at the practical
level, one should not merely focus on increasing the intensity
but rather pay more attention to how to make students feel
that they have the choice and ability to be accepted through
classroom language, goal setting, and interaction methods.
If the main consequence of using technology is comparison
rankings or implicit humiliation, then even MVPA Ascent
may also come at the expense of autonomy and a sense of
relationship, ultimately being detrimental to learning and
long-term sports engagement (Kerner & Goodyear, 2017).

Personalized feedback and data evaluation are the most
educational and critical parts of wearable technology. Wheth-
er it is heart rate real-time feedback, intensity interval visu-
alization, or posture feedback provided by smart glasses, the
core is to transform “imperceptible performance clues” into
actionable feedback, so as to support a sense of competence
and self-regulation (Stockel & Grimm, 2021; Zhang & Wang,
2024). However, personalized feedback is not inherently
equivalent to “learner centered” When feedback is overly da-
taized or bound to evaluation, it may change from “promot-
ing understanding and improvement” to “code of conduct
and performance monitoring”, which will frustrate autonomy
and make students treat data as objects to be judged rather
than self-regulating resources (Kerner & Goodyear, 2017; Es-
monde, 2019). In addition, data-driven feedback also raises
privacy and ethical concerns, especially in the K-12 scenar-
io, where the scope, storage, and use boundaries of data are
unclear, directly affecting students” psychological safety and
participation experience (Jovanovic & Kay, 2022). Therefore,
the practical significance can be very specific: teachers should
position wearable data as auxiliary evidence for formative
evaluation, not the basis for scoring; at the classroom level,
give priority to the strategy of “private feedback, goal selec-
tion, and emphasis on progress” to protect autonomy and
relationship; at the school level, clear consent mechanisms
and data are needed. Access and storage rules and improve
data literacy and interpretation ability through teachers’ pro-
fessional development, otherwise technology is easy to slide
from “supported learning” to “defined learning” (Almusawi
etal., 2021; Wort et al., 2021; Goodyear et al., 2019). Overall,
this review supports a “cautious and optimistic” conclusion:
the educational value of wearable technology stems from the
teaching mechanism that requires support, rather than from
more intensive data production.

Conclusion

This system review shows that wearable technology has
the potential to support differentiated teaching, formative
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evaluation and student self-regulation in PE, especially
promoting student participation and skill learning through
personalized feedback. However, its teaching effectiveness
does not come from technology itself but depends on how
teachers interpret and use data. A key contribution of this
review is that we move beyond describing devices and
instead explain how wearables work in PE through a simple
mechanism-and-conditions lens. Across studies, wearables
matter mainly because they change feedback, make lesson
goals more visible, and increase the visibility of performance
data. Using SDT, we show that these pathways shape students’
autonomy, competence, and relatedness, which helps explain
why similar technologies produce mixed outcomes (Deci &
Ryan, 2000). Wearables are most likely to support PE aims
when data are used as formative feedback, metrics fit the task,
and routines protect privacy and inclusion; they are more
likely to hinder learning when data are used for ranking,
comparison, or control (Esmonde, 2019; Smith et al., 2019;
Wort et al.,, 2021). Therefore, wearable technology should
be used as an auxiliary tool to serve teaching judgment,
not a mechanism to dominate classroom operation.
Future research needs to pay more attention to its teaching
integration method and the ethical boundaries of data use.
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Hocumi TexHonorii y wKinbHOMYy ¢pisnyHOMY BUXOBaHHi:
CUCTEeMATUYHNIN OrNA[ NejarorivyHNX acnekTiB

I130cianb Yskao' 5P, Tucroe Cy?ABCPE

"YuiBepcurer Bipminrema
*Tlegaroriunuit yHiBepcuteT BuyTpimaboi MoHroii

ABTOpPCHKMIT BRI A — Au3aitH gocmipkenHs; B — 36ip ganux; C — crataHanis; D — migroroska pykormcy; E — 36ip kowrtis

Pegepar. Crarrsa: 11 ¢, 4 Tabn., 1 puc., 36 mxeper.

O6rpynryBannsa. Hocumi TexHosorii, 30kpeMa MOHITOpY cepIieBOTo PUTMY, aKCeZlepoMeTpH Ta (iTHec-TpeKepH, efiati Jac-
Tillle iHTerpy0ThCA y LIKiNbHe (isyyHe BUXOBAHHA 3 METOI0 BIOCKOHA/ICHHs HaBYa/IbHUX CTPATerill, MiBUIEHH:A 3a/Ty4eHOCTi
Y4HIB i 3ab6e3neyeHH: MepCOHANi30BAaHOTO HaBYaHHA. BogHOYAC eMITipiyHi 0Ka3M IXHbBOI NefaroriqyHoi eeKTUBHOCTI 3a/INITa-
I0TbCsI PPAarMEeHTOBAHVIMIL.

Meta. MeTOI0 LIbOTO CMCTEMATUYHOTO OIVIAJY € y3araJbHEHH: [JOCTi[KEHb IIO/I0 3aCTOCYBAHHA HOCHMMMX TEXHOJIOTIN y
IIKiITBHOMY (i3MYHOMY BUXOBaHHI 3 aHaIi30M iX iHTerpamnii B HaBYa/IbHI CcTparerii, BIUIMBY Ha MOTMBAIII0 Ta y4acTh Y4HIB, a
TaKOXX BUKOPYMCTAHHSA IIePCOHAI30BAHOTO 3BOPOTHOTO 3B A3KY.

Mertopu. CucreMarnynnii moiyk y 6asax Web of Science, Scopus, ERIC, SPORTDiscus ta PsycINFO nossosus igenTndiky-
BaTy 12 perieH30BaHMX JOCTI/KeHb, OIy0/IiKoBaHuX y epioy; 3 2000 o 2025 pik. MeTof0/MIOTi4HY AKICTh JOCTIPKEHD OL[iHIOBATIN
3a JIOTIOMOTI 00 iHCTPYMEHTA OL[iHIOBAHH 3MillIaHMX METO/IB, ITiC/I1 YOTO Pe3yIbTaTy 6y}10 CUHTE30BaHO.

Pesynprarn. Hocumi Texnosorii cnpusnm peanisanii pisHOMaHITHUX HaBYa/IbHUX CTPATeriil, 30KpeMa Ha/laHHIO 3BOPOTHO-
ro SB’HSKY B peasbHOMY Yaci, CAMOKOHTPOJIIO, refiMidikariii Ta MOCTaHOBII Ifineit. Ix BMKOPMCTaHHA HiJIBUIIYBA/I0 MOTHUBALIiIO
Il y9acTh Y4HIB, a TAaKOXX 3a0e3ledyBaio IepCoHANI30BaHNIT 3BOPOTHMIT 3B 130K, X04a BOAHOUYAC Oy/I0 Big3HaYeHO mpobieMu,
HOB’s13aHi 3 KOHQIJEHIITHICTIO JaHUX Ta eTMYHUMM acleKTaMu. PiBeHb 1 poOBOI IPaMOTHOCTI BYMTEIB i IXHs Iefaroriyxa
KOMIIETEHTHICTb CYTTEBO BIUIMBA/IM Ha e(peKTUBHICTD YIPOBA/KEHHSL.

BucnoBku. Hocumi TexHO/Oril MaloTh 3HaYHMII ITeJarOriYHNUIT TOTEHIia/ y IIKiITbHOMY (isMYHOMY BUXOBaHHI, CIIPUAIOUN
HiBUIIEHHIO MOTMBAIlil, yJacTi Ta mepcoHami3anil HaBYaHHs. YCIIIIHe BIPOBAKEHHs HOTpeOye IMPOLyMAHOrO HaBYATbHOIO
IM3aliHy, TOTOBHOCTI BUUTEIIB i peTe/IbHOTO €TUYHOTO YIpaB/IiHHA faHUMY y4HiB. [Tofambli fOCTiKeHHA MaloTh Oy TH CIIps-
MOBaHI Ha BUBYEHHsI [JOBTOCTPOKOBUX e(eKTiB Ta Mofesteil po¢eciliHOro pO3BUTKY II€aroris.

KirouoBi cmoBa: Hocumi TexHOIOTi, MIKinbHe (isydHe BMXOBAaHH:A, MOTUBALlifA YYHIB, IepCOHA/Ti30BaHe HABYAHHS, IHTeTpa-
IIisl TEXHOJIOTIIA.
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Abstract

Objectives. The study aimed to identify the impact of structured school-based physical activity program on physical
fitness and psychosocial well-being of pre-adolescent students.

Materials and Methods. The quasi-experimental pre-test post-test control group research was utilized. Intact

schools were used to assign a total of 100 and 120 students (between 10-12 years old), who were to be placed either

in Intervention (n = 60) or Control group (n = 60). The intervention course was a 8-week structured physical activity
programme carrying out three sessions a week (45 minutes/session), and involved progressive endurance, strength,
agility and cooperative activities. The results of the physical fitness were aerobic endurance (PACER), muscular
endurance (push-up test), and agility (pro-agility shuttle run). The variables based on psychosocial factors were
estimated by self-perception, intrinsic motivation, peer support, and mental well-being through culturally adjusted
and validated questionnaires. Data analysis was performed using paired t-tests, mixed ANOVA, and ANCOVA. Effect

sizes and confidence intervals were also provided.

Results. The intervention group demonstrated statistically significant improvements across all physical fitness and
psychosocial outcomes (p < .01), accompanied by large effect sizes (Cohen’s d > 1.60; partial n* > .40). In contrast, the
control group showed no statistically significant changes and negligible effect sizes. In addition, strong positive correlations
were observed among psychosocial variables, suggesting coordinated improvements across psychological domains.
Conclusions. The findings of this study suggest that the structured school-based physical activity significantly enhances
the physical fitness and psychosocial well-being of pre-adolescents, thus making it reasonable to incorporate it into the

routine school programs.

Keywords: physical fitness, school-based intervention, psychosocial well-being, motivation, children.

Introduction

A child’s regular participation in physical activities is a
major contributor to their physical, mental, and social growth
of the best quality. The current literature is unanimous in as-
serting that a regular asthmatic lifestyle (physical activity)
leads to an increase in oné€’s ability to run long distances, as
well as muscular endurance, and a better overall ability to
move, and at the same time, to a better emotional control,
mental health, and social adaptability in the case of children
and adolescents (Carson et al., 2016; Donnelly et al., 2016;
Poitras et al., 2016). The above-mentioned advantages are
grounded with empirical data but the worldwide monitoring
data pointed out that a large portion of the children of school

© T,V,&T,P,2026.
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age do not reach the threshold of the reccommended physical
activities, especially in the developing countries and econo-
mies that are in transition (Guthold et al., 2020; Aubert et al.,
2021). The trend of increasing physical inactivity has already
raised a number of very serious concerns about the health,
fitness, and psychosocial stress of people in the reducing age
groups and about the risk of them getting sick early in life.
Schools are the most important places for such problems
to be solved since they allow the establishment of an interface
between children of different socioeconomic backgrounds.
Physical activity programs at schools have been reported
to yield benefits to children’s cardiorespiratory endurance,
muscular fitness, and basic movement skills if they were
properly administered in terms of frequency and progression
(Donnelly et al., 2017; Love et al., 2019). Besides the physical
effects, being a part of school-based activity has been
correlated with better cognitive functioning, self-esteem,
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intrinsic motivation, peer relationships, and emotional
well-being, all of which contribute to holistic development
and academic engagement (Lubans et al., 2016; Rodriguez-
Ayllon et al., 2019; Lang et al., 2023).

The power of such projects can be explained through
the widely accepted motivational theories, in particular,
the self-determination theory (SDT), which perceives the
satisfaction of the basic needs for autonomy, competence,
and social involvement as the primary factors of long-
lasting participation and psychological well-being (Deci &
Ryan, 2017; Standage & Ryan, 2020). If the physical activity
environments provide cooperation, gradual challenges and
peer interaction as the main features, then not only will the
children’s intrinsic motivation be fostered but also the good
self-images will be created (Vasconcellos et al., 2020; Owen
et al,, 2022). For instance, the pre-adolescence period can
be marked with the multi-component training consisting of
endurance, strength, agility, and cooperative play that will be
highly effective since the kids at that age go through very fast
and enormous physical and emotional changes.

The evidence from around the world has pointed to the
advantages of physical activities in schools that are structured
as they should be, however, there are still not many research
works done in Indian contexts. A number of Indian schools
are dependent on infrequent or unstructured physical educa-
tion sessions, which do not allow a very limited opportunity
for skill development or psychosocial growth (Singh et al,,
2018; Kumar & Joshi, 2021). Furthermore, only a few em-
pirical studies have tried to observe both physical fitness and
psychosocial outcomes simultaneously among Indian pre-
adolescent children. This, in turn, has left a very small evi-
dence base that is necessary for the culturally relevant policy
and curriculum decisions to be made (Sahoo et al., 2017;
Ramesh et al., 2022). It is a pressing issue considering that
the problem of physical inactivity, the pressure of academic
workload, and mental health problems among Indian young-
sters are increasingly getting the attention of researchers and
practitioners alike (Patel et al., 2018; WHO, 2020).

It is, therefore, possible that the combined school-
based programs focused on endurance, strength, agility, and
teamwork could be a practical and large-scale solution for
enhancing both the physical and mental aspects of children.
The development of movement skill and physical fitness
has been associated with the increase of self-perception,
confidence, and social acceptance, which in turn, lead to
better motivation and emotional health (Bailey et al., 2020;
Cairney et al., 2019). Investigating the connections between
psychosocial factors also sheds light on the situation whether
the increase in motivation, self-belief, and mental health
happens in a synchronized developmental pattern rather
than being separate (Guérin et al., 2021; Mancini et al., 2024).

Therefore, the current research has been conducted with
the goal of evaluating the effects of an eight-week structured
school-based physical activity intervention on children’s
physical fitness (aerobic endurance, muscular endurance,
and agility) and psychosocial outcomes—such as self-
perception, intrinsic motivation, peer support, and mental
well-being—among Indian pre-adolescent students. The
combination of progressive physical challenges with socially
supportive activities was the means through which the
intervention provided a model that was both contextually
relevant and feasible for enhancing youth health outcomes
in school settings. The findings also add to the body of
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literature by providing empirical data from a non-Western
educational context, thus filling a major gap in the current
research on school-based physical activity.

Hypotheses

H1I: Students in the intervention group will demonstrate
significantly greater improvements in physical fitness
(PACER endurance, push-up performance, and pro-agility
speed) compared with the control group.

H2: Students in the intervention group will exhibit
significantly greater improvements in psychosocial outcomes
(self-perception, intrinsic motivation, peer support, and
mental well-being) than students in the control group.

H3: Psychosocial variables will be positively correlated
at post-test, indicating coordinated enhancement in self-
belief, motivation, and emotional well-being.

Materials and Methods

Research Design and Participants

The study introduced a quasi-experimental, two-group
pre-test-run experimental design to determine the impact of
a designed physical activity program in school in increasing
physical fitness and psychosocial success in pre-adolescent
students. Intervention and Control groups were used to assign
intact schools in order to prevent cross over of participants and
also to ensure implementation fidelity. G*Power 3.1.9.7 (Faul
et al., 2009) was run a priori; it was a mixed ANOVA with f =
0.30, 0.05, and an estimated desirable power o0f.80. Findings
showed that 88 study subjects were needed. The last sample (N
= 120) was above this number and this guaranteed sufficient
statistical power to find significant effects. Since the cluster
assignment would potentially create a dependency between
scores, intraclass correlation coefficient (ICC) was considered.
The ICC values on the key outcomes were less than .05 which
mean that there was little impact of clustering. Because there
were only two clusters (two schools), it was not possible to
perform multilevel modelling, and analyses at individual level
were kept. It is recognized that this, along with design con-
siderations is a limitation to the project since small clustering
effects might still be left. The participants had to be between
the age of 10 -12, be in the Grade 5-7, and medically fit to
undertake physical activity. Before collection of data, written
parental permission and oral consent by the participants were
secured. In the end, the sample was composed of students who
had different levels of activity activities and socioeconomic
backgrounds that reflected on the school population.

Intervention Protocol

The intervention plan was based on 3 supervised ses-
sions a week with a 45 min long duration conducted by
physical education teachers who undergo training. Session
structure included: Warm-up (5 minutes): active stretching
and rhythm aerobic to increase the pulse rate and prepare
majorly muscle groups. Core activity (30 minutes): o Endur-
ance exercises: modified PACER shuttle running with the
increment in frequency and repetition. o Strength workouts:
push-ups, planks, routine on resistance bands, and medicine-
ball passes. o Agility race: 5-10-5 shuttle race, cone snow-
balls, and cooperative relay based. Cool-down (10 minutes):
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Table 1. Description of Physical Fitness and Psychosocial Measures

Domain Variable Instrument / Test Outcome / Unit Re(l;a})il)lty
Physical Fitness Aerobic Endurance  PACER Test (20-m shuttle run) Total laps completed r=0091
Muscular Endurance Push-Up Test (FITNESSGRAM protocol) Number of correct repetitions  r = 0.89
Agility Pro-Agility 5-10-5 Shuttle Test Time (s); lower = better r=0.87
Psychosocial Self-Perception Self-Perception Profile for Children 5-point Likert mean score a=0.86
Intrinsic Motivation Intrinsic Motivation Inventory (IMI) 5-point Likert mean score a=0.88
Peer Support Peer Support Scale for Children 5-point Likert mean score a=0.82
Mental Well-Being ~ Warwick-Edinburgh Mental Well-Being Scale Composite mean score a=0.90

(Short Form)

Higher scores denote better performance or well-being. All measures demonstrated acceptable reliability (o / r > 0.80). All psychosocial
measures underwent linguistic and cultural validation to ensure appropriateness for Indian pre-adolescent students.

gentle stretching in position and facilitated breathing as a
way of encouraging recovery and stimulating reflection. The
intensity of the session was matched to the OMNI 10-point
Rate of Perceived Exertion (RPE) scale (which targeted 5-7,
i.e. moderate-vigorous). The developments were done weekly
and involved an increase in repetitions, reduction of rest pe-
riods or create more difficult motion activities. Attendance
and compliance were monitored by instructors. Control
group carried on with the normal school activities without
any physical training outside of regular physical activities.

Measures

The study assessed physical fitness (aerobic endurance,
muscular endurance, and agility) using standardized
field tests, and psychosocial functioning (self-perception,
intrinsic motivation, peer support, and mental well-being)
using validated questionnaires with acceptable reliability (a
/1> 0.80)(Table 1).

Procedure

There were baseline assessments (T1) that were done
in the week before the intervention. The final week saw the
post-test evaluations (T2) that were administered in the

same procedures and evaluators. The testing was to be done
in the morning hours so as to reduce fatigue. Anonymization
and storage of all data were safe.

Statistical Analysis

The SPSS 27.0 was used to analyse the data. All variables
were calculated using the descriptive statistics. Inferential
testing was carried out after checking normality, homogene-
ity of variance and the outliers. Paired-sample t-tests were
used to assess within-group changes, and mixed ANOVA
and ANCOVA were done to assess between groups and take
into consideration baseline values. Cohen d was used to re-
port the effect size of t -tests, and partial 2 was used to report
effect size of ANCOVA with the calculation of 95 a confi-
dence interval (CI) to facilitate the interpretation of effect
size. Even though the level of clustering was low (ICC < .05),
its possible effect on the estimates of be it variance is recog-
nized. The level of significance was determined to be p =.05
in which the adjustments were indicated where applicable.

Results

The Intervention and Control groups showed similar
scores at the baseline, both at the physical fitness and

Table 2. Means and Standard Deviations of Study Variables at Pretest and Post test

Variable Group Pretest M + SD Post test M + SD Change (A)
PACER (laps) Intervention 24.60 +10.2 39.10 £ 10.6 +14.5
Control 24.80 £ 9.8 26.00 +10.0 +1.2
Push-Up (reps) Intervention 1230+ 5.1 21.50 +5.8 +9.2
Control 13.00 +5.3 1420 +5.5 +1.2
Pro-Agility (sec) Intervention 19.70 £ 1.8 17.90 £ 1.7 -1.8
Control 19.60 £ 1.8 1930+ 1.8 -0.3
Self-Perception Intervention 2.95+0.68 4.05+0.61 +1.10
Control 3.15+0.66 3.27 £ 0.65 +0.12
Intrinsic Motivation Intervention 3.02+0.73 428 £0.58 +1.26
Control 3.08 £0.71 3.24+0.70 +0.16
Peer Support Intervention 3.15 £ 0.66 432+0.53 +1.17
Control 3.40 £ 0.64 3.55+0.62 +0.15
Mental Well-Being Intervention 13.90+3.3 20.20+3.5 +6.3
Control 14.80 +3.4 1590 +3.3 +1.1

Values are mean * standard deviation. Positive A values indicate improvement; negative A (Pro-Agility) indicates faster performance.

Significance level a = .01 (two-tailed).
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psychosocial scales. The beneficial effects of the eight-week
intervention on the Intervention group were significant
in the endurance, muscular endurance, agility, and the
psychosocial indicators, but the changes were very slight in
the Control group.

The Intervention group recorded significant differences
in all the physical and psychosocial measures between pre-
and post-tests compared to the Control group who showed
small variations as indicated in Table 2. These trends show
that the routine of schools was not adequate to bring
meaningful development without formatted activity.

The comparisons made between pre-test and post-test
showed significant impact of Intervention on all physical
fitness and psychosocial outcomes (p <.001). The effect sizes
were between d =1.62 and d=2.21 which shows big practical
improvements that support intensive and structured
training. These effects were corroborated by confidence
intervals (95% CI), which showed there was strong positive
change in all measures. However, by contrast, the Control
group showed the small non-significant changes (all p > .05),
which points to the inability of regular school activities to
have a significant impact.

Table 3. Paired-Sample t-Test Results for Within-Group
Changes

Variable Group t (59 Col‘lien’s
PACER (laps) Intervention 16.27 <.001 2.10
Push-Up (reps) Intervention 1493  <.001 1.92
Pro-Agility (sec) Intervention  11.86  <.001 1.53
Self-Perception Intervention 13.45 <.001 1.74
Intrinsic Motivation Intervention 12.88  <.001 1.68
Peer Support Intervention 11.62  <.001 1.50
Mental Well-Being ~ Intervention  15.07  <.001 1.95
Control (all variables) - ns > .01 -

Two-tailed significance a = .01. p <.001, p < .01, ns = not significant

Table 3 presents statistically significant changes in
outcomes of all Intervention group (all p <.001, d > 1.60)
with reference to strong physiological and psychosocial
adaptation. There were no media changes in the Control
group. These results support the quality of the designed
program. ANOVA and ANCOVA adjusted on the values at
baseline indicated that there were significant Group x Time
interactions in all resultant outcomes (all p =.001). Adjusted
means of post-tests were always better than control group in
terms of physical fitness and psychosocial constructs. The
values of partial eta 2 were between.42 and.58 indicating
very high effects.

Even though the size of effects was high, 95% CI and
adjusted models justify its validity. The observed magnitudes
can be indicators of high levels of adherence, intense session
and novelty of some structured program in the school
setting. Minor values on ICC (< .05) limit interest in the
possibility of clustering bias.

As shown in Table 4, the Intervention group obtained
much greater adjusted post-test means in all the outcomes.
Partial n* values of 0.40 and above represent extremely large
practice effects. With the results, the study ascertains the
intervention as having a powerful and independent effect
on top of differences in the baseline. Post test psychosocial
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Table 4. ANCOVA Results Comparing Post-test Scores
Between Groups

Variable F 1) P Partial n*
PACER (laps) 59.41 <.001 0.51
Push-Up (reps) 54.86 <.001 0.48
Pro-Agility (sec) 43.12 <.001 0.42
Self-Perception 38.74 <.001 0.40
Intrinsic Motivation 45.62 <.001 0.44
Peer Support 47.85 <.001 0.45
Mental Well-Being 63.23 <.001 0.52

Post-test group means adjusted for pretest scores. Significance
level a = .01 (two-tailed). p < .001. Partial n* indicates effect size
magnitude

variables demonstrated strong positive relationships revealed
on Pearson correlations (Table 4). Greater self-perception
related to more intrinsic motivation (r = .81), peer support
(r =.67) as well as mental wellbeing (r = .78). These findings
suggest a combination of psychosocial enhancement, which
confirms the hypothesis of the changes to happen in a
correlated trend.

Table 5. Intercorrelations Among Psychosocial Variables at
post-test

Variable 1 2 3 4
1. Self-Perception - .81 .76 .78
2. Intrinsic Motivation - .79 74
3. Peer Support - 72

4. Mental Well-Being

Pearson r coeflicients (two-tailed). p < .001.

Table 5 shows that there are strong positive relationships
between psychosocial constructs. There were especially
strong correlations between self-perception and intrinsic
motivation and mental well-being. The findings imply
the need to mutually support psychological benefits and
consistent psychosocial growth after the intervention.

Figure 1 presents the interaction between the Group
and Time on PACER, push-up performance and mental
well-being. The Intervention group indicates strong positive
trends in all the outcomes and the Control group indicates
no or slight increase. This visual effect is a clear back-up of
the statistical results of the significant effects of intervention.

The organized physical activity program held in school
brought about notable effects in all physical fitness and
psychosocial fitness among pre-adolescent students. These
findings are robust with big effect sizes, which are supported
by adjusted models and confidence intervals. The slight
alterations in the Control group once again confirm that
the normal school schedules in themselves were not good
enough to generate the same benefits.

Discussion

The present investigation studied the impact of an 8-week
structured physical activity program in school on the fitness
and psychosocial health of youngsters aged 11-12 years. The



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 1

PACER (laps)

—e— Intervention
-e~- Control

38} -e- Control

Mean Score
Mean Score

Push-Up (reps}

—e— Intervention

Mental Well-Being

| —8— Intervention
Control

20

Mean Score

126y
Pre-test

Post-test

24
Pre-test

Time

Time

Post-test Pre-test Post-test

Time

Fig. 1. Group x Time Interaction for PACER, Push-Up, and Mental Well-Being scores

results showed that the pupils in the Intervention group
had significantly higher increases in aerobic endurance,
muscular endurance, and agility than the pupils in the
Control group, who only had slight and non-significant
changes. The new evidence is in line with the already existing
and strong body of evidence that structured, age-appropriate
physical activity programs rolled out in school settings can
significantly improve the basic physical fitness components
in children. The magnitude of change is highlighted by
large effect sizes and narrow confidence intervals, implying
that the intervention was powerful enough to create a
training stimulus that triggered meaningful physiological
adaptations.

In addition to physical benefits, the research also sug-
gested a lot of improvements in the psychosocial aspects
such as self-acceptance, internal drive, support from friends,
and mental health. The results are in agreement with the
Self-Determination Theory, which claims that the learning
settings allowing for autonomy, skill, and social connection
are the main sources of intrinsic motivation and good psy-
chological functioning in children and teenagers (Deci &
Ryan, 2017; Standage & Ryan, 2020). The main features of
the intervention were the progressive challenges, cooperative
activities, and peer-supported tasks, which probably catered
to the psychological needs and thus were responsible for the
favorable psychosocial outcomes. In the literature, similar ef-
fects have been observed in previous school-based interven-
tions that reported the benefits of motivating, self-esteem,
and emotional well-being improvements through structured
physical activity (Lubans et al., 2016; Owen et al., 2022).

The very strong positive correlations between
psychosocial constructs that were observed point to the
same conclusion that there was a coordinated improvement
in the self-perception, motivation, and mental well-being
of the participants. This was already implied by the current
physical literacy models which state that the physical ability,
self-confidence, and motivation to be active grow together
to promote the long-term participation in physical activities
(Cairney et al., 2019; Bailey et al., 2020). Such relationships
stressed the fact that physical activity interventions should
not be considered just fitness enhancement tools but rather
as all-around approaches to the development of social and
emotional skills during critical periods of growth.

Even though the intervention’s effects were massive,
different contextual factors could be the reason behind
the size of the effects. The structured program in itself
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was a significant increase in the amount of activity done
compared to the usual school physical education practices,
which can be a reason for the higher responsiveness to
training (Love et al., 2019). Also, very little prior exposure
to organized physical activity and rather low baseline
variability among the participants might have had a hand
in the larger standardized effect sizes, as indicated in similar
studies of youth-based Intervention (Rodriguez-Ayllon et
al., 2019; Vasconcellos et al., 2020). However, the fact that
there were consistent improvements in different physical
and psychosocial domains gives more confidence in the
effectiveness of the intervention.

Significantly, the current study’s results broaden the
very scant evidence coming from Indian school settings
where often structural limitations, curricular priorities,
and a lack of instructional time keep systematic physical
activity restricted (Singh et al., 2018; Kumar & Joshi, 2021).
The substantial progress made in both physical fitness and
psychosocial wellness is an endorsement of the coexistence
and the necessity of structured physical activity programs
in the mainstream school schedules. Their coexistence is in
agreement with the global and national prescriptions that
support school-based strategies to counteract the declining
physical activity levels and the growing mental health issues
of the young people (Guthold et al., 2020; World Health
Organization, 2020).

Conclusions

The school-based physical activity intervention that
was institutionalized had a major influence on both physical
fitness and psychosocial health of the elementary school
children. The kids not only became more physically active
and fit, but also more confident, motivated, supported by
peers, and mentally healthy. This indicates that school,
where the above mentioned positive psychosocial changes
took place, can be a good environment for physical activity
implementation that is progressive and socially facilitating,
and even medium-period interventions can offer great
improvements. The simultaneous increasing of psychosocial
results also indicates the organized activity’s potential
in promoting the whole child development in the school
setting.

The findings have clear practical implications for
school practice and educational policy. The results support
the curricular integration of structured physical activity
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programs (40-45 minutes, three times per week) with
a progressive focus on endurance, strength, and agility.
Effective implementation requires targeted professional
development for physical education teachers, particularly
in applying Self-Determination Theory-based strategies
that foster autonomy, competence, and relatedness. Given
the minimal equipment requirements, the program is
feasible within existing school infrastructure and scalable
across educational settings. Moreover, the integration of
cooperative tasks and reflective activities may contribute to
holistic development by simultaneously enhancing physical
fitness and psychosocial well-being. At the policy level, these
findings align with national and international initiatives
promoting comprehensive school-based health and wellness
frameworks.

Ethical Approval Statement

This study was conducted in accordance with
the ethical principles outlined in the Declaration of
Helsinki (2013 revision). Ethical approval was obtained
from the Institutional Research Ethics Committee
of Hindustan Institute of Technology and Science,
Chennai, India (Approval ID: HITS/CRC/004/20603034).
Written informed consent was obtained from the parents
or legal guardians of all participating students prior to data
collection. In addition, age-appropriate oral assent was
obtained from the students themselves. All procedures
were designed to ensure the confidentiality, anonymity, and
voluntary participation of the participants.

Funding Statement

This research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

Conflict of Interest

The authors declare that there are no financial or non-
financial conflicts of interest related to this study.

Al Transparency Statement

The authors declare that no generative artificial
intelligence tools were used in the design of the study,
data collection, data analysis, interpretation of results, or
preparation of the manuscript.

Data Availability Statement

The data supporting the findings of this study are not
publicly available due to ethical and privacy considerations
related to research involving minors. De-identified data
may be made available from the corresponding author upon
reasonable request and subject to approval by the relevant
ethics committee.

References

Carson, V., Hunter, S., Kuzik, N., Gray, C. E., Poitras, V..,
Chaput, J.-P.,, & Tremblay, M. S. (2016). Systematic review
of sedentary behaviour and health indicators in school-

95

aged children and youth. Applied Physiology, Nutrition,
and Metabolism, 41(6), S240-S265.
https://doi.org/10.1139/apnm-2015-0630

Donnelly, J. E., Hillman, C. H., Castelli, D. M., Etnier, J. L., Lee,
S., Tomporowski, P., Lambourne, K., & Szabo-Reed, A. N.
(2016). Physical activity, fitness, cognitive function, and
academic achievement in children: A systematic review.
Medicine ¢ Science in Sports & Exercise, 48(6), 1197-
1222. https://doi.org/10.1249/MSS.0000000000000901

Poitras, V. ]., Gray, C. E., Borghese, M. M., Carson, V., Chaput, J.-
P, Janssen, I, & Tremblay, M. S. (2016). Systematic review
of the relationships between objectively measured physical
activity and health indicators in school-aged children.
Applied Physiology, Nutrition, and Metabolism, 41(6), S197-
S239. https://doi.org/10.1139/apnm-2015-0663

Guthold, R., Stevens, G. A., Riley, L. M., & Bull, E C. (2020).
Global trends in insufficient physical activity among
adolescents: A pooled analysis of 298 population-based
surveys. The Lancet Child & Adolescent Health, 4(1), 23—
35. https://doi.org/10.1016/S2352-4642(19)30323-2

Aubert, S., Barnes, J. D., Abdeta, C., Abi Nader, P., Adeniyi,
A.F, Aguilar-Farias, N., ... Tremblay, M. S. (2021).
Global Matrix 4.0 physical activity report card grades
for children and adolescents: Results and analyses from
57 countries. Journal of Physical Activity and Health,
18(Suppl. 2), $251-5264.
https://doi.org/10.1123/jpah.2021-0116

Donnelly, J. E., Greene, . L., Gibson, C. A., Smith, B. K.,
Washburn, R. A., Sullivan, D. K., ... Williams, S. L.
(2017). Physical activity across the curriculum (PAAC):
A randomized controlled trial. Preventive Medicine, 99,
64-71. https://doi.org/10.1016/j.ypmed.2017.01.015

Love, R., Adams, J., & Van Sluijs, E. M. F. (2019). Are school-
based physical activity interventions effective and
equitable? A systematic review. International Journal of
Behavioral Nutrition and Physical Activity, 16(1), Article
55. https://doi.org/10.1186/512966-019-0791-6

Lubans, D. R., Smith, J. ]., Morgan, P. J., Beauchamp, M. R.,
Miller, A., Lonsdale, C., & Dally, K. (2016). Mediators of
psychological well-being in adolescent boys. Preventive
Medicine, 87, 11-16.
https://doi.org/10.1016/j.ypmed.2016.02.007

Rodriguez-Ayllon, M., Cadenas-Sanchez, C., Estévez-Lopez,
E, Muifioz, N. E., Mora-Gonzalez, J., Migueles, J. H., ...
Ortega, F. B. (2019). Physical activity and mental health in
children and adolescents: An updated review of reviews
and an analysis of causality. Sports Medicine, 49(9), 1383—
1410. https://doi.org/10.1007/s40279-019-01084-y

Lang, ]. ], Tomkinson, G. R,, Janssen, L, Ruiz, ]. R, Ortega, F.
B., Léger, L., & Tremblay, M. S. (2023). Making a case for
cardiorespiratory fitness surveillance among children and
youth. Sports Medicine, 53(3), 417-428.
https://doi.org/10.1007/s40279-022-01788-9

Deci, E. L., & Ryan, R. M. (2017). Self-determination theory:
Basic psychological needs in motivation, development, and
wellness. Guilford Press.
https://doi.org/10.1521/978.14625/28806

Standage, M., & Ryan, R. M. (2020). Self-determination theory
and exercise motivation. International Journal of Sport
and Exercise Psychology, 18(1), 1-15.
https://doi.org/10.1080/1612197X.2019.1611906

Vasconcellos, D., Parker, P. D., Hilland, T., Cinellj, R.,

Owen, K. B., Kapsal, N., & Lonsdale, C. (2020). Self-



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 1

determination theory applied to physical activity
interventions: A systematic review and meta-analysis.
Journal of Sport and Exercise Psychology, 42(2), 110-122.
https://doi.org/10.1123/jsep.2019-0031

Owen, K. B., Smith, J., Lubans, D. R., Ng, J. Y. Y., & Lonsdale,
C. (2022). Self-determined motivation and physical
activity in youth: A systematic review and meta-analysis.
Psychology of Sport and Exercise, 58, Article 102078.
https://doi.org/10.1016/j.psychsport.2021.102078

Singh, A. K., Maheshwari, S., & Sharma, N. (2018). Status of
physical education in Indian schools. International Journal
of Physical Education, Fitness and Sports, 7(1), 1-7.

Kumar, S., & Joshi, D. (2021). Physical education in Indian
schools: Barriers and opportunities. International Journal
of Physical Education, Sports and Health, 8(2), 112-117.

Sahoo, K., Sahoo, B., Choudhury, A. K., Sofi, N. Y., Kumar, R.,
& Bhadoria, A. S. (2017). Childhood obesity: Causes and
consequences. Journal of Family Medicine and Primary
Care, 6(2), 187-192.
https://doi.org/10.4103/2249-4863.214253

Ramesh, K., Subramanian, S., & Prakash, S. (2022). Physical
activity patterns and mental well-being among Indian
adolescents. Journal of Health Research, 36(4), 623-633.
https://doi.org/10.1108/JHR-04-2021-0204

Patel, V., Saxena, S., Lund, C., Thornicroft, G., Baingana, E,
Bolton, P.,, & Uniitzer, J. (2018). The Lancet Commission
on global mental health and sustainable development.
The Lancet, 392(10157), 1553-1598.
https://doi.org/10.1016/S0140-6736(18)31612-X

World Health Organization. (2020). Guidelines on physical
activity and sedentary behaviour. World Health
Organization. https://doi.org/10.5588/who.pa-sb.2020

Bailey, R., Hillman, C., Arent, S., & Petitpas, A. (2013).
Physical activity: An underestimated investment in
human capital. Journal of Physical Activity and Health,
10(3), 289-308. https://doi.org/10.1123/jpah.10.3.289

Cairney, J., Dudley, D., Kwan, M., Bulten, R., & Kriellaars, D.
(2019). Physical literacy, physical activity and health:
Toward an evidence-informed conceptual model. Sports
Medicine, 49(3), 371-383.
https://doi.org/10.1007/540279-019-01063-3

Guérin, E., Bales, E., Sweet, S., & Fortier, M. (2021). A meta-
analysis of the influence of physical activity interventions
on self-esteem in youth. Journal of Sport and Health
Science, 10(5), 526-539.
https://doi.org/10.1016/j.jshs.2020.07.001

Mancini, D., Musella, G., & Raiola, G. (2024). Physical activity,
motivation, and mental well-being in youth: A structural
equation modelling approach. Journal of Physical
Education and Sport, 24(1), 1-9.
https://doi.org/10.7752/jpes.2024.01001

Faul, E, Erdfelder, E., Buchner, A., & Lang, A.-G. (2009).
Statistical power analyses using G*Power 3.1: Tests for
correlation and regression analyses. Behavior Research
Methods, 41(4), 1149-1160.
https://doi.org/10.3758/BRM.41.4.1149

Bnane CTPYKTYpPOBaHOI WKiNbHOI Pi3NYHOI aKTUBHOCTI
Ha Pi3NYHY NiAroTOBNEHICTb Ta NCMXOCOoLiaNibHe
6narononyvus piten nepeanigniTKoBoro Biky

BiBek T'A5¢P, [Tapacypaman T'ABCP

'THcTUTyT TexHOOTIIT XiHAyCTaH (BUSHAHWII YHIBEPCUTET)

ABTOpCBHKNMIT BKIIAM: A — FU3aitH JOCTImKeHHsT; B — 36ip ganux; C - cratananis; D - migroroska pykomucy; E - 36ip xoruTis

Pegepar. Crarrs: 8 ¢., 5 Tabn., 1 puc., 26 mxeper.

Iimi. JocmimpkeHHA MajIo Ha MeTi BUSHAYNTY BIUIMB CTPYKTYPOBAHOI IKiTbHOI IporpaMu ¢isMyHOI aKTUBHOCTI Ha (isndHy
HiATOTOBJIEHICTD Ta IICUXOCOLiaIbHe 6/1arononydds yYHiB HepeAiliTKOBOro BiKy.

Marepianu Ta MeTOgM. 3aCTOCOBAHO KBa3ieKCIIepMMEHTa/IbHE JOCTiPKEHHA 3 KOHTPO/IbHOIO I'PYIION0, 1110 BKIIOYA/IO Mpo-
BeJIeHH IIPeTeCTy Ta MOCTTeCTy. 3araoM 0y/o 3amydeno 100 ta 120 yunis (Bikom Bif 10 0 12 pokiB) 3 iHTAKTHMX LIKIT, SKMX
posnonim Ha iHTepBeHILiHy (n = 60) Ta KOHTpOAbHY (n = 60) rpymu. Kypc inTepBenii ckmamascs 3 8-TIXKHEBOI CTPYKTY-
poBaHoI nporpamu (Gi3W9HOI aKTUBHOCTI, 110 IPOBOAMIACS TPUUi Ha TIDKAEHD (45 XBWINH/3aHATTA) i BKIOYana B cebe mpo-
TpecUBHI BIPaBM Ha BUTPUBANICTh, CUITY, CHPUTHICTh Ta KOONEPAaTUBHI aKTMBHOCTI. PesynbraTtamn QisuyHoi miarorosneHocti
Oymu aepo6Ha ButpuBanicts (PACER — Tecrt 3 6iry /151 BUSHAYE€HHsI [IPOrPECUBHOI aepOOHOI CepLieBO-CyAMHHOI BUTPUBAIOCTI),
M’5130Ba BUTPMBATICTD (TECT Ha BIPKMMAHH) Ta COPUTHICTH (YOBHMKOBMII 6ir). 3MiHHI, 3aCHOBaHI Ha IICUXOCOLiaTbHUX (AKTO-
Ppax, OIIiHIOBA/INCA Yepe3 CaMOCIHPUITHATTS, BHYTPIIIHIO MOTHBAIIiI0, MiATPUMKY OfHOJITKIB Ta IICUXiYHe 6/IaroIoTyyys UIIAXOM
BUKOPUCTAHHSA KY/IbTYPHO aJJAlITOBAHNMX Ta Ba/IiJOBAHMX aHKET. AHA/Ii3 JaHUX IIPOBOJMBCA 32 JJOIIOMOIOIO t-KpUTEPiiB /1 map-
HUX BIOIpOK, 3MIlIIaHOTO AMCIIepPCiifHOTO Ta KoBapialilfHoro aHamisiB. Takok HaBefieHO po3mipu edeKTy Ta JOBipUi iHTepBaIu.

Pesynbratu. [pyna Brpy4aHHS IIPOAEMOHCTPYBa/a CTATMCTUYHO 3HAYYIi MOKPAlleHH: 3a BCiMa IMOKasHMKaMy (isuaHOI
HiITOTOB/IEHOCTI Ta IICUXOCOLianbHUMU pedynbratamu (p < .01), 1o cynpoBomKyBacs Benmukumu posmipamu edekry (d Koena
> 1,60; gacTkoBa n* > .40). HaroMicTh y KOHTPOJIbHIN IPYIIi CTATUCTUYHO 3HAYYLLMX 3MiH He BUABJIEHO, a po3Mipu edekry Oymu
He3HauyHuMU. KpiM Toro, Mk mcuxocouianbHMMM 3MIHHUMUM CIIOCTEPIraancs CHM/IbHI NO3UTUBHI KOpeNALil, 1[0 CBIfYUTb MPO
CKOOPJVHOBAaHI IIOKpAIlleHHA B MEXXaX IICUXO/IOTiYHIX JOMEHIB.
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BucHoBKu. Pe3y/ibraTil [1bOro HOC/IIKEHHS TIOKa3yI0Th, 1[0 CTPYKTypoBaHa (isiyHa aKTUBHICT Ha 6asi LK/ 3HAYHO 110-
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Abstract

Background. In current studies, it is generally admitted that creativity is an important asset in performing in sports
and Physical Education (PE). Based on the multivariate framework, authors have also investigated the influence

of motivation, intelligence and cognitive abilities on creative motor performance. However, data surrounding self-
esteem and its association with motor performance in ecological domains is scant.

Objectives. This study aimed to understand the relationship between self-esteem and motor creativity, focusing on

ecological motor contexts in PE at adolescence.

Materials and Methods. The experiment population comprised three groups of 20 children in total (N= 60), with

31 girls and 29 boys aged 12 years old. First, self-esteem was assessed using the Rosenberg Self-Esteem Scale (RSES),
which demonstrated excellent internal consistency in the sample (Cronbach’s a = .94). Subsequently, participants
engaged in a 20 minute ecological game task called “Sitting ball”. Rooted in the multivariate framework, the study
measured motor fluency and flexibility by using praxic communication as key indicators of creativity. Once the data
was gathered, a factorial analysis was put into place using the Trideux.cloud tool to establish the relationship between

self-esteem and motor creativity.

Results. The factorial map indicates that self-esteem levels are correlated to motor creativity scores in ecological
situations. Analysis conducted at the individual level (N = 60) using a Pearson correlation calculation confirmed
these results, associating self-esteem and ecological motor creativity positively with r = .734. Moreover, the findings
are statistically significant as the 95% confidence intervals (CI) for self-esteem were between 21.55-25.81 and 48.43-
57.90 for ecological motor creativity. The intervals are sufficiently narrow to indicate good precision of the estimated

means and results.

Conclusions. This study revealed that creative motor abilities seem to be highly related to self-esteem. Low self-
esteem levels tend to be strongly linked to weaker motor creativity performances and strong self-esteem levels relate
to increased motor creativity. The present novel ecological framework underlines the pedagogical importance of
assessing and understanding such intrapersonal characteristics in order to favor motor development and well-being

in PE.

Keywords: creativity, physical education, motor performance, self-esteem, adolescents.

Introduction

Nowadays, creativity is considered to be a desirable asset
insportsand Physical Education (PE) toimprove performance
(Biining et al., 2020; Oboeuf et al., 2024). Indeed, creativity is
often described as the skill to perform new, original work in a
meaningful environment (Runco & Jaeger, 2012). Moreover,
it is the ability to express numerous and different answers

© Frachey, T., Oboeuf, A., & Collard, L., 2026.

@ PETM
LLCOVS

(divergence) while being capable of selecting the optimal one
(convergence) to solve a problem (Hatchuel & Weil, 2009;
Zhang et al., 2020). In line with these definitions of creativity,
creative motor performance refers to the capacity of one or
several individuals to produce a solution that is both novel
and appropriate in a motor situation (Oboeuf et al., 2020).
In PE, motor “productions” are carried out “in real life’,
requiring in-situ interaction with the physical and social
environment (Besangon & Lubart, 2011). Consequently,
creative performance in PE is strongly linked to the task
and domain of activity in which the individual is immersed
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(Memmert, 2015). For instance, performing creatively in
team sports such as football requires different cognitive,
emotional or motor abilities than in boxing or track and
field (Lubart et al., 2015).

Therefore, ecological environments—being unstable,
complex and changing environments with social, physical
and technical constraints—are optimal to develop motor
creativity (Bonnardel et al., 2023; Memmert, 2015).
Nonetheless, not all students engage in the same way in
PE, especially in ecological settings where decision-making
and motor skills are continuously disrupted by social
interference from teammates or opponents. Therefore,
if findings have shown that intrapersonal characteristics
such as motivation, empathy levels, ego or risk-taking also
influence motor creativity (Kokkonen, 2018; Versace et al.,
2018), the importance given to self-esteem on creative motor
performance in ecological settings is meager.

Indeed, self-esteem—described as overall feelings
of self-worth and well-being (Harter, 2012)—can also be
narrowed to a representation of one’s value in areas as
broad as academic, social, physical or creative domains
(Kaufman, 2012). The “image” that the individual has of
oneself can fluctuate and evolve, impacting performance
in a given domain. For instance, studies have shown that
successfully completing physical tasks and engaging in
motor development can enhance motivation, catalyse
positive emotions, thus, increasing self-esteem and well-
being (Rubeli et al., 2020). On the other hand, physical
experiences associated with negative emotions or trauma
could lower self-esteem and inhibit the expression of motor
skills (Rinaldi, 2023). Therefore, important stakes appear
to be at play surrounding self-esteem in PE (Bailey, 2006),
especially at adolescence, where self-esteem is in decline
(Schafthauser, Allemand, & Schwarz, 2017).

Ifthereseemstobealinkbetweenthe physicalexperiences
of individuals and the development of self-esteem, the
knowledge regarding the impact of self-esteem on creative
motor performance in PE is scant, with only few studies
taking interest in this matter (Barbot, 2018; Deng & Zhang,
2011). Consequently, we wish to address this gap by exploring
the research question: What is the impact of self-esteem on
creative motor performances in ecological contexts in PE?
To answer this question, we will be quantifying self-esteem
of adolescents. Supported by the multivariate framework
(Palmiero et al., 2019) we will then assess motor creativity
performance in an ecological setting.

Adolescence: A crossroads in developing self-
esteem and creative motor performance

It is during adolescence—marked by pubertal chang-
es—that creative skills can take shape and crystallise them-
selves in various domains (Barbot & Lubart, 2012). In the
same way, self-esteem—which has no distinguishable facet
in childhood—will also spread and nurture itself in vari-
ous and specific domains at this period of age (Barbot &
Heuser, 2017). In this way, adolescence could be a lever for
developing motor creativity and self-esteem, because of the
individual’s willingness to transgress certain rules, to oppose
adults and to prove themselves in the face of peers (Lubart
& Besangon, 2015). Nonetheless, this period of change and
uncertainty can also be a creative inhibitor, as the gaze of

99

others can prove unbearable at times, also negatively impact-
ing self-esteem in case of failure (Scharmann, 2011). This
ambiguous relationship between individual assertion and
the gaze of the group is therefore particularly significant. It
constitutes a crucial period in the development of creativity
and self-esteem for adolescents (Besangon & Lubart, 2011).

Further, if self-esteem and motor creativity stakes are
salient during puberty Barbot & Heuser, 2017; Rothenberg,
1990), pedagogical choices from teachers could strongly
improve or downgrade creative performance and self-
esteem. Indeed, research like the Creative Habits Of Mind
(CHOM) framework show that implementing collaborative
work, imaginative tasks or collective games at school could
enhance creativity in adolescents (Fakhour & Ghareeb,
2020). On the other hand, in situations where they are
repeatedly unsuccessful, where they feel anguished or
mocked, students can physically disengage themselves from
PE. Indeed, low confidence and negative motor experiences
could nurture decreased motor performances and habits
for students, which would limit motor adaptability in
ecological situations (Barker et al., 2023). Therefore, taking
into account individual self-esteem in relation to creative
performance in ecological environments could lead to
a better understanding of motor and social behaviour of
students. Consequently, gathering data on self-esteem and
creative motor performances in ecological domains could
lead to improved pedagogical choices from PE teachers, to
lead learners towards personal and academic success.

Nonetheless, what do empirical studies show regarding
the relationship between self-esteem and performance?

Self-esteem and creative motor performance:
an undervalued relationship?

Even though scientific literature surrounding movement
and motor learning has increased in recent years (Barker et
al,, 2023), creative motor performance and self-esteem have
received meagre attention. Moreover, the studies that have
provided some data have given heterogeneous results (Barbot
& Heuser, 2017). Some authors have found a positive link
between self-esteem and physical performance (Noordstar
etal., 2016). While it seems to be the dominating consensus,
other works outline the absence of a significant relationship
between self-esteem and physical activity (Baumaster
et al., 2018), therefore, leading to inconclusive results.
One of the explanations to this lack of clear knowledge is
that self-esteem and creativity are generally explored in
non-motor domains. Indeed, even if intrapersonal functions
have spun interest, authors have studied self-esteem in
fields as broad as work, school or creative thinking (Orth
& Robins, 2022). Nevertheless, authors have pointed out
that the relationship between self-esteem and motor abilities
has rarely been discussed (Barbot & Heuser, 2017). More,
while the multivariate theories assert the importance
of complex and unstable environments to develop and
study creative motor skills, motor creativity performances
are often focused on psychomotor settings—being stable
environments without social interaction (Parlebas, 1999)—
rather than ecological settings (Lee et al., 2023). Indeed, if
some data has shown a positive correlation between self-
esteem and motor creativity (Bournelli et al., 2009), studies
are rarely undertaken in dynamic social and physical
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environments. While acknowledging the insights gathered
from the studies in psychomotor environments, our study
wishes to endeavour a novel approach. With a broader and
more holistic perspective using the multivariate framework,
we wish to establish a new scope for the understanding of
creative motor performances in PE.

Praxic communications and divergent
indicators: tools for creative motor performance
assessment in ecological situations

In France, Bertsch (1983) was one of the first to
include divergent indicators to measure creative motor
performance in PE, based on the works of previous authors
such as Guilford (1967) or Torrance (1981). These divergent
indicators are fluency (number of overall motor responses),
flexibility (diversity of the motor responses) and originality
(rarity of the motor response). These indicators are strongly
valued in assessing motor creativity performances (Buning
et al., 2020; Mendez-Martinez & Fernandez-Rio, 2018).
Nonetheless, they are still rarely used to assess creativity
in ecological settings at school—noticeably because PE
evaluation and teaching strongly relies on technique.
Indeed, authors have shown that PE teaching in France is still
strongly sport-centred, where pleasure, collaborative work,
exploration and curiosity have a minor role to play (Bordes,
2020; Lubart & Besangon, 2015). The lack of emphasis on
motor creativity in PE and a rather normative pedagogy
through sports are limiting factors in understanding and
including motor creativity at school (Beghetto, 2010).
Indeed, PE teachers often assess performance as a result
of physical, technical, and tactical criteria (Clemente et al.,
2016; Coutts, 2014). While these traditional indicators are
necessary conditions for performance, they are not sufficient
to be fully accountable for it (Furley & Memmert, 2018).
To address this issue, and to surpass Bertsch’s study that
was set in a psychomotor setting, authors have used praxic
communications as ways of assessing creative motor
performances in ecological settings (Oboeuf et al., 2020).
Praxic communications refer to the communications
and interactions that are expressed by players during
an ecological task, such as in collective games or sports
(Parlebas, 1999). The communications that are observed
between players have been divided in various categories
such as direct communications (essential motor actions
without which the game cannot be played such as shooting
or passing for example) and praxemes (behaviours that
surround and add to the direct communications such as
a call for the ball or feints) (Bordes, 2020; Oboeuf et al.,
2024). Therefore, the normative frame in which the player
evolves—generated by the rules of the game, the game
objectives, as well as physical and social constraints—will
catalyse different behaviours and communication channels
during the game. In consequence, to assess a player’s creative
motor performance during a specific ecological setting, it is
crucial that the spectrum of motor possibilities and praxic
communications are clearly identified. In other words, a
roster of game-specific communications must be established
to meaningfully assess creative motor performance.
In football for instance, a call for the ball is a praxeme. If
a player does a sudden run in an opponent-free area, the
behaviour (running) is the signal that conveys the message

(calling for the ball) to the teammate ball-bearer. In
handball, 75 % to 85 % of overall praxic communications
are indirect channels such as praxemes. This illustrates the
importance of properly coding and identifying the various
communications for each ecological activity. As an example
in table 1, here are the registered praxic communications in
football (Oboeuf et al., 2020).

Table 1. Example in football: List of direct communications
and praxemes

Type Description

Interception When an opponent stops the ball from reaching
its destination by cutting the pass line or shot.

Tackle Defensive physical act that aims to recover the
ball when the opposing player is in possession.

Contact Shoulder-to-shoulder contact between two
players who wish to take the ball.

Pass Technical action that aims to transmit the ball
to a teammate.

Shot Direct ball attempt aimed at the opponent’s goal.

Praxeme Motor Action Description
Body feint A motor action that makes opponents believe

the player will move in one direction while
moving in another.

Passing feint A motor action that makes opponents believe
a pass will be made, while another action is

performed.

Shooting feint A motor action that suggests a shot but leads to

a different action.

Returning run  The run of a player who just lost the ball and

returns quickly to a defensive position.

Tracking run A player follows a direct opponent to reduce

maneuvering space.

Holding run The player behind the bearer runs to offer a pass

solution.

Supporting run  The player in front of the bearer runs to offer a

pass solution.

A run toward the rival bearer to limit their
maneuvering margin.

Focusing run

Cross run A player crosses in front of a teammate to
destabilize the opposing defense.

Recolocation Movements to occupy a suitable position relative
to teammates, opponents, and the ball.

Ball call A player accelerates toward the goal to anticipate

a pass.

Ball countercall A player accelerates in another direction to

create free space.

Fixation A run into an area defended by two opponents
to create a numerical advantage.

Slip A movement in which a player from behind or
the side of the bearer creates space for the next
action.

Across the various studies that have been conducted,
evaluating creative motor performance in ecological settings
relies on the identification of divergence, being the number
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of praxic motor communications (fluency) and the diversity
of the praxic motor communications (flexibility) (Memmert,
2015; Orth et al., 2022). Therefore, if we have shown that
methods and indicators exist to assess motor creativity
performance, it isn’t designed to explain or interpret
creative motor performance disparities within students.
By embracing the multivariate theory framework, we feel
that understanding the dynamics between self-esteem and
creative motor performance is an important step in allowing
a more thorough motor knowledge for adolescents in PE.

Materials and Methods

Rooted in the multivariate framework, our study wishes
to establish relationships between self-esteem and creative
motor performance in ecological settings. Below, the full
description of the experiment will give information about
the participants, the material and the procedure that allowed
us to obtain quantitative results. This section includes a
consideration of ethics for this study.

Recruitment and Context

The main author, who is a PE teacher, conducted the ex-
periment in a French middle school in collaboration with the
PE teachers that were assigned to each studied class group. The
first phase of the experiment began on the first day of school,
when students and parents were informed of the upcoming
study. Parental authorizations were sent out by e-mail, filled
in by the legal tutors and collected by the main author for
safekeeping. An e-mail detailing the study was also sent to the
parents, explaining the objectives of the study, its duration,
as well as the withdrawal rights (possibility of withdrawing
from the study at any time). Elements relating to video rights
and data confidentiality (anonymization, right to obtain study
results etc.) were also included. Only the students who were
willing and able to take part in the creativity tests, and those
who had authorizations to do so, were included in the study.

Participants

The data collected for this study involved 60 adolescents
aged 12, including 31 girls and 29 boys, all coming from the
same school. The 60 students were assigned to their usual
class groups (three different groups in total) and were not
mixed during the study. Adolescents excluded from the
test were those who were unable to participate in physical
activities at the time of the experiment, and those who did
not have parental authorization to participate. A total of 64
individuals were initially enrolled in the study. Of these, 2 did
not provide consent and 2 more couldn’t participate in the
ecological creativity test and were therefore also excluded.
The final sample consisted of 60 participants who completed
all study measures appropriately.

Prior to the empirical test, our protocol — listed under
No. 2024-82 — was approved by the Comité d’Ethique de la
Recherche (CER), enabling us to conduct the experiment
within the framework of legal and institutional regulations.
Finally, let us note that the data collected is anonymised
and stored securely, in compliance with the latest RGPD
(Reglement général sur la protection des données)
regulations (EU 2016/679).

Table 2. Inclusion and Exclusion Criteria

Criteria Inclusion Exclusion
Participation and  Participation Authorization
authorization document signed by documents

parents unreturned or refusal
of participation
Image rights Image authorization Children without
signed by parents  returned image
authorization
Attendance Child present for Absence during
the entire study any part of the
assessments

Physical condition Physically fit to Unfit to practice

practice at the time  physical activity
of the experiment  at the time of the
experiment

Measure Procedures for Self-esteem

To evaluate self-esteem, we used the Rosenberg (1965)
Self-Esteem Scale (RSES) which was also validated by other
recent studies (Hafekost et al., 2017; Jurado et al.,, 2015). We
used self-rated Likert scales, where the adolescent evaluated
his self-esteem, from 1 beinglow and 4 being high (Rosenberg,
1979) for a total of 10 items. Therefore, the maximum score
would be 40 points and the minimum 10. This method and
grading scales have proven to be effectively used to collect
data about self-esteem for adolescents (Gnambs et al., 2018).
The form was sent out to each adolescent during PE class
in paper format. The main author and the PE teacher of the
class supervised the self-esteem evaluation, making sure that
students understood the questions and the instructions. Each
form was filled individually with no time pressure or limit.
When all the forms were completed, the main author collected
them. This was repeated in the same way for each class group.
Subsequently, the main author gave a self-esteem score for
each adolescent, based on the answers they had given. The
Rosenberg Self-Esteem Scale demonstrated excellent internal
consistency in our sample (Cronbach’s a = .94).

Table 3. Self-esteem questionnaire

Question Scale
On the whole, I am satisfied with myself 1234
I feel I have a bad opinion of myself. 1234
I feel that I have a number of good qualities 1234
Iam able to do things as well as most other people 1234
I feel I do not have much to be proud of 1234
I certainly often feel useless 1234
I feel that I am not a person of worth 1234
I have respect for myself 1234

All in all, I am inclined to think that I am not successful 1234

I take a positive attitude toward myself 1234

Procedures for assessing creative motor performance
Ecological creativity assessment

The second phase of our experiment, the assessment
of creative motor performance in ecological settings, took
place the week after the self-esteem task. To measure ecolog-
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ical motor creativity performance, we chose to use the game
“sitting ball’, as several studies have identified a wide variety
of praxic indicators which will facilitate the construction of
the coding and analysis grid for observers (Oboeuf et al., 2010;
Bordes, 2020). The aim of this game is to eliminate the other
participants by throwing a ball at them in a defined area. If
one player is hit, he must sit down and wait for a chance to
catch the ball. If so, he can come back into the game. The game
stops when only one player remains or if there is no time left.
Authors have shown that assessing ecological motor abilities
in games is optimal, as these non-normative settings provide
more risk-taking, more freedom and less inhibitors compared
to culturally gendered activities. Sports such as football for
instance, tend to hinder the creativity of some practitioners
(Vigneron, 2006). Therefore, instead of a technical, fragmented
and cloistered view on physical activity, we wished to take mo-
tor development into account in a more global and holistic way.

For the assessment, each class group was divided in
half. Therefore, for each class group, two subgroups were
constituted, making it a total of six different groups for our
study. For each assessment, ten players were filmed and
played for 20 minutes on a 100m2 mat area. The awaiting
participants were in a separate space with a PE teacher from
the school. This was meant to limit external disruptions,
thus limiting behavioral bias and interference during
the assessment. Participants entered and exited through
different doors to limit bias prior to the assessment. The
groups were always mixed and heterogeneous in gender and
motor ability to limit cluster effects.

The objective was to assess the creative motor
performance and divergent abilities of the students by scoring
the fluency and flexibility of the praxic communications
(direct communications and praxemes) expressed during
the game (Oboeuf et al., 2024).

In table 4, are listed the known direct communications
and praxemes for the game “sitting ball”.

Motor fluency was operationalized as the total number
of responses generated by each participant, including
redundant behaviors. In other words, fluency reflects the
sum of all praxic communications provided by a participant
within the task period.

Motor flexibility was measured by taking into account the
sum of distinct praxic communication categories expressed
during the game. For instance, a shot an interception and a
dodge run would lead to a total score of three in flexibility.

To assess the motor behaviours, trained observers were
recruited to establish a significant and reliable scoring sys-
tem. Based on a previously developed protocol (Oboeuf et al.,
2024; Oboeuf & Frachey, 2025), students in the field of sports
education or PE teachers were recruited. In concordance with
the past uses of the protocol, the observers selected all had
at least five years of training in collective games or sports.
Further, they had at least five years of French sports faculty
(STAPS) experience and were experts in the motor and phys-
ical education field. Finally, to ensure proper direct commu-
nication and praxeme identification, all must have followed
a six-hour theoretical training in praxic communications.
In the table below, the content (Oboeuf et al., 2020; Oboeuf
etal., 2022; Oboeuf et al., 2024) of the training is presented.

In order to assess sociomotor creativity in the most
efficient and objective way, the observations made by the
selected experts were conducted by viewing footage of the

Table 4. Direct Communications for the Game of Sitting
Ball

Type Description
Shot Offensive action aiming at scoring or hitting
a target.
Pass Transmission of the ball to a teammate.
Interception Stopping the ball from reaching its intended

destination.

Ball recovery Regaining possession of the ball after loss.

Praxeme Motor Action Description
Call for the ball A player signals for the ball with a hand
gesture and body positioning toward the
bearer.
Dodge run Sudden change of rhythm or direction to

become harder to target.

Replacement run  Slow repositioning steps to find a favorable

location.

Running toward the ball bearer to offer a pass
option.

Supporting run

Positioning step Steps or jumps allowing the bearer to adjust

before shooting.

Body feint Misleading movement suggesting false
intentions.

Pass feint Pretending to pass while executing a different
action.

Shooting feint Pretending to shoot to gain advantage or
switch action.

Dodge Quick body movement to avoid a shot.

Elusive run Fast run indicating clear space for receiving

a pass.

Table 5. Training content

Format and Course Title Objectives

i) Contextualize motor
communication within
interactional analysis;

ii) Distinguish motor
communication and counter-
communication;

iii) Introduce motor signs.

Lecture 1 — Theoretical
Foundations of Motor
Communication

Lecture 2 — Praxems, Gestems, i) Define expressive mediations;
and Indices: A Semiotic ii) Illustrate use in team sports;
Approach iii) Explore tactical scope and
ambiguity.
Lecture 3 — Observing, Coding, i) Tools for reliable observation;
and Interpreting Motor ii) Present Lince software and
Behaviours coding grids;
iii) Interpretative biases and
challenges.

recorded games. For each player, the assessment was led by
two experts, each separately assessing the different praxic
communications expressed by a player. This dual approach
was designed to enhance inter-rater reliability by balancing
situated expertise with methodological neutrality. Also, to
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ensurethereliability of the data (Marquéz Jiménez & Martinez
de Santos, 2014), inter-rater reliability and validity tests
were performed using Pearson and Spearman correlation
coeflicients. In previous studies, values consistently exceeded
.96, indicating strong inter-observer agreement (Oboeuf et
al., 2020; Oboeuf et al., 2022; Oboeuf et al., 2024). In our
study, we made sure that inter-rater reliability scores were
consistently above .90. If the score was below this value for a
player, a new paired-review was put into place to assess the
participant. This choice was made to ensure high reliability
for the creativity assessment. After viewing the entire game
footage, each adolescent was given a fluency (number of
praxic communications) and flexibility (diversity of praxic
communications) score.

Motor creativity performance interpretation

If each student has a fluency and flexibility score, how
can we identify or circumscribe the different creativity
levels? In other words, how can we identify a player’s
motor performance as creative or non-creative? It is worth
mentioning that a creative or non-creative performance level
can only be quantified within the sample in which it was
observed. Indeed, a player can be very adaptive or creative
while in one group, but his creative performance score can
evolve in another group and be more or less remarkable.
Therefore, in our sample, a low-creativity student would
have expressed 45 praxic communications or less during
the 20-minute game time span, while a participant between
45 and 65 communications would demonstrate average
creativity performance. Finally, a student with a score above
65 praxic communications expressed would be considered
highly creative and adaptive.

Results

The Factorial Analysis Measurement

Results for self-esteem were collected by adding
the total points that were obtained for each item, with a
total perfect score being 40. Then, for each participant,
creative motor performance was scored by using the praxic
communications (direct communications and praxemes)
and divergent indicators (fluency and flexibility). The
gathered data were then encoded by the observers after they
quantified the praxic communications empirically expressed
during the game, using an Excel grid. After, a factorial
analysis calculation was applied. To study the link between
self-esteem and creative motor performance, we used the
factorial analysis Trideux.cloud tool. This tool was used to
calculate the correspondences and correlations between
the data we collected and encoded. It was used to establish
whether or not self-esteem was related to creative motor
performance. The calculation then resulted in a figural
representation that enables the interpretation of the data.

To understand the results, it is important to clarify our
coding system. The estimcrea— value represents the students
below the average self-esteem score (below 21 points in
this case), while the estimcrea+ value represents students
with the highest self-esteem values (between 30 and 40
points). The creasociom < 45 value indicates creative motor
performance scores that are the weakest (below 45 points),

the 65 > creasociom < 45 represent the average performance
score while creasociom > 65 represents the students with the
best motor scores (above 65 points). These score brackets
each represent 1/3 of the total data distribution, which
explains the choice of these values. It is important to note
that these creative motor performance values are specific to
this group, and that a student can be deemed highly creative
in this group while being average in another. Therefore,
creative motor performance scores are necessarily anchored
in a specific context and aren’t necessarily stable within other
settings or groups.

Factorial analysis result graphic

Our factorial analysis visualises the relationship
between individuals and variables in terms of distance,
producing clouds of points (Cibois, 2018). The distance
between each point is based on how similar they are in
their distribution. The proximity between encoded variables
indicate the strength of their correlation, while the size of
an encoded variable represents its relative importance or
influence on the overall results. Moreover, the cosine of
the angle between variables shows the correlation between
the two corresponding variables (Clarke et al., 2021). Thus,
a small angle between two variables indicates that the
two variables are highly correlated. If two variables form
an angle of 90° or greater than 90° then corresponding
variables are uncorrelated or negatively correlated.
The principal component analysis yielded two dominant
axes that together account for 82.92% of the total variance.
The eigenvalue of F1 are 0.4014, (explaining 51.10% of total
variance) while the eigenvalue of F2 represents 0.3500,
(accounting for 31.82% of the variance). These values
provide a compact and reliable representation of the data
structure. The horizontal axis (F1), here designated as the
“intrapersonal valence factor” captures a clear contrast
between lower and higher levels of self-esteem. Categories
associated with high self-esteem and high creativity scores
load positively on this axis, whereas low self-esteem values
load negatively. The vertical axis (F2) that we will refer to
as the “performative magnitude factor” differentiates the
mid-range group from both the lowest and highest creative
categories. Therefore, the distribution of categories across
the figural map suggests a coherent distribution between
self-esteem and motor creativity performance, with the
strongest creative profiles clustering within the positive
sector of self-esteem, while lower or more heterogeneous
profiles occupy the opposite side.

+

o

estimeréa- (egtimeréas.

Fig. 1. Two-dimensional factorial analysis plot of variables and
individuals
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Indeed, as we can see from the results graphic, the highest
creative motor performances (creasociom> 65) are clearly
represented on the same side as the students with the highest
self-esteem results (estimcrea+) and are close to one another.
In addition, the angle formed between the sociomcrea>65
and esimcrea+ vectors is narrow, underlining the correlation
between the two. In the same way, the lowest creative motor
performances (Creasociom< 45) are related to the low self-
esteem students (estimcrea-), as we can see from their
proximity and narrow angles. However, the average creative
motor performance scores (65>creasociom<45) seem to be
insignificantly impacted by either self-esteem levels, as the
angles formed between estimcrea+ and estimcrea- are of 90°.

Moreover, the estimcrea— circle is bigger than the
estimcrea+, showing that low self-esteem is even more
impactful on low motor performance than high self-esteem
levels are on the best creative motor performances. Therefore,
we can express the idea that indeed, self-esteem could be
related to creative motor performance in ecological settings.

Additional statistic analysis

To reinforce the validity and rigor of our results, a Pearson
correlation analysis conducted at the individual level (N =
60) also revealed a positive association between self-esteem
and motor creativity where r = .734. This confirms the
factorial analysis results, showing a significant relationship
between self-esteem and ecological motor creativity.

Moreover, the self-esteem variable showed a mean score
of 23.68. The standard deviation (SD) = 8.42 while the 95%
confidence interval (CI) = 21.55-25.81. The motor creativity
variable had a mean value of 53.17. The SD calculation
showed that SD = 18.71 while the 95% CI = 48.43-57.90.
We can see that the self-esteem variable displayed moderate
dispersion, whereas the motor creativity variable showed
a wider variability showing disparity in motor creativity
scores. Nevertheless, the confidence intervals are sufficiently
narrow to indicate good precision of the estimated means.

Discussion

Consistencies and Novelties of the Study

Our results indicate that higher self-esteem values were
associated with high creativity scores, which is consistent
with prior self-esteem and creativity studies in non-motor
(Barbot, 2018) or psychomotor domains (Noordstar et al.,
2016). However, this study is one of the first to offer a direct
insight on the relation between self-esteem and creative
motor performances in ecological settings.

The correlation between self-esteem and motor creativity
in our study was first proven significant by the factorial
analysis map which displayed a coherent distribution of
self-esteem and motor creativity performance. The strongest
creative profiles (creasociom>65) cluster within the positive
sector of self-esteem (estimcréa+), while lower profiles
(Creasociom<45) cluster on the opposite side. Moreover,
the Pearson correlation analysis conducted at the individual
level (N = 60) confirms the figural results of the factorial
analysis, correlating self-esteem and ecological motor
creativity positively with r =.734. The findings are statistically
significant as the 95% confidence intervals for self-esteem

were located between 21.55-25.81 and 48.43-57.90 for
ecological motor creativity. These intervals are sufficiently
narrow to indicate good precision of the estimated means
and results.

Consequently, our study tends to show that self-esteem
is related to motor creativity in ecological motor domains,
hence indicating that intrapersonal singularities strongly
affect ecological motor behaviour, habits and performance
(Barker et al., 2023). In such changing and disruptive
social environments, self-esteem seems to impair creative
motor expression even more than in other domains. This
highlights the fact that teaching and developing motor
skills in ecological fields could be highly dependent on
intrapersonal characteristics (Barker et al., 2023) such as
self-esteem. The psychomotor environments which motor
creativity studies tend to focus on (Lee et al., 2023) engage
students in fewer emotional and cognitive disturbances
(Memmert, 2015). Therefore, our data contributes to new
empirical material which demonstrates that self-esteem
could be an important predictor of motor performance in
ecological settings. In contrast with existing studies which
have studied intrapersonal characteristics such as motivation
in individual motor contexts, our study encompasses a more
complex and holistic environment.

Pedagogical implications

By using existing methods such as the RSES measure
for self-esteem and divergent indicators paired with praxic
communications for motor performance, we wish to put
forward that accessible tools can be empirically used by PE
teachers to recreate our protocol for pedagogical purposes.
Indeed, the RSES, which demonstrated very good internal
consistency, (Cronbach’s a = .94) ,could be of pedagogical
use early in the learning sequence to identify the more
fragile students in a proactive way, as psychological and
intrapersonal characteristics are strongly related to motor
behaviour (Barker et al., 2023). Identifying fragile students
with lower self-esteem could allow teachers to adapt their
tasks, activities and instructions during class to favour their
physical investment and risk-taking, thus allowing better
motor development. The results highlight that if self-esteem
is linked to motor performance in ecological situations,
pedagogical settings that encourage collaborative work and
tolerance of mistakes could increase self-esteem (Fakhour &
Ghareeb, 2020).

While our data shows that ecological settings could
strongly affect the motor behaviour of low self-esteemed
students, focusing on cooperative tasks could increase
their motor abilities and performance (Ruiz-Ariza et al,
2017). Therefore, our study contributes to underlining the
importance of elaborating specific ecological tasks for fragile
adolescents in developing motor habits and performance.
By fostering self-esteem, PE teachers would strive towards
better motor development for all students, which could also,
in a mutual and systemic relationship, increase self-esteem.

Limitations and perspectives

While this study provides important insight on the
association of self-esteem and creative motor development,
some limitations can be underlined. First of all, users of such
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methods must be advised that in order to reveal the adaptive
performance of players, it is essential that a rigorous list
of sport-specific praxic communications is established, as
it has been done in our study for the game of sitting ball.
Moreover, all the possible praxic communications must be
included in the in-situ game, without changes or constraints
made to the original setting so the players are able to express
the global communication panels. Nonetheless, it is worth
acknowledging that the theoretical training of the observers
that are able to read these communications can be time-
consuming, and that some specific training and background
are necessary for the observers, which also explains the
limited student sample provided for the study (N=60), which
can also be seen as a limit. However, these requirements
are necessary to study and assess motor development in an
ecological environment thoroughly.

An additional limitation resides in the fact that the
sample was drawn from a single educational context, which
restricts the representativeness of the results. It is important
to acknowledge that this study is rooted in a European and
French school context, with a certain cultural history of PE
and physical activity. Replication of our experiment in other
cultural settings could also give a deeper understanding of
the relationship between self-esteem and motor creativity.
Similarly, participants were nested within classes, creating
potential clustering effects. If the analysis conducted at
the individual level was significant, the nested design
may introduce intra-class correlations that could bias
results. In addition, potential confounding variables such
as socioeconomic background, academic performance or
motivation were not measured, but could also partly account
for the observed associations. If we advocate for self-esteem
being a relevant lens to predict motor performance, it
cannot be isolated or self-sufficient from other intrapersonal
and interpersonal parameters (Kokkonen et al., 2018).
By embracing the multivariate framework, a more global
profiling of students would be needed for optimal
understanding of creative motor performance, and is the
subject of further research we are undertaking. Finally, it is
worth mentioning that the self-report method to measure
self-esteem could be prone to some constraints such as social
desirability biases, that could influence the measurement.
Despite this, the RSES scoring showed excellent internal
consistency in our sample (Cronbach’s o = .94) showing that
self-esteem was quantified in a significant manner.

Conclusion

In this study, by aligning with the multivariate
framework (Versace & Vallet, 2018), we have suggested
the importance of assessing self-esteem and creative motor
performance in ecological settings for PE teachers. Indeed,
by using a factorial analysis tool and a Pearson correlation
calculation, we have shown that self-esteem and creative
motor performance are related, with r = .734. Moreover, by
discussing this relationship in terms of teaching practices
for PE, the paper provides insight on available tools for
identifying both self-esteem and creative motor levels in
ecological settings. Further, we believe that our experiment
underlines the importance of identifying fragile students
with lower self-esteem, as they are less prone to engage and
interact with their social and physical environment. Despite

this, more studies regarding the intrapersonal parameters
and their relationship with creative ecological motor
performances would strengthen our data, hence being the
perspective of our further research.
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Po3yMiHHA B3a€EMO3B'AA3KY Mi)K CaMOOLiHKOI0
Ta PyXOBOIO TBOPUiCTIO B €KONOriYHNX KOHTEKCTaX
$i3nyHOro BUXoBaHHA B NigNiTKOBOMY Billi

Tomac ®@pamre’BPE, Anrekcangp O6ed'A?, Trok Kommap'AP
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ABTOpPCHKMIT BKIAJ: A — Au3aitH gocmipkenss; B — 36ip ganux; C — cratananis; D — migroroska pykorcy; E — 36ip kowrtis

Pedepar. Crarrsa: 11 ¢, 5 Tabn., 1 puc., 55 mxeper.

OO6rpyHTYBaHHA. ¥ CyYacHNX JOC//PKEHHAX 3ara/IbHOBM3HAHO, 10 KPEATVBHICTb € BAK/IMBYMM YMHHIKOM Pe3y/IbTaTyB-
HOCTI y ciopri Ta ¢isnunomy BruxosanHi (OB). Ha ocHOBI 6araToBuMipHOI MOfie/li aBTOPY TAKOXK JOCILAVIN BIUIUB MOTHUBALL,
iHTeneKTy Ta KOTHITMBHUX 37i6HOCTEll Ha TBOPYY PYXOBY aKTMBHIcTh. OHAK iCHYE HEIOCTATHBO JAHMX IIJOfI0 CAMOOIHKN Ta i

3B’SI3KY 3 PyXOBOIO aKTUBHICTIO B €KOJIOT14HNUX cepax.

ITimi. MeTa I[bOTO JOCTII)KEHHA MONIATa/NA y PO3YMiHHI B3a€EMO3B 13Ky MiXX CaMOOL[iHKOIO Ta PyXOBOIO TBOPYICTIO, 30Cepef-
MBI yBary Ha eKOJIOT{YHMX PYXOBUX KOHTEKCTaX y (isYHOMY BUXOBaHHI Mi/IiTKiB.

Marepianu Ta MeTogu. ExcriepyMeHTaIbHA OMYIALiA CKIafanaca 3 TPbOX IPYII 3arajJbHO0 KimbkicTio 20 giteit (N = 60),
3 Hux 31 piBumHKa Ta 29 X71004MKiB BikoM 12 pokis. Ha nepuiomy erami foC/il>)KeHHs CAaMOOIHKY BMMipIOBali 3a JJOIIOMOIO0
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mKaam camooninky Posen6epra (RSES), sika mpogeMOHCTpyBaa BiIMiHHY BHYTPILIHIO Y3rOMKeHICTb y 3a3HaueHiil Bubipui (a
Kponb6axa = .94). IToTiM y4acHUKM B3s1M y4acTh y 20-XBUIMHHIN irpoBiil 3afadi 3 BUKOPMCTAHHAM TMHACTUYHOTO M S4a IIifl
HasBoro “Sitting ball’, wo imocTpye KOHLENLi0 B3aEMO3aIeXXHOCTI B eKocucTeMi. [pyHTyo0UnCh Ha 6araToBUMIpHii Mozeni, y
JOCTi/I)KEeHH] OLIiHI0BaMy MOTOPHY IJIABHICTh 1 THYYKiCTh, BUKOPUCTOBYIOYM ITPAKCUYHY KOMYHIKAIII0 B AKOCTi K/IIOYOBMX I10-
KasHMKiB KpeatuBHOCTI. Ilic/is1 360py gaHuX npoBefeHO GaKTOPHMIT aHaIi3 3a fornoMoroko incrpymenty Trideux.cloud 3 metoro
BCTAHOBJICHHS B3a€MO3B A3KY MIXK CAMOOL[iHKOIO Ta PyXOBOIO TBOPYICTIO.

Pesynpraru. ®akTopHa Mana II0Kasye, 110 PiBHI CAMOOIiHKY KOPE/IOITh 3 IOKa3HMKAMM PyX0BOi TBOPYOCTi B €KOJIOTiYHIX
curyanifx. AHaiis, mposefeHuit Ha iHpuBigyanbHomy piBHi (N = 60) 3 BUKOPMCTAHHAM pO3paxyHKy Kopenauii Ilipcona, min-
TBEPAUB IIi pe3y/nbTaTyl, BCTAHOBUBIIM [O3UTUBHNUI B3a€MO3B SI30K MK CaMOOIL[iHKOIO Ta €KOJIIOTiYHOI0 PYXOBOI TBOPUICTIO 3
r =.734. Kpim TOro0, pesyabrary € CTATUCTUYHO SHAYYIUMI, OCKLIbKY 95% noBipui intepsamm (JII) A1 caMOOLiHKY CTAaHOBUIN
21.55-25.81, a i1 eKO/IOTivHOI pyXoBol TBOpYOCTi — 48.43-57.90. IHTepBanm € JOCTaTHHO HEBEIUKVMI, IIJ06 BKasyBaT Ha BU-
COKY TOYHICTb OL[iHEHMX CepPEeJHiX 3Ha4eHb i Pe3y/IbTaTiB.

BucnoBkn. Ile mocmifKeHHs BUABNUIIO, 1[0 TBOPYi PyXOBi 37[i0HOCTI, CyfA4M 3 yCbOTO, TICHO NOB’sI3aHi 3 CAaMOOIiHKOIO.
Husbki piBHI caMOOLIHKY, 5K IPABIUJIO, CUIBHO KOPETIOIOTH 3i CTabKMMI ITOKa3HUKAMI PYXOBOI TBOPYOCTI, TOMI sIK BICOKI piBHI
CaMOOL[i{HKM TIOB’s3aHi i3 MiIBUIIEHOI0 PyXOBOI TBOPYicTIO. [IpefcTaBieHa HOBa €KO/IOTiYHA MOJIe/b IIiIKPECIOE MefaroriyHy
BOK/IMBICTh OL{HKM Ta PO3YyMIiHHS TaKVMX BHYTPILIHbOOCOOMCTICHMX XapaKTePUCTUK /IS CIPUIHHS PYXOBOMY PO3BUTKY Ta
3I0pOB’I0 Ha 3aHATTSX (iSMYHOTO BUXOBAHHA.

Kiro4oBi croBa: TBOpYiCTb, (pisnuHe BUXOBaHHS, PyX0OBa aKTUBHICTD, CAMOOLIHKA, M TKI.
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Abstract

Background. Risk prediction of post-traumatic stress disorder (PTSD), which has substantial social and economic
consequences and affects military readiness, is an increasingly important challenge. Early identification of service
members at elevated risk enables timely preventive strategies, including interventions based on physical culture,
physical activity, sport, and rehabilitation.

Objectives. This study aimed to develop and validate a predictive model for assessing PTSD risk in military
personnel and to substantiate its use as a decision-support tool for pedagogical planning in physical education and
sport-based prevention and rehabilitation programs.

Materials and Methods. The study involved 4,403 military personnel (89.9% men) aged predominantly 21-50
years. PTSD severity was assessed using the Mississippi Scale for Combat-Related PTSD (military version), which
demonstrated high internal consistency (Cronbach’s a = 0.892; Guttman split-half = 0.920). Statistical analyses
included comparative and gender-based procedures, as well as machine learning modeling using Multivariate
Adaptive Regression Splines (MARSplines) with progressive optimization, dataset balancing, and evaluation of
classification performance.

Results. A MARSplines-based model predicting PTSD risk was developed using 18 dichotomous demographic,
behavioral, and service-related variables. The final model for male military personnel included 300 basis functions
with an interaction order of six and demonstrated sensitivity of 71.1%, specificity of 69.5%, accuracy of 70.3%, and
moderate agreement between predicted and observed risk (Cohen’s k = 0.405).

Conclusions. Machine learning-based prediction of PTSD risk represents a promising approach for early prevention
and targeted intervention in military populations. The proposed model supports identification of high-risk
individuals and informs the design of preventive and rehabilitative programs, including those based on physical
culture, sport, and e-sports, aimed at stress reduction and resilience enhancement.

Keywords: mental health, stress-related conditions, post-traumatic stress disorder, military personnel, predictive
modeling, risk factors, physical culture and sport, physical activity.

Introduction armed conflicts. Stress-associated conditions in military
Predicting the risk of developing post-traumatic pﬁpqla‘ilons arls}i {rm"n ISFStgmle.? eﬁposurg to extreme
stress disorder (PTSD) among military personnel has P gsma land p;yc oqglcal 0acs, 13—‘( Ny eaten}ll?g situations,
become increasingly relevant in the context of modern and pro‘onged emotiona tension during miiitary service

(Mulligan et al., 2010; Kulka, et al., 1990; Perconte & Wilson,
1994). Such conditions manifest in various forms, including
chronic psychological stress, post-traumatic stress disorder,
episodes of aggression or emotional dysregulation, and

(@ PETM insufficient access to psychological support.
f LLCOVS
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In recent years, the number of military personnel
requiring medical and psychological assistance due to PTSD
has increased substantially, underscoring the urgent need
for effective methods of early risk detection and prevention
(Kulka, 1990; Perconte & Wilson, 1994; Steenkamp et al.,
2015). PTSD not only affects the mental health and functional
capacity of service members but also imposes a significant
socio-economic burden, including reduced work capacity,
increased healthcare costs, and deterioration of family and
social well-being. Early identification of PTSD risk and the
implementation of preventive strategies are therefore critical
for preserving combat readiness and ensuring effective
performance of military tasks (Imas et al., 2023; Shynkaruk
etal., 2024).

Military service is frequently associated with prolonged
separation from family and close social networks, exposure to
morally challenging situations, and the necessity to perform
tasks that may conflict with personal values or ethical norms.
These factors contribute to the development of psychological
stress, which is defined as a state of emotional and mental
tension arising in response to adverse events, environmental
conditions, or excessive load, accompanied by physiological
and psychological changes (Smith & Jones, 2019; Thomas et
al., 2010).

Epidemiological data indicate that approximately 7-8%
of the general population in the United States experience
PTSD, whereas its prevalence among active-duty military
personnel and veterans may reach 14-16% (Gates et al.,
2012). PTSD in military personnel typically results from
exposure to combat-related traumatic events, including
armed engagements, explosions, injuries, and the loss of
comrades (Charles et al., 2004; Kang et al., 2003; Vasterling
et al., 2010). The disorder is characterized by symptoms
such as intrusive memories, nightmares, anxiety, depressive
states, hyperarousal, and other stress-related reactions,
which substantially impair daily functioning and quality of
life and often require professional psychological intervention
(Saar-Ashkenazy et al., 2024). Long-term psychological
consequences of combat exposure have been documented
across different military conflicts, including Vietnam, where
elevated PTSD risk persisted years after service (Dohrenwend
et al., 2006).

Contemporary research emphasizes that effective PTSD
risk assessment among populations exposed to traumatic
experiences enables the development of targeted preventive
and early intervention strategies, thereby reducing
individual suffering and broader social costs (Papini et
al., 2023). However, incomplete understanding of PTSD
symptom development and the complex interaction of risk
and protective factors complicate the timely identification of
individuals at increased risk (Wshah et al., 2019). To address
these challenges, recent studies increasingly propose the
use of machine learning models for automated prediction
of PTSD risk based on self-reported psychological and
behavioral data (Wshah et al., 2019).

Machine learning approaches for predicting mental
health disorders in military populations are currently
undergoing rapid development (Pareek et al., 2024; Rainio
et al., 2024). Although this research field is relatively young,
several studies have already demonstrated promising results
(Hoge et al., 2006; OIff et al., 2019; Rzonca et al., 2024).
For example, Sampson et al. (2021) applied random forest

algorithms to data from 2,249 National Guard personnel
and achieved prediction accuracies of 68% for women and
73% for men when modeling the risk of depression based on
psychological, demographic, and military-related factors.
Similarly, Papini et al. (2023) developed a machine learning
model using data from 4,711 U.S. Army soldiers and 801
predictors across 17 domains to assess PTSD risk following
combat exposure.

Within the field of physical education and sport sciences,
the prediction of psycho-emotional risks should be viewed as
a tool for pedagogical management of physical activity, sports
training, and physical rehabilitation. Predictive models aimed
at identifying PTSD risk create methodological prerequisites
forevidence-based selection of physical activity interventions,
individualization of training and rehabilitation loads, and
prevention of maladaptive stress-related conditions. Thus,
integrating predictive analytics into systems of physical
culture, sport, and rehabilitation represents a promising
direction for enhancing both mental health prevention and
functional readiness in military populations.

The objective of this study was to develop and validate a
predictive model for assessing the risk of post-traumatic stress
disorder (PTSD) in military personnel and to substantiate
its applicability as a tool for pedagogical decision-making
in physical education, physical activity, and sport-based
prevention and rehabilitation programs.

Materials and Methods

Research Methods

To assess the severity of post-traumatic stress reactions
in military personnel, the Mississippi Scale for Combat-
Related PTSD (military version) (Keane et al., 1988) was
used, where each of the 35 statements is rated on a five-point
Likert scale. The degree of impact of the traumatic experience
on the military personnel was determined by summing the
scores. It should be noted that current scientists point out
that this scale is the best psychodiagnostic tool for measuring
combat-related PTSD (Hastie et al., 2001; Hyer et al., 1991;
Perconte & Wilson, 1994). Thus, the use of the Mississippi
Scale can result in a PTSD assessment for military personnel
ranging from 35 to 175 points.

The use of the Mississippi Scale for PTSD assessment
as a screening tool among military personnel involved in
combat actions is a self-assessment tool and cannot precisely
determine whether a military personnel has PTSD. It
evaluates the severity of PTSD symptoms rather than serving
as a diagnostic tool. To improve approaches to interpreting
the results of the Mississippi Scale, based on the method
of equal intervals, we proposed the following gradation of
scores obtained from the Mississippi Scale (see Table 1).

Table 1. Interpreting the results of the Mississippi Scale

Evaluation, Risk Levels of

Points PTSD Description
35-81 Low Well-adapted veterans
82-111 Medium pyuternsa Risk of PTSD, mental
health issues
112-175 High High likelihood of PTSD, medical

consultation needed
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There was a need for further research and confirmation
of the validity of our proposed PTSD rating scale using
the Mississippi Scale. This validity can be demonstrated by
comparing the results obtained using our scale with clinical
PTSD diagnoses established by qualified mental health
professionals. If our scale shows a high level of agreement with
these clinical diagnoses, it will confirm its validity. However,
since the armed conflict continues, it is currently impossible
to organize additional research. Nevertheless, the use of the
Mississippi Scale allowed us to obtain preliminaryresultsaimed
at providing a general understanding of the impact of combat
participation on the mental health of military personnel,
identifying potential issues, and determining individuals who
may need further examination or early intervention.

The military version of the Mississippi Scale showed
high internal consistency: Cronbach’s alpha coefficient was
0.892, and Guttman’s Split-half reliability was 0.920.

Study Participants

The studies involved 4,403 military personnel. The
majority of the participants were men, accounting for 89.9%
of the sample. Of these, 28.9% were in the age group of 21-30
years, 28.75% were 31-40 years old, and 24.9% were 41-50 years
old. The remaining participants were military personnel either
under 20 or over 50 years old. Of the respondents, 56.2% were
enlisted personnel, and 69% were from the Air Force. One-
third of the respondents, or 30.1%, had participated in combat
operations in thelast 6-12 months. In terms of education, 34.9%
had secondary education, 27.1% had vocational education,
and 38.0% had higher education. Additionally, 62.1% of the
respondents were married, and 47% had minor children. The
majority, 85.9%, had no prior experience working in other
security agencies before joining the army.

Research Organization

The study was conducted at the National University of
Physical Education and Sport of Ukraine as part of an applied
research project funded by the state budget of the Ministry
of Education and Science of Ukraine, titled «Reducing
Stress-Associated Risks in Military Personnel and Youth
of Ukraine through Health-Recreational Physical Activity»
(state registration number 0124U000705). The study lasted
from February 27 to April 15, 2024.

Participants were offered a psychological test and a ques-
tionnaire, the responses to which allowed us to identify poten-
tial risks to the physical and psycho-emotional health of military
personnel associated with combat participation and the recov-
ery period, as well as the presence and degree of stress states,
anxiety, depression, and other psycho-emotional reactions.

The study was conducted in accordance with ethical
principles. Participants were informed about the purpose
of the study. Additionally, we obtained consent from the
military personnel to participate in the study and took the
necessary measures to protect the confidentiality of the
provided information.

Statistical Analysis

Duringthestatistical analysis, the frequency of affirmative
(“yes”) responses to individual questionnaire items among

military personnel was calculated to provide a descriptive
characterization of the dataset. Confidence intervals were
applied solely for descriptive purposes to illustrate the
distribution of proportions within the sample and were not
used in subsequent analytical or modeling procedures.

Classical goodness-of-fit tests for assessing distribution
uniformity were not applied, as subsequent stages of
the analysis involved dataset balancing and machine-
learning methods, for which such preliminary testing is
methodologically redundant.

Comparative Analysis. To compare the frequency of
selected characteristics (such as participation in combat
operations, combat injuries, and chronic diseases) between
two independent groups (men and women), a two-sample
Z-test for proportions was applied. The null hypothesis (Ho)
assumed no statistically significant difference between the
proportions of the respective characteristic in men and
women, while the alternative hypothesis (H;) assumed the
presence of such differences.

The Z-statistic was calculated using the standard formula
for comparing two proportions:

7= P1 P2 , ( 1)
pi(1—py) + p2(1 —py)
where p, and p, represernl}[ the pro%ortions of individuals
with the given characteristic in the male and female groups,
respectively, and nl and n2 denote the corresponding sample
sizes.

Statistical significance was set at p<0.05.

After calculating the Z-statistic, we could find the
p-value (the probability of obtaining such an extreme value
of Z or more under the assumption that the null hypothesis
is true). If the p-value is less than the chosen significance
level of 0.05, we rejected the null hypothesis in favor of the
alternative.

Statistical Power Considerations. A formal a priori
statistical power analysis was not conducted in the present
study. This decision is methodologically justified by the large
sample size (n =4,403) and the exploratory-predictive nature
of the research, which is focused on machine learning-based
classification rather than hypothesis testing with predefined
effect sizes.

In predictive modeling studies, model performance is
primarily evaluated using empirical classification metrics
(sensitivity, specificity, accuracy, and Cohen’s kappa) and
validation procedures such as generalized cross-validation
(GCV), rather than traditional power calculations. The
available sample size substantially exceeds commonly
recommended thresholds for stable estimation of machine
learning models with binary outcomes, supporting the
robustness and reliability of the obtained results.

Method MARSplines (Multivariate
Adaptive Regression Splines)

Machine learning methods are increasingly applied
in sports medicine, physical education, and sport science
to identify key factors influencing complex outcomes and
to solve classification problems (Adeyemo et al., 2022;
Friedman & Roosen, 1995; York et al., 2006).

In the present study, the Multivariate Adaptive
Regression Splines (MARSplines) method was used to
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develop a predictive classification model. MARSplines is
a nonparametric regression technique that allows flexible
modeling of nonlinear relationships and interactions
between variables by constructing piecewise linear basis
functions.

The general form of the MARSplines model is expressed as:

J
FO) = ) e Geaxas ), )
=1
where f(x;)- represents the predicted value of the dependent
variable (binary outcome); j — is the number of basis
functions; o;— are the model coeflicients; B(x;, x,, ... xi) — are
the basis functions.

Undersampling. To address class imbalance in the
dataset, an undersampling procedure was applied to the
majority class. Stratified random sampling was used to
ensure proportional representation of classes based on the
target variable (presence or absence of PTSD risk). This
approach reduced classification bias and improved model
stability while preserving the overall structure of the data.

Calculation of Classification Metrics

In this study, the presence of PTSD risk was explicitly
defined as the positive class, as the primary objective of the
predictive model was to identify military personnel with
an elevated likelihood of developing post-traumatic stress
disorder.

Model performance was evaluated using standard
classification metrics derived from the confusion matrix:
sensitivity, specificity, accuracy, and Cohen’s kappa
coeflicient (Lever et al., 2016; Ruppert, 2004; Russell &
Congalton, 1991).

In this study, the presence of PTSD risk was defined as
the positive class, as the primary objective of the model was
to identify individuals with an elevated likelihood of PTSD.

Sensitivity (true positive rate) reflects the model’s ability
to correctly identify individuals with PTSD risk:

Se -100% 3)

~ TP+FN

Specificity (true negative rate) reflects the model’s ability
to correctly identify individuals without PTSD risk:

.
P = INFFP

-100% (4)

Accuracy represents the overall proportion of correctly
classified cases:

TP + TN

A et i
COUratY = Tp TN + FP + FN

-100% (5)
where TP (True Positives) - number of cases where the model
correctly predicts the positive class — PTSD risk is present;
TN (True Negatives) — number of cases where the model
correctly predicts the negative class — no PTSD risk; FN
(False Negatives) — number of positive samples misclassified:
PTSD risk is present, but the model identifies it as “No PTSD
risk”; FP (False Positives) — number of cases where PTSD
risk is absent, but the model identifies it as “PTSD risk”
Cohen’s kappa coeflicient (k) was calculated to assess
the level of agreement between predicted and observed
classifications beyond chance: Kappa Coeflicient x, used

Table 2. Dataset for MARSplines Model Building

No. Variable Coding Interpretation
1 Gender Binary (0/1) 1=Male;0=
Female
2 Participation in Binary (0/1) 1= Yes; 0=No
combat
3 Hobbies or relaxation ~ Binary (0/1) 1= Yes; 0 = No
activities
Chronic diseases Binary (0/1) 1= Yes; 0 =No
5 Combat injuries or Binary (0/1) 1= Yes; 0=No
wounds
6 Harmful habits Binary (0/1) 1 = Yes; 0 =No
7 Ability to engage in Binary (0/1) 1= Yes; 0=No
physical activity in
combat zones
8  Systematic monitoring Ordinal 0 = Never; 1
of psychological state = Rarely; 2 =
Regularly
9 Support from Ordinal 0 = Unavailable;
comrades 1 = Difficult
to access; 2 =
Available
10 Availability of medical Ordinal 0 = Unavailable;
and psychological 1 = Difficult
assistance to access; 2 =
Available
11 Marital status Binary (0/1) 1=Married; 0=
Not married
12 Presence of minor Binary (0/1) 1= Yes;0=No
children
13 Military rank (soldier) Binary (0/1) 1= Yes; 0= No
14  Education level Ordinal 0 = Secondary; 1
= Vocational; 2 =
Higher
15  Physical fitness level Ordinal 0= Verylow; 1=
Low; 2 = Average;
3=Good; 4=
Excellent
16  Use of computer games Ordinal 0 =Never; 1 =
Occasionally; 2 =
Regularly
17 Use of mobile games ~ Ordinal 0 =Never; 1 =
Occasionally; 2 =
Regularly
18  Availability of Binary (0/1) 1= Yes; 0 =No
psychologist or
chaplain
—  PTSD risk (target Binary (0/1) 1=PTSD risk
variable) present; 0 = No
PTSD risk

to measure agreement between categorical classification
assessments, was calculated as:
B 2 ((TP - TN) — (FN - FP))
“= (TP + FP)- (FP + TN) + (TP + FN) - (FN + TN) (6)

Statistical significance was set at p <0.05.

Software

All calculations were performed using MS Excel. Model
construction and data balancing were implemented using
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the Statistica software package, including the Multivariate
Adaptive Regression Splines (MARSplines) module.

Description of the Dataset

The dependent variable in the MARSplines model was
PTSDrisk (binary outcome). Independent variables included
gender, participation in combat operations, hobbies, chronic
diseases, combat injuries, harmful habits, and other relevant
characteristics (Table 2).

Ordinal variables were encoded to preserve the inherent
ordering of response categories, while binary variables were
coded using a 0/1 scheme.

Results

The analysis of the independent variables showed that
male servicemen predominated in the sample, accounting
for 90.0% of respondents. A substantial proportion of
the participants reported systematic monitoring of their
psychological state (69.3%), and 68.2% indicated the
availability of a psychologist or chaplain within their unit.
More than half of the respondents reported having hobbies
or interests that helped them relax (62.4%), having minor
children (61.7%), possessing higher education (56.4%), and
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Fig. 1. Distribution of affirmative responses across the main
descriptive variables, where: 1 — gender; 2 — participation in
combat; 3 — hobbies or interests that help relax; 4 - chronic
diseases; 5 — combat injuries/wounds; 6 — harmful habits;
7 - ability to engage in physical activities in the combat zone;
8 — systematic monitoring of psychological state; 9 — support
from comrades; 10 - availability of medical and psychological
assistance; 11 — marital status; 12 — presence of minor children;
13 — military rank; 14 — education; 15 - physical fitness level; 16 -
use of computer games; 17 — use of mobile games; 18 — presence
of psychologist/chaplain

having opportunities to engage in physical activities during
military service (56.2%). These findings characterize the
general structure of the sample and the prevalence of key
psychosocial and lifestyle-related factors relevant to further
modeling (see Figure 1).

MARSplines Model Development. To predict the risk
of PTSD in military personnel, a MARSplines model was
developed based on 18 dichotomous predictor variables. At
the initial stage, the model was constructed under restrictive
settings, allowing a limited number of basis functions and
only first-order interactions between variables. Under these
conditions, the initial model demonstrated insufficient
accuracy in identifying PTSD risk cases.

To enhance predictive performance, the model
parameters were progressively refined by increasing both the
number of basis functions and the interaction depth. Model
I was constructed using 11 terms and 10 basis functions,
whereas subsequent model iterations allowed a greater
number of basis functions and higher-order interactions.
In the final configuration (Model III), the number of terms
increased to 30, with 64 basis functions and interaction
levels up to the third order.

The stepwise increase in model complexity resulted
in improved generalization ability and classification
performance. Specifically, the generalized cross-validation
(GCV) error decreased by 0.7% (from 0.308 to 0.304),
indicating a better balance between model fitand complexity.
In parallel, the ability of the model to correctly classity
PTSD risk cases increased by 2.7%, reflecting an overall
improvement in predictive accuracy (see Table 3).

Model IIT demonstrated the best trade-off between model
complexity and classification performance, as evidenced by
the lowest Generalized Cross-Validation (GCV) value and the
highest overall accuracy in identifying cases with PTSD risk.

The obtained results indicate that the MARSplines
approach can be considered a potentially effective tool for
predicting PTSD risk in military personnel. To enhance the
robustness and interpretability of the classification metrics—
particularly sensitivity and specificity with respect to PTSD
risk detection—the input dataset was further optimized
through balancing procedures.

For this purpose, an undersampling strategy was applied
to the majority class, resulting in a reduced subset of 877
randomly selected military personnel without PTSD risk.
This procedure produced an approximately equal number
of observations with and without PTSD risk, allowing an
unbiased evaluation of model performance.

To preserve the internal heterogeneity of the reduced
sample, military personnel without PTSD risk were

Table 3. Evaluation of Model Quality Indicators Based on the Confusion Matrix, n=4403

Confusion Matrix (where 1 - positive class: PTSD risk; 0 - negative Quality Indicators
PTSD class: no PTSD risk) g
Model I Model IT Model ITT = Se Sp Accuracy
Men
Forecast 0 1 0 1 1 I 100 0 79.7
0 3508 895 3502 880 3497 871 1I 99.8 1.7 79.9
1 0 0 6 15 24 11T 99.7 2.7 80.0
GCV 0.308 0.306 0.304
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Table 4. Evaluation of Model Quality Indicators Based on the Confusion Matrix (Balanced Data Using Clustering, n=1772)

Confusion Matrix (where 1 - positive class: PTSD risk; 0 - negative — Quality Indicators
PTSD class: no PTSD risk) 5=
= Se Sp Accuracy
Model I Model IT Model III
Men
Forecast 0 1 0 1 1 I 63.1 62.1 62.6
0 553 339 541 312 567 300 1I 61.7 65.1 63.4
1 324 556 336 583 310 595 III 64.7 66.5 65.6
GCV 0.463 0.460 0.454

subsequently grouped using the k-means clustering
method. As a result, two clusters were identified that
differed significantly (p < 0.05) across most of the analyzed
indicators. No statistically significant differences between
clusters were observed for participation in combat or the
presence of combat injuries and wounds.

Cluster 1 comprised 60.3% of the balanced sample and
included 188 women and 1928 men, whereas Cluster 2
accounted for 39.7% of cases and included 205 women and
1187 men (see Table 4).

The comparative analysis of the identified clusters
revealed substantial differences in several psychosocial and
behavioral characteristics. Compared to Cluster 2, military
personnel in Cluster 1 demonstrated a lower level of physical
fitness, a higher prevalence of harmful habits, more frequent
absence of a psychologist or chaplain within the unit, and
more regular use of mobile games as a means of stress relief.
In contrast, a higher proportion of respondents in Cluster 2
reported having minor children and higher education levels.

To form a balanced analytical sample while preserving
cluster structure, a systematic random selection was applied.
Specifically, every fourth observation was randomly selected
from each cluster, resulting in a final subsample of 526
observations from Cluster 1 and 351 observations from
Cluster 2.

The balancing procedure led to improved specificity of
the MARSplines model in identifying the absence of PTSD
risk; however, this was accompanied by a moderate reduction
in overall diagnostic accuracy and model generalizability.
This trade-off reflects the sensitivity of model performance
to changes in class distribution and sample size.

In addition to clustering-based comparisons, gender-
related differences across the studied variables were
examined. It was hypothesized that male and female military
personnel differ not only in PTSD risk but also in a range of
demographic, behavioral, and psychosocial characteristics.
For example, 31.8% (95% CI: 30.4-33.3%) of men and 10.6%
(95% CI: 7.8-13.5%) of women reported participation in
combat. The comparison of proportions demonstrated
that men were statistically significantly more likely to have
participated in combat than women (Z = 12.938; p < 0.05).

Further gender-based analysis revealed distinct
patterns across multiple indicators. Women demonstrated
significantly higher proportions of chronic diseases,
systematic monitoring of psychological state, availability of
social support, marital status, higher education, and adequate
physical fitness levels. Conversely, men showed statistically
significantly higher proportions (p < 0.05) of combat injuries
and wounds, harmful habits, the ability to engage in physical

activities in combat zones, as well as the use of computer and
mobile games for stress relief (see Figure 2).
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Fig. 2. Proportions of respondents with statistically significant
(p<0.05) differences by gender (n=4403), where 2 - participation
in combat; 4 - chronic diseases; 5 - combat injuries/wounds; 6 —

harmful habits; 7 — ability to engage in physical activities in the

combat zone; 8 — systematic monitoring of psychological state;
9 - support from comrades; 11 - marital status; 14 — education;
15 - physical fitness level; 16 - use of computer games; 17 - use of
mobile games; 18 - presence of psychologist/chaplain

In addition, a significantly higher prevalence of PTSD
risk was observed among men, exceeding that among
women by 10.3% (Z = 6.305; p < 0.05). This finding suggests
that gender-specific differences should be taken into
account when developing predictive models of PTSD risk.
Accordingly, it is methodologically justified to consider
separate models for men and women.

Given the substantial predominance of men in the
military sample and the higher observed PTSD risk among
male service members, further modeling efforts were
focused on the male subgroup. At this stage of the study,
the prediction of PTSD risk in men was prioritized, and the
dataset was balanced to improve model performance.

Spline-based modeling applied to the balanced male
dataset resulted in an increase in model sensitivity, reflecting
improved detection of PTSD risk cases, accompanied by
a reduction in specificity, indicating a decreased ability to
identify the absence of PTSD risk (Table 5).

An analysis of predictor importance revealed that certain
variables contributed disproportionately to the formation
of the predictive model. In particular, the variable harmful
habits emerged as the most influential predictor, appearing
seven times in the basis functions constituting Model IIT
for the PTSD-balanced dataset. In contrast, the variable
describing the availability of medical and psychological
support did not contribute to the formation of basis functions
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Table 5. Assessment of model quality indicators for men based on the error matrix (for balanced PTSD data, n=1884)

Confusion Matrix (where 1 - positive class: PTSD risk; 0 - negative — Quality Indicators
PTSD class: no PTSD risk) §=
Model I Model IT Model TTT = Se S Accuracy
Men
Forecast 0 1 0 1 1 I 72.7 52.1 63.5
0 755 405 779 409 381 1I 75.0 51.7 64.5
1 283 441 259 437 260 465 111 75.0 55.0 66.0
GCV 0.459 0.454 0.450

Note: Se - sensitivity; Sp - specificity; Accuracy - accuracy; GCV - Generalized Cross Validation

Table 6. Assessment of Model Quality Indicators for Men Based on the Error Matrix (for Balanced PTSD Data According

to Clustering Results, n=1624)

Confusion Matrix (where 1 - positive class: PTSD risk; 0 - negative — Quality Indicators
PTSD class: no PTSD risk) E
= Se Sp Accuracy
Model I Model 11 Model 111
Forecast 0 1 0 1 1 I 59.6 66.9 63.4
0 464 280 478 288 506 304 11 61.4 66.0 63.8
1 314 566 300 558 542 111 65.0 64.1 64.5
GCV 0.462 0.459 0.454

Note: Se - sensitivity; Sp - specificity; Accuracy - accuracy; GCV - Generalized Cross Validation

in any of the tested models, indicating its limited predictive
value in this modeling framework.

The obtained model quality indicators were considered
insufficient for reliable prediction, which necessitated
further refinement of the dataset. Therefore, the next stage
of the study involved balancing the male dataset based on
clustering results for men without PTSD risk.

Cluster analysis demonstrated that men without PTSD
risk were divided into two distinct clusters. Statistically
significant differences between clusters (p < 0.05) were
observed for most studied variables, with the exception
of chronic diseases, combat injuries and wounds, and the
ability to engage in physical activity in combat zones, for
which no significant differences were detected.

Cluster 1 comprised 61.9% of male military personnel
and was characterized by a higher prevalence of harmful
habits, inadequate physical fitness, limited social support,
and frequent use of mobile games as a means of psychological
stress relief. In contrast, men in Cluster 2 more frequently
had higher education and minor children.

To construct the final balanced analytical sample,
systematic random sampling was applied, resulting in the
selection of 482 men from Cluster 1 and 296 men from
Cluster 2, along with the inclusion of all 846 men with PTSD
risk. This approach ensured an approximately uniform
distribution of PTSD risk while preserving the proportional
structure of clusters among men without PTSD risk (Table 6).

At the final stage of model development, the complexity
of the MARSplines model was further increased to allow the
algorithm to explore a wider range of nonlinear relationships
and interactions among predictors. This approach aimed to
improve the approximation of complex dependencies within
the input data. The final model incorporated 55 terms and

202 basis functions, representing the highest level of model
flexibility applied in the present study.

Analysis of variable importance demonstrated that
participation in combat was the most influential predictor
of PTSD risk among male military personnel. The second
and third most important predictors were the presence of
combat injuries or wounds and chronic diseases, respectively.
In contrast, the presence of minor children showed the
lowest relative contribution to PTSD risk prediction in this
population.

Although individual predictors differed in their relative
importance, all independent variables contributed to the
final model structure, being included across the 202 basis
functions that collectively formed 55 splines. This finding
indicates that PTSD risk in male military personnel is
determined by a multifactorial combination of demographic,
behavioral, psychosocial, and service-related characteristics
rather than by isolated predictors.

The ranked importance of predictors contributing to
PTSD risk prediction in the final model is illustrated in
Figure 3.

The developed MARSplines model demonstrated that the
baseline probability of no PTSD risk exceeded the probability
of elevated PTSD risk, indicating an overall predominance
of resilient outcomes within the analyzed sample. Model
flexibility was enhanced by allowing up to 300 basis functions
with interaction orders up to six, enabling the approximation
of complex nonlinear relationships among predictors.

In the MARSplines framework, basis functions are
defined as piecewise linear components of the form
max(0, x — ¢) or max(0, ¢ — x), where c represents a data-
driven knot. These functions capture threshold effects in
predictor variables. For illustrative purposes, an example
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Fig. 3. Importance of Variables for Prediction (n=1624),
where 2 - combat participation; 3 — hobbies or activities that
help to relax; 4 — chronic diseases; 5 — combat injuries/wounds;
6 — bad habits; 7 - ability to engage in PA in the combat zone;

8 — systematic monitoring of psychological state; 9 — peer support;
10 - availability of medical and psychological support; 11 —
marital status; 12 — presence of minor children; 13 - military rank;
14 - education; 15 - physical condition level; 16 — use of computer
games; 17 — use of mobile games; 18 — presence of a psychologist/
chaplain

of a basis function is max(0, Combat participation — 0.5),
indicating that direct involvement in combat contributes
to an increased PTSD risk only after a specific threshold is
reached. Another example is max(0, Physical fitness level —
2), reflecting a nonlinear protective effect of physical fitness,
whereby higher fitness levels are associated with a reduced
likelihood of PTSD risk.

Rather than focusing on an exhaustive enumeration of
individual basis functions, model interpretation was based on
the contribution of key predictors and their interactions. The
strongest effects were associated with combat participation
and combat-related injuries, which frequently interacted
with each other, indicating their joint influence on PTSD
risk. Additional influential predictors included access to
psychological or social support, physical fitness level, and
engagement in physical or recreational activities.

Increasing the maximum number of basis functions
and interaction depth improved the model’s classification
performance. Sensitivity and specificity reached 71.1% and
69.5%, respectively, with an overall diagnostic accuracy of
70.3% and a Cohen’s kappa coeflicient of 0.405, indicating
acceptable agreement between predicted and observed
PTSD risk. These results confirm that the proposed model
can be applied to predict PTSD risk in military personnel.

The obtained results of PTSD risk prediction have
direct applied significance for physical education, sport, and
physical rehabilitation systems. Identification of groups with
increased psycho-emotional risk based on the predictive
model enables pedagogical differentiation of individuals
according to their readiness for physical loads, which
represents a fundamental principle of modern physical
education theory and methodology.

From a practical perspective, the modeling results can
be used to substantiate individualized physical activity
programs aimed at reducing stress load, enhancing
psychophysiological resilience, and preventing maladaptive

responses. Depending on the predicted level of PTSD risk,
the volume, intensity, and nature of physical exercises may
be adjusted, including the ratio of aerobic, coordinative, and
game-based activities, as well as the inclusion of recreational
and rehabilitation-oriented physical culture means.

Thus, the proposed predictive model should be regarded
not only as a statistical or machine-learning tool, but also
as an element of pedagogical diagnostics that ensures
evidence-based integration of physical activity and sport-
based interventions into the prevention and correction of
stress-related conditions.

Discussion

Predicting the risk of post-traumatic stress disorder
(PTSD) in military personnel during periods of armed
conflict is of critical importance from both clinical and applied
perspectives. Early identification of service members at
increasedriskof PTSD enables timely preventive interventions,
which may reduce the severity of stress-related disorders,
limit long-term psychological consequences, and facilitate
social reintegration after combat exposure. From a military
standpoint, effective PTSD risk prediction supports combat
readiness, morale, and overall operational effectiveness,
thereby contributing to national defense capacity.

The classification performance indicators obtained in
this study can be interpreted in line with previously proposed
benchmarks for applied predictive models. In particular,
accuracy values exceeding 70% are generally considered
acceptable for practical classification tasks, while Cohen’s
kappa coefficients within the range of 0.40-0.85 reflect
moderate to substantial agreement between predicted and
observed outcomes (Ameneshewa et al., 2023; Seal, et al.,
2007; Wigckowska et al., 2022). These criteria provide an
appropriate framework for evaluating the practical utility of
the proposed MARSplines models.

The relevance of PTSD risk prediction has been
emphasized in numerous studies highlighting its role in
preventing severe stress-related outcomes, including chronic
psychological disorders, self-destructive behavior, and suicide
(Andrieieva et al., 2023; Bekesiene & Bagdziiniené, 2022;
Johnson, 2021). Consequently, the problem of combat stress
and PTSD risk associated with participation in armed conflict
has become a subject of active interdisciplinary research
involving specialists in medicine, psychology, psychiatry,
physical therapy, physical education, and sport sciences
(Byshevets et al., 2024; Hamel, 2020; Shynkaruk & Davydov,
2023). Many authors emphasize the necessity of early detection
of military personnel at increased PTSD risk, an approach that
this study fully supports (Hoge et al., 2006; Seal et al., 2007).

In the present study, a MARSplines-based predictive
model was developed using 18 dichotomous variables
reflecting demographic, behavioral, psychosocial, and
service-related characteristics of military personnel. The
modeling process involved a stepwise increase in complexity,
including expansion of the number of basis functions and
interaction orders, as well as successive data balancing
procedures. These methodological decisions were aimed
at improving the model’s ability to capture nonlinear
relationships while reducing bias caused by class imbalance.

Initial models demonstrated relatively high overall
accuracy (79.7-80.0%); however, they were characterized by
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very low sensitivity, indicating insufficient ability to correctly
identify cases with PTSDrisk. Atthe sametime, specificity was
artificially inflated due to the predominance of observations
without PTSD risk in the dataset. This imbalance resulted
in near-zero kappa coefficients, highlighting the limited
practical value of the initial models despite their seemingly
high accuracy. Such findings underscore the importance of
considering sensitivity, specificity, and agreement metrics
jointly rather than relying on accuracy alone.

Subsequentdatabalancingby PTSD statusand clustering-
based undersampling improved model interpretability and
reduced classification bias, but the achieved sensitivity (63.1-
64.7%) and specificity (62.1-66.5%) remained insufficient
for reliable PTSD risk prediction. These results indicated
that further methodological refinement was required.

A critical step in improving model performance
involved stratification of the dataset by gender. Statistically
significant differences in both PTSD risk prevalence and
associated predictors between men and women justified the
development of gender-specific predictive models. Given
the predominance of men in the military sample and the
higher observed PTSD risk among male service members,
the present study focused on male personnel, while PTSD
risk prediction in women is planned for future research with
expanded datasets.

The final model, constructed for male military personnel
using balanced data and increased model complexity (300
basis functions and interaction order up to six), demonstrated
substantial improvements in classification performance.
Compared to previous iterations, sensitivity increased by
6.1%, indicating enhanced detection of PTSD risk cases,
while specificity increased by 5.4%, reflecting improved
identification of the absence of PTSD risk. Overall diagnostic
accuracy improved by 5.8%, and the GCV error decreased
from 0.454 to 0.450, suggesting better generalization to new
data. Importantly, the kappa coefficient increased to 0.405,
indicating moderate agreement between predicted and
observed PTSD risk.

From an applied perspective, these findings suggest that
MARSplines-based models may serve as a valuable analytical
tool for identifying military personnel at increased PTSD
risk. In the context of physical education and sport sciences,
such predictive models can inform the development
of targeted preventive strategies, including structured
physical activity programs, stress-resilience training, and
psychophysiological monitoring within professional-applied
physical training systems. Integration of predictive analytics
with physical culture-based interventions may enhance
early prevention, functional readiness, and long-term health
outcomes in military populations.

Prospects for Further Research

The developed model for predicting PTSD risk in
military personnel has demonstrated substantial analytical
potential; however, further refinement is warranted. Future
research will focus on improving model specificity by
incorporating additional explanatory variables that may
enhance differentiation between PTSD risk cases and the
absence of PTSD risk. In addition, the application and
comparison of alternative machine learning algorithms may
provide further improvements in classification performance.

Another promising direction involves comparative
analysis of PTSD risk in military personnel and other
populations exposed to chronic stress. Integrating knowledge
of PTSD risk factors with predictive modeling may support
the development of targeted preventive strategies within
systems of physical activity, physical culture, and cybersports.
Such approaches may contribute to reducing stress-related
consequences, strengthening psychological resilience, and
improving functional readiness in military populations.

Overall, continued research in these areas may
enhance the accuracy of PTSD risk prediction and support
the development of effective prevention and mitigation
strategies, thereby improving quality of life for military
personnel, their families, and society as a whole.

Limitations

An important limitation of the present study concerns
the interpretation of PTSD risk based on the Mississippi
Scale for Combat-Related PTSD. Although this instrument
demonstrates high reliability and is widely used for screening
purposes, the cut-off values applied in this study should be
regarded as non-clinical and non-validated for diagnostic
decision-making.

The classification of PTSD risk levels was used
exclusively as a screening and risk stratification tool and
should not be interpreted as a clinical diagnosis. The
identified risk categories reflect the probability of elevated
post-traumatic stress symptoms rather than confirmed
PTSD. Final diagnosis, clinical confirmation, and treatment
planning require comprehensive assessment by qualified
mental health professionals, including psychologists or
psychiatrists. Accordingly, the proposed predictive model
is intended to support early identification and preventive
interventions rather than replace professional clinical
evaluation.

Another limitation relates to the use of self-report
survey methods for data collection. While this approach
is appropriate given the specific conditions of military
service, including training activities, combat missions, and
rehabilitation periods, self-assessment may be subject to
response bias and reporting inaccuracies. Therefore, the
findings should be interpreted with caution, and future
studies should incorporate objective psychophysiological
and clinical measures to strengthen validity.

Finally, the study sample included a substantially
smaller proportion of female military personnel compared
to males. Given the observed gender differences in PTSD
risk prevalence and contributing factors, the development
and validation of predictive models for female military
personnel require further investigation based on larger and
more representative samples.

Conclusions

Predicting PTSD risk in military personnel during
armed conflict is of critical importance for early intervention,
as timely identification of high-risk individuals may
reduce rehabilitation costs and support measures aimed at
maintaining morale and combat readiness.

In this study, a MARSplines-based model was developed
to predict PTSD risk in military personnel using 18
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dichotomous variables reflecting demographic, behavioral,
and service-related characteristics. Progressive optimization
of the model—through increasing the number of basis
functions and interaction orders, as well as balancing the
dataset by gender and PTSD risk—resulted in improved
classification performance. The final model, constructed for
male military personnel, incorporated 300 basis functions
and interaction order up to six, leading to an increase in
sensitivity by 6.4%, specificity by 5.4%, and overall diagnostic
accuracy by 5.8%. Additionally, the reduction of the GCV
error from 0.454 to 0.450 indicated improved generalization
to new data.

The application of machine learning models for PTSD
risk prediction in military personnel exposed to traumatic
events represents a valuable tool for early prevention and
targeted intervention. The proposed model may assist in
identifying individuals at elevated risk and directing them
toward further assessment and support. Moreover, the
findings support the development of preventive programs
that integrate physical culture, sports, and cybersports
as means of stress reduction and resilience enhancement
within military populations.
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3acTocyBaHHA 6araToBMMipHNX afanTUBHUX perpecinHnx
cnnanHiB (MARSplines) pna nporHo3syBaHHA pU3NKY
NOCTTPaBMaTUYHOIO CTPECOBOro po3naay y BilcbKOBOCNY»K60BLiB
Oxkcana llnakapyk'4*“PE, Hatania bumesens'5°, Onena fAxoBenko'5CPE,

Mupocnas [Iyruak'4P%, Onena Angpeena' 5Pk, Makcum SIpmonenko'*PF,
Koctsautnn Ceprienko'E

'HanjionanbHuit yHiBepcuTeT Qi3 HOrO BUXOBAHHA i CiopTy YKpainn

ABTOpCBHKNMIT BKIIAM: A — FU3aitH JOCTIIKeHHsT; B — 36ip ganux; C - crarananis; D - migroroska pykomucy; E - 36ip xomuTis

Pedepar. Crarrs: 12 c., 6 Tab1., 3 puc., 41 mKepeno.

O6rpynryBaHH:A. [IporHosyBaHHA PUSUKY PO3BUTKY ITOCTTPaBMAaTUYHOTO cTpecoBoro posnany (ITTCP), mo mae sHauHi
coljia/IbHi Ta €EKOHOMIYHI HAC/IIIKM I HETaTMBHO BIUIMBAE Ha 60€3JaTHICTh BiﬁCbKOBOCHy)K6OBL(iB, € aKTya/IbHJM HayKOBO-TIPaK-
TUYHVM 3aBJaHHAM. PaHHE BUABICHHs OCi0 i3 MifBUIEHUM PU3UKOM JO3BOJISIE CBOEYACHO BIIPOBAPKYBATH IPOQITaKTIYHI
crpaterii, 30KpeMa iHTepBeHLlii, 3acHOBaHi Ha (isuyHiil KynbTypi, QisnyHill aKTUBHOCTI, CIIOPTI Ta peabimiTanii.

Merta. Po3po6utu Ta BanmigusyBaTy IPOTHOCTMYHY MOJienb ouiHooBaHHA pusuky IITCP y BiiicbkoBOCTy>K00BILiB i 00IpyH-
TyBaTM Il 3aCTOCYBaHHA AK IHCTPYMEHTY HiATPMMKH pillleHb y IefarorivyHoMy IUIaHyBaHHI mporpaM ¢isMyHOTO BUXOBaHHA,
(bisN4HOI aKTMBHOCTI Ta CHIOPTUBHO Opi€HTOBAaHOI IPOMIMaKTUKY 1 peabimiTanii.

Marepianu Ta MeTogu. Y [OCTiKeHH] B35/ y4acThb 4 403 BilicbKOBOCTY>KOOBLH, 3 sIK1X 89,9% — 40/I0BiKY, BIKOM IIepe-
BaXKHO 21-50 pokiB. BupaskeHicTb OCTTpaBMaTUYHUX CTPECOBYX peaklliil oliHIoBa/M 3a mKanow Mississippi Scale for Combat-
Related PTSD (BilicbkoBa Bepcis), [0 IPOIEMOHCTPYBaa BUCOKY BHYTpillHI0 y3romkeHicTs (Cronbach’s a = 0,892; xoedirrieHT
I'yrrmana = 0,920). 3acTOCOBaHO MOPIBHSA/IBHMII i FeH/IePHIIT aHATI3M, @ TAKOXX METOJY MLV HHOTO HABYAHHS 3 BUKOPUCTAHHAM
Multivariate Adaptive Regression Splines (MARSplines) i3 moeranHoro ontuMisanieo, 6alaHCyBaHHAM BIOIPKY Ta OL[IHIOBAHHAM
KmacnikanifiHNX TOKA3HIKIB.

Pesynbratu. ITo6ynoBaHo nmporHoctinyny mMoziens pusuky IITCP Ha ocHosi MARSplines i3 Buxopucranuam 18 auxoromiy-
HIUX JileMorpagivHmX, IIOBEJIHKOBMX i cny>1<60Bmx smiHHMX. QiHa/IbHA MOJIENb [JIS YO/IOBiKiB BKI04Yana 300 6asucHuX (’pyHKuiﬁ[ 3
HOPSAIKOM B3a€MOJII IIICTh i IpofieMOHCTpyBaa 4y TnBicTh 71,1%, cnenmdivynicts 69,5%, 3aranbHy TOUHICTb 70,3% Ta IOMipHY
Y3TOIKEHICTh MDX IIPOrHO30BaHMM i pakTnarnM pusukom (k Koena = 0,405).

BucHoBku. MammHHO-opieHTOBaHe IporHosysaHHA pusukKy [ITCP e nepcreKTMBHUM MiIXOOM /IS PaHHBOI IpodinakTu-
KI Ta II/TbOBMX iHTEPBEHIIill Y BilICbKOBOMY CepefoBIIIIi. 3aIpOIIOHOBaHA MOJIe/Ib MOYKe BUKOPUCTOBYBATUCA /1A iffeHTUdiKanii
ocib rpymnu mifBUIEHOTO PU3UKY Ta OOIPYHTYBaHH: IporpaM npodinakTvkm it peabimiranii, 30kpema 3acHOBaHMX Ha (isnyHii
Ky/IBTYPi, CIIOPTi Ta e-CIIOPTi, CIPSIMOBAHMX Ha 3HIDKEHHS CTPeCy Il HiABUIIeHHs Pe3MIiEHTHOCTI BilICbKOBOCTY>KOOBIIiB.

KirouoBi cnoBa: ncuxivyse 310poB’s, CTpec-acoLilioBaHi CTaHM, IOCTTPaBMAaTUYHIIL CTPECOBUIL PO3/Iaji, BilICbKOBOCTY>KOOB-
1ji, TPOTHOCTMYHE MOJIeTIOBAaHHs, PaKTOPU PU3UKY, Pi3NIHA KYIbTYpa i CIOPT, PyXOBa aKTUBHICTb.
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Abstract

Objectives. This study aimed to develop, validate, and conduct a preliminary effectiveness evaluation of a scalable
training model that explicitly links first-touch quality to dribbling execution for U-13 footballers using representative,

constraints-led practice.

Materials and Methods. Following a Research and Development (R&D) logic, a sequence produced ten staged
variants, expert-validated and piloted before a preliminary pre—post control comparison in grassroots schools. The
outcomes combined standardized circuits and small-sided scenarios to index reception-to-carry performance, with

fidelity, safety, and acceptability monitored.

Results. Most participants improved on the integrated index; two-thirds recorded positive change, while few
exhibited a decline. A modest pre-post correlation suggested heterogeneous gains independent of baseline level.
The greatest gains were observed when reception tasks required scanning, oriented first touch, and immediate
carry or release under scaled space, pressure, and time constraints. Expert review supported content relevance and
age-appropriateness; pilots and large-group trials confirmed the feasibility across resource conditions. Discussion:
Converging evidence from development, validation, and field testing phases indicates that small-sided games,
targeted technique consolidation, SAQ, and proprioceptive elements collectively enhance perception-action
coupling and affordance attunement, enabling potentially transferable improvements in first touch and dribbling.
Practical implications include simple progression knobs, coach prompts, and equipment configurations to preserve

informational fidelity in constrained settings.

Conclusions. The findings suggest that a curriculum-aligned, R&D-validated progression shows promising
preliminary effectiveness for strengthening youth development pathways by coupling reception to purposeful carry
decisions, warranting wider adoption and further dose-response research.

Keywords: first touch, youth football, small-sided games, constraints-led approach, representative learning design.

Introduction

Youth football between ages 10 and 13 represents a deci-
sive phase for building the technical and perceptual-cogni-
tive repertoire that underpins long-term player development.
Within this phase, first-touch and dribbling skills are repeat-
edly linked to match performance and talent pathways because
they regulate the speed and quality with which players can

© Hendra, J., Bakhtiar, S., Khairuddin, K., Rusdinal, R., &
Ramadan, G., 2026.

@ PETM
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receive, secure, and progress the ball under pressure (Iuliano
et al., 2023; Szabo et al., 2024). The first touch—in effect, the
initial control action upon receiving the ball—sets the spa-
tial-temporal conditions for subsequent behaviors, including
movement to protect possession, orientation to the field, and
decisions to carry, pass, or shoot (Szab¢ et al., 2024). A con-
sistently high-quality first touch is associated with a shorter
perception-action cycle, enabling earlier assessment of affor-
dances and the initiation of dribbling sequences in crowded
youth contexts (Iuliano et al., 2023) As youth matches become
tactically denser at this level, the premium on reception qual-
ity and rapid ball carrying becomes even more pronounced.
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Converging evidence highlights a functional link
between reception quality and the initiation of dribbling.
Previous studies demonstrate that effective dribblers depend
heavily on visual feedback to stabilize ball control; when this
feedback is disrupted, subsequent dribbling performance
suffers, suggesting that robust first-touch competence
supports resilient ball carrying under perceptual uncertainty
(Alzate et al., 2025). Complementary work shows that
mastering core technical skills, including first touch, is
associated with broader performance gains among young
footballers (Souglis et al., 2022). Decision-making during
dribbling—where players must select among carrying,
shielding, or release options at pace—further binds technique
to cognition (Souglis et al., 2022), while constraints-led
practice has been shown to enhance both dribbling execution
and the adaptability needed to exploit transient space-time
windows (D’Isanto et al., 2021). Collectively, these accounts
position first touch and dribbling as mutually reinforcing
levers for performance development in U-13 football.

At a system level, national curricula and training
philosophies organize how these skills are cultivated. The
Filanesia model emphasizes a holistic approach to youth
development that couples technical proficiency (e.g.,
ball control, dribbling) with psychological, social, and
tactical growth, thereby aligning skill acquisition with
game understanding (Hadinata et al., 2023; Sucipto et
al., 2021). Aligning club- and school-based training with
such frameworks can standardize exposure to high-value
learning experiences across regions and coaching contexts
(Hunter et al., 2022). Within this architecture, small-sided,
game-like tasks and structured progressions are promoted
as vehicles to integrate technical behaviors with tactical
perception, fostering creativity, decision-making, and
problem-solving—qualities increasingly demanded in
modern football (Carvalho et al., 2021).

Despite these advances, practitioners still confront
a recurring problem: how to translate curricular intent
into a reproducible, age-appropriate pathway that
explicitly connects first touch to dribbling competence in
10-13-year-olds. Many grassroots environments (e.g., SSBs)
face constraints of space, equipment, and variable coaching
expertise, which can fragment instruction and decouple
reception training from subsequent ball-carrying actions.
Moreover, developmental dynamics—including rapid
growth, temporary coordination dips, and heterogeneous
motivation—can blunt the efficacy of one-size-fits-all drills
(Clemente, Silva, et al., 2022; Formenti et al., 2021). The
general solution proposed across the literature is to employ
practice architectures that preserve representativeness,
scaffold coordination, and maintain motivational
engagement while ensuring that reception tasks naturally
flow into dribbling decisions (Aquino et al., 2017; Garcia-
Ceberino et al., 2020).

Several complementary paradigms offer a basis for
this solution. Small-sided games (SSG) increase ball
contacts, decision density, and contextual interference, all
of which accelerate learning of reception and dribbling in
environments resembling match play (Clemente, Praca, et
al., 2022; Suryadietal., 2023). The Constraints-Led Approach
(CLA) systematically manipulates task, environmental, and
individual constraints to channel functional movement
solutions and perception-action coupling; in doing so,

it improves decision speed and technical adaptability
during dribbling (Brink et al., 2023; D’Isanto et al., 2021).
Representative learning design operationalizes these ideas
by aligning practice information with in-game affordances
so that improvements in first touch transfer more reliably
to carrying and release decisions (Garcia-Ceberino et al.,
2020). Together, these lines of work suggest that coupling
reception and dribbling within game-like constraints may be
superior to training them in isolation.

Additional modalities can be layered to maximize gains.
Technique drills, when targeted and time-bound, consolidate
core mechanics (e.g., receiving with varied surfaces, first
touch into space) that later sustain performance in SSG
or CLA tasks (Okilanda et al., 2021). SAQ (speed, agility,
quickness) training enhances the physical preconditions for
effective ball carrying—acceleration, change of direction,
and footwork efficiency—thereby widening the action
possibilities available after a quality first touch (Adi &
Kustiawan, 2024; Ardiansyah et al., 2024). Feedback-rich
tools and task designs can further sharpen error detection
and self-regulation, accelerating technical consolidation
in youth players (Hadinata et al., 2023). When coherently
sequenced, these components outline a practical pathway
from reception competence to dribbling proficiency that is
sensitive to maturation and motivation constraints.

A focused body of literature is especially relevant to
designing such pathways. Studies of decision-making during
dribbling highlight the need to embed choice architecture
within technical tasks (Iuliano et al., 2023). Constraints-led
interventions report improvements in adaptability and
dribbling outcomes when task complexity is progressively
adjusted (Brink et al., 2023; D’Isanto et al., 2021). SSG-based
programs document superior engagement and higher
practice volumes for reception and carrying actions relative
to decontextualized drills (Carvalho et al., 2021; Suryadi
et al,, 2023). Nevertheless, across these streams, two gaps
persist: first, few interventions make the dependency
between first touch and the ensuing carry the explicit
organizing principle of the progression; second, there is
limited evidence of validated, scalable models tailored to
U-13 players in grassroots settings and aligned with national
frameworks such as Filanesia (Hadinata et al., 2023; Sucipto
et al., 2021; Szab¢ et al., 2024).

The present study addresses these gaps by developing,
validating, and conducting a preliminary effectiveness
evaluation of a structured training model that explicitly links
first-touch quality to dribbling execution for youth players
aged 10-13. Conceptually, themodelintegrates representative
learning design, CLA principles, SSG exposure, targeted
technique consolidation, SAQ components, and feedback-
rich tasks to ensure that each reception is designed to afford a
purposeful carry or release (Adi & Kustiawan, 2024; Suryadi
et al.,, 2023). In line with Filanesia’s holistic emphasis, it
situates technical acquisition within tactical understanding
and psychosocial development. Rather than testing causal
efficacy, this study examines whether the integrated
progression shows promising preliminary effectiveness
compared with conventional practices that treat reception
and dribbling as separate blocks. The scope of the study
concerns players in the U-13 bracket, trained within typical
resource constraints of grassroots programs, with outcomes
assessed on both skill performance and decision-related
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indicators, thereby offering a practical, scalable contribution
to youth development pathways.

Materials and methods

Research Design and Context

This study adopted a Research and Development (R&D)
methodology adapted from the Borg and Gall model,
explicitly structured around three sequential phases: (1)
model development, (2) expert and pilot validation, and (3)
preliminary field-based effectiveness evaluation, progressing
through needs assessment, product development, expert
appraisal, pilot testing, iterative revision, and effectiveness
evaluation (Paisal et al., 2024). The adaptation prioritized
methodological rigor and ecological validity for
grassroots environments by triangulating perspectives
from coaches, players, and parents during the earliest
phases (Manshuralhudlori et al., 2023). The study aligned
with the Filanesia curriculum for the 10-13 age band,
embedding technical growth within tactical understanding
and psychosocial development. Representative learning
design and a constraints-led approach guided both the
intervention and the measurement strategy so that practice
information matched in-game affordances and perception-
action coupling. The setting comprised 15 football schools
(SSBs) in Bungo Regency. Eligible players aged 10-13 were
recruited with simple random procedures after consent and
assent. Inclusion criteria comprised active registration at an
SSB and regular training attendance, while exclusion criteria
included injury or incomplete assessment data. Coaches
received procedural training to standardize delivery across
sites, and ethics safeguards for research with minors were
observed throughout.

Development of the Training Model

Product development translated curricular principles
into a progressive first-touch-to-dribbling pathway
consisting of ten staged variants (v1-v10). Each variant
specified a learning focus, constituent skill components,
representative game application, and modifiable constraints
(space, time, number/skill of defenders, and touch limits).
Design decisions leveraged constraints-led manipulation
to channel functional movement solutions and decision
quality during dribbling (Brink et al., 2023; D’Isanto et al.,
2021), while representative tasks ensured transfer to match
contexts (Garcia-Ceberino et al., 2020). Targeted technique
consolidation supported core mechanics of receiving to the
frontfootand first touch into space (Suryadietal.,2023). SAQ
elements improved physical preconditions—acceleration,
change of direction, and footwork efficiency—needed to
exploit a high-quality first touch. Feedback-rich tools and
task designs promoted error detection and self-regulation,
expediting technical consolidation in youth players. The
model is summarized in Table 1.

Procedures and Experimental Flow

The preliminary study combined observations with
interviews of coaches, players, and parents to map current
practice and isolate gaps in connecting reception to dribbling

during routine sessions. A mixed panel of experienced
coaches and sport-science academics conducted expert
validation, providingrelevanceratingsand narrative feedback
on age-appropriateness, load, safety, and practicality.
Prototype tasks were refined through small-group pilots
to test feasibility and instruction clarity, followed by large-
group trials to stress-test scalability under scheduling and
resource constraints. The culminating effectiveness study
implemented a pre-test—post-test control-group design as a
preliminary effectiveness evaluation rather than a definitive
experimental trial, under authentic SSB conditions.

Outcome Measures

Outcomescapturedtechnicalexecutionand performance
in representative conditions. Technical indices included
reception quality (control and orientation), dribbling
execution on standardized skill courses, and combined
reception-to-carry transitions. Decision-related outcomes in
small-sided games—decision latency, successful exploitation
of space, and end-action quality—reflected the coupling of
technique and cognition. Physical capacities supportive
of ball carrying, including change-of-direction speed and
footwork efficiency, contextualized skill changes. Observers
underwent calibration with anchor videos; operational
definitions and scoring sheets were finalized during expert
review, with composite scores derived from standardized
rating rubrics and aggregated to form integrated indices.

Validity and Reliability

Content validity was established through structured ex-
pert appraisal to verify that the measured skills represent
the complexity of youth football at U-13 (Hadinata et al.,
2023; Sridadi et al,, 2021). Construct validity was tested by
comparing pre-post gains from the integrated model against
comparison conditions that trained reception and dribbling
more separately, as predicted by representative and con-
straints-led theory. Inter-rater reliability was estimated via
intraclass correlation coefficients after common-anchor cali-
bration, with coeflicients indicating acceptable to high agree-
ment across outcomes, and internal consistency of composite
indices used Cronbach’s alpha within accepted thresholds for
applied sport research (Okilanda et al., 2021). Implementa-
tion acceptability was triangulated with post-session surveys
and structured coach debriefs (Alzate et al., 2025).

Statistical Analysis

Content validity was established through structured
expert appraisal to verify that the measured skills represent
the complexity of youth football at U-13 (Hadinata et al.,
2023; Sridadi et al., 2021). Construct validity was tested
by comparing pre-post gains from the integrated model
against comparison conditions that trained reception and
dribbling more separately, as predicted by representative and
constraints-led theory. Inter-rater reliability was estimated
via intraclass correlation coefficients after common-anchor
calibration, with coefficients indicating acceptable to high
agreement across outcomes, and internal consistency of
composite indices used Cronbach’s alpha within accepted
thresholds for applied sport research (Okilanda et al., 2021).

123



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 1

Table 1. First Touch to Dribbling Training Model (v1-v10)

Variant  Learning focus Skill components

Game application/
context

Key constraints/

progression knobs Equipment

First touch with inside/
outside; receiving

on the front foot;
protective stance

vl Receiving
fundamentals and
body orientation

1v0 reception in lanes;
orient to open space
before carry

Cones, markers,

balls

No defender; two-touch rule;
slow tempo; enlarged safe
zone

v2 Directional first First touch out of 1v0 to mini-goal gates; Add time cap; smaller gates; Cones, mini-goals,
touch into space feet; scanning before dribble through target light passive pressure from  markers
reception; first step after controlled first coach
acceleration touch
v3  First touch while Receiving on the run; ~ 1v0 slalom entry after Reduce lane width; add turn  Cones, poles/
moving touch across body; reception; timed skill points; limit touches to 2-3  markers,
transition to immediate course stopwatch
carry
v4 Reception under Shielding; first touch 1v1 shadow (no tackle) > Introduce shadow defender; Cones, bibs,
passive defender to the safe side; body dribble exit to gate add countdown; shrink exit — mini-goals
feints to create lane gate
v5 First touch to beat Touch past defender; 1v1 live to end-line/ Defender distance reduced; ~ Cones, mini-goals,
active pressure change of direction; mini-goal after controlled scoring bonus for forward ~ bibs
escape step reception first touch; touch-limit
v6  Wall-pass reception  One-two (give-and-go); 1-2 with rebound Tighter angles; weaker-foot ~ Rebound surface
into carry angled first touch; surface/partner > carry  only; decision within 2 s or partner, cones,
release vs. carry choice  to target mini-goals
v7  Reading overload Receiving shape; first ~ 2v1 to target zones; Defender starts closer; Cones, target
(2v1) from first touch to commit conditioned bonus for constraint on pass count; zones, bibs
touch defender; carry vs. pass  carry after reception smaller scoring zone
v8 Small-sided Oriented first touch in ~ 3v2 counter to Shorter field; touch cap Mini-goals,
transition (3v2) transition; scanning; mini-goals; starts from on the first receiver; markers,
acceleration after win  coach serve time-to-goal bonus stopwatch
v9  Representative First touch triggers 4v4 to target goals; rules  Reduce space; add off-ball Goals/mini-goals,
SSG (4v4) with carry or release; reward forward-facing constraints; variable scoring  bibs
conditions support angles first touch for carry after reception
v10  Match-like Integration of Conditioned game; Begin with touch/time Full goals/
game with faded reception->carry remove constraints in constraints then fade; coach  mini-goals, bibs,
constraints decisions; final phase for free play ~ feedback only on resets markers

self-regulation

Note. Constraints can be scaled via space, defenders, ball pressure, time limits, and touch limits. Equipment lists are adaptable to SSB

resources.

Implementation acceptability was triangulated with post-
session surveys and structured coach debriefs (Alzate et al.,
2025).

Fidelity, Ethics, and Scope

Fidelity was supported by coach workshops, session
plans with progression checkpoints, and observation
checklists. Coaches logged exposure minutes to each variant
and any contextual adaptations; independent observers
audited delivery using a structured rubric, with discrepancies
informing mid-cycle adjustments to maintain alignment
between intended and delivered task demands. Ethical
safeguards included parental consent, player assent, age-
appropriate training loads, safety briefings, and immediate
access to first aid; data were de-identified and reported in
aggregate. The study received ethical approval from the
relevant institutional review board (Approval No.158/KEPK-
FIKES/XI1/2025). The scope focuses on U-13 players within
resource-constrained grassroots settings, aligning with
Filanesia’s holistic objectives. The methodology is designed

to be replicable by SSB coaches and suitable for evaluation in
reputable international outlets, given its integrated validity—
reliability procedures and its explicit coupling of first touch
to dribbling execution.

Results

Needs Analysis

Field observations and stakeholder interviews revealed
systematic gaps in linking reception (first touch) to subse-
quent dribbling actions within routine SSB sessions. Coaches
reported limited time for individual skill consolidation and
challenges designing transitions from receiving to carrying
under pressure. These findings were consistent with prior
needs assessments that document inadequate, non-systematic
provision for foundational skills among children aged 10-13
(Qowiyyuridho et al., 2021; Sridadi et al., 2021). Constraints
clustered around space, equipment, and coaching expertise.
Restricted training areas—especially in urban contexts—lim-
ited the representativeness of practice, consistent with evi-
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dence that diverse practice environments support skill acqui-
sition (Gonzalez-Rddenas et al., 2022). Equipment gaps (e.g.,
scarcity of age-appropriate balls or rebound surfaces) reduced
opportunities for high-frequency, feedback-rich receptions
and carries, echoing the importance of task-appropriate
tools for ball control in younger players (Alzate et al., 2025).
Coaches highlighted variable familiarity with youth-specific
pedagogy; aligning program content with a curriculum such
as Filanesia and providing structured session plans emerged
as key priorities during the development phase.

Expert Validation

A mixed panel of experienced football coaches and
sport-science academics evaluated content relevance,
age-appropriateness, instructional clarity, safety, and load
management. Reviewers rated the model as appropriate for
developmental needs in ages 10-13 and emphasized explicit
learning objectives that integrate enjoyment and skill
progression. Age-appropriate task dosages and progression
thresholds were refined to mitigate over-exertion risks and
to follow constraints-led principles for scaling complexity.
Experts also recommended embedding clear feedback loops
and observational checklists to support formative evaluation
during sessions, and supported the use of the content map as
evidence of content validity. Safety notes and load guidance
were integrated into every variant, with coaching prompts
keyed to decision-making demands and recovery windows
(Ortega et al., 2019; Pamungkas et al., 2023).

Small-Group Pilot Trials

Pilot sessions established feasibility, instruction clarity,
and initial indications of responsiveness to training. Across
4-6 weeks, players showed observable improvements in
reception orientation (front-foot control and first touch
into space) and immediate carry following controlled
serves. Gains were most evident when pilots used small-
sided, representative tasks that increased contacts and
decision density—findings consistent with evidence that
SSGs accelerate contextualized learning (Formenti et
al., 2021; Suryadi et al., 2023). Short, targeted technique
blocks remained useful for consolidating core mechanics
but showed limited transfer unless immediately embedded
in game-like tasks, in keeping with curriculum guidance
(Sucipto et al.,, 2021). Feedback-rich configurations (e.g.,
rebound surfaces) were perceived to support error detection
and self-regulation (Alzate et al., 2025), while coaches
reported high engagement throughout.

Large-Group Trials

Large-group implementation stress-tested scalability
across multiple SSBs. Relative to drill-dominant sessions,
game-based progressions were associated with greater on-
task time and more frequent reception-to-carry events.
However, responsiveness varied with baseline coordination
and maturation status: players with stronger coordination
adapted more quickly to constrained, variable tasks, while
those experiencing growth-related coordination dips bene-
fited from simplified constraints and extended consolidation
before defender pressure—patterns consistent with prior re-

ports (Lex et al., 2021; Tusak et al., 2022). ex-related differ-
ences in engagement and response to constraint manipula-
tion were noted exploratorily and will be analyzed further as
sample sizes allow. Coaches rated session practicality as high
when clear progression knobs (space, time, defenders, touch
limits) were provided alongside safety and load cues.

Effectiveness Test (Pre-Post, Control Comparison)

Following pilots, the model was evaluated in a pre-test-
post-test control-group design under authentic SSB schedul-
ing as a preliminary effectiveness assessment. The primary
outcome was an integrated reception-to-dribble index as-
sessed in standardized circuits and small-sided scenarios.
The scatter plot of paired pre/post scores shows the overall
distribution of change, with the diagonal line y = x indicating
no change. Points above the line indicate improvement, be-
low indicate decline. In this dataset, 432 paired observations
were analyzed: 287 players improved, 108 were unchanged,
and 37 declined, suggesting an overall positive pattern of
change rather than definitive causal effects. The pre-post
correlation (r = 0.29) suggests a weak-to-moderate positive
association between baseline and outcome, consistent with
heterogeneous gains across ability levels. These results are in
line with literature reporting greater benefits when training
emphasizes representative information and constraints-led
progression. In addition, coaches reported perceived reduc-
tions in decision latency following a controlled first touch
and more frequent successful exploitation of space in SSGs,
consistent with links between technical gains and decision-
making quality (Murr et al., 2020).

© 100 o
80
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40

Post-intervention score

20

0

0 20 40 60 80 101
Pre-intervention score (integrated reception-to-dribble index)

Fig. 1. Pre vs. post intervention scores on the integrated reception
to dribble. Note. index (N = 432). The diagonal indicates no
change; points above denote improvement. Improved = 287;

unchanged = 108; declined = 37; pre-post r = 0.29

Table 2. Summary of pre-post outcomes (integrated
reception-to-dribble index).

Outcome category n Percent
Improved 287 66.4%
Unchanged 108 25.0%
Declined 37 8.6%

Note. Percentages are calculated over N = 432 paired
observations. The correlation between pre and postscores was r =
0.29, indicating a weaktomoderate positive association between
baseline and outcome.
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Model Iterations (v1-v10) and Implementation Fidelity

Iterative refinements consolidated a staged progression
from unopposed reception mechanics to match-like
scenarios in which the first touch actively affords the carry
or release. Early variants emphasized orientation and
protective stances; mid-variants layered passive and then live
defenders; late variants embedded carry-or-release decisions
in 2v1 to 4v4 formats with conditional scoring. Fidelity
audits indicated high adherence when coaches used session
checklists and progression thresholds, with deviations
typically driven by space or equipment constraints. Where
space was limited, narrowing lanes and shortening distances
maintained decision density without materially reducing
task representativeness (Gonzalez-Rodenas et al., 2022).
Equipment adaptations (e.g., mini-goals, rebounders)
supported immediate transition from reception to carry and
enhanced feedback (Alzate et al., 2025). The sequencing of
constraints—space first, then defenders, then ball pressure—
was observed to be particularly supportive for players with
lower coordination, and aligns with recommended stepwise
progressions (Qowiyyuridho et al., 2021; Sridadi et al., 2021).
Coaches reported that explicit prompts for scanning before
reception and rewarding forward-facing first touches were
associated with smoother reception-to-dribble transitions,
echoing decision-centric recommendations.

Adverse Events and Safety

No serious adverse events were recorded. Session logs
flagged transient fatigue and occasional minor knocks in
defender-active variants; these were mitigated by task
dosages aligned with age-appropriate load guidance and
structured recovery windows. Coach debriefs emphasized
that safety standards were easier to maintain when decision
demands were increased through informational constraints
rather than through maximal physical contact.

Summary of Findings

Across needs analysis, expert validation, pilot and large-
group trials, and a controlled effectiveness test, the Jho-
First Touch to Dribbling Training Model showed consistent
positive patterns of change in a large youth sample.
Improvements were most pronounced when practice
preserved informational fidelity and when progression
knobs were tuned to maturation and coordination. The
results are consistent with prior evidence that constraints-
led, representative practice and SSG exposure are associated
with enhanced technical execution and decision quality
in youth players, while highlighting practical levers—
space, equipment, and coach expertise—that determine
implementation success in grassroots environments.

Discussion

The present findings indicate that an integrated first-
touch-to-dribbling progression was associated with positive
performance changes for most participants in authentic
grassroots settings, with two-thirds of players showing
gains and relatively few exhibiting decline (see Figure 1
and Table 2). These outcome patterns are coherent with

contemporary accounts of practice design for U-13 football
in which skill acquisition depends on repeated coupling
between information and action during representative
tasks (Formenti et al., 2021; Garcia-Ceberino et al., 2020).
The staged pathway—beginning with oriented reception
and scaling toward constrained, game-like exchanges—is
consistent with how children discover functional movement
solutions when environmental and task constraints are
tuned to age-specific capacities (D’Isanto et al., 2021). The
observation that improvements were heterogeneous across
baseline ability aligns with well-documented variability
during late childhood and early adolescence, when growth-
related changes can temporarily disrupt coordination yet
ultimately support higher ceilings for performance once
control is re-stabilized (Lex et al., 2021; Tusak et al., 2022).

The model’s core premise—that reception quality af-
fords a purposeful carry or release—is designed to promote
perceptual attunement before and during ball contact. By
requiring players to scan prior to reception, orient the first
touch into exploitable space, and decide between carry-
ing or releasing, each repetition may compress the percep-
tion-action cycle and support attunement to affordances
such as open lanes and defender momentum (Jordet et al.,
2020). As players repeatedly solve for “where to put the ball
on the first touch,” they may calibrate their bodies to the in-
formational structure of the task, strengthening the coupling
that underpins rapid dribbling initiation in traffic (Iuliano et
al., 2023). This mechanism is plausibly reinforced by coor-
dination dynamics: varied constraints perturb the stability
of naive movement patterns and encourage exploration of
more adaptable solutions, which helps explain why progres-
sions that manipulate space, pressure, and time limits tend
to yield broader action repertoires and better control un-
der pressure (D’Isanto et al., 2021; Stankovi¢ et al., 2023).
Evidence that reception competence predicts downstream
carrying is consistent with studies documenting the depen-
dence of dribblers on real-time visual feedback to stabilize
ball-foot interactions, particularly in younger players.

The model’s blend of small-sided games (SSG),
constraints-led task design (CLA), targeted technique
consolidation, SAQ components, and proprioceptive work
reflects complementary pathways to similar ends. SSG
provided a dense mix of ball contacts, choices, and contextual
interference; such exposure has been shown to support skill
acquisition and tactical understanding by preserving the
informational richness of match play (Clemente, Praca, et
al., 2022; Formenti et al.,, 2021; Suryadi et al., 2023). CLA
principles structured the progression knobs—space, number
and behavior of defenders, and time—to shape functional
solutions without prescribing them, thereby protecting
autonomy and sustaining engagement. Technique blocks,
although decontextualized, remained useful when brief
and immediately re-embedded into game-like tasks; this
sequencing appeared to support consolidation of first-touch
mechanics (front-foot control and touch into space) that
later scaled under pressure (Okilanda et al., 2021; Sucipto
et al,, 2021). AQ training may have widened the feasible
action set by upgrading acceleration, change-of-direction,
and footwork efficiency, which are prerequisites for turning
a well-oriented reception into a decisive carry (Carvalho
et al., 2021). Proprioceptive elements are likely to support
body-segment awareness and postural control, contributing
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to more stable touches and finer ball-foot regulation during
dribbling (Souglis et al., 2022). The convergence of these
modalities may help explain why gains were observed not
only on isolated skill measures but also in decision-laden
scenarios where reception quality and carrying co-determine
successful outcomes (Murr et al., 2020).

The large-group trials revealed that response to training
varied across coordination level and maturation status. Play-
ers exhibiting temporary coordination dips—often associated
with rapid growth—appeared to benefit from a slower ramp in
informational and physical difficulty, longer consolidation in
unopposed or lightly opposed variants, and careful load man-
agement (Lex et al.,, 2021). Conversely, players with higher
baseline coordination tended to adapt more readily to earlier
introduction of defender pressure and narrower spaces, which
may amplify the salience of affordances and perceptual attun-
ement (Garcia-Ceberino et al., 2020). Sex-related moderation
could not be fully resolved but anecdotal signals suggested
differences in engagement and constraint preferences that
warrant dedicated analysis with adequate power and tailored
pedagogy. These moderators underscore the importance of
adjustable task parameters and coach decision rules that per-
sonalize challenge while preserving the progression’ logic.

Methodological safeguards, including content valida-
tion by a mixed expert panel, rater calibration, and pre-post
control comparison, were instituted to support cautious in-
ference (Hadinata et al., 2023; Okilanda et al., 2021; Sridadi
et al., 2021). Nevertheless, several threats remain. Measure-
ment bias can arise when standardized circuits fail to cap-
ture decision quality or when observational rubrics are in-
sufficiently discriminant across ability bands; triangulating
isolated skill metrics with representative SSG indicators was
intended to limit construct under-representation (Alzate et
al., 2025). Novelty effects may inflate early changes when
coaches and players encounter an unfamiliar model; the em-
bedding of the progression across multiple microcycles and
the emphasis on routine fidelity aimed to reduce transience,
but longitudinal follow-ups are required to confirm retention
(Sunarto et al., 2023). Coach expectancy effects—especially
in environments motivated to demonstrate improvement—
can shape both instruction and scoring; pre-specified pro-
tocols and blinded scoring on video subsamples are recom-
mended extensions where feasible. Safety remained central:
as defender activity rose and spaces narrowed, load cues
and recovery windows were enforced to minimize risk, con-
sistent with established guidance for young athletes (Adi &
Kustiawan, 2024; Primasoni et al., 2024).

For SSBs operating with constrained space and equip-
ment, the progression’s fidelity hinges on principled manipu-
lation of a few controllable variables. Where field area is
limited, narrowing lanes and shortening approach distances
was found to preserve decision density without eroding rep-
resentativeness, echoing evidence that varied yet purposeful
environments facilitate learning (Gonzélez-Rddenas et al.,
2022). Access to mini-goals, rebound surfaces, and size-ap-
propriate balls appeared to amplify the frequency and quali-
ty of reception-to-carry transitions by delivering meaningful
feedback at ball contact (Alzate et al., 2025). From a work-
load perspective, integrating SSG and CLA tasks may reduce
coach burden relative to highly scripted drill catalogs be-
cause task rules rather than explicit patterns do much of the
instructional work; however, planning time is still needed to

set safe dosages and progression gates, which national cur-
ricula should acknowledge. Scalability benefits when frame-
works provide decision trees linking player readiness indica-
tors to constraint adjustments, allowing coaches to “tune”
tasks on the fly for mixed-ability groups (Umar et al., 2022).
System-level adoption also depends on resource allocation
for equipment and coach development; targeted investments
in affordable training aids and practice design education
are likely to support skill opportunity structures, particu-
larly in under-resourced context (Bell & Bell, 2020; Hunter
et al., 2022). Embedding the progression within Filanesia’s
holistic emphasis helps ensure that technical improvements
co-develop with tactical awareness and psychosocial growth,
addressing concerns about decontextualized technique work
during this age window.

The distribution of change observed here, with a major-
ity improving and a minority static or declining, parallels
intervention meta-patterns in youth sport where exposure
quality and baseline readiness jointly govern responsiveness
(Formenti et al., 2021; Suryadi et al., 2023). That the pre—
post correlation was modest indicates that initial level did
not strongly constrain outcome, a desirable property in in-
clusive grassroots programs. It also suggests that design fea-
tures within the model—such as compulsory scanning cues,
forward-facing first-touch rewards, and immediate decision
contexts—may have facilitated access to improvement path-
ways regardless of starting point, a hypothesis compatible
with CLAs emphasis on channeling rather than prescribing
solutions (D’Isanto et al., 2021). When juxtaposed with stud-
ies documenting the limitations of isolated technique drills,
the present pattern supports the plausibility of a blended
approach wherein short, targeted consolidation blocks are
systematically re-embedded in representative exchanges
to secure transfer. The emerging picture situates reception
competence not as a terminal skill but as a generative con-
straint that shapes what kinds of carries and releases become
available, which helps explain the practical relevance of se-
quencing constraints from space to defender pressure and
finally to live ball pressure, as reflected in Table 1’s logic and
the fidelity audits reported earlier (Garcia-Ceberino et al,,
2020; Gonzalez-Rddenas et al., 2022).

Future investigations should probe optimal dose-re-
sponse relationships for each progression stage, quantifying
how much exposure to oriented reception is required before
introducing defender activity and how quickly touch limits
should tighten across microcycles. Studies that randomize
progression sequences—space first versus defender pressure
first—could more directly test the causal contributions of
constraint ordering to transfer. Researchers should incorpo-
rate longitudinal retention tests following periods without
structured practice to determine which gains persist and
under what environmental conditions, thereby addressing
novelty effects and clarifying decay functions (Sunarto et al.,
2023). Multi-site trials stratified by maturation status and
coordination profiles are needed to build prescriptive deci-
sion trees for coaches, and sex-specific analyses should be
powered to detect interaction effects with constraint manip-
ulations. Measurement work should advance hybrid instru-
ments that combine circuit-based indices with automated
event coding from small-sided games, increasing sensitivity
to decision quality while preserving reliability through rater
calibration and internal-consistency checks. Complemen-
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tary biomechanical and proprioceptive assessments could
illuminate how postural control and foot-ball interaction
quality mediate transfer from reception to carry, clarifying
the added value of SAQ and proprioceptive elements within
the model (Carvalho et al.,, 2021; Souglis et al.,, 2022). Fi-
nally, implementation research embedded in national cur-
ricula should evaluate teacher load, resource requirements,
and cost-effectiveness to support scaling in under-resourced
SSBs, with attention to equipment pathways and coach-edu-
cation formats that maximize uptake while preserving fidel-
ity (Bell & Bell, 2020; Hunter et al., 2022; Umar et al., 2022).

Conclusions

This study provides evidence that an integrated
first-touch-to-dribbling training model, aligned with
representative learning design and a constraints-led
approach, can be implemented at scale in grassroots contexts
and is associated with positive technical and decision-
related changes in U-13 footballers. Across multi-phase
development, expert validation, pilot implementation, and
a preliminary controlled effectiveness test, roughly two-
thirds of players improved on an integrated reception-to-
carry index, with a modest pre—post association indicating
that initial skill level did not unduly constrain outcomes.
Improvements were strongest when reception tasks explicitly
afforded purposeful carries in small-sided, information-rich
conditions and when progression knobs—space, defender
pressure, and time/touch limits—were tuned to maturation
and coordination status. Fidelity audits suggested that
clear coaching prompts and simple equipment (mini-
goals, rebound surfaces, age-appropriate balls) supported
transfer even under space constraints. These findings have
practical implications for football schools and national
curricula: coupling first-touch quality to immediate carry
decisions may represent a central design principle for the
10-13 age band, and coach education should emphasize task
representativeness, progression logic, and load safety. The
study contributes a replicable pathway that operationalizes
policy into practice and offers a theoretically grounded
explanation of potential mechanisms—perception-action
coupling and affordance attunement—through which
reception skill may support dribbling proficiency. Future
research should quantify dose-response parameters for
each progression stage, test alternative constraint orderings,
examine sex-specific responses, and conduct longitudinal
retention studies with automated match-event analyses to
determine durability and external validity of gains.
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ITimi. MeToM0 I{bOTO ZOCTIIKEHHs 6Y/I0 PO3pOO/IeHH, BaliAaLis Ta IPOBEIeHH: MOoIepefHbOI OLiHKY eheKTMBHOCTI MacI-
TabOBaHOI MOJIe/li TPEeHYBaHb, sika 6e310CcepeNHbO OB SI3Y€ AKICTh MEPIIOTro TOPKAHHS 3 BUKOHAHHAM ApubiHry mist pyTbosic-
TiB BikOM 110 13 pOKiB 3a JOIIOMOT0I0 pelpe3eHTaTMBHUX IIPAKTUYHUX TPEHYBaHb i3 3aCTOCYBaHHAM 0OMEXeHb.

Marepianu Ta MeTopu. BifoBinHO 10 JIOTiKY HAYKOBO-OCTITHUX Ta OCIiTHO-KOHCTPYKTOpCchkuX pobit (HIIIKP) ctBOpe-
HO JIECATD IIOETAITHUX BaPiaHTiB, AKi IPOII/IN €KCIIEPTHY IIEPEBIPKY Ta Ii/IOTHE TECTYBAHHA IIEpe] IPOBEIEHHAM IIONIEPENHbOTO
nepefi- Ta IOCTKOHTPObHOIO MOPiBHAHHA B MiCLIEBUX LIKOMAX. Pe3ynbraTy moeqHyBany CTaHZApTMU30BaHi CXeMM Ta CleHapii
TPeHyBaHb HEIIOBHMMU CKJIaflaMyl 3 METOIO iHfleKcalii MpOXyKTUBHOCTI IPUITOMY Ta BefleHHs M s4a, KOHTPOIIOI0YN TOYHICTb,
6e3reKy Ta IPUITHATHICTD.

Pesynpraru. Y 611b110CTi y4aCHMKIB HOKPAIMBCS IHTETPOBAHNI IH/IEKC; IBI TPETMHY FOCTIKEeHNX 3aiKCyBamm MO3UTUBHI
3MiHN, TOZ] SIK y HebaraTbox ocib Bifj3Haua/moCs 3HIDKEHH:A MOKa3HUKiB. [loMipHa KOoperALlia Ha epef- Ta MOCTHOCTIIKYBaHOMY
eTali BKasyBaJla Ha HEOJHOPIIHICTb pe3y/IbTaTiB, HE3A/IEKHMX Bifl IOYaTKOBOTO PiBHA. Hait6inpii gocaraeHHs criocrepiranmucs
IIpY BUKOHAHHI 3aB/JaHb Ha IPUITOM M 544, 1[0 BYMArajy CKaHyBaHH:, OPIEHTOBAHOTO MEPIIOro TOPKAHHs i HeralfHOrO BeleHHs
a60 BifITyCKaHHs M s19a B yMOBaX 0OMEXXEHOT0 IPOCTOPY, TUCKY i YacOBMX paMoK. EKcIlepTHa OLliHKa MiATpUMaa peleBaHTHICTh
3MmicTy i BifIOBinHICTD BiKOBIil KaTeropii; miOTHI Ta BeIMKOrpyIOBi BUIIPOOYBaHHS MiATBEPAM/IN JOLIBHICTD METOLY 3a Pi3HMX
pecypcuux ymoB. O6roBopenss: CyKyITHICTb JaHUX, OTPMMAHMX Ha eTallax po3poOKu, Balifalil Ta HOIbOBUX BUIPOOYBaHb,
CBIJYNTD IIPO Te, IO irpy HENIOBHMMU CKIaZlaMM, IIiIeCIpsAMOBaHa KOHCOJIIallisl TeXHiKM, CUCTEMA TPEHYBAaHb 32 METOJMKOIO
SAQ (mBMAKicTb, CIPUTHICTD, MBUAKICTD peakilii) Ta IMPONpioleNTNBHI eleMeHTN KOMIUIEKCHO HMOKPAIlYIOTh 3B A30K MiX
TIEPILIENIIEIO i JIi€T0, a TAKOXK Y3TOJKEHICTh MOXK/IMBOCTENA, IO JO3BOJIAE JOCATTI IIOTEHIITHO 3MiHHNX IOJIIIIEHD y TIepIIOMY
TOpKaHHi Ta Apubninry. [IpakTidHi iMIUTIKaLii BKIIOYAI0Th IPOCTI pery/IsaTopy Imporpecii, Bka3iBKy TpeHepa Ta KoHiryparii 06-
JTaHAHHS /11 30epe)XeHHsT iHOPMAIiTHOI TOYHOCTI B 0OMEXXEHIX YMOBAX.

BucnoBku. Pesynpraty JoCTiPKeHH:A 03BOIAIOTD IPUITYCTUTH, 1110 y3TOJpKeHa 3 HaBYa/IbHOIO IIPOTPaMoI0 Ta MifTBep/Ke-
Ha HayKOBO-JJOCTIIHMMI Ta HOCIiTHO-KOHCTPYKTOPCHKMMU POOOTaMM IIPOrpecist [JeMOHCTPYE HePCIeKTUBHICTD IOepefHbOI
e eKTUBHOCT] y 3MilIHEHH] IUIAXIB pO3BUTKY MOJIOJ IUIIXOM ITOE€IHAHHSA CIPUITHATTSA 3 YXBa/JICHHAM LII/IeCIIPAMOBAHMX PillleHb,
HOTpe6yI0UM MNPIIOro BIPOBA/PKEHHS Ta IOJA/IbIINX HOCTIIKEHD 3a/IeKHOCTI «/103a (Be/IMYMHa BUKOHAHVX TPEHYBaIbHIX 3a-
BJIaHb) — BifITIOBiADb (peaxiist opraniamy)».

KirouoBi croBa: nepiire TOpKaHHs, IOHALBbKNI GyTOON, irpy HEMOBHMMM CK/IafaMy, MifiXi i3 3aCTOCYBaHHAM OOMeXXeHb,
penpe3eHTaTMBHNI M3aliH HaBYaHHA.

Information about the Authors:
Hendra, Jhony: jhony_hendra@student.unp.ac.id; https://orcid.org/0000-0002-3738-1068; Education Study Program, Universitas
Negeri Padang, Sumatra Barat 25173, Indonesia.
Bakhtiar, Syahrial: syahrial@fik.unp.ac.id; https://orcid.org/0000-0003-2299-6446; Department of Coaching, Faculty of Sports
Science, Universitas Negeri Padang, Sumatra Barat 25173, Indonesia.
Khairuddin: khairuddins2@fik.unp.ac.id; https://orcid.org/0009-0001-2620-252X; Department of Sports Education, Faculty of
Sports Science, Universitas Negeri Padang, Sumatra Barat 25173, Indonesia.
Rusdinal: rusdal@fip.unp.ac.id; https://orcid.org/0000-0002-0571-7532; Department of Educational Administration, Faculty of
Education, Universitas Negeri Padang, Sumatra Barat 25173, Indonesia.

Ramadan, Gilang: gilangramadan@umgo.ac.id, https://orcid.org/0000-0002-4208-0067; Department of Sports Science,
Universitas Muhammadiyah Gorontalo, Gorontalo 96181, Indonesia.

Cite this article as: Hendra, ., Bakhtiar, S., Khairuddin, K., Rusdinal, R., & Ramadan, G. (2026). From Reception to Carry:
Validating a Scalable First-Touch-to-Dribbling Progression in Youth Football. Physical Education Theory and Methodology, 26(1),
121-130. https://doi.org/10.17309/tmfv.2026.1.11

Received: 01.11.2025. Accepted: 26.12.2025. Published: 30.01.2026

This work is licensed under a Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0)

130



Physical Education Theory and Methodology
Teopia Ta MeToAanKa $pi3MYHOr0 BMXOBaHHA

ISSN 1993-7989 (print)
ISSN 1993-7997 (online)
ISSN-L 1993-7989

Original Scientific Article

Hydration Status and Thermal Stress as Predictors of Fatigue
and Performance Decline in Sub-Elite Soccer Players

Achmad Widodo'A“PE; Abdul Aziz Hakim'®¢?, Afif Rusdiawan!4®?, Himawan Wismanadi!APE,
Zsolt Németh?*°?, Hijrin Fithroni'**®, Mellyana Putri Mentari'®® and Hasan Basri**”

"Universitas Negeri Surabaya
*University of Pécs
*Universitas Islam 45

Authors’ Contribution: A - Study design; B - Data collection; C - Statistical analysis; D — Manuscript Preparation; E - Funds Collection

Corresponding Author: Achmad Widodo, e-mail: achmadwidodo@unesa.ac.id

Accepted for Publication: December 10, 2025
Published: January 30, 2026

DOI: 10.17309/tmfv.2026.1.12

Abstract

Background. Soccer players competing in tropical climates experience combined dehydration, thermal strain, and
metabolic stress, yet field-based evidence linking these factors to performance decline remains limited.

Objectives. This study aimed to examine the predictive relationships between hydration status, thermal stress,
metabolic factors, and fatigue-related performance decline in sub-elite soccer players under tropical heat conditions.
Materials and Methods. Thirty male sub-elite soccer players (22.4 + 3.1 years) participated in a simulated 90-minute
match conducted in temperatures ranging from 31 to 33°C, with relative humidity levels between 65 and 75%.
Hydration (bioimpedance), blood lactate, muscle temperature, heart rate, shooting accuracy, and anaerobic power
(RAST) were assessed pre-, mid-, and post-match. Repeated-measures ANOVA and multiple regression were used

(p < 0.05).

Results. TBW decreased significantly (—4.2%), while lactate (1.3 - 10.4 mmol-L") and muscle temperature (33.4
- 37.1°C) increased across match segments (p < 0.001). Shooting accuracy (—14%) and peak anaerobic power
(—4.6%) declined post-match. Regression analysis identified ATBW (B = —0.41, p = 0.008) and peak lactate ( = 0.48,

p = 0.003) as significant predictors of fatigue (R* = 0.61).

Conclusions. The findings indicate that loss of hydration, thermal strain, and metabolic accumulation are all
important signs of a subject’s deterioration in performance levels under tropical match conditions. Athletes can
improve their health and performance by drinking enough fluids and keeping their body temperature under control.

Keywords: hydration status, thermal stress, fatigue, anaerobic performance, tropical environment.

Introduction

The interaction of multiple physiological factors has a
significant impact on soccer performance, particularly in hot
and humid weather conditions. In tropical climates, athletes
often endure compounded stress from dehydration, elevated
muscle temperature, and metabolic accumulation, all of
which expedite fatigue and diminish technical precision
(Périard et al., 2021; Pellicer-Caller et al., 2023). This issue
is especially important for players in Southeast Asia, where
the temperature often rises above 30°C and the humidity

© Widodo, A., Hakim, A. A., Rusdiawan, A., Wismanadi, H.,
Németh, Z., Fithroni, H., Mentari, M. P., & Basri, H., 2026.

@ PETM
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rises above 70%. This problem puts a constant strain on their
ability to regulate their body temperature during training
and competition (Che Muhamed et al., 2016).

Research indicates that even mild dehydration (2-3%
of body mass loss) can result in considerable reductions in
aerobic endurance, cognitive function, and neuromuscular
control (Armstrong et al., 2025; Casa et al., 2015). Elevated
muscle temperature (>37°C) has been shown to hinder
neuromuscular coordination and increase perceived
exertion, thereby diminishing motor accuracy and skill
execution (Sébastien Racinais et al., 2017; Flouris et al., 2015;
Raj et al,, 2021). At the same time, a high level of lactate
in the blood during short bursts of high-intensity exercise
indicates that anaerobic glycolysis is working harder, which
accelerates metabolic fatigue and limits the body’s ability
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to perform repeated sprints (Hafidz et al., 2025; Cairns &
Lindinger, 2025). Even though these relationships are well-
known, the combined effect of hydration status, thermal
stress, and metabolic indicators on fatigue and performance
decline during realistic match simulations is still not well
understood, especially in sub-elite soccer players who don’t
always have access to advanced recovery and hydration
monitoring systems (Chapelle et al., 2020; Nuccio et al,,
2017).

Nonetheless, limited adoption of field-based experi-
mental designs exists that concurrently monitor various
physiological indicators during simulated match play in au-
thentic tropical settings (Edwards & Clark, 2006; Gibson et
al., 2019). Additionally, recent studies have predominantly
concentrated on elite or professional players, leading to a gap
in research regarding sub-elite populations that constitute
the developmental basis of regional and university leagues
(Plakias et al., 2024). These athletes frequently face similar
training demands without adequate medical and environ-
mental support systems, which may intensify the detrimen-
tal effects of heat and dehydration on their performance
(Mohr et al.,, 2005). Consequently, it is essential to address
these knowledge gaps to develop effective monitoring and
intervention strategies that improve athlete readiness, re-
duce fatigue, and promote ongoing participation in sports.

Despite extensive laboratory evidence on dehydration,
hyperthermia, and metabolic stress, field-based studies
simultaneously examining their combined predictive
power on fatigue and performance decline under authentic
tropical match conditions remain scarce. Previous research
has typically isolated single physiological variables,
lacked ecological validity, or focused primarily on elite
players. The present study addresses this research gap by
integrating multidimensional physiological monitoring with
performance testing during a realistic simulated match.
The scientific novelty lies in identifying the simultaneous
contributionofhydrationstatus, thermalstrain,and metabolic
accumulation to fatigue-related performance decline in sub-
elite players, a population that is underrepresented yet highly
exposed to tropical environmental stressors.

Investigating the predictive relationships between
hydration status, thermal stress, metabolic factors, and
fatigue and performance decline in sub-elite soccer players
exposed to tropical heat is the primary objective of this
study. Specifically, this study aimed to (1) quantify temporal
variations in hydration, lactate concentration, and muscle
temperature during a simulated match; (2) evaluate their
respective effects on technical accuracy and anaerobic
performance; and (3) determine which physiological
variables most accurately predict the fatigue response. It is
hoped that this research will contribute to the development
of evidence-based hydration and thermal management
protocols that enhance the safety and performance of
athletes competing in hot environments. Furthermore, it
also supports global efforts to achieve SDG 3, ensuring
healthy lives and promoting well-being through safe and
effective sports participation.

Materials and Methods

This research employed a quasi-experimental
quantitative design to examine the physiological interactions

among hydration status, heart rate, blood lactate, and
muscle temperature concerning the onset of fatigue in sub-
elite soccer players competing in a hot environment. The
study utilized a purposive randomized one-group pretest—
posttest design to investigate the causal effects and predictive
relationships among the variables in field-based conditions,
thereby ensuring significant ecological validity.

Study Participants

The study involved thirty male soccer players from
UNESA FC, categorized as sub-elite athletes participating
in regional and university leagues, and supervised by the
Sport and Exercise Research Center at Universitas Negeri
Surabaya (UNESA). All participants were between the ages
of 18 and 30, had at least 10 years of organized training
experience, and trained regularly 4 to 6 times a week, doing
both technical-tactical and conditioning programs. We
chose this group of people on purpose because sub-elite
athletes have performance profiles that are similar to those
of professionals but often don’t have advanced systems for
managing hydration and recovery, especially in hot and
humid conditions.

The purposive sampling technique was employed to
select participants for this study based on the following
inclusion criteria: (1) being an active athlete at UNESA FC
during the 2025 competition season, (2) not having any
musculoskeletal injury or medical contraindication in the
preceding three months, (3) being capable of performing
maximal physical exercise without the risk of cardiovascular
complications, and (4) providing informed consent by
agreeing and signing. Before the experiment, the team doctor
checked the health of all the participants by measuring their
resting heart rate, blood pressure, and body composition
using bioelectrical impedance analysis (BIA).

Before signing the informed consent form, each
participant got a clear verbal and written explanation of
the study’s purpose, protocol, and possible risks or benefits.
This study received formal institutional authorization from
the Sport & Exercise Research Center (SERC), Universitas
Negeri Surabaya. The research protocol was reviewed
and approved through the institutional permission letter
numbered 146892/UN38.111.2/TU.00.00/2025, issued on
28 August 2025. All procedures conformed to the ethical
principles of the Declaration of Helsinki, and written
informed consent was obtained from all participants prior
to data collection. The study took place at the UNESA Sports
Complex, where the temperature was kept between 31 and 33
degrees Celsius and the relative humidity was kept between
65 and 75 percent. The research facility was a realistic setting
for soccer performance in tropical climates.

Study Organization

The experimental procedure was methodically organized
into six consecutive phases: preparation, warm-up, first-half
simulation, halftime recovery, second-half simulation, and
post-match evaluation, concluding with a brief recovery
monitoring session. This organization made sure that the
methods were strict, the environment was stable, and the
physiological and performance data could be repeated in
real-world settings. All trials took place at the UNESA Sport

132



Widodo, A., Hakim, A. A., Rusdiawan, A., Wismanadi, H., Németh, Z., Fithroni, H., Mentari, M. P, & Basri, H. (2026). Hydration
Status and Thermal Stress as Predictors of Fatigue and Performance Decline in Sub-Elite Soccer Players

Complex in Surabaya, Indonesia, where the temperature
ranged from 31 to 33 degrees Celsius and the humidity
ranged from 65 to 75 percent. This condition is typical of a
tropical match environment (Bouscaren et al., 2021; Périard
et al., 2021).

At 6:00 a.m., all participants gathered for medical
screening, informed consent, and getting to know the
testing tools and the environment. The session lasted about
60 minutes, during which time they measured resting
heart rate and other body measurements. This step made
sure that each subject met the requirements for inclusion
and understood how the experiment would work. After
that, there was a 10-minute dynamic warm-up (jogging,
mobility, and stretching) and baseline testing. The pre-test
battery measured heart rate (HR-pre), hydration status
(pre), muscle temperature (pre), blood lactate concentration
(pre), shooting accuracy (pre), and anaerobic power using
the Running-based Anaerobic Sprint Test (RAST-pre). To
reduce fatigue effects prior to the main protocol, participants
subsequently engaged in a 60-minute passive rest period
before the next phase.

A training simulation for the first half of the game
was done to match the physical demands of competitive
soccer. Participants engaged in 45 minutes of soccer-specific
intermittent running, divided into three 15-minute segments
consisting of 30-second sprints (90-95% HRmax), 90-second
jogging intervals (65-75% HRmax), and 120-second walking
recovery periods. Heart rate was continuously monitored,
and Ratings of Perceived Exertion (RPE) were documented
at the conclusion of each block to maintain a consistent
workload and perceived effort (Drust et al., 2000; Stone
& Oliver, 2009). After the first half, the participants were
given controlled rehydration (3-5 mL/kg body weight) and
a 15-minute rest period to recover. Measurements taken in
the middle of the test, like HR (middle), hydration (middle),
muscle temperature (middle), and blood lactate (middle),
were used to see how well the body was recovering and how
much heat it was making.

The second half was a repeat of the first half, with short-
distance running and tactical drills like short passes and
recovery sprints. This half also lasted 45 minutes, and the
players’ heart rates and RPE were constantly recorded to
show how fit and strong they were. As soon as the second
half was over, the participants took a post-match fatigue
test. This test measured their hydration (post), muscle
temperature (post), blood lactate (post), shooting accuracy
(post) (Dambroz et al., 2022), and RAST performance (post)
to see how fatigue affected their performance (Hafidz et al,,
2025).

Finally, the recovery monitoring phase included 10
minutes of passive sitting rest, during which HR, lactate,
and muscle temperature were continuously monitored to
assess the acute recovery response following exercise-
induced heat stress. All physiological and performance
evaluations adhered to the standardized measurement
schedule delineated in Fig. 1 and table 1, thereby ensuring
methodological reliability and reproducibility.

A digital thermometer-hygrometer (Testo 608-H2,
Germany) was used to keep an eye on the environment
during the experiment to make sure the thermal exposure
was always the same. According to current sports hydration
guidelines, players’ hydration levels were adjusted based on

[ Preparation (60 min) }

e Medical screening

¢ Informed consent

o familiarization  with  the  testing
instruments and environment

* Resting measummization

[ ‘Warm Up & Pre-test (60 min) ]_ Rest interval (60 min)

¢ Dynamic warm-up
e Baseline testing ((HR (pre),

—[ First Half Simulation (45 min) ]

hydration (pre), muscle
temperature (pre), blood lactate o Soccer-specific intermittent
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Half time recovery (15 min)
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* Performance and
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temperature (post), blood lactate
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* Passive recovery
e HR lactate, muscle temperature
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Fig 1. Experimental Design and Sequence of Physiological and
Performance Measurements During the Simulated Soccer Match
Protocol

their weight loss, and rehydration volumes were set at 3-5
mL/kg of body weight (Ceylan & Santos, 2022; Fernandez-
Alvarez et al., 2022; Klimesova et al., 2022). Real-time heart
rate data was sent to make sure that training loads were
between 85 and 95 percent of each person’s HRmax, which
was found using the Karvonen formula (She et al., 2015).

Fingertip capillary sampling was used to get blood
lactate samples (20 pL) at three times: before, during, and
after. To make sure that surface temperature recording was
accurate, a contact thermistor was placed over the muscle
belly of the gastrocnemius medialis to measure muscle
temperature (Flouris et al., 2015; Raj et al., 2021). Certified
sport scientists and physiologists from the Sport & Exercise
Research Center at UNESA oversaw the data collection to
make sure that the process was consistent and valid.

Measurement

We used standardized operational procedures to
measure all physiological and performance variables. This
was done to confirm that the results were reliable, valid,
and reproducible, in line with international sport science
measurement protocols (Batterham & Hopkins, 2015; Sirotic
& Coutts, 2008). All measurements were taken in controlled
environmental conditions (ambient temperature 31-34°C;
relative humidity 65-75%), and certified technicians from
the Sport and Exercise Research Center at Universitas Negeri
Surabaya calibrated all the devices before they were used.

We used a portable analyzer (InBody 370S, Seoul,
Korea) to measure hydration levels using the bioelectrical
impedance analysis (BIA) method. Data collection for this
study was conducted in three phases (pre-exercise, mid-
exercise, and post-exercise). The system calculated total body
water (TBW) and the extracellular to intracellular fluid ratio
with participants standing on a BIA barefoot and with dry
feet. These data were then expressed as a percentage change
in hydration status. To ensure accuracy, athletes avoided
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Table 1. Phased Organization of Experimental Procedures and Corresponding Physiological Measurements in the
Simulated Soccer Match

Phase Activity Description Duration = Measurements Collected
Preparation Orientation, medical ~ Participants assembled at 06:00 a.m. for ~ 60 min Resting HR,
screening, and medical check-up, informed consent, anthropometric profile
familiarization and familiarization with the testing
instruments and environment under
controlled thermal conditions.
Warm-up & Pre-test ~ Dynamic warm-up 10-minute dynamic warm-up (jogging, 60 min HR (pre), hydration
and baseline testing stretching, and mobility drills) followed (pre), muscle temperature
by baseline assessments to establish pre- (pre), blood lactate (pre),
exercise physiological values. shooting accuracy (pre),
RAST test (pre)
Rest Interval Passive rest period To eliminate residual fatigue from pre- 60 min —
testing and ensure physiological stability
before the main simulation.
Exercise Simulation - Soccer-specific 3 x 15-min running blocks alternating 30 45 min Continuous HR, RPE
First Half intermittent running s sprint (90-95% HRmax), 90 s jogging
(65-75% HRmax), and 120 s walking
recovery. RPE recorded after each block.
Halftime Recovery Controlled 15-min passive recovery with rehydration 15 min HR (mid), hydration (mid),
rehydration and mid-  (3-5 mL/kg BW). Mid-test data recorded muscle temperature (mid),
test to assess thermal and hydration response. blood lactate (mid)
Exercise Simulation -  Tactical and Repetition of first-half protocol 45 min HR (post), RPE
Second Half intermittent running  integrated with tactical drills (short-
passing and sprint recovery tasks) to
simulate match intensity.
Post-match Fatigue Performance and Post-exercise testing for physiological 15 min Hydration (post), muscle
Test fatigue evaluation and skill-related fatigue indicators. temperature (post), blood
lactate (post), shooting
accuracy (post), RAST test
(post)
Recovery Monitoring  Passive recoveryand  10-min seated recovery with continuous 10 min HR, lactate, muscle
assessment monitoring of physiological restoration temperature

following exercise-induced thermal

stress.

food and caffeine two hours before the test and emptied
their bladders thirty minutes beforehand (Sampieri et al.,
2024). Pre- and post-exercise weight measurements allowed
us to determine fluid loss, and we adjusted the rehydration
rate between 3 and 5 mL/kg body weight, following current
sports hydration guidelines (Ceylan & Santos, 2022;
Fernandez-Alvarez et al., 2022).

A Polar H10 telemetry sensor (Polar Electro, Kempele,
Finland) was used to monitor heart rate in real time and
continuously throughout the protocol. Data were collected
at one-second intervals and displayed as a percentage of
each individual's HRmax, which was determined using the
Karvonen formula (HRmax = 220 - age) and adjusted for
resting HR (She et al., 2015). HR was measured at the start of
exercise, during the first and second halves of exercise, and
after exercise to evaluate exertional response and recovery.
Mean and maximum heart rates were used as indicators of
internal load and cardiovascular strain (Dimkpa et al., 2023;
Schneider et al., 2018).

Fingertip samples (20 uL) taken with a sterile lancet
were used to measure capillary blood lactate concentration
at three different times: before, during, and after exercise.

The Roche Cobas Accutrend Plus (Roche Diagnostics,
Germany) was used for analysis. This device provides fast
and accurate readings in less than one minute. To reduce
contamination, the first drop of blood was discarded, and
subsequent drops were placed on a lactate strip according
to the manufacturer’s instructions. This method allows for
measurement of the anaerobic glycolytic response and the
level of metabolic exhaustion (Beneke et al., 2011; Kafrawi
etal., 2025).

We used a digital contact thermistor (Testo 608-H2,
Germany) to monitor the local muscle temperature. It was
placed at the gastrocnemius medialis muscle belly of the
dominant leg. We measured how the body reacts to heat
over time before the warm-up, after the first half, and after
the match. To keep the sensor from moving, hypoallergenic
medical tape was used to hold it in place. This technique
yields accurate noninvasive assessments of intramuscular
temperature fluctuations during thermal stress (Flouris et
al,, 2015; Raj et al., 2021)

A standardized soccer shooting accuracy protocol was
used to test shooting accuracy. This protocol was made
to test technical precision and motor control degradation
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caused by fatigue in sub-elite players. The test took place on
asoccer field that was the right size and had a FIFA-approved
ball (size 5, weight 420-445 g) and a standard goal (7.32 x
2.44 m). There was a target scoring grid in the goal area that
split the surface into six scoring zones: two central zones
for low-precision areas and four corner zones (upper-left,
upper-right, lower-left, and lower-right) for high-precision
areas. Following the performance scoring model set up by
Dorge et al. (2002) and Lees & Nolan (1998), each target
zone was given a point value from 1 to 5, with higher points
for shots that hit the upper corners and lower points for shots
that hit the middle.

To reduce learning bias, each participant attempted
10 penalty shots from a distance of 11 meters, randomly
alternating between their dominant and non-dominant feet
(Ali et al., 2007; Izovska et al., 2016). Prior to the test, the
players performed a standard 5-minute technical warm-up
that included controlled passing and shooting to help them
become accustomed to handling the ball. Participants were
instructed to shoot accurately while maintaining the pace
of the game. A high-speed digital camera (240 fps, Sony
RX10 IV, Japan) was mounted 5 meters behind the ball at
a right angle to the ball to record each shot. This procedure
was performed to allow for later visualization of the shot
placement and trajectory.

All trials were conducted twice—before exercise (pre-
test) and immediately after the second half of the simulation
(post-test)—to evaluate the effect of exercise-induced fatigue
on technical shooting performance. To ensure consistency,
all sessions used the same ball, shooting surface, and weather
conditions. To minimize recovery bias, the interval between
attempts was set at 20 seconds (Rampinini et al., 2009). This
approach has been supported by prior research, showing
high intra-class correlation coefficients (ICC = 0.88-0.93)
for shooting accuracy and consistency within soccer-specific
scenarios (Ali et al., 2007; Marques et al., 2011). Using both
accuracy percentage and point-weighted indices allows for a
more comprehensive assessment of performance, capturing
both spatial accuracy and motor control decline caused by
fatigue (Dambroz et al., 2022; Ferraz et al., 2012).

Anaerobic endurance was evaluated using the Running-
Based Anaerobic Sprint Test or RAST test. This test involves
six maximum sprints over a distance of 35 meters, with
each sprint interspersed with a ten-second passive recovery
period. All sprints were conducted on a standard indoor track,
and participants were instructed to exert their maximum
effort during each sprint. Sprint times were recorded with
a stopwatch, and anaerobic power variables (peak power,
average power, and fatigue index) were calculated according
to the standard RAST protocol (Wibowo et al., 2025).

Immediately after each 15-minute simulated exercise
segment, participants evaluated their perceived exertion
using the Borg Rating of Perceived Exertion (RPE) Scale
(6-20) (Williams, 2017). They were asked to rate how intense
they perceived the game to be, which serves as a subjective
measure of internal load and psychological strain, in addition
to physiological data (Inoue et al., 2022). We used a Testo
608-H2 digital thermo-hygrometer to monitor ambient
temperature and relative humidity throughout the test.
These measurements ensured a stable environment. Data
were recorded every five minutes and maintained within a
target range (31-34°C; 65-75% RH). This monitoring helped

ensure that all sessions accurately mimicked actual tropical
conditions (Akerman et al., 2016; Helmer et al., 2025; Xu et
al,, 2022).

Statistical Analysis.

A priori power analysis was performed using G Power
3.1 to determine the minimum required sample size. For
repeated-measures ANOVA with three measurements
(pre-, mid-, post-test), an effect size of f = 0.30 (medium),
a = 0.05, and power (1-B) = 0.80 indicated a minimum
required sample of N = 24. The final sample (N = 30)
exceeded this threshold, ensuring adequate statistical
power. This study used IBM SPSS Statistics version 25.0 and
Microsoft Excel 2016 for data validation and visualization.
All analyses were performed at a significance level of p <
0.05. We carefully checked the data to ensure accuracy and
completeness. The Mahalanobis distance method was used
to identify any potential outliers and prevent data distortion.
Descriptive statistics were calculated for all dependent and
independent variables, including hydration status, heart
rate, blood lactate, muscle temperature, and fatigue index.
The Shapiro-Wilk test assessed normality, while the Levene
test verified homogeneity of variance. Paired-sample t-tests
analyzed intra-group variation over time for parametric
data sets. Repeated-measures ANOVA was used to evaluate
the overall impact of time and interaction effects on
physiological variables. When the assumption of sphericity
was violated, the Greenhouse-Geisser correction was
applied. Multivariate analysis of variance (MANOVA) tested
multivariate interactions among physiological indicators,
and the Pearson product-moment correlation coefficient (r)
assessed the strength and direction of correlations among
continuous physiological variables. Additionally, a multiple
linear regression analysis was performed with the fatigue
performance score as the dependent variable and hydration
percentage change, mean heart rate, peak lactate level, and
mean muscle temperature as predictors..

Results

Thirty male soccer players from UNESA FC who
were not considered elite volunteered to participate in the
study. The average age of the group was 22.4 + 3.1 years,
the average height was 173.6 + 5.2 cm, the average weight
was 68.1 £ 6.1 kg, and the average duration of training was
10.8 + 1.9 years. Participants attended between four and
six training sessions each week, which included technical,
tactical, and conditioning exercises led by certified coaches.
We measured an average resting heart rate of 64.8 £ 3.7 bpm
while participants rested in a thermoneutral environment
(room temperature 32.1 £ 0.8°C; relative humidity 70.3 +
3.5%). The positional distribution was three goalkeepers
(10%), nine defenders (30%), twelve midfielders (40%), and
six forwards (20%). This reflects the typical composition
of a university soccer team in Indonesia. The participants’
body size and physiological profile generally resembled that
of sub-elite tropical athletes who frequently compete in hot
weather.

Prior to inferential analysis, all data were examined
to ensure compliance with statistical assumptions. The
Shapiro-Wilk test verified that all physiological and
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Table 2. Temporal Changes in Physiological Parameters (Hydration, Blood Lactate, and Muscle Temperature) Across the

Match Simulation

Variable Pre Mid Post p (Time Effect) Partial n*
Total Body Water (L) 426+19 412+19 40.8+2.0 <0.001 0.79
Blood Lactate (mmol-L-1) 1.3+0.2 6.7 0.8 10.4+0.9 <0.001 0.88
Muscle Temperature (°C) 334+03 354+0.7 37.1+04 <0.001 0.83

performance variables exhibited normal distribution (p >
0.05), while Levene’s test indicated homogeneity of variance
across time points (p > 0.05). These findings support the
application of parametric tests, such as paired t-tests and
repeated-measures ANOVA, for data analysis.

Descriptive statistics showed a clear temporal trend
throughout the simulated soccer match. Total body water
(TBW) gradually decreased from pre-test to post-test (42.6
£ 1.9 > 40.8 + 2.0 L), indicating dehydration during the
session. Blood lactate concentration increased sharply
(1.3 £ 0.2 > 104 =+ 0.9 mmol-L"), indicating a significant
increase in anaerobic metabolism. During the match,
muscle temperature continued to rise (33.4 + 0.3 > 37.1 +
0.4136°C), indicating that the body struggled to maintain a
stable temperature.

Repeated-measures ANOVA validated significant main
effects of time on all three physiological variables (Table 2).
The analysis showed a big effect size for TBW (F 5 = 39.7,
p <0.001, n*, = 0.79), blood lactate (F(,ss = 76.4, p < 0.001,
n’, = 0.88), and muscle temperature (F(, 55 = 52.6, p < 0.001,
1, = 0.83). These findings indicate that the match simulation
protocol successfully produced dehydration, metabolic
accumulation, and thermal load similar to competitive
match conditions in a tropical environment.
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Fig 2. Temporal Changes in Physiological Parameters During
Match Simulation

The n?, value (0.79-0.88) indicates a large effect size,
reflecting strong temporal changes across the simulated
matches. The assumption tests suggest that the parametric
analysis is suitable, and the combined descriptive and
inferential results indicate that the experimental protocol
led to significant physiological changes. These alterations in
hydration, metabolism, and temperature lay the groundwork
for understanding future performance-related outcomes.
The next section examines how high levels of cardiovascular
strain and perception directly impact players’ technical
accuracy and anaerobic power after the simulated matches.

Cardiovascular response data indicate that participants
maintained a high physiological load throughout the
simulated matches. The mean relative heart rate was 86.7
+ 3.2% HRmax, and the peak heart rate was 95.1 + 2.1%
HRmax. These data indicate that the players worked near

their anaerobic threshold for most of the session. The Borg
RPE scale, which measures subjective exertion, showed
a large spike between the first and second halves of the
match. Mean RPE increased from 13.9 + 1.2 to 17.1 + 1.0,
confirming an increase in physiological fatigue over time
(tee) = 9.84, p < 0.001, Cohen’s d = 2.75). This increase in
perception was accompanied by increases in heart rate
and metabolic variables, indicating a synchronized pattern
of cardiovascular strain and perception throughout the
simulated competition.

Table 3. Cardiovascular and Perceptual Responses During
the First and Second Halves of the Simulated Match.

. Second Cohen’s
First Half Half te» P d

Mean HR (%HRmax) 86.7 + 3.2 — - — —
Peak HR (%9HRmax) 95.1 + 2.1 — — — —
RPE 139+1.2 17.1+1.0 9.84<0.001 2.75

Variable

These results confirm that the training protocol suc-
cessfully induces prolonged, high-intensity cardiovascular
stress, consistent with match conditions. Substantial increas-
es in perceived exertion further illustrate the players’ cohe-
sive physiological assessment of their effort as the session
progresses. After determining the level of performance de-
cline, the next step involved analyzing the interrelationships
between changes in physiological parameters and identify-
ing those most closely associated with fatigue.

Performance analysis revealed significant declines in
technical and anaerobic skills following the match simulation
(Table 4). Shooting accuracy significantly declined by
approximately 14%, decreasing from 78.4 + 4.2% to 64.3
5.1% (tpg) = —10.42, p < 0.001, d = 1.90), indicating impaired
motor precision under fatigue. Likewise, RAST peak
power diminished from 723.6 + 28.4 W to 690.3 £ 31.2 W
(tpey= —4.62, p < 0.001, d = 0.84), whereas the fatigue index
escalated from 8.9 + 0.6 to 10.7 + 0.8 (4 = 5.13, p < 0.001,
d = 0.93). These results collectively indicate a significant
decline in neuromuscular performance after high-intensity
activity.

Paired t-tests on physiological variables corroborate
these findings, showing a significant decrease in total body
water (TBW) (p < 0.001) and a significant increase in blood
lactate and muscle temperature (p < 0.001). The degree of
variation between variables suggests that metabolic and
thermoregulatory stress lead to a decrease in technical
output and power after competition.

Figure 3 illustrates the changes in technical and
physiological performance indicators from before to
after the high-temperature test. There were significant
decreases in shot accuracy (-14%) and peak power (-4.6%),
accompanied by significant increases in the fatigue index,
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Table 4. Pre- to Post-Test Comparison of Technical and Anaerobic Performance Indicators Under Heat Stress Conditions.

Variable Pre-Test Post-Test t(29) P Cohen’s d
Shooting Accuracy (%) 78.4 4.2 64.3+5.1 -10.42 <0.001 1.90
Peak Power (W) 723.6 £ 28.4 690.3 £ 31.2 —4.62 <0.001 0.84
Fatigue Index 8.9%0.6 10.7 £ 0.8 5.13 <0.001 0.93
Total Body Water (L) 426+1.9 40.8 £2.0 -8.02 <0.001 1.47
Blood Lactate (mmol-L-1) 1.3+0.2 10.4+0.9 37.81 <0.001 6.90
Muscle Temperature (°C) 334+03 37.1+04 44.20 <0.001 8.07
- Table 5. Correlation Between Physiological Stress Markers
800 | and Fatigue Performance Scores in Sub-Elite Soccer
Players.
00 Variable Pair r P
AHydration (%) vs Fatigue Score -0.56 0.002
o Pre-test Mean HR (%HRmax) vs Fatigue Score 0.41 0.027
400 Post-test
Peak Lactate (mmol-L-1) vs Fatigue Score 0.63 <0.001
Mean Temp (°C) vs Fatigue Score 0.38 0.039
200 kkk
[
statistical significance. Confidence intervals for all predictors
0__['_ ranged from 95% CI [0.12 to 0.61] for lactate to [-0.62 to

Fig. 3. Pre- to Post-Test Changes in Technical and Physiological
Performance Indicators Under Heat Stress Conditions. Data are
presented as mean + SD; ***p < 0.001 compared with pre-test
values

lactate concentration, and muscle temperature (p < 0.001).
This trend highlights the cumulative effect of dehydration and
metabolic overload on fatigue-related performance declines.
Opverall, these results indicate that match simulation creates
a dry physiological environment, increases metabolic stress,
and raises body temperature, all of which result in significant
decreases in technical accuracy and anaerobic performance
capacity. Given the strong correlation between physiological
variables, further analysis used multiple regression to
determine which factors collectively contributed to the
variation in fatigue performance scores.

Correlation analysis revealed a strong relationship
between physiological indicators and fatigue-related
performance (Table 5). Fatigue performance scores exhibited
a strong negative correlation with AHydration (% change
in TBW; r = —-0.56, p = 0.002). This indicates that as fluid
loss increases, fatigue levels also increase. On the other
hand, peak lactate showed a strong positive correlation with
fatigue (r = 0.63, p < 0.001), meaning that higher metabolic
accumulation rates were associated with lower performance
levels. A moderate but significant correlation was identified
between mean HR (%HRmax) (r = 0.41, p=0.027) and mean
muscle temperature (r = 0.38, p = 0.039), both of which
influence fatigue perception and performance decline.

Multiple regression analysis revealed that the model
significantly predicted fatigue performance (R*> = 0.61,
Adjusted R* = 0.57, F(,,5 = 9.85, p < 0.001). Peak lactate
(B =0.48, p = 0.003) and AHydration (p = —0.41, p = 0.008)
were the strongest independent predictors of fatigue. Mean
HR (B = 0.23, p = 0.074) and mean muscle temperature
(B =0.19, p = 0.089) contributed modestly but did not reach

-0.18] for AHydration, while standard errors remained
within acceptable limits (SE = 0.06-0.11). These results
indicate that dehydration and the accumulation of metabolic
by-products are the primary factors influencing post-match
fatigue. Furthermore, cardiovascular and thermal stress
factors add up, which shows that fatigue is a response that
includes metabolic, thermoregulatory, and circulatory load.

Discussion

The principal findings demonstrate that progressive
dehydration, heightened blood lactate concentrations, and
elevated muscle temperature are associated with significant
reductions in technical accuracy and anaerobic power,
alongside considerable increases in cardiovascular load and
perceived exertion. Correlational analysis indicated that
total body water loss and peak lactate concentration were the
most significant predictors of post-match fatigue, whereas
mean heart rate and mean muscle temperature exerted a
moderate influence on the overall fatigue index. These
findings collectively emphasize that fatigue in heat-stressed
match conditions is a multifactorial phenomenon involving
metabolic, thermoregulatory, and circulatory elements
(Cramer et al., 2022; Gnanasigamani et al., 2025).

The decrease in total body water indicates unregulated
fluid loss during high-intensity intermittent activity, which
may influence plasma volume and peripheral blood flow
to the engaged muscles. A 2-3% loss of body mass due to
dehydration hasbeen demonstrated to hinder neuromuscular
function, diminish running performance, and compromise
fine motor control, especially in hot and humid conditions
(Armstrong et al., 2025; Casa et al., 2015). This mechanism
aligns with the substantial negative correlation observed
between hydration variability and fatigue scores in this
study, indicating that fluid balance is essential for sustaining
technical precision and anaerobic performance during
extended physical exertion.
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A substantial increase in blood lactate indicates a
significant reliance on anaerobic glycolysis during the
simulation. Increased lactate concentrations in skeletal
muscle can disrupt the excitation-contraction relationship,
alter pH balance, and inhibit calcium reabsorption, thus
exacerbating neuromuscular fatigue (Beneke et al., 2011;
Kafrawi et al., 2025). The increase from 1.3 to 10.4 mmol L
aligns with the metabolic intensity observed in competitive
matches in tropical climates, thus strengthening the
ecological validity of the simulation procedure (Chapelle
et al., 2020; Shirreffs & Shirreffs, 2010). The concomitant
decrease in shooting accuracy and anaerobic power suggests
that metabolic overload directly impacts both technical and
physiological performance elements (Ioannou & Flouris,
2020).

It is important to note that muscle temperature
increased steadily during the simulation. Moderate increases
in intramuscular temperature can increase enzyme activity
and force production. Studies have shown that temperatures
above 37°C can inhibit nerve impulse conduction and cause
fatigue (Flouris et al., 2015; Raj et al., 2021). Thermal stress
exacerbates central motor output dysfunction, thereby
exacerbating fatigue by complicating voluntary activation
(Iguchi & Shields, 2011). These results are consistent
with recent studies showing that cooling interventions
significantly reduce thermal stress and maintain optimal
performance during heat exposure (Bongers et al., 2017;
Khorshid & Song, 2025).

When contextualized within the current literature, these
findings align with the global consensus on heat-induced
performance impairment in team sports. The International
Olympic Committee (IOC) and the American College of
Sports Medicine (ACSM) have collaborated to examine the
importance of maintaining hydration, addressing heat stress,
and measuring internal strain to enhance performance in
high temperatures (Armstrong et al., 2025; McDermott et
al., 2017; Sawka et al., 2007). This study reinforces these
principles through empirical data collected in the field under
tropical conditions, combining laboratory results with the
practical context of sport. Furthermore, the use of RAST as
a credible and reliable measure of anaerobic performance
confirms its efficacy in longitudinal athlete monitoring,
despite its slightly reduced peak power estimates compared
to the Wingate test (Hafidz et al., 2025; Wibowo et al., 2025).

There are numerous practical implications from a
coachingandappliedsportsscience perspective. First,athletes
should pay attention to their hydration levels during training
and competition. This can be done by weighing yourself
before and after a session or by using a portable device such
as a BIA analyzer or urine specific gravity meter. Developing
a personalized rehydration plan, such as the one used here
(3-5 mL/kg at halftime), can help maintain performance
and correct fluid imbalances (Pryor et al., 2018; S. Racinais
et al,, 2015). Second, pre- and post-cooling strategies, such
as ice vests, cold towels, or cold water immersion, should be
used frequently to reduce heat stress levels, especially when
competing in tropical climates (Robin et al., 2024; Roriz et
al,, 2022). Third, a structured heat acclimatization program
lasting 10 to 14 days has been shown to lower heart rate,
reduce fatigue, and help teams cope better with the heat
(Lorenzo et al., 2010). This is an important way for teams to
prepare for competition in hot weather.

Current findings suggest that perceived strain is closely
related to physiological load; therefore, incorporating these
metrics could improve in-game decision-making and reduce
fatigue-related errors or injuries. Furthermore, coaches
should have players perform technical drills while fatigued,
such as shooting or passing after sprinting, to help them
maintain sharp skills and maintain accurate motor skills
under pressure. Finally, coaches should consistently conduct
RAST or comparable on-field assessments of anaerobic
performance to evaluate recovery and adaptive progress
throughout the training cycle (Wibowo et al., 2025).

This study acknowledges specific limitations, despite
robust experimental controls. The study sample was lim-
ited to sub-elite male players from a single university team,
thus limiting generalizability to other levels of competition,
age demographics, or female athletes. BIA is a useful and
non-invasive way to assess hydration, but it can be affected
by changes in skin temperature and electrical impedance
when the body heats up. The RAST is a reliable test, but it
may slightly underestimate peak power output compared to
the Wingate protocol performed in the laboratory (Zagatto
et al., 2009). Future research should incorporate additional
biomarkers, including urine osmolality or plasma volume, to
facilitate a more comprehensive analysis. Therefore, caution
should be exercised when considering absolute performance
values. Future research should investigate controlled inter-
ventions—such as variations in rehydration formulation,
cooling techniques, or acclimatization periods—to evaluate
their effects on physiological and technical recovery. Longi-
tudinal studies examining the neuromuscular and cognitive
mechanisms that lead to fatigue-induced skill decline would
improve understanding of the mechanisms influencing soc-
cer performance in high temperatures.

Conclusions

This study demonstrates that simulated soccer matches
in a hot and humid tropical environment cause significant
physiological stress—characterized by progressive
dehydration, elevated blood lactate levels, and increased
muscle temperature—which collectively reduce technical
precision and anaerobic capacity. The strong correlation
between fluid loss, metabolic accumulation, and fatigue
validates that a synergistic interaction between circulatory,
metabolic, and thermoregulatory processes drives
performance declines during heat stress. These results
suggest that hydration and thermal regulation are crucial for
sub-elite players’ performance in matches and their recovery
speed.

In practice, maintaining fluid balance and reducing
thermal stress should be central to coaching and
performance plans. To help players avoid heat exhaustion,
coaches should utilize individualized hydration monitoring,
structured rehydration (3-5 mL kg during rest periods),
and targeted cooling methods such as pre-cooling or
pre-cooling. Adding short-term heat acclimatization and
technical drills performed while fatigued can help further
improve skill tolerance and stability during competition.
Incorporating these evidence-based strategies into training
and competition preparation can enhance physiological
readiness and maintain performance in athletes competing
in high temperatures.
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yZapiB Ta aHaepoOHOI HOTY)XHOCTI (TecT Ha BUMIpIOBaHH: IIBUAKOCTI i CyyIu mif| 4ac cepii CIpMHTIB) OLIHIOBA/IM HA IepelMar-
4YeBOMY €Talli, IIij] Yac Ta Mic/isA MPOBefleHHA MaTdy. 3aCTOCOBAHO AMCIEPCiiHMIA aHaIi3 3 IOBTOPHUMY BMMipaMy Ta MHOXKVHHY
perpeciio (p < 0.05).

Pesynprarn. ITokasHuk 3aranbHoi KimbkocTi Bogu B opranismi (3KBO) 3nayno 3meHmmBcA (—4.2%), Tofii AK piBHI TaKTaTy
(1.3 > 10.4 mmons/!) i Temueparypu M's3iB (33.4 > 37.1 °C) 36imbumncs mpoTsrom cerMenTis Maray (p < 0.001). Ha mics-
MaT4YeBOMY eTalli COCTepiraiocsi 3HYDKEHHs TOYHOCTI yaapis (—14%) i mikoBoi anaepobHOI moTyXHOCTI (—4.6%). PerpeciitHmit
anais BusHauns ASKBO (B = —0.41, p = 0.008) i mixoswuit makrar (f = 0.48, p = 0.003) six sHavywi npeguxropu Tomu (R* = 0.61).

BucHoBKu. Pesy/braTy JOCTIKeHHs BKa3yIOTh, 10 [ieTifparalis, TeI/IOBe HABAHTAXXEHHS Ta MeTa0Oo/IiuHe HAKOIMYEeHHS
€ BOK/IMBMMM O3HAKaMI NOTipIIEHHs PiBHA pe3yIbTaTUBHOCTI Cy6’eKTa IIijl Yac NPOBEIeHH MaT4iB B yMOBaX TPOIIYHOTO KIIi-
Mary. CIIOpTCMeHM MOXKYTb HOJIHITIINTI CBOE 3I0POB s Ta IPOAYKTUBHICTD, BXXMBAIOYM JOCTATHIO KiNbKICTh PifIUHM Ta KOHTp-
OJIIOIOUN TEMIIEPATYpPy Tija.

KirouoBi cmoBa: cTaH rifjpaTaliii, TeroBuit cTpec, BToMa, aHaepoOHa IIPOAyKTUBHICTD, TPOIIiYHe CepefiOBUIIE.
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Abstract

Background. Modern soccer requires repeated high-intensity, complex movements, making aerobic performance
essential for players.

Objectives. This study aimed to examine the effect of Anaerobic Soccer Training (AnST) utilizing a weighted vest
(WV) weighing 7.21 + 0.72% of body mass on aerobic performance, measured by VO2max and speed.

Materials and Methods. This study employed a quasi-experimental design with two groups (Group A and Group
B), utilizing a pre-test as a covariate and a post-test as the dependent variable. A total of 22 male soccer players were
randomly divided into two groups: a control group with an additional load of 0% of body weight (Group A, n =11)
and an experimental group with an additional load of 7.21 + 0.72% of body weight (Group B, n = 11). Aerobic
performance was assessed using the Yo-Yo Intermittent Recovery Test Level 1 (YYIR1) before and after a three-week
intervention involving four sessions per week. The YYIRI results provided VO,max and speed data for analysis.
Statistical tests included the Shapiro-Wilk normality test, Levene’s homogeneity test, and Quade’s Non-parametric
Analysis of Covariance using IBM SPSS 30 with a 0.05 significance level.

Results. Based on the results obtained using Quade’s Non-parametric Analysis of Covariance, significant differences
were found between groups A and B in terms of VO,max (p = 0.015) and speed (p = 0.005) after controlling for pre-
test values. These results indicate that the types of training given to each group had different effects on improving the
players’ aerobic performance and speed.

Conclusions. The findings confirm that three weeks of AnST with a weighted vest of 7.21 + 0.72% of body mass may
enhance VO,max and running speed. However, these results are preliminary and should be interpreted with caution

due to the short duration and small sample size.
Keywords: weight vest, AnST, VO,max, speed.

Introduction

Soccer is a sport that involves various complex move-
ments, such as acceleration, deceleration, jumping, and
changes in direction, that are performed repeatedly at high
intensity (Brahim et al., 2020; Naveen Raj A et al., 2024;
Reynolds et al., 2021). As a result, soccer players can cover
an average distance of around 13 km with a heart rate inten-
sity reaching 85-90% of their maximal heart rate (HRmax)
during a match. This high cardiovascular demand places

© Vebrianto, D. H., Nugraha, A. D., Triardhana, Y. A.,
Andriana, L. M., & Kusuma, I. D. M. A. W, 2026.
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an indirect physiological load on the players, making aero-
bic capacity a crucial factor for maintaining performance
throughout the 90 minutes and supporting recovery between
intense efforts (Beato & Jamil, 2018; Manzi et al., 2022).

To meet these demands, a training method that combines
both aerobic and anaerobic qualities is essential in modern
soccer. Complementing these physical requirements, the
Anaerobic Soccer Training (AnST) model has emerged as the
latest approach tailored to the game’s specific needs. Research
by Kusuma et al. (2025) shows that the AnST training model
can improve players’ aerobic physical performance.

Given the increasing demands of modern soccer, training
models need to be both efficient and physiologically specific.
While HIIT and SSG are effective in enhancing aerobic
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and anaerobic capacities, they do not provide an external
resistance component that directly increases cardiovascular
and musculoskeletal stress. One approach being explored
is modifying training load using a Weighted Vest (WV). By
adding WV to AnST, players are subjected to a controlled
external load that enhances stress on the cardiovascular,
metabolic, and musculoskeletal systems simultaneously,
which is not achieved by standard HIIT or SSG sessions. For
example, WV can improve performance across physiological,
metabolic, cardiovascular, and musculoskeletal systems
during training (Elsyam et al., 2025; Gleadhill et al., 2021).

Additionally, WV canshorten training time by increasing
the load on the body’s physiological systems (Gaftney et al.,
2022). The use of WV has been extensively studied in sports
such as athletics and rugby (Barr et al., 2015; Looney et al.,
2024; Macadam et al., 2022). These studies show improved
training adaptation efficiency, increased muscle capacity,
and faster neuromuscular responses (Kang, 2018; Rey et al.,
2017). However, there has been limited scientific discussion
about the use of WV in soccer. Therefore, integrating WV
into AnST offers amethodological advantage: it adds external
load to soccer-specific training, maximizing cardiovascular
and neuromuscular stimulus without increasing session
duration or altering technical-tactical components.

In the complex nature of modern soccer, the need for
training that efficiently improves physical performance is
becoming increasingly important for coaches. Although
past studies have shown that the AnST training model can
enhance players’ cardiovascular systems, research combining
it with external loads such as WV to boost cardiovascular
function in soccer remains very limited. Hence, the novelty
of this research lies in its combined approach, where AnST
with WV provides a simultaneous aerobic and anaerobic
challenge, offering a more targeted and efficient adaptation
than conventional HIIT or SSG methods.

Therefore, thisstudyaimed to examine the effectiveness of
the AnST model, both with and without the addition ofa WV,
on the aerobic capacity of amateur soccer players. VO,max
was established as the primary outcome, representing players’
aerobic capacity and endurance performance, while sprint
speed (Speed) served as the secondary outcome to assess
high-intensity performance. The researcher hypothesized
that implementing the AnST model with WV loading would
lead to greater improvements in aerobic performance,
reflected by higher VO,max and Speed values, compared to
the same model performed without additional external load
among amateur soccer players.

Materials and Methods

Study Participants

In this study, researchers recruited 22 male participants
who played university-level soccer. The average age of the
participants was 20 = 0.94 years. Anthropometric data
showed an average height of 165 + 6.07 cm, a body weight
of 60.52 + 6.07 kg, and a body mass index (BMI) of 22.36
+ 2.44 kg/m2. Additionally, the researchers outlined the
inclusion criteria, which included having experience with
soccer, being healthy and injury-free during the study, and
not participating in any external training programs apart
from the intervention. Exclusion criteria included missing

more than 10% of the intervention sessions and having a
musculoskeletal injury in the past few months. Ethics
committee approval for this study was obtained from the
Health Research Ethics Committee, Nahdlatul Ulama
University of Surabaya (Date: 24 November 2024, Decision
No: 0374/EC/KEPK/UNUSA/2024)

Study Organization

This study used a quasi-experimental design with two
groups and pretest-posttest measurements. Participants
were assigned to either a control group (Group A) or an
experimental group (Group B) using the ordinal pairing
method to ensure baseline comparability. The pretest was
conducted over one week, during which all players performed
the Yo-Yo Intermittent Recovery Test Level 1 (YYIRI) to
assess aerobic capacity (primary outcome) and a 20-meter
sprint test to measure sprint speed (secondary outcome).
Subsequently, participants underwent a three-week training
intervention, consisting of four sessions per week. Group
B completed AnST while wearing a WV equivalent to 7.21
* 0.72% of their body mass, whereas Group A performed
the same training protocol without additional load (0%).
In the final week, a posttest using the same YYIRI and
sprint tests was conducted. Throughout all training sessions,
participants’ heart rates were monitored using a Polar H10
device to ensure exercise intensity remained within the
target range of 85-90% of maximum heart rate

Statistical Analysis

Normality was assessed using Shapiro-Wilk, and homo-
geneity of variance using Levene’s test. Although data were
normally distributed, homogeneity was violated (p < 0.05);
therefore, between-group differences in post-test VO,max
and sprint speed were analyzed using Quade non-paramet-
ric ANCOVA, with pre-test scores as covariates. Effect sizes
were reported as partial eta squared (n?,) and converted to
Cohens f. Within-group changes were quantified using Co-
hen’s d. Post-hoc power analysis using G*Power indicated
adequate sensitivity for detecting large effects (VO,max: f =
0.59, power = 0.78; sprint speed: f = 0.71, power = 0.88). Giv-
en the modest sample size (n = 22), this study is considered a
pilot controlled trial, and the findings should be interpreted
as preliminary but practically meaningful.

Test Measurement

The primary variable in this study was aerobic capac-
ity, measured using the Yo-Yo Intermittent Recovery Test
Level 1 (YYIR1). This field test was selected for its proven
validity and strong correlation with the aerobic performance
of soccer players (Asimakidis et al., 2025; Krustrup et al.,
2015). During the test, participants ran between two 20-me-
tre lines, following an audio signal with progressively shorter
intervals, and performed 10 seconds of active recovery be-
tween each shuttle. The test was terminated when partici-
pants failed to reach the line within the beep interval twice.
In this study, VO,max and speed were determined using
the procedures and references proposed by Bangsbo et al.
(2008). VO,max (mL/min/kg) was estimated using the for-
mula: VO,max = IR1 distance (m) x 0.0084 + 36.4. Speed
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was defined as the final running velocity corresponding to
the last fully completed stage in the YYIRI test, expressed in
kilometres per hour (km-h™). Each stage in the YYIRI corre-
sponds to a predetermined running speed that progressively
increases throughout the test. The YYIRI test was conducted
twice (pre- and post-intervention) under identical environ-
mental and procedural conditions to minimize measurement
bias and enhance test-retest reliability. The resulting VO,max
and speed data were then used to compare the effects of the
training interventions between Group A and Group B.

Training Program

This study combined the AnST training model with the
Speed Endurance Training (SET) and Small-Sided Game
(SSG) approaches, adding WV at 1:1 intervals. There was
a sprint area measuring 20 meters in distance and an SSG
area of 25 meters by 20 meters, which was completed in 20
seconds. In one set, the players sprinted for 80 meters and
the SSG for 80 seconds, divided into four repetitions.

AREA SSG 2

Fig. 1. Training area

At the start of the training, the players sprinted 20 metres
to SSG 1 and immediately engaged in a game for 20 seconds,
focusing on gameplay movements. After 20 seconds, the players
sprinted 20 metres to SSG 2 and performed the same exercises
as in SSG 1. This session consisted of four repetitions in one
set, with a 1:1 training interval. The intervals were conducted
systematically, beginning with the players stopping their activ-
ity after one repetition and moving outside the training area.
During the recovery period, the players heart rates remain high
and gradually decrease, allowing their bodies to adapt to man-
aging fatigue between intense activities. The total duration is the
same as for the aforementioned activities, approximately 100
seconds (10-15 seconds of sprinting + 80 seconds of continuous
training). Therefore, the interval concept serves as recovery and
trains the cardiovascular system to respond to repeated intense
work. The players perform eight sets of these activities, resulting
in a total training session time (including sprinting, continu-
ous training, and recovery) of approximately 26 minutes. This
training improves aerobic endurance by targeting an average
heart rate of more than 80% of HRmax during sprinting and
continuous training, thereby reaching the high-intensity zone.

Each player completes 640 metres of total sprints in
a 10-minute and 7-second training session. This training
method aims to enhance players’ aerobic endurance and
ability to recover between high-intensity efforts.

Results

Table 1 presents the initial characteristics of all
participants, divided into two groups: Group A (n = 11)

Table 1. Characteristics of Subjects

Characteristics of Group A Group B
Research Subjects n=11 n=11
(Mean + SD) (Mean * SD)
Age (years) 20.63 £ 0.80 21.09 £+ 1.04
Weight (kg) 62.82 £ 5.60 58.22 £ 6.08
Height (cm) 166 + 7.06 163.6 + 3.99
BMI (kg/m?) 23 +2.89 21.72 + 1.80

and Group B (n = 11). The participants had an average age
of 20.63 years. The average weight was 62.82 + 5.60 kg for
group A and 58.22 * 6.08 kg for group B. The average height
was 166 + 7.06 cm for group A and 163.6 + 3.99 cm for group
B. Additionally, the body mass index (BMI) of both groups
was recorded at 23 + 2.89 for group A and 21.72 + 1.80 for
group B in this study.

Table 2. Descriptive statistics

Variable G Pre-test Post-test A
(Mean + SD) (Mean * SD) (Post-Pre)
VO,max Group A 42.66 +1.86 45.56 +2.63 2.90
(mL/min/kg)  Group B 43.54+1.89 48.74+2.57 520
Speed (km.h') Group A 14.68 £ 0.46 15.27 + 0.46 0.59
GroupB 14.82+0.39 15.90 £0.53 1.08

Table 2 shows the changes in VO,max and sprint speed
(Speed) in Group A and Group B from pre-test to post-
test. The results indicate that both groups experienced
improvements in VO,max and Speed following the
intervention. Group B showed greater increases compared
to Group A, both in VO,max (A = 5.20 mL/min/kg vs. 2.90
mL/min/kg) and Speed (A = 1.08 km-h! vs. 0.59 km-h™)).
Data are presented as mean + SD, and A (Delta) represents
the mean change from pre-test to post-test.

Table 3. Normality Test

Shapiro-Wilk

Assessment session  Group  Statistic df Sig.
Pretest VO,max Group A 909 11 235
Group B 953 11 .680
Posttest VO,max ~ Group A .908 11 234
Group B 941 11 .538
Pretest Speed Group A 772 11 .004
Group B .868 11 .073
Posttest Speed Group A .887 11 127
Group B .840 11 .032

Table 3 presents the results of the Shapiro-Wilk test
for normality of VO,max and Speed in Groups A and B at
pre-test and post-test. VO,max was normally distributed
in all conditions (Sig. > 0.05) and thus followed by a test
of homogeneity of variance. In contrast, speed was non-
normally distributed in some conditions (Sig. < 0.05),
and further analysis was conducted using the Quade non-
parametric test.
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Table 4. Levene’s Test of Equality of Error Variances

F df1 df2 Sig.
10.135 1 20 .005

Note: Tests the null hypothesis that the error variance of the
dependent variable is equal across groups; Model includes
Intercept, Pre_VO,max, and Group; Dependent Variable: Post_
VO,max.

Table 4 presents the results of Levene’s Test for assessing
the homogeneity of variances of Post_VO,max across
groups. The null hypothesis states that the error variance
of the dependent variable is equal across all groups. The
model included the Intercept, Pre_VO,max as a covariate,
and Group as the independent factor. A Sig. value of 0.005
indicates that the assumption of homogeneity of variances
was violated, and therefore, further analysis was conducted
using the Quade non-parametric test.

Table 5. Quade Non-parametric Analysis of Covariance

Variable F DFH DFE P Value
VO,max 7.062 1 20 .015
Speed 10.015 1 20 .005

Notes: ANCOVA controlled for pre-test scores; DFH = degrees of
freedom for hypothesis; DFE = degrees of freedom for error.

Table 5 presents the Quade ANCOVA results for
VO,max and sprint speed, showing significant differences
between Group A and Group B after controlling for pre-
test scores (VO,max: Fi,50 = 7.062, p = 0.015; speed: Fi,20 =
10.015, p = 0.005). The magnitude of these effects was large,
with partial eta-squared values of n?, = 0.26 (Cohen’s f =
0.59) for VO,max and n?, = 0.33 (Cohen’s f = 0.71) for sprint
speed, indicating substantial and practically meaningful
performance improvements in favor of Group B. Within-
group pre- to post-test changes (A) were quantified using
Cohen’s d: VO,max (Group A: d = 1.27; Group B: d = 2.31)
and sprint speed (Group A: d = 1.28; Group B: d = 2.32),
confirming large and very large improvements, respectively.
The 95% confidence intervals (CI) reported in Table 6
further support these findings, with Group B’s post-test CI
consistently higher than Group A’s and A-CI entirely in the
positive range, indicating directionally stable and reliable
improvements.

Tabel 6. Confidence Interval 95% test for VO,max and
Speed

e Gowp bl Tl Anin

VO,max Group A 41.41-4391 43.79-47.33 1.71-4.09
Group B 42.28 - 44.81 47.01 -50.47 4.60 -5.78

Speed Group A 14.37-14.99 14.96-15.58 0.33-0.85
Group B 14.56 - 15.08 15.54-16.26 0.88 - 1.28

Note: A= Post-test — Pre-test; 95% CI provides an estimate of the
precision of the changes.

Table 6 shows that Group B experienced larger increases
in both VO, max and sprint speed compared to Group A. The
lower bounds of Group B’s A-CI did not overlap with Group

A’s lower bounds, indicating consistent and directionally
stable post-intervention improvements. Combined with the
large effect sizes, these results provide convergent evidence
of practically meaningful performance enhancements in
Group B.

Discussion

Theresultsofthisstudyindicatesignificantimprovements
in VO,max (primary outcome) and sprint speed (secondary
outcome) in both groups after the intervention, with Group
B showing greater increases compared to Group A. These
findings highlight the effectiveness of the implemented
training model in enhancing both aerobic capacity and
sprint performance among amateur soccer players. As part
of a High-Intensity Interval Training (HIIT) framework, this
model targets both the aerobic and anaerobic energy systems
through repeated bouts of exercise and recovery periods.
The application of a WV load of 7.21 + 0.72% of body mass
for three weeks, conducted four sessions per week, led to
greater improvements in both aerobic capacity and sprint
performance compared with the same model performed
without additional load.

The use of a WV during AnST provides an additional
external load during repeated high-intensity activities, which
stimulates physiological adaptations in the cardiovascular
system. This finding aligns with previous research, which
shows that the amount of vest load directly influences the
level of intensity experienced by the body and subsequently
enhances cardiorespiratory adaptation (Bertochi et al.,
2024; Kim et al., 2024). Higher training intensity also
enhances activation of PGC-1a, supporting mitochondrial
enlargement and density, which contributes to improved
aerobic performance (Gurd et al., 2023; Thirupathi & de
Souza, 2017). As a result, the integration of WV with AnST
positively affects VO,max, sprint speed, and distance,
confirming that this training model can maintain beneficial
adaptations during repeated high-intensity activities
(Ahmad et al., 2025; Barnes et al., 2015; Rey et al., 2017).

Biomechanically, the use of WV influences sprint
mechanics, including ground reaction forces, step
frequency, step length, contact time, and flight time, while
also increasing physiological stress without negatively
affecting gait parameters (Bertochi et al., 2024; Cross et
al., 2014; Gaffney et al., 2022). These changes provide a
practical stimulus for improving both aerobic and anaerobic
performance. However, careful consideration of load is
essential, as excessive weight may limit muscle activation,
reduce the efliciency of the stretch-shortening cycle, and
increase the risk of injury (Fernandez-Galvan et al., 2022;
Tillaar et al., 2018; Zabaloy et al., 2022). In this study,
applying WV at 7.21 + 0.72% of body mass maintained high
training intensity while minimizing these risks.

From a practical standpoint, the use of a WV during
both pre-season and in-season training has proven effective
in enhancing the physical performance of soccer players.
During the pre-season phase, WV training helps build a
solid physical foundation, improving sprinting, jumping,
change of direction (COD), as well as aerobic and anaerobic
capacities (Lagodimos et al., 2024; Majki¢ et al., 2025). The
external load provided by WV adds a physiological stimulus
that promotes cardiovascular adaptation and reduces the risk
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of fatigue during competition (Swain et al., 2010). During
the in-season period, integrating WV into SSG serves as an
effective method to combine technical, tactical, and physical
components without causing excessive fatigue. Studies have
shown that SSGs with WV enhance sprinting, jumping,
COD, and aerobic performance without significantly
increasing fatigue (Sanchez-Sanchez et al., 2024). Overall,
applying WV during both pre-season and in-season periods
represents an evidence-based strategy to optimize physical
performance and sustain players’ physiological adaptations
throughout the season.

The large observed effect sizes for both VO,max
(0%, = 0.26; f = 0.59) and sprint speed (n*, = 0.33; f = 0.71)
indicate that weighted-vest-based anaerobic soccer training
may provide meaningful physiological and performance
benefits within a short-term training period. However,
given the small sample size (n = 22) and the achieved power
that is adequate primarily for detecting large effects, the
findings should be interpreted with caution. Consistent with
current methodological recommendations, these statistical
characteristics indicate that the present investigation is
best positioned as preliminary research rather than a fully
powered efficacy trial. Accordingly, the study is more
appropriately framed as a pilot controlled trial that aims
to generate preliminary evidence, guide future sample
size estimation, and refine the training and assessment
procedures for subsequent large-scale randomized studies.

This study has several limitations that should be taken
into consideration. First, the sample size was relatively small
and limited to a specific group of soccer players, which
may affect the generalizability of the findings. Second, the
intervention lasted only three weeks, and variations in WV
load were not explored, which limited the understanding of
optimal training intensity. Third, this study primarily focused
on VO,max, sprint speed, and distance, without assessing
other performance aspects, such as muscular strength,
technical skills, or psychological factors. Finally, the effects
were measured in a controlled training environment, not
during actual match conditions, which may differ in real-
game demands.

Future research should address these limitations
by including larger and more diverse samples, longer
intervention periods, and exploring different WV loads.
Additionally, studies could examine other performance
variables and assess outcomes during competitive match
situations to provide a more comprehensive understanding
of the physiological and practical effects of AnST training
with WV.

Conclusions

This study concludes that AnST training with a WV at
7.21 £ 0.72% of body mass significantly improves players’
aerobic capacity, as evidenced by greater increases in VO,max
and sprint speed compared to training without a WV. The
addition of external load provides an extra physiological
stimulus that enhances cardiovascular adaptation. This
training approach is practical when applied during both
pre-season and in-season periods as a strategic method
to optimize aerobic performance. These findings provide
further scientific evidence supporting the use of WV as an
effective training tool in soccer.
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MiaBueHHA aepo6HOI Ta CNPUHTEPCbKOI NPOAYKTUBHOCTI
3a AONOMOrol0 aHaepo6HNX TpeHyBaHb 3 pyTOONY

i3 BUKOPMCTaHHAM XuneTa-o6BaXkHIoBava: [laHi
KOHTPOJIbOBAHOIO AOCNifKeHHA cepepn PpyTOONICTIB

Himac lFamaran Be6pianto'*5°P, Apid [Bi Hyrpara'®*®, Anyap Andan Tpiapgxana'c’E,
Jlaitni Mira Angpiana'4“®, I [lea Mapme Ap’sananpa Bimkas Kycyma'A<P
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O6rpynryBanns. Cydacunii ¢pyr601 norpebye BUKOHAHHS IOBTOPIOBAHMX BIUCOKOIHTEHCUBHMX, KOMIUIEKCHVX PYXiB, 110
po6UTH aepoOHY IPOAYKTUBHICTD HAaI3BUYAITHO BaXK/IMBOIO [/ TPaBIIiB.

ITini. MeTa 11bOr0 JOCIi/KEHHsI IO/IATaIa Y BUBYEHHI BIVIMBY aHaepoOHOTro TpeHyBanHs 3 pyr6ony (AnDT) i3 Bukopucran-
HAM XmteTa-ob6BaxHoBada (JKO) Baroro 7.21 + 0.72% Big Macu Tina Ha aepoOHY MPOAYKTUBHICTD, 110 BUMipIOBaIacs 3a IIOKa3-
HUKaMI MAaKCUMAa/IbHOTO CIIO>KVMBAaHHA KVCHIO i IIBUIKOCTI.

Marepianu Ta MeToau. Y 1IbOMY HOC/Ii/KEHH] 3aCTOCOBAHO KBa3ieKIIepyMeHTa/IbHIII IU3aliH 3 BOMa rpymamu (rpymna A ta
rpyma B), BUKOPYCTOBYIOUN IIPETECT sIK KOBApiaTy i IIOCTECT SIK 3a/1eXXHy 3MiHHY. 3araioM 22 $yT60/icTU-10I0BiKM 6Y/I0 PO3IIO-
IileHO 3a METOJOM paHfioMi3alii Ha B IPyIIM: KOHTPOJIbHY I'PYIy 3 JOJATKOBMM HaBaHTaXeHHAM 0% Bif Macu Tina (rpyma A,
n = 11) Ta eKcriepyMeHTaIbHY IPYITY 3 JOLATKOBUM HaBaHTaKeHHsAM 7.21 + 0.72% Bix Macu Tina (rpyma B, n = 11). Aepo6Ha mpo-
JOYKTUBHICTD OL[iHIOBA/IacA 3a IOTIOMOTO0 TECTY IIEPEPUBYACTOTO BiJHOB/IEHHSA HVo-Vo piBHs 1 (Yo-Yo Intermittent Recovery Test
Level 1, YYIR1) nepey 0o4aTKOM i HiC/Ist TPHOX TVKHIB iHTEPBEHII, 1110 Ilepenbayasia IpoBefeHH: YOTUPbOX Cecill Ha TYDKAEHb. 3a
pesynbraramu YYIR1 6y/10 oTprMaHO faHi {00 MAKCHMAIbHOTO CIIOXKIMBAHHS KUCHIO Ta IIBUAKOCTI /yist aHayi3y. CraTucTidHi
TeCTH BK/IIOYaau TecT HopMmanbHocTi lllanmipo-Binka, TecT romoreHHocTi JleBeHe Ta HemapaMeTpUYHUIT KOBapialliliHNII aHasIi3 3a
MmeropoM KBajie 3 BMKOpUCTaHHAM IporpaMHoro 3abesmnedenHs IBM SPSS 30 3 piHeM sHauymocTi 0.05.

Pesynbrarn. Ha ocHOBI pe3ynbTariB, OTpMMaHMX HIIAXOM HellapaMeTPUYHOro KoBapialiliHoro aHani3y 3a MetofoM Ksage,
BCTAQHOBJICHO 3HAYHI BifMiHHOCTi Mk rpymamn A i B 3a mokasHMKaMy MaKCMMaabHOTO CIIOKVMBAaHHA KucHIO (p = 0.015) i mBuz-
kocTi (p = 0.005) mic/1A KOHTPOJIO IIPETeCTOBMX 3HAYeHDb. 3a3Ha4YeHi pe3y/IbTaTy CBif4aTh IPO Pi3HUII BIUIMB TUIIB TPEHYBaHb,
MPOBeeHNUX [/ KOKHOI TPYIIN, Ha MOJIMIIeHHS aepoOHOI IPOLYKTUBHOCTI Ta MIBUKOCTI IPaBIiB.

BucHoBku. Pe3ynbraTit JOCTIPKEHH MiITBEPAXKYIOT, 110 TPU TIDKHI aHaepOOHOT0 TpeHyBaHH: 3 GyTOONTY 3 BUKOPUCTAH-
HSIM JKmteTa-06BakHIoBada 7.21 + 0.72% Big Macy TiTa CIIPUSIIOTH Mi{BUIEHHI0 MAKCYMAIbHOTO CIIOXKVMBAHHS KUCHIO 1 IIBUIKO-
cri 6iry. OfHaK 1ii pe3y/ibTaTyl € norepefHiMu i ix ¢ iHTepnperyBaTy 3 06epeXHICTIO Yepe3 KOPOTKY TPUBAICTb JOCTIPKEHHA
i HeBe/MKMIT pO3Mip BUOIPKIL.
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Abstract

Background. This article presents the results of a comprehensive study on how prepared future physical education
teachers are to implement adaptive physical education for children with hearing impairments. The study’s relevance stems
from Ukraine’s growing need for inclusive education, and the necessity to ensure that children with sensory disabilities
have access to physical activity. Inclusive education means creating equal learning opportunities for all students,
including those with hearing impairments. In this context, physical education supports both health and socialization.
Objectives. The study aimed to provide a theoretical justification, conduct an empirical investigation, assess the
readiness of future physical education teachers to implement adaptive physical education in educational institutions that
enroll students with hearing impairments, and develop practical recommendations to improve teachers’ professional
training. The article examines the structure of professional readiness of future physical education teachers. It presents
the findings of an empirical study on readiness levels and analyzes the factors that influence their development.
Materials and Methods. The study involved 186 students of T.H. Shevchenko National University “Chernihiv
Collegium.” The research examined the participants’ knowledge of adaptive physical education, their skills in working
with students with hearing impairments, and their motivational value and attitudes toward inclusive education. The
objective of the study was to assess the level of professional readiness of students majoring in Physical Education

to implement adaptive physical education in schools with inclusive forms of education for children with hearing
impairments. Readiness was evaluated based on four key components: cognitive, motivational-value, operational-
practical, and communicative-reflective.

Results. The findings indicate insufficient practical training and limited proficiency in sign language, although the
majority of students demonstrated positive motivation toward inclusion. A training model that includes a theoretical
course, practical modules, volunteer activities, internships, and support from an experienced mentor is proposed.
Promising directions for improving educational programs were identified.

Conclusions. The readiness of future teachers to implement adaptive physical education in schools educating
children with hearing impairments is a key factor in the successful implementation of inclusive education. The study
contributes to the development of adaptive physical education and to the training of teaching professionals for work
in inclusive educational environments.

Keywords: inclusive education, professional readiness, sign language, special pedagogy.

Introduction learners, students with hearing impairments constitute
a particularly important group, as they require not only
adapted pedagogical methods but also specific approaches
to physical education (Nosko & Troianovska, 2025; Nosko
et al,, 2025). The relevance of this issue is reinforced by the
fact that physical education serves not only developmental

but also compensatory functions. It facilitates socialization

The education system in Ukraine is currently developing
in line with the principles of inclusion, which include
creating conditions for the education of children with special
educational needs in comprehensive schools. Among these

© Nosko, M., & Troyanovskaya, M., 2026.
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and the acquisition of essential life competencies by students
with sensory impairments.
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Despite ongoing promotion of inclusive education poli-
cies in Ukraine, the existing teacher-training system does
not consistently ensure that future physical education teach-
ers are adequately prepared to work with diverse student
groups, particularly those with hearing impairments. Stu-
dents with hearing impairments often face barriers. These
include communicative, sensory, and emotional challenges
that limit participation in sports and extracurricular activi-
ties (Alhumaid, 2023; Dubey, 2024). To address these issues,
teachers must master specialized instructional methods.
They also need basic competence in sign language, an under-
standing of the psychophysiological traits of children with
hearing impairments, and the ability to create an inclusive
educational environment (Rekaa et al., 2018; Bruno, 2020).

Adaptive physical education should not be seen just
as a modification of motor exercise programs. Instead, it
is a holistic system that considers students’ sensory profiles
and prioritizes communication and social interaction needs
(Azubuike et al., 2023; Orhan et al., 2024; Holland et al,,
2022). Teachers’ professional readiness to implement such a
system is an integrative quality encompassing motivational,
cognitive, practical, and reflective dimensions.

A growing body of research highlights the need to
strengthen physical education teachers’ training for inclusive
educational contexts (Smith et al., 2021; David & Brown,
2022; Kovalenko, 2023; Celestino et al., 2024; Kim et al,,
2021). Nevertheless, a central unresolved issue is the actual
readiness of future teachers to work effectively with students
with hearing impairments, and which factors most strongly
influence these required competencies.

In this regard, the study advances the hypothesis that the
current system of professional training for future physical
education teachers in Ukraine does not adequately ensure
the acquisition of competencies necessary for the effective
implementation of adaptive physical education in schools
enrolling students with hearing impairments.

The purpose of this article is to provide a theoretical
justification, conduct an empirical assessment, and evaluate
the readiness of future physical education teachers to
implement adaptive physical education in schools enrolling
students with hearing impairments. In addition, the study
aims to develop practical recommendations to improve
teachers’ professional preparation for inclusive practice.

Materials and Methods

Study Design

The present study employed a descriptive cross-
sectional design with a mixed-methods approach integrating
quantitative and qualitative methodologies. This design
was chosen to provide a comprehensive assessment of the
professional readiness of future physical education teachers
to implement adaptive physical education for students with
hearing impairments.

The quantitative component enabled objective mea-
surement of readiness across predefined structural compo-
nents, while the qualitative component facilitated deeper
exploration of students’ subjective perceptions, attitudes,
expectations, and anticipated challenges related to inclusive
practice. The integration of both approaches enhanced the
methodological robustness and validity of the findings.

Participants

The study involved 186 undergraduate and graduate
students majoring in Physical Education, which meets
statistical representativeness requirements. Sample size
adequacy was confirmed through an a priori power analysis
conducted using G*Power 3.1 software. Assuming a medium
effect size (f = 0.25), a significance level of a = 0.05, and
statistical power of 0.80 for a one-way analysis of variance
(ANOVA), the required minimum sample size was 159
participants. The final sample exceeded this threshold,
allowing reliable detection of statistically significant
differences and relationships among the studied variables.

Participants were recruited using purposive sampling
from Ukrainian higher education institutions offering degree
programs in physical education teacher training. Inclusion
criteria comprised enrollment in the third or fourth year of
study and completion of coursework in pedagogy, inclusive
education, or adaptive physical education. Participation was
voluntary and anonymous, and all respondents provided
informed consent prior to data collection.

The study protocol was approved by a local ethics
committeeand conducted in accordance with the Declaration
of Helsinki and General Data Protection Regulation (GDPR)
requirements. The sample demonstrated variability in
gender and academic background, ensuring diversity in
prior training and experience with inclusive education.

Data Collection Procedure

Data collection followed a standardized and reproducible
protocol implemented in classroom settings across all
participating institutions.

At the first stage, participants completed a 32-item
structured questionnaire assessing professional readiness
across four components: cognitive, motivational-value,
operational-practical, and communicative-reflective.
The average completion time was 10-12 minutes, and the
administration procedure was identical at all sites.

At the second stage, participants performed a practical
task consisting of four structured exercises aimed at
evaluating their ability to:

« adapt physical activities for students with hearing

impairments;

o use visual instructional materials;

o apply basic elements of sign language;

o select appropriate inclusive communication

strategies.

Performance was assessed using a unified rating scale to
ensure inter-expert consistency.

The final stage involved semi-structured interviews with
a subsample of 30 participants selected according to the
principle of maximum variability. Interviews were conducted
face-to-face, lasted 20-30 minutes, and were audio-recorded
with participants’ consent. All interviews were transcribed
verbatim using a standardized interview guide. Consistency
in sequencing, conditions, and procedures across institutions
ensured full reproducibility of the data collection process.

Instruments

Professional readiness of future physical education
teachers to work with students with hearing impairments was
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assessed using a komiuiekc of complementary instruments,
combining quantitative, practical, and qualitative methods.

Questionnaire

The primary quantitative instrument was a structured
questionnaire comprising 32 statements designed to assess
four components of professional readiness:

o Cognitive (knowledge of adaptive physical education
and characteristics of teaching students with hearing
impairments).

o Motivational-value (attitudes toward inclusive
education and readiness for professional self-
development).

o Operational-practical (ability to adapt exercises and
organize inclusive classes).

o Communicative-reflective (self-assessment of
communication skills, including the use of sign
language elements).

Responses were recorded on a five-point Likert scale
ranging from 1 (“strongly disagree”) to 5 (“strongly agree”),
enabling quantitative interpretation of the degree of
expression of each component.

Content validity was established through expert evalu-
ation involving specialists in adaptive physical education,
special pedagogy, and inclusive education. Experts assessed
item relevance, clarity, and structural adequacy. Minor revi-
sions were made based on their reccommendations.

Internal consistency reliability was confirmed using
Cronbach’s alpha (a = 0.87), indicating high reliability of the
instrument.

Assessment of Sign Language and Practical Skills

Elements of sign language competence were evaluated
within the operational-practical and communicative-
reflective components and included:

 understanding basic signs commonly used in physical

education classes;

o ability to convey simple instructions through

gestures;

« use of visual-gestural support during motor activity

organization;

o awareness of communication barriers and strategies

to overcome them.

Assessment was conducted using a point-based
rating scale during practical task performance, allowing
differentiation between low, medium, and high levels of skill
development.

When developing the questionnaire and practical assess-
ment criteria, approaches used in internationally validated
instruments for evaluating teachers’ readiness for inclusion—
particularly the CEFI-R (Evaluation of Teachers’ Preparation
for Inclusion)—as well as contemporary studies in adaptive
physical education, were taken into account to ensure concep-
tual alignment with current international research practices.

Statistical Analysis

Statistical analyses were performed using SPSS version
26. Descriptive statistics (means and standard deviations)
were calculated solely to characterize the sample.

Between-group differences were examined using one-
way analysis of variance (ANOVA), with year of study and
prior experience in inclusive educational settings treated as
independent factors. Prior to conducting ANOVA, assump-
tions of normality (Shapiro-Wilk test) and homogeneity of
variances (Levene’s test) were assessed. In cases where ho-
mogeneity was violated, the Welch correction was applied.

Post hoc comparisons were conducted using Tukey’s
HSD or the Games-Howell test, depending on variance
homogeneity results. Effect sizes were calculated to
determine practical significance (partial eta squared, n’,
for ANOVA; r for correlational analyses), accompanied
by 95% confidence intervals and interpreted according to
established conventions.

Relationships among components of professional
readiness were analyzed using Pearson’s correlation
coefficient. Results are presented concisely, without
duplication of numerical data already reported in tables.

The level of statistical significance for all analyses was
setat p < 0.05.

Results

The study’s results enabled a comprehensive assessment
of the readiness of students majoring in Physical Education
to implement adaptive physical education for students
with hearing impairments. Both quantitative methods
(questionnaire and practical testing) and qualitative
methods (semi-structured interviews) were used, ensuring
a multidimensional evaluation.

As shown in Table 1, the majority of students
demonstrated an average level of readiness, whereas only a
small proportion were highly prepared.

Table 1. Distribution of future physical education teachers
by overall level of professional readiness (n = 186)

Level of readiness % of students

High 17.2%
Medium 58.6%
Low 24.2%

The mean score across all questionnaire scales was 3.21
out of 5 (SD = 0.74), corresponding to an overall medium
level of readiness.

Detailed indicators of the four components of
professional readiness are presented in Table 2.

Thematic analysis of the 30 semi-structured interviews
identified five recurring themes reflecting both challenges
and motivational aspects of students” professional readiness:

1. Fear and uncertainty - “lam afraid of doing something
wrong because I do not know how to behave properly with a
student who is deaf”

2. Insufficient university preparation - “We did not
have any practical experience working with children with
disabilities.”

3. High personal motivation - “I would like to learn sign
language, but I do not know where this can be done”

4. Desire for change - “It would be good if we had
internships in inclusive schools”

5. Uncertainty regarding success criteria — “I am not
sure how to properly assess the progress of such students”
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Table 2. Descriptive statistics of the components of professional readiness (mean + SD)

Component Mean score (out of 5) Key findings

Cognitive readiness 3.48 63% answered correctly on knowledge of motor activity for children
with hearing impairments

Motivational-value readiness 3.92 74% expressed willingness to work with students with special needs;
61% ready for additional training; only 28% felt fully prepared

Operational-practical readiness 2.89 66% had no experience adapting exercises; 11% confident in planning
lessons; 37% confused adaptive PE with physical therapy

Communicative-reflexive readiness 3.02 83% did not know sign language; 57% reported emotional tension;

21% noted need for psychological training

Correlation analysis revealed significant relationships
between the components of professional readiness:

« Positive correlation between cognitive and practical

readiness (r = 0.52, p < 0.01).

o Significant correlation between motivational and
reflective readiness (r = 0.47, p < 0.05).

o The lowest correlation was found between theoretical
knowledge and practical skills (r = 0.33), indicating a
gap between knowledge acquisition and its practical
application.

Overall, the study showed that only 1 in 10 students
demonstrated a high level of readiness to implement adap-
tive physical education when working with students with
hearing impairments. The prevailing level of readiness was
average, characterized by strong motivation but weak practi-
cal skills. The most problematic areas of training were:

o Lack of sign language skills;

o Limited practical training;

« Lack of internships in an inclusive environment (see

Fig. 1).

58%

M High readiness M Low readiness ™ Moderate readiness

Fig. 1. Level of readiness of future physical education
teachers to implement adaptive physical education

Both quantitative and qualitative results confirm the
urgent need to modernize university curricula in order to
strengthen the practical and communicative components of
teacher training.

Discussion

The aim of the study was to determine the level and
structure of professional readiness of future physical
education teachers to implement adaptive physical education
when working with students with hearing impairments. The
results indicate a predominance of average readiness, which
is consistent with the findings of recent studies in the field of
inclusive physical education, which show that future teachers

have a positive attitude towards inclusion but lack practical
training (Savolainen et al., 2020; Jung et al., 2022; Braksiek,
2022). Similar trends are also observed in the works of
Ukrainian scientists, who emphasize the fragmentation of
professional training and the predominance of theoretical
components over practical ones (Kravchenko, 2022).

Analysis of the structure of professional readiness
revealed an imbalance between high scores for the
motivational-value component and lower indicators of
the operational-practical and communicative-reflective
components. This structure is consistent with international
studies in adaptive physical education, which indicate limited
development of practical and communicative skills among
future physical education teachers (Loreman, 2014; Block,
2016; Antala et al., 2024). Particular attention should be paid
to the low level of proficiency in sign language elements,
which confirms the findings of Rekaa et al. (2018) and Rojo-
Ramos et al. (2023) regarding the insufficient integration of
communication training into educational programmes.

The established correlations between individual com-
ponents of readiness indicate its integrative nature. Positive
interdependencies among cognitive, motivational, and prac-
tical components indicate that the formation of individual
knowledge and attitudes does not ensure professional readi-
ness without systematic practical training, consistent with the
conclusions of Kim et al. (2021) and Savolainen et al. (2020).

Critical reflection on the results obtained requires consid-
eration of several limitations. First, the cross-sectional design
does not allow conclusions about the dynamics of profession-
al readiness over time; longitudinal studies are needed to as-
sess the impact of the curriculum or specialized interventions.

Secondly, although the sample size was statistically
sufficient, the participants were drawn from a single
university, which may limit the generalizability of the results.
Differences in curricular structures and practical training
models were not systematically controlled.

Thirdly, the use of self-assessment methods for
motivational and communicative-reflective components
creates a risk of social desirability bias. This effect is partially
mitigated by the inclusion of practical assessments, but
turther research should include classroom observation or
external expert assessment.

Finally, the assessment of sign language competence
focused on functional pedagogical use rather than full
linguistic proficiency, which limits direct comparison with
studies that measure comprehensive language proficiency.

The contribution of this study to the international scien-
tific literature lies in its empirical analysis of the readiness of
future physical education teachers to work with students with
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hearing impairments in the context of Eastern Europe—a re-
gion that remains underrepresented in research on adaptive
physical education (Qi & Ha, 2012; Tarantino & Makopoulou,
2023; Cabahug, et al. 2025). The results complement exist-
ing international approaches, emphasizing the importance of
communicative competence and practice-oriented learning for
the effective implementation of inclusive physical education.

The results demonstrate that high motivation does not
guarantee pedagogical competence in inclusive physical
education, emphasizing the importance of structured
learning and practical training (Beyazoglu, 2021; Mawena &
Sorkpor, 2024; Utami, 2025).

Thus, the study provides both contextually specific
conclusions and conceptual implications for the development
of adaptive physical education within inclusive educational
environments.

Conclusions

The aim of the study was to assess the level of
professional readiness of students majoring in Physical
Education to implement adaptive physical education in
inclusive schools for children with hearing impairments.
Readiness was analyzed according to four components:
cognitive, motivational value, operational-practical, and
communicative-reflective.

The results obtained indicate that the overall level of
readiness is average (3.21 out of 5). The highest indicators
were found in the motivational and value component,
which demonstrates a positive attitude and student interest
in inclusive education. The lowest values were recorded in
the operational and practical component, which indicates
insufficiently developed skills in adapting physical exercises,
using sign language, and organizing inclusive classes.

The distribution by level confirmed the general trend:
17.2% of students showed a high level of readiness, 58.6%
showed an average level, and 24.2% showed a low level.
This result indicates a significant gap between students’
motivation and their actual professional competence,
especially in special education and the practical application
of inclusive technologies.

Therefore, the results obtained demonstrate that the
current teacher training system does not fully ensure the
development of the competencies necessary for the effective
implementation of adaptive physical education in schools
serving hearing-impaired students. The conclusions are
consistent with the research objectives and justify the need
to modernize training programmes, with a particular focus
on practice-oriented learning, sign language acquisition,
and enhanced interdisciplinary training.
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CEHCOPHNMM [IOPYLIEHHAMI A0 (Pi3N9IHOI aKTUBHOCTI. [HK/TI03MBHA OCBiTa epenbavae CTBOPEHHs PIBHUX OCBITHIX MOXX/IMBOCTeIT
IS BCIX Y4HIB, 30KpeMa A/ 0Ci6 3 MOPYLUIEHHAMN CTyXy. Y IIbOMY KOHTEKCTi (i3iyHe BUXOBAHH:A CIPUSAE AK 30€PEKEHHIO Ta
3MIIHEHHIO 3[J0POB’sI, TaK i corjiasisaril.

Mera. MeToo HoCIifKeHHA 6Y/I0 TeOPEeTUYHO OOIPYHTYBATU HPOO/IeMy, IPOBECTI eMITipUYHe TOCII/PKEeHHs, OLIHUTI Pi-
BeHb TOTOBHOCTI MailOyTHIX yunTesiB (isMIHOI KYIbTYPH O BIPOBA[KEHHA afJallTMBHOrO (Bi3NYHOrO BUXOBAHHSA B 3aK/IaaxX
OCBITH, [ie HABYAIOTHCS Y4HI 3 TIOPYIICHHAMM CIYXY, @ TAKOXX PO3POONUTY MPaKTUYHI peKOMEeHAALII 1110/j0 BIOCKOHA/IEHHs IXHbOI
npodeciitHOI MArOTOBKM. Y CTaTTi PO3KPUTO CTPYKTYPY IpodeciiiHOl TOTOBHOCTI MaitOy THIX yuuTeniB (GisuIHOI Ky/IbTypH, 110-
JIAaHO pe3yNbTaTy eMITiPMYHOTO TOC/TiIPKEHHA PiBHIB TOTOBHOCTI Ta POaHai30BaHO Y/HHMKIL, 1[0 BINTMBAIOTH Ha IX q)opMyBaHH;L

Marepianu i meTomu. Y pocnifpkeHHi B3sAnm y4actb 186 crymenTis HanionanbHoro yHiBepcurery «YepHiriBcbkmit Kome-
riym» imeni T. I. leBuenka. ByuBuaiucs sHaHHA YYaCHMKIB 3 afjallTMBHOrO (i3aMYHOrO BMXOBAHHsA, iXHI BMiHHA IIpalloBaTU
3 YYHAMHU 3 NOPYHIEHHAMH CIYXY, a TAKO)K MOTMBAIIiiHO-1[iHHICHI YCTaHOBKM Ta CTaB/IEHHA [JO iHKII03MBHOI OCBiTM. MeToro
Oyro ouinnTK piBeHb HpodeciiiHOl FOTOBHOCTI CTYAeHTIB creljianbHOCT] «Di3ndHa KyIbTypa» O BIPOBAKEHHS afIallTBHOTO
(isYHOrO BUXOBaHHA B IIKOJAX 3 IHKTIO3UBHMMY (OpMaMy HaBYAHHA [UIA [iTell 3 MOpyLIeHHAMY cyXy. OLiHIOBaHHA 3[ili-
CHIOBAJIOCA 32 YOTMPMa OCHOBHMMM KOMIIOHEHTAMM: KOTHITMBHIM, MOTUBALiflHO-IIiIHHICHUM, ONEpalliilHO-MPAaKTUYHUM Ta
KOMYHIKaTHBHO-PeIeKCHBHIUM.

Pesynpratn. OTpuMaHi pe3ynbTaTy CBifyaTh PO HEJOCTATHI piBeHb NPAKTUYHOI MiITOTOBKM Ta oOMexeHe BOJIOIiHHSA
YKECTOBOIO MOBOIO, BOZHOYAC OIIBIIICTD CTY/EHTIB MPOAEMOHCTPYBAIN MO3UTUBHY MOTMBALII0 [0 IHK/TO3il. 3aIpOIOHOBAHO
MOJie/b IIATOTOBK, 110 Iepefdadae TeopeTIHMI KYpPC, IPaKTUYHi MOJY/Ii, BOJTOHTEPCHKY iA/NbHICTD, NEJArOTi4YHy IPAKTUKY
Ta CyIpOBiJ JOCBiJYEHOr0 HaCTaBHUKA. BU3HAY€HO NepCIeKTUBHI HAlPsAMM BIOCKOHA/IEHHSA OCBITHIX IIpOrpam.

BucHoBku. ToTOBHICTD MaiibyTHIX yunTeIiB JO BIPOBA/KEHHS aJalTUBHOTrO (DiSMYHOrO BUXOBAHH B LIKO/AX, [ie HaBYa-
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Abstract

Background. Real-time decision-making is a critical determinant of performance in precision, explosive, and
intermittent sports, where athletes must operate under high physiological and cognitive stress. Autonomic
dysregulation can impair attentional control and decision accuracy, highlighting the need for integrated interventions
that simultaneously address physiological regulation and cognitive readiness. Advances in wearable optical heart
rate (OHR) sensors offer new opportunities to support such interventions through real-time physiological feedback.
Objectives. This study aimed to examine the effects of integrating box breathing techniques with wearable OHR
sensor feedback on real-time decision-making performance and heart rate quality in athletes from precision
(woodball), explosive (badminton), and intermittent (basketball) sports.

Materials and Methods. A quasi-experimental pre-test—post-test control group design was employed. Sixty-six male
athletes (age: 21.3 + 1.8 years) were randomly assigned to an experimental group (n = 33) or a control group (n = 33).

The experimental group completed an 18-session (6-week) box breathing program integrated with real-time OHR
monitoring, while the control group followed routine training. Decision-making performance was assessed using a validated
sport-specific computerized test, and heart rate quality was measured via wearable OHR sensors. Data were analyzed using
paired-sample t-tests and two-way mixed-design ANOVA (group x time) at a = 0.05, with effect sizes reported.

Results. The experimental group demonstrated significant improvements in decision-making performance

(3.43 £ 0.42 to 4.48 + 0.39; +30.59%; p < 0.001; Cohen’s d = 1.96) and heart rate quality, reflected by a reduction

in resting heart rate (111.13 + 8.76 bpm to 97.76 + 7.94 bpm; —12.03%; p < 0.001; Cohen’s d = 1.57). Substantial

time X group interactions were observed for decision-making (F(, ¢, = 121.08, p < 0.001, partial n*> = 0.65) and heart
rate quality (F(, 54 = 78.92, p < 0.001, partial n* = 0.55). No meaningful changes were found in the control group.
Conclusions. The findings indicate that integrating box breathing with real-time wearable OHR feedback produces
large and considerable enhancements in both decision-making performance and physiological regulation compared
with routine training alone. This feedback-supported breathing intervention represents a scalable, low-cost, and
evidence-based strategy to optimize cognitive and autonomic readiness across different sport contexts.

Keywords: box breathing, wearable sensors, optical heart rate, decision-making, sports performance.

Introduction disciplines categorized as precision (e.g., woodball, archery),
explosive (e.g., badminton, sprinting), and intermittent
(e.g., basketball, soccer), performers must rapidly perceive
cues, select among alternatives, and execute motor
responses with high accuracy; failures in any stage can
cost points or matches (Zeng et al., 2024). Because these

Decision-making in sport is a pivotal skill that often
determines competitive outcomes, especially when athletes
must act under time pressure and physiological strain. In

©  Kusuma, A. I, Rosmi, Y. F, Ariani, L. P. T, decisions occur in milliseconds-to-seconds windows, both
& Utamayasa, L. G. D., 2026. cognitive processing and bodily regulation are integral to

@ PETM successful performance. Physiological arousal and stress
f LLCOVS
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responses exert a direct influence on cognitive functions
relevant to decision-making, including attention, working
memory, and inhibitory control. Elevated sympathetic
activation—common in competitive contexts—can narrow
attentional scope and degrade the speed-accuracy balance
required for optimal decisions (Montembeau et al., 2024a).
Consequently, interventions that modulate autonomic state
have the potential to produce measurable gains in on-field
decision quality.

Recent advances in wearable technology have made
continuous physiological monitoring feasible in real-world
sporting environments. Optical heart rate (OHR) sensors
embedded in wrist-worn fitness trackers provide noninva-
sive, high-frequency cardiac measures that can be collected
during training and competition with minimal disruption
(Indra Kusuma et al., 2020). Such devices offer coaches and
athletes near-real-time insight into arousal, recovery, and
stress profiles, enabling data-informed adjustments to train-
ing loads and pre-performance routines. Despite their practi-
cal advantages, OHR sensors have limitations that researchers
and practitioners must acknowledge. Signal accuracy can be
affected by motion artifacts, sensor placement, and device al-
gorithms—factors particularly relevant during high-intensity
or highly dynamic movements (Montembeau et al., 2024b).
Nonetheless, when validated devices and robust data-pro-
cessing protocols are used, OHR-derived metrics (e.g., heart
rate variability, stabilized resting heart rate) can meaningfully
index autonomic regulation relevant to decision-making.

Complementary to technological monitoring, breath-
ing-based techniques—such as box breathing—offer a sim-
ple, low-cost means to influence autonomic balance and
cognitive control. Box breathing uses structured inhale-
hold-exhale-hold cycles that tend to increase vagal tone
and reduce sympathetic dominance, yielding improvements
in attentional focus and stress resilience reported across
clinical and performance contexts (Softi¢ et al., 2024). For
athletes, brief, repeatable breathing routines can be deployed
pre-competition or between plays to restore composure and
optimize readiness. The synergy between physiological
monitoring and behavioral regulation (i.e., closed-loop bio-
feedback) is conceptually compelling: wearable OHR sen-
sors can provide immediate feedback about the physiologi-
cal effects of breathing exercises, while structured breathing
can be adjusted in response to sensor data to achieve tar-
geted autonomic states. Early work on biofeedback and
wearable-guided interventions suggests that coupling objec-
tive metrics with self-regulation practices accelerates skill
acquisition and promotes transfer to competitive scenarios
(Sunstrum et al., 2025). However, empirical tests of this in-
tegrated approach within sport-specific decision-making
contexts remain sparse.

Most prior investigations have examined either wearable
monitoring (for load and recovery management) or breath-
ing interventions (for stress reduction) in isolation, often
within single sports or laboratory tasks (Marchant et al.,
2025). There is a clear gap in the literature regarding whether
a combined protocol—box breathing guided by OHR feed-
back—produces additive or synergistic benefits for real-time
decision-making across varied sport types (precision, explo-
sive, intermittent). Addressing this gap has both theoretical
value (linking autonomic regulation to cognition in applied
settings) and practical utility for coaches seeking scalable

performance tools. This study therefore tested whether a
six-week program that pairs box breathing with wearable
OHR monitoring improves athletes’ real-time decision-
making and heart-rate-related quality metrics more than
conventional training alone. Specifically, we (1) examined
pre—post changes in decision-making ability and heart rate
quality in an experimental group that received the interven-
tion, (2) compared those changes with a matched control
group performing standard club training, and (3) evaluated
effects across three sport categories (woodball, badminton,
basketball) to probe generalizability. We hypothesized that
the integrated intervention would produce statistically and
practically meaningful improvements in both cognitive and
physiological outcomes relative to control.

By combining contemporary wearable monitoring
with a low-cost behavioral technique, this research aims to
contribute an applied, evidence-based protocol that coaches
and practitionerscanadoptquickly. Ifsuccessful, theapproach
provides a template for closed-loop, athlete-centered training
that simultaneously targets bodily regulation and decision-
making performance—an integration that can help bridge
sport science innovations with everyday coaching practice.

Materials and Methods

Research Design

This study adopted a quasi-experimental design with
pre-test and post-test control groups. The independent
variable was box breathing training with OHR monitoring,
while the dependent variables were decision-making
performance and heart rate quality.

Participants

A total of 66 male athletes voluntarily participated in
this study, representing three sport typologies: woodball
(precision sport; n =22), badminton (explosive sport; n =22),
and basketball (intermittent sport; n = 22). Participants were
randomly allocated to either an experimental group (n = 33)
or a control group (n = 33).

Participant Characteristics

Descriptive characteristics of the participants are
summarized as follows:

o Age:21.3 + 1.8 years.

o Height: 171.6 + 5.9 cm.

o Body mass: 66.8 £ 6.7 kg.

All athletes had a minimum of three years of structured
training experience in their respective sports and were
actively training at least three sessions per week at the time
of data collection. Participants were classified as regional-to-
national level athletes, defined as having competed regularly
in regional championships and/or having experience in
national-level competitions or qualification events organized
by official sport federations.

Training Experience and Competitive Level

Participants’ training background indicated sustained
involvement in organized sport systems. On average,
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athletes reported 3-7 years of continuous competitive
training, with coaching supervision and participation in
official tournaments. Woodball athletes primarily competed
at regional and inter-provincial levels, while badminton and
basketball athletes included both regional and national-
level competitors, ensuring a performance level appropriate
for decision-making assessment under competitive sport
conditions.

Inclusion Criteria

Athletes were included in the study if they met all of the
following criteria:

o Male athletes aged 18-25 years.

« Actively training in woodball, badminton, or bas-
ketball.

o Minimum three years of formal training experience.

 Regular training frequency of > 3 sessions per week.

o Free from musculoskeletal injury within the previous
three months.

o Not participating in any psychological, breathing-
based, or physiological enhancement interventions
during the study period.

Exclusion Criteria

Athletes were excluded if they met any of the following
conditions:
o History of cardiovascular disease or clinically
diagnosed heart conditions.
o Presence of respiratory disorders or breathing
limitations.
o Current use of medication affecting cardiovascular
or autonomic function.
« Incomplete participation or withdrawal from training
sessions during the intervention period.
A priori power analysis conducted using G*Power 3.1
(a0 = 0.05, power = 0.80, effect size f = 0.30) indicated a
minimum sample size of 60 participants for a mixed-design
analysis, confirming that the final sample size (n = 66) was
statistically adequate. All participants provided written
informed consent, and ethical approval was obtained from
the institutional review board.

Intervention Procedure

First, athletes were stratified by sport type, resulting in
three strata: woodball (n = 22), badminton (n = 22), and
basketball (n = 22). Within each stratum, participants were
randomly assigned to either the experimental group or con-
trol group using block randomization with a 1:1 allocation
ratio, ensuring equal group sizes (11 experimental and 11
control athletes per sport). The randomization sequence was
generated using the Microsoft Excel random number gen-
erator (RAND function). For each sport stratum, partici-
pants were assigned a random number, sorted in ascending
order, and then sequentially allocated to the experimental
or control group according to the predefined block struc-
ture. This procedure ensured a balanced distribution of sport
disciplines across groups, resulting in comparable composi-
tions of precision, explosive, and intermittent sport athletes
in both conditions. To reduce allocation bias, several safe-

guards were implemented. The randomization process was
conducted by a researcher not involved in data collection or
intervention delivery, and group assignments were finalized
prior to baseline (pre-test) measurements. Additionally, al-
location results were concealed from coaches and assessors
during the pre-test phase, thereby preventing expectancy
effects or differential treatment between groups. Outcome
assessors were not informed of participants’ group allocation
during data scoring to further limit bias. This structured ran-
domization approach enhanced internal validity by ensur-
ing group equivalence across sport types while maintaining
transparency and reproducibility of the allocation process.

Decision-making Test Description

The athletes’ real-time decision-making ability was
assessed using a sport-specific, computer-based decision-
making test designed to simulate competitive situations
in precision (woodball), explosive (badminton), and
intermittent (basketball) sports. The test comprised 30
randomized trials (10 visual, 10 auditory, and 10 combined
visual-auditory stimuli), with each stimulus presented
for 1.5-2.0 s followed by a 2 s response window, resulting
in a total testing duration of approximately 10-12 min.
Performance was calculated using a composite score (range
1-5) based on response accuracy (40%), reaction time (30%,
normalized so faster responses yielded higher scores), and
decision appropriateness (30%), reflecting tactical suitability
of the selected action. The instrument demonstrated strong
psychometric properties, with high test-retest reliability
(ICC = 0.89) and good internal consistency (Cronbach’s
a = 0.87). Content validity was confirmed through expert
evaluation by nine national-level coaches, yielding a content
validity index above accepted thresholds, and the protocol
was refined through pilot testing with 12 athletes (not
included in the main sample) to ensure clarity, feasibility,
and ecological validity.

OHR Sensor Technical Specifications

The wearable optical heart rate (OHR) sensor used in
this study was a commercially available wrist-worn device
(manufacturer and model specified in the study log),
equipped with photoplethysmography (PPG) technology
and a sampling frequency of approximately 25-50 Hz,
suitable for continuous monitoring during sport-related
movements. Heart rate signals were processed using
a proprietary adaptive band-pass filtering algorithm
integrated within the device firmware, designed to attenuate
high-frequency noise and baseline drift while preserving
beat-to-beat variability. The device incorporated motion-
artifact tolerance mechanisms, including multi-wavelength
optical sensing and accelerometer-assisted correction,
enabling reliable data capture during moderate-to-high
intensity movements typical of intermittent and explosive
sports. Validation testing conducted under controlled
conditions demonstrated strong concurrent validity against
electrocardiography (ECG), with a Pearson correlation
coefficient of r = 0.94, indicating high agreement between
OHR-derived heart rate measures and gold-standard ECG
recordings, thereby supporting the device’s suitability for
physiological monitoring in applied sport settings.
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Intervention Protocol

The intervention consisted of a six-week box breathing
training program integrated with real-time optical heart rate
(OHR) feedback, conducted three sessions per week for a total
of 18 sessions. Each session lasted approximately 25-30 min-
utes and included 8-10 controlled breathing cycles using a
standardized 4-4-4-4 pattern (inhale 4 s, hold 4 s, exhale
4 s, hold 4 s). Throughout each session, athletes continuously
wore the OHR device, and real-time heart rate feedback was
used to guide breathing pace, ensure physiological stability,
and adjust session flow when excessive heart rate fluctua-
tions were detected. The core breathing protocol was applied
uniformly across all sports; however, its contextual applica-
tion was sport-specific, with breathing performed prior to
precision tasks in woodball, before explosive drills in badmin-
ton, and during intermittent recovery phases in basketball,
thereby enhancing ecological validity without modifying the
fundamental intervention structure.

Data Collection

Two primary variables were measured:

1. Decision-making performance: assessed via sport-
specific situational tasks requiring rapid responses
in real time. The test consisted of randomized
visual-auditory cues followed by time-limited
action selection, simulating competitive conditions
appropriate for each sport. Athlete responses were
scored based on (a) response accuracy, (b) reaction
time, and (c) appropriateness of tactical choice.
Content validity was established through expert
review (three national-level coaches from each
sport), while test-retest reliability showed strong
stability (ICC = 0.89).

2. Heart rate quality: measured as resting heart rate
variability and stability, captured using OHR
wearable sensors. To ensure precision, only

sensors with proven motion-tolerance algorithms
and photoplethysmography accuracy were used.
The selected device demonstrated high reliability
compared with ECG recordings (r = 0.94) under
controlled testing conditions and low light-
interference response, which is critical for indoor
sport environments.

Data Analysis

All statistical analyses were performed using SPSS
version 25.0 (IBM Corp., Armonk, NY, USA), with the level
of significance set a priori at a = 0.05 (two-tailed). Data are
presented as mean * standard deviation (SD). Assumptions
of normality were examined using the Shapiro-Wilk test,
while Levene’s test was applied to verify homogeneity of
variances; all assumptions were satisfied (p > 0.05). Within-
group pre-post differences were analyzed using paired-
sample t-tests, and between-group effects over time were
examined using a two-way mixed-design ANOVA (group
x time). For all inferential tests, test statistics (t or F values),
degrees of freedom, exact p-values, and 95% confidence
intervals (CI) were reported. Effect sizes were calculated
using Cohen’s d for t-tests and partial eta squared (n?,) for
ANOVA, interpreted as small (d = 0.20, nzp =0.01), medium
(d = 0.50, n?, = 0.06), and large (d = 0.80, n?, = 0.14). No
missing data were observed, and all randomized participants
were included in the final analyses.

Results

Assumption Testing

Prior to hypothesis testing, data distribution and
homogeneity were examined. Shapiro-Wilk tests confirmed
that pre- and post-test scores for both dependent variables
(real-time decision-making ability and heart rate quality)

Table 1. Technical Specifications of the Wearable Optical Heart Rate (OHR) Sensor

Specification Category Description
Manufacturer Commercially available wearable technology manufacturer (specified in study log)
Device Model Wrist-worn optical heart rate monitoring device using photoplethysmography (PPG)

Sensor Technology
Sampling Frequency
Filtering Algorithm

Multi-wavelength photoplethysmography (PPG) with integrated accelerometer
Approximately 25-50 Hz (adaptive sampling based on movement intensity)

Proprietary adaptive band-pass filtering algorithm designed to reduce baseline drift and high-

frequency noise while preserving beat-to-beat variability

Motion-Artifact Tolerance

High motion-artifact resistance supported by accelerometer-assisted correction and multi-

wavelength optical sensing, enabling reliable measurements during moderate-to-high intensity

movement

Signal Processing
at firmware level

Measured Parameters

Validation Method
laboratory conditions

Validation Metrics

Suitability for Sport Context
movements

Real-time heart rate computation with artifact suppression and smoothing algorithms implemented

Heart rate (HR), heart rate stability, and resting heart rate quality indices
Concurrent validity testing against standard electrocardiography (ECG) under controlled

Strong agreement with ECG measurements (Pearson correlation coefficient r = 0.94)

Validated for use in applied sport settings, including intermittent, explosive, and precision sport
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Table 2. Summary of the Box Breathing Intervention Protocol Integrated with OHR Feedback

Intervention Component Description

Total Intervention Duration 6 weeks
Session Frequency 3 sessions per week
Total Number of Sessions 18 sessions
Session Duration

Breathing Technique
Breathing Pattern

Number of Breathing Cycles 8-10 cycles per session
Timing Within Training
Wearable Device Usage

Integration of OHR Feedback

Approximately 25-30 minutes per session
Box breathing (controlled cyclic breathing)
4-4-4-4 seconds (inhale - hold - exhale - hold)

Conducted during warm-up, pre-task preparation, or recovery intervals depending on sport type
Athletes continuously wore the OHR sensor throughout each session

Real-time heart rate feedback used to monitor physiological stability and guide breathing pace;

breathing was adjusted when excessive heart rate fluctuations were detected

Feedback Modality
Sport-Specific Application

Visual heart rate display on wrist-worn device (real-time)

Precision (woodball): before accuracy tasks; Explosive (badminton): before high-intensity drills;

Intermittent (basketball): during short recovery phases

Supervision

Sessions supervised by trained researchers to ensure protocol adherence

were normally distributed (p > 0.05). Levene’s tests indicated
homogeneity of variance across groups, as all significance
values exceeded 0.05. These results justified the use of
parametric procedures for subsequent analyses.

Pre—-Post Comparison Within Groups

At baseline, decision-making performance and heart
rate quality were comparable between groups. Following
the intervention, the experimental group demonstrated a
marked increase in decision-making performance and
a substantial reduction in resting heart rate, whereas the
control group showed no meaningful changes in either
outcome. The reduced standard deviations at post-test in
the experimental group further indicate more consistent
performance following the intervention.

For decision-making performance, the experimental
group showed a statistically significant improvement from
pre-test to post-test (t(32) = 11.27, p < 0.001, 95% CI [0.86,
1.24]), with a large effect size (Cohen’s d = 1.96, large). In
contrast, the control group demonstrated no significant
change (t;; = -0.18, p = 0.86, 95% CI [-0.08, 0.07]), with a
trivial effect (Cohen’s d = 0.03, small). For heart rate quality,
the experimental group exhibited a significant reduction
in resting heart rate following the intervention (tg, = 9.04,
p < 0.001, 95% CI [-16.5, -10.2 bpm]), corresponding to a
large effect size (Cohen’s d = 1.57, large). The control group
showed no meaningful change (t;, = -0.22, p = 0.83, 95% CI
[-1.8, 1.4 bpm]), with a negligible effect (Cohen’s d = 0.04,
small). Overall, these results indicate that the box breathing

Table 3. Pre- and Post-Test Descriptive Statistics (Mean * SD)

intervention combined with OHR monitoring produced
large and practically meaningful effects on both cognitive
(decision-making) and physiological (heart rate quality)
outcomes, whereas routine training alone did not yield
statistically or practically significant changes.

A two-way mixed-design ANOVA (group x time)
revealed a significant main effect of time for decision-making
performance, F ¢, = 128.41, p < 0.001, partial n*> = 0.67,
indicating an overall improvement from pre- to post-test.
The main effect of group was also significant, F, ¢ = 62.35,
p < 0.001, partial n* = 0.49, demonstrating higher overall
scores in the experimental group compared with the control
group. Crucially, a significant time x group interaction was
observed, F(; o) =121.08,p <0.001, partialn*=0.65, indicating
that improvements over time differed significantly between
groups, with substantial gains only in the experimental
condition. For heart rate quality, the analysis showed a
significant main effect of time, F, ¢4y = 81.76, p < 0.001, partial
n* = 0.56, while the main effect of group was not significant,
F(1, 65 = 2.14, p = 0.15, partial n* = 0.03. Importantly, the time
x group interaction was significant, F; ¢4y = 78.92, p < 0.001,
partial n* = 0.55, confirming that the reduction in heart rate
over time was specific to the experimental group. Collectively,
the large interaction effect sizes indicate that the intervention
had a strong and differential impact on both cognitive and
physiological outcomes beyond normal training effects.

Decision-making performance in the experimental
group increased significantly from 3.43 + 0.42 at pre-test to
4.48 + 0.39 at post-test (p < .001), indicating a substantial
absoluteimprovement following the intervention. In contrast,

Outcome Variable Group Pre-test (Mean + SD) Post-test (Mean + SD)
Decision-Making Performance (score 1-5) Experimental (n = 33) 343 +0.42 4.48 +0.39
Control (n = 33) 3.42 +0.45 3.41+0.46
Heart Rate Quality (bpm) Experimental (n = 33) 111.13 £8.76 97.76 +7.94
Control (n = 33) 110.34 £ 9.01 110.11 + 8.88
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Table 4. Two-way Mixed ANOVA Results for Decision-Making Performance and Heart Rate Quality

Outcome Variable Effect F(df) p-value Partial n* Effect Size
Decision-Making Performance Time F(1, 64) = 128.41 <0.001 0.67 Large
Group F(1, 64) = 62.35 <0.001 0.49 Large
Time x Group F(1, 64) = 121.08 <0.001 0.65 Large
Heart Rate Quality Time F(1, 64) = 81.76 <0.001 0.56 Large
Group F(1,64)=2.14 0.15 0.03 Small
Time x Group F(1, 64) = 78.92 <0.001 0.55 Large

Note. Effect size interpretation followed conventional thresholds for partial n* small = 0.01, medium = 0.06, and large > 0.14.

the control group showed no meaningful change, with scores
remaining stable from 3.42 + 0.45 to 3.41 + 0.46 (p = .86).
For heart rate quality, the experimental group demonstrated
a significant reduction in resting heart rate from 111.13 +
8.76 bpm at baseline to 97.76 + 7.94 bpm post-intervention
(p <.001), reflecting improved physiological regulation. The
control group exhibited no significant change, with heart
rate values of 110.34 + 9.01 bpm at pre-testand 110.11 + 8.88
bpm at post-test (p = .83).

Results Description Based on Graphs

Experimental Group - Decision Making

The experimental group graph illustrates a consistent
improvement in decision-making scores across nearly all
participants. Pre-test values ranged from 2.33 to 4.00, while
post-test scores increased to between 3.33 and 5.00. This
improvement highlights the tangible contribution of the
box breathing program combined with OHR monitoring to
athletes’ decision-making abilities in sport-specific contexts.

Experiment - Decision Making
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Fig. 1. Experimental Group - Decision Making

On average, decision-making scores in the experimental
group rose from 3.43 at pre-test to 4.48 at post-test, equivalent
to a 30.59% increase. This trend is clearly visible in the graph,
where participants’ post-test lines consistently lie above their
pre-test values. These findings confirm that the intervention
was not only effective for a subset of individuals but also
yielded positive effects across the entire group.

Experimental Group - Heart Rate Quality

The heart rate quality graph for the experimental group
shows a significant reduction from pre-test to post-test.
Before the intervention, the average resting heart rate was

111.13 bpm, which decreased to 97.76 bpm after six weeks of
training. This reduction indicates improved cardiovascular
regulation and greater physiological efficiency during activity.

Experiment - Heart Rate Quality
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Fig. 2. Experimental Group - Heart Rate Quality

Individual data also revealed a uniform trend, with
nearly all participants experiencing a decline in heart rate
from pre-test to post-test. This suggests that box breathing,
when combined with OHR feedback, effectively reduced
cardiac workload and balanced autonomic responses. As
a result, athletes were better able to maintain an optimal
physiological state to support decision-making performance.

Control Group — Decision Making

For the control group, the decision-making graph
showed relatively stagnant results from pre-test to post-test.
The average score changed only slightly, from 3.42 to 3.41,
reflecting a minimal decline of -0.29%. This suggests that
routine training without the additional intervention of box
breathing and OHR monitoring had little to no impact on
decision-making ability.

Control - Decision Making

Mean Pre-test (3.43)
Mean Post-test (3.43)
9 -

Decision Making Score

0 5 10 15 20 25 30
Participant No.

Fig. 3. Control Group - Decision Making
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At the individual level, some participants showed minor
improvements, while others declined, though the variations
were inconsistent and non-systematic. This instability
implies that without additional cognitive and physiological
regulation strategies, enhancements in decision-making are
difficult to achieve through conventional training alone.

Control Group — Heart Rate Quality

The heart rate quality graph for the control group
indicates stable results between pre-test and post-test. The
average heart rate decreased only marginally from 110.34
bpm to 110.11 bpm, representing a negligible difference of
-0.21%. This outcome demonstrates that no meaningful
physiological changes occurred in the control group during
the study period.

Control - Heart Rate Quality
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Fig. 4. Control Group - Heart Rate Quality

Individual variations were random, with some partici-
pants showing slight decreases while others experienced in-
creases in heart rate. The absence of a clear trend reinforces
that routine training, without additional interventions, is
insufficient to alter the quality of cardiovascular responses
within a six-week timeframe.

Discussion

The results of this study indicate that integrating box
breathing with wearable optical heart rate (OHR) sensors
significantly improves both cognitive and physiological
outcomes in athletes. Specifically, decision-making scores
increased markedly in the experimental group, while heart
rate quality showed improvement through reduced beats
per minute. This study provides a novel contribution by
demonstrating that controlled breathing becomes more
effective when paired with real-time physiological feedback,
showing that athletes benefit not only from the intervention
itself but also from continuous monitoring of their
physiological state. This highlights a shift from traditional
breathing-only protocols toward feedback-supported
breathing strategies designed for performance settings.

Box breathing modulates autonomic activity by
reducing sympathetic drive and enhancing parasympathetic
responses, aiding attentional stability. However, unlike
previous research focusing solely on breathing effects, our
findings emphasize that performance gains were reinforced
through wearable feedback, helping athletes self-correct

during training. Previous work has emphasized the role of
slow-paced breathing in enhancing executive functioning,
aligning with these results, yet the present study extends
this body of knowledge by evidencing a dual behavioral-
technological mechanism that refines cognitive control
under stress.

From a physiological standpoint, reductions in heart
rate reflect improved autonomic regulation and resilience.
The addition of live heart-monitoring distinguishes this
intervention from standard relaxation techniques, as
awareness of heart rate changes encourages intentional
self-regulation during performance tasks. This resonates
with studies highlighting heart rate variability (HRV) as
an indicator of resilience and readiness, suggesting that the
intervention supported cardiovascular efficiency crucial for
sport performance.

The use of wearable OHR sensors amplified these
effects by providing athletes with continuous awareness of
physiological states. Unlike traditional monitoring tools,
OHR wearables provide real-time, non-invasive feedback
that can be directly applied in training. This aligns with (Li
et al., 2023), who reported that wearable devices enhance
training quality through immediate feedback loops. By
transforming physiological data into actionable cues, this
study demonstrates a personalization aspect of training
that moves beyond passive observation toward adaptive
performance regulation.

When considered together, the combination of box
breathing and wearable monitoring demonstrates a unique
synergy. Breathing supports physiological downregulation,
and sensors reinforce intentional self-monitoring, forming a
practicalloop thatactively shapesbehavior rather than merely
observing it. Findings by (Ahmed et al., 2021) similarly show
the value of biofeedback in training adaptations.

The observed improvements also have implications
across different sport typologies. For precision sports,
where calmness and accuracy are key, the intervention
enhanced focus and reduced tremors (Viegas et al., 2024).
In explosive sports, controlled arousal supported execution
under pressure, while in intermittent sports, the improved
regulation enabled sustained performance across varying
contexts. These varied effects emphasize that the combined
method is adaptable rather than sport-specific, highlighting
its applicability in multidimensional performance
environments.

Comparisons with earlier studies confirm consistencies
and extend current evidence (Sbrollini et al., 2024)
emphasized breathing and attention, while this study adds
that sensor-supported breathing yields measurable gains in a
relatively short intervention period (six weeks) (Kittel et al.,
2025). This aligns with flow theory, where balanced arousal
and attention lead to optimal performance (Baskar et al.,
2023).

In relation to sport psychology, the intervention supports
the dual-process model by improving athletes’ ability to shift
from impulsive to deliberate decision-making, consistent
with (Kanwal et al., 2022; Bonnechére et al., 2022). Unlike
long-term mindfulness programs, the results here show that
a short, structured, and technologically supported practice
can generate meaningful changes, diverging from the
extended formats common in ((Cardinal-Fernandez et al.,
2024; Schipke et al., 2022).
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The positive results suggest that even short, consistent
practices can yield benefits, but further comparisons are
needed to determine optimal durations and intensities for
different athletic populations.

Cultural and contextual factors may further shape
outcomes. Athletes from cultures with established breathing
traditions (e.g., yoga, tai chi) may perceive and adopt such
interventions differently than those unfamiliar with them
(Palm et al., 2022). Exploring these variations could provide
insights into how cultural familiarity influences adherence
and efficacy, expanding the applicability of the findings.
Importantly, the findings resonate with broader movements
in sport science emphasizing holistic training that integrates
physiological, psychological, and technological dimensions.
Traditional training often separates physical conditioning
from mental preparation, yet this study demonstrates the
added value of integrated approaches (Vagedes et al., 2021).
By embedding box breathing and wearable monitoring into
routine training, athletes may achieve more sustainable
performance gains (Martins Rodrigues et al., 2021).

Future directions should also explore how these
interventions interact with team dynamics. Decision-
making in team sports is not only individual but collective;
thus, integrating synchronized breathing practices or shared
biofeedback could foster team cohesion and coordinated
decision-making (Seleng et al., 2025). Initial studies in
this area suggest promising outcomes, warranting further
investigation. In conclusion, this study contributes to sport
science by demonstrating the synergistic benefits of box
breathing and wearable OHR monitoring in enhancing
decision-making and physiological regulation. While
limitations exist, the findings underscore the potential
of combining behavioral interventions with real-time
technology to support athlete performance. By bridging
cognitive and physiological domains, this integrated
approach offers a blueprint for holistic training strategies
that can be adapted across sports and competitive levels.

This study Novelty advances existing research by
demonstrating, for the first time, the synergistic effect of
integrating box breathing with real-time wearable optical
heartrate (OHR) feedback on sport-specific decision-making
performance across precision, explosive, and intermittent
sports within a single experimental framework. Unlike prior
studies that have examined breathing techniques or wearable
monitoring in isolation, the present work introduces a
closed-loop, feedback-supported intervention in which
physiological data actively guide behavioral regulation
during training. Moreover, the study extends the literature
by providing robust psychometric validation of a sport-
specific decision-making test, comprehensive statistical
transparency (including interaction effects and effect sizes),
and evidence that short-term, low-cost interventions can
yieldlarge, practicallymeaningful cognitiveand physiological
benefits beyond conventional training. Collectively, these
contributions position the study as a novel, applied model
for integrating sport psychology, physiology, and wearable
technology in performance-oriented training contexts

The present findings demonstrate that combining box
breathing with real-time optical heart rate (OHR) feedback
produces substantial improvements in decision-making
performance and physiological regulation, as evidenced by
large time X group interaction effects and marked absolute

pre—post changes in the experimental group. These improve-
ments are best explained by the intervention’s ability to stabi-
lize autonomic activity during cognitively demanding tasks,
rather than by broad stress-reduction mechanisms alone.
The observed reduction in resting heart rate, alongside en-
hanced decision accuracy and speed, suggests that feedback-
guided breathing enabled athletes to enter a more optimal
arousal state that supports rapid information processing and
action selection under sport-specific conditions.

Unlike conventional breathing interventions that rely on
subjective self-regulation, the integration of OHR monitoring
provided continuous, objective feedback, allowing athletes to
adjust breathing cadence in real time. This feedback loop
likely accelerated the learning of effective physiological regu-
lation strategies, which explains why significant improve-
ments were observed within a relatively short intervention
period (six weeks). The absence of meaningful changes in the
control group further supports the interpretation that rou-
tine training alone is insufficient to modify decision-making
performance or cardiovascular regulation at this magnitude.

Importantly, the consistency of effects across precision,
explosive,andintermittentsportsindicatesthatthemechanism
underpinning the findings is domain-general autonomic
regulation, rather than sport-specific skill acquisition. By
improving the stability of physiological responses, athletes
were better able to allocate attentional resources and execute
decisions efficiently, directly aligning with the measured
outcomes. Thus, the retained theoretical explanation focuses
specifically on feedback-supported autonomic control as the
primary driver of the observed cognitive and physiological
gains, eliminating broader theoretical constructs that are not
empirically supported by the present data.

Limitations

Several limitations of the present study should be ac-
knowledged. First, the intervention duration was relatively
short (six weeks); although significant effects were observed,
longer intervention periods are required to determine the sus-
tainability and long-term transfer of the observed cognitive
and physiological improvements. Second, the sample consist-
ed exclusively of male athletes, which limits the generalizabil-
ity of the findings to female athletes and mixed-gender popu-
lations. Third, despite using validated devices, optical heart
rate (OHR) sensors are susceptible to motion artifacts during
highly dynamic movements, which may affect signal preci-
sion, particularly in explosive and intermittent sport contexts,
even though mitigation algorithms were applied. Fourth, the
study focused on performance and physiological outcomes
and did not include direct psychological measures such as per-
ceived stress, attentional control, or working memory, which
would have allowed a more comprehensive explanation of the
mechanisms underlying decision-making improvements. Fi-
nally, although athletes from different sport types (precision,
explosive, intermittent) were included to enhance ecological
validity, the study did not conduct sport-specific differential
analyses, thereby limiting conclusions regarding whether the
magnitude of effects differed across sport categories.

Practical Implications

The findings of this study provide clear guidance for coach-
es seeking to enhance athletes” decision-making and physi-
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ological regulation under competitive conditions. Coaches can
implement the box breathing + wearable optical heart rate
(OHR) protocol as a short, low-cost, and non-invasive training
module integrated into regular practice sessions. Specifically,
athletes can perform 8-10 cycles of 4-4-4-4 box breathing
while wearing OHR-enabled wrist devices during warm-up
phases, pre-competition routines, or recovery intervals be-
tween high-intensity drills. Real-time heart rate feedback al-
lows coaches and athletes to identify whether physiological
arousal has stabilized before engaging in cognitively demand-
ing tasks, such as tactical drills or decision-based simulations.

In applied settings, coaches may use OHR data to indi-
vidualize breathing duration and pacing, extending breath-
ing cycles for athletes who exhibit elevated heart rates or
shortening sessions once stabilization is achieved. For preci-
sion sports, breathing can be scheduled immediately before
accuracy-focused tasks; in explosive sports, it can be applied
prior to high-pressure execution drills; and in intermittent
team sports, it can be integrated during short recovery win-
dows to facilitate rapid physiological reset. Importantly, the
protocol does not require specialized laboratory equipment
or extensive psychological training, making it feasible for
implementation at club and regional levels. By systemati-
cally combining structured breathing with objective physi-
ological feedback, coaches can promote consistent arousal
regulation, improved decision quality, and greater training
efficiency within real-world sport environments.

Conclusion

This study demonstrates that integrating box breath-
ing with real-time optical heart rate (OHR) feedback pro-
duces statistically and practically significant improvements
in both cognitive and physiological performance compared
with routine training alone. Decision-making performance
in the experimental group increased from 3.43 + 0.42 to 4.48
+ 0.39, supported by a large time x group interaction effect
(F(1,64) = 121.08, p < .001, partial n> = 0.65), while no mean-
ingful change was observed in the control group. Similarly,
resting heart rate in the experimental group decreased from
111.13 + 8.76 bpm to 97.76 + 7.94 bpm, with a significant
time x group interaction (F(1,64) = 78.92, p < .001, partial
n* = 0.55), whereas the control group showed no signifi-
cant reduction. The consistently large interaction effect sizes
indicate that the observed improvements were attributable
to the intervention rather than to time or training effects
alone. Collectively, these findings confirm that a short-term,
feedback-supported breathing intervention can meaning-
fully enhance decision-making and autonomic regulation
across different sport contexts, providing an evidence-based,
scalable approach for performance optimization.
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CunHepria TeXHONOrii NOPTAaTUBHOIO AaTYMKa ONTUYHOro
BMMipIOBaHHA YacTOTU CepPLIEBNX CKOPOUYEHb Ta TeXHIKM
KBaZipaTHOro ANXaHHA NPU YXBaNeHHi pilleHb

y peXxumi peanibHOro 4acy B BUCOKOTOUHUX, WBNAKICHO-
CMNOBUX Ta iIHTEpBaNbHUX BUAAX CNOPTY

Amnrra Imppa Kycyma'ABCPE, SJuppika ®edpian Pocmi'APCPE,

Nyx Iyty Tyri Apiani**E°PE, I Tege Orapma Yramasica

1ABCDE

"YuiBepcurer Acouianii BunTesnis Pecrry6niku Inponesia «Ani Byana»

*YuiBepcurer ocitu [aHemna

ABTOpPCHKMIT BT A — Au3aitH gocmipkeHHs; B — 36ip ganux; C - crataHanis; D — migroroska pyxonucy; E - 36ip KOIITIB

Pedepar. Crarra: 11 c., 4 Tab1., 4 puc., 21 mKepeno.

OOrpyHTyBaHHA. YXBa/IeHHA pillleHb Yy PeXXKMMi peaTbHOTO Yacy € KPUTUYHUM BU3HAYaTbHUM YMHHUKOM Pe3y/IbTaTUBHOCTI

Y BUCOKOTOYHMX, MIBUJKICHO-CMIOBMX (BMOYXOBUX) Ta iHTepBa/lbHMX BUJAX CIHOPTY, A€ CHOPTCMEHN IIOBMHHI [ifATH B yMOBax
cmibHOro (i3ioNorivHOro Ta KOrHiTMBHOTO HaBaHTA)KEHH:A. BereraTmBHa HUCpeTy/IALlis MOXKe IIOTipIIyBaTyi KOHTPO/Ib YBaru Ta
TOYHICTD IPUITHATTS pillieHb, 10 MiIKPeCIoe HeoOXifHICTh 3aCTOCYBAHHS IHTETPOBAHNX 3aXO/IiB, SIKi OfHOYACHO CIPSIMOBaHI Ha
¢isionoriuHy perynAiiio Ta KOTHITMBHY TOTOBHICTb. JIOCATHEHHS Y rajTy3i TeXHOIOTII IOPTATUBHUX JATYMKIB J/I ONITUYHOTO BY-
MipIoBaHHA 4acToTy cepleBux ckopodeHb (OUCC) BinkpuBalOTh HOBI MOXXIMBOCTI IS MIATPMMKM TaKUX 3aXOZiB 3a JOIOMOTOI0
(hi3io/orivHOrO 3BOPOTHOTO 3B A3KY B PEXVMI peasbHOTO Yacy.
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ITini. MeTa 11bOro JOC/I/PKEHHs TI0/IATa/Ia y BUBYEHHI BIUIMBY iHTerpaliil TeXHiK KBaipaTHOro (KOpOOKOBOIO) AIMXaHHs 3 BII-
KopucTaHHAM nmopTaTuBHoro faryrka OUCC 3 PyHKIIi€I0 3BOPOTHOrO 3B’ 13Ky Ha epeKTUBHICTD YXBaJICHH PillleHb y peaIbHOMY
4aci Ta AKICTb CEpPLIeBOr0 PUTMY Y CIIOPTCMEHIB, AKi 3a/IMalOThC BUCOKOTOYHMMM (Bymb60m), mBuAKicHO-cymoBuMY (6aMiHTOH)
Ta iHTepBaIbHUMM (6acKeTOOM) BULAMU CIIOPTY.

Marepianu Ta MeToau. 3aCTOCOBAHO KBasieKCIIEpMMEHTAIbHMII IM3aiiH KOHTPO/IbHOI TPy i3 MPOBEJIEHHAM IIPETeCTy Ta
nocrrecty. HlictaecaT micTh ciopTcMeHiB-40/10BikiB (Bik: 21.3 + 1.8 poKy) 6y/10 pO3HOJi/IeHO 3a METOIOM paHAOMi3allil Ha eK-
HepUMeHTaIbHY IpyIry (n = 33) Ta KOHTponmbHY Tpymy (n = 33). ExcriepuMeHTanbHa TpyIa BUKOHYBana 18-ceciiiny (6-T1oKHEBY)
IIPOrpaMy 3a METOAMKOI KBaJIpaTHOTO JUXaHH4, iHTerpoBany 3 MoHiTopuHroM OYCC y pexxumi peabHOro yacy, Tofii AK KOHTP-
OJIbHA TPYIa JOTPUMYBanacsA CTaHAAPTHNUX TpeHyBaHb. EQeKTUBHICTb yXBajleHHA pillleHb OIiHIOBaIacA 3 BUKOPMCTAHHAM BaJli-
JOBAHOTO KOMIT I0TEPU30BAHOTO TECTY [l KOHKPETHOIO BUJY CIIOPTY, a SIKICTb CepLieBOro pUTMY BIUMIpIOBa/Iacs 3a JOIIOMOTIOI0
nopraruBHux garunkis OUYCC. [JaHi mpoaHani30BaHO 3 BUKOPUCTAHHIM t-KpuUTepilB /i MapHKUX BUOIpOK Ta [BOPAKTOPHOTO
AucHepciitHoro aHasisy sMilraHoro fusaitHy (rpymna X 4ac) Ha piBHi o = 0.05 i3 3a3Ha4eHHAM po3Mipis edekry.

Pesynbrati. ExcriepuMeHTaIbHa IpyIa IIPOJEMOHCTPYBala 3HAUHe NOIIIIIEHH ITOKa3HUKIB 1107j0 e(eKTMBHOCTI yXBa-
neHHs pimeHs (3 3.43 + 0.42 1o 4.48 £ 0.39; +30.59%; p < 0.001; d Koena = 1.96) Ta sIKOCTi ceprieBOro purMmy, 110 Bifo6pakamocs
y 3HIDKEHHI 4aCTOTH CeplieBMX CKOPOYeHb y cTaHi criokoro (Big 111.13 + 8.76 ya./xB mo 97.76 + 7.94 ynu./xB; —12.03%; p < 0.001;
d Koena = 1.57). Big3anaueHo icToTHi B3aeMopii Mi>k 4acoM Ta TPYIIOKO JIs1 yXBa/IEHHSA PillleHb (F(1,64) = 121.08, p < 0.001, yacT-
koBe 1* = 0.65) Ta sikocTi cepuesoro putmy (F(1,64) = 78.92, p < 0.001, yacTkoBe n> = 0.55). Y KOHTPOIbHIIT IPYIIi 3HAYYLIMX 3MiH
BUSIBJIEHO He OYI0.

BucnoBku. Pesynbraty OC/IiI)KEHHS CBijYaTh, IO IOEIHAHHA TEXHIKM KBa[PATHOTO IMXaHHSA 3 BUKOPUCTAHHAM II0PTaTHB-
Horo npuctporo OUCC 3 dyHKIiEI0 3BOPOTHOTO 3B’A3KY B PeXIMI PeabHOTO 4acy 3abesnedye iCTOTHe MOKpAllleHHs SIK edek-
TMBHOCTI yXBaJ/IeHHs pillleHb, TaK i (isiosoriunoi perysuii mopiBHAHO 31 CTaHZAPTHUMY TPeHYBaHHAMM. 3a3Ha4eHa iHTepBeHIIiA
METOAMKY AVMXAHHS 3 MiATPUMAHHAM (yHKIIIT 3BOPOTHOTO 3B SI3KY IIPECTABIAE COOO00 MaclITabOBaHY, OIO/PKETHY Ta HAYKOBO
0OIPYHTOBaHY CTpaTeTrio0 ONTUMi3allii KOTHITMBHOI Ta aBTOHOMHOI TOTOBHOCTI B Pi3HIX CIIOPTMBHIX KOHTEKCTAX.

KnrodoBi cnoBa: kBajipaTHe [UXaHH:A, HIOPTATUBHI JaTUYMKY, ONITMYHE BYUMipIOBaHHA YaCTOTY CepLieBUX CKOPOUEHb, yXBaJleH-
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Abstract

Objectives. The aim of the study was to investigate whether the implementation of Vinyasa yoga or Animal Flow
exercises alongside a structured sprint training programme would result in greater improvements in selected
performance and physiological variables among adolescent male sprinters compared with a control group that

performed sprint training only.

Materials and Methods. Forty-five high-school male sprinters (16.0 + 0.8 years) were randomly assigned to one of
three conditions in a 12-week randomized intervention: sprint training only (ST), Vinyasa Yoga plus sprint training
(VY+ST), or Animal Flow plus sprint training (AF+ST). All groups completed the same sprint training programme
three times per week, while the experimental groups additionally performed 45 minutes of adjunct training

on alternate days. Performance variables included 30-m sprint time, vertical jump height, and agility, whereas
physiological variables included flexibility, estimated aerobic capacity (Cooper 12-minute run test), and resting heart
rate. Pre- and post-test data were analysed using paired-samples t-tests and one-way ANOVA on change scores, with

effect sizes reported.

Results. Both integrative training groups demonstrated significantly greater improvements across all performance
and physiological variables compared with the ST group (p < .05). The VY+ST group exhibited comparatively larger
improvements in flexibility, estimated aerobic capacity, and resting heart rate, whereas the AF+ST group showed
greater gains in vertical jump performance and agility. Large between-group effect sizes were observed for all

outcome measures.

Conclusions. The findings suggest that supplementing sprint training with Vinyasa Yoga or Animal Flow is
associated with favourable and modality-specific adaptations in adolescent male sprinters. These integrative,
movement-based approaches may serve as complementary strategies within youth sprint training programmes.
However, given the indirect assessment of aerobic capacity and the absence of maturation control and a priori power

analysis, the results should be interpreted with caution.

Keywords: Vinyasa yoga, Animal Flow, sprint performance, integrative training, adolescent athletes, physical fitness.

Introduction

Sprint performance is a multidimensional sport-related
skill that is dependent on the interplay of neuromuscular
force generation, biomechanical efficiency, intermuscular
coordination, and metabolic support systems (Paradisis et
al., 2019; Yoshimoto et al., 2019). The importance of sprint
development is particularly attributed to performance in the
trackand field in adolescent athletes because sprinting is used

© Paulraj, V. A., & Parasuraman, T., 2026.
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to form the basis of performance in most school and academy
level sports. In traditional sprint training programmes,
priorities are commonly based on specificity, overload, and
technical perfection, and put more emphasis on acceleration
mechanisms, maximal velocity training, and strength power
attributes attained with repeated sprinting, plyometrics, and
resistance exercises (Derakhti et al., 2021). Although such
methods are effective, the recent biomechanical and training
studies indicate that neuromechanical and coordination-
relevant factors, instead of force production, can often be
the limiting factor of the sprint performance improvement
(Okudaira et al., 2021; Hicks et al., 2023).
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As new studies show, the sprint performance of a
person is being conditioned by the quality of movements,
the mobility of the joints, the stability of the trunk, and
the efficiency of the coordination of multi-segmental
movements at high running speeds (Edouard et al., 2022). In
adolescence, increased growth and neuromuscular maturity
would result in the realization of the further necessity of
training strategies to enhance mobility, tissue tolerance,
and neuromotor control in combination with conventional
sprint-specific loading (Long et al., 2024). As a result,
compliance with complementary training modalities that
would improve flexibility, postural control, and coordination
and generate a minimal increase in mechanical load or risk of
injury interest is growing. Yoga borrowed with other mind-
body forms including Vinyasa Yoga have focused on mind-
body movement practices in athletic conditioning settings
with a focus on controlled movement competence, breathing
control and movement patterns. Previous investigations
have reported that yoga-based interventions may improve
flexibility, balance, and selected cardiorespiratory parameters
in athletic and physically active populations (Chaouachi et
al., 2008; Polsgrove et al., 2019; Raj et al., 2021).

Systematic reviews and meta-analyses further suggest
small to moderate benefits of yoga and mindfulness-based
interventions on physical performance outcomes, although
the methodological quality of existing studies is variable and
population-specific evidence remains limited (Saraswati
et al., 2023; Gupta & Dhawan, 2022). Importantly, most
yoga-related sport studies have focused on psychological
outcomes or general fitness markers rather than sprint-
specific performance indicators. In parallel, functional flow-
based movement systems such as Animal Flow have emerged
as novel conditioning approaches characterised by ground-
based, quadrupedal locomotion, multi-planar transitions,
and body-weight control. These movement patterns place
high demands on trunk stability, shoulder-hip dissociation,
proprioceptive control, and intermuscular coordination
(Buxton et al., 2020).

The empirical research investigating the effectiveness of
quadrupedal movement training has found that it leads to
the improvement of the quality of functional movements,
joint range of motion, and dynamic balance during the short
to moderate-term period (Kullman et al., 2020; Buxton et
al., 2022). Subsequent works conducted energy-expenditure,
which provide proof of the moderate metabolic activity
of novice-level Animal Flow sessions, hint at possible
conditioning effects with minimum physiological stress
(Buxton et al., 2022). Nevertheless, there are few pieces of
direct evidence that can be used to connect Animal Flow-
based training with sprint-specific performance results. In
theory, the inclusion of a mobility oriented and coordination-
oriented adjuncts in the sprint training programmes can
play a role, with regards to performance, in more than one
way. Reduced braking forces and increased stride length in
the process of sprinting, and better force transmission in
acceleration and change-of-direction exercises because of
enhanced trunk stability and intermuscular coupling might
be enabled by enhanced joint mobility and flexibility (Ding
et al., 2023; Boynton et al., 2023). Also, practices about
breathing movement that regulate movements can affect
autonomic balance and recovery, which could facilitate
repeated bouts of very, very strenuous sprinting (Brown &

Gerbarg, 2005). In spite of these conceivable mechanisms,
empirical data involving the concomitant effects of sprint
training on yoga-founded or quadrupedal movement-
founded programs in adolescent athletes are nonetheless
but few. The recent sprint training literature highlights the
need to implement multimodal training regimens, especially
in young populations, to overcome coordination limits and
efficiency of movement in addition to the normal speed
development (Haugen et al., 2019; Skoglund et al., 2023).
However, most existing studies have examined resistance-
or plyometric-based adjuncts, with minimal attention
given to integrative movement practices that prioritise flow,
mobility, and neuromotor control. Consequently, there is
a clear gap in the literature regarding the potential role of
Vinyasa Yoga and Animal Flow as supplementary modalities
within structured sprint training programmes for adolescent
athletes.

Therefore, the purpose of the present study was to
examine the effects of integrating Vinyasa Yoga or Animal
Flow exercises with a standard sprint training programme
on selected sprint-related performance and physiological
variables in adolescent male sprinters. Specifically, changes
in 30-m sprint performance, vertical jump height, agility,
flexibility, estimated aerobic capacity, and resting heart rate
were evaluated following a 12-week intervention. It was
hypothesised that both integrative training approaches would
be associated with greater improvements in performance
and physiological outcomes compared with sprint training
alone. Additionally, it was expected that Vinyasa Yoga would
be more strongly associated with improvements in flexibility
and estimated aerobic capacity, whereas Animal Flow would
be more strongly associated with gains in explosive power
and agility.

Materials and Methods

Research Design

The present investigation employed a 12-week ran-
domized controlled experimental design with three paral-
lel groups to examine the effects of integrative movement-
based adjuncts combined with sprint training on selected
performance and physiological variables in adolescent male
sprinters. A pre-test—post-test structure was adopted to per-
mit both within-group and between-group comparisons.
Participants were randomly allocated to one of three groups:
(a) sprint training only (ST), (b) Vinyasa Yoga combined
with sprint training (VY+ST), or (c) Animal Flow combined
with sprint training (AF+ST). Random allocation was used
to reduce selection bias, and all training sessions were con-
ducted under supervised, standardized conditions.

Participants

The study involved forty-five healthy male high-school
sprinters (mean age = 16.0 + 0.8 years) who were involved at
will. All the participants were at least one year experienced
with systematic sprint-training, and were currently partici-
pating in school-run sprint competitions at recruitment.
People were not allowed to participate in the study in case
they had musculoskeletal injury, neurological disorder, or
medical condition that could impair high-intensity training.
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The participants were randomly divided into three (equal)
groups of participants (n = 15 per group) ST, VY +ST, and
AF +ST. The provisions of attendance at the training were
followed through the intervention period and only individu-
als who attended at least 90% of the entire scheduled training
were included in the final analysis. Age was not formally
measured (e.g. peak height velocity) because the sample was
adolescent. This element has been noted to be a limitation
when interpreting training-related adaptations. Parental and
participant consents were taken before their enrolment. Pro-
cedures employed were all ethically acceptable according to
the institutional standards.

Training Protocols

Everyone underwent the same sprint training programme
through the 12 weeks intervention period. The dynamic warm-
up activities, repeated short-distance sprints (30-60 m), ac-
celeration drills and sprint-specific-plyometric exercises were
made up of the programme, which was held thrice in a week
on alternate days. The intensity of sprints was between about
85 percent and 95 percent of maximal effort and the work to
rest ratio was about 1:6. The sprints took about 60 minutes,
which comprised the warm-up and cool-down periods.

The VY+ST and AF+ST couples had an extra 45
minutes adjunct training periods on alternative days,
not in conjunction with sprint sessions. Dynamic yoga
postures, asanas centered on movement, and sequences of
movement with rhythmic breathing were the main focus
of the Vinyasa yoga programme aimed at trunk stability,
movement control and flexibility. Animal Flow programme
involved organized, ground-based quadrupedal locomotor

formats, multi-planar transitions, and flow sequences
that were aimed at challenging coordination, core sales,
and neuromotor management. Each child was under the
guidance of an instructor who was qualified and had relative
certification in sprint training, yoga or Animal Flow. Groups
were standardized on training volumes and progression
with gradually increasing intricacies and time over the
intervention period. A summary of training protocols can
be seen in Table 1.

Outcome Measures

The performance-related and physiological variables
were evaluated by the measurement one week prior to (pre-
test) the 12-week training intervention and at the time of
(post-test) the intervention. The entire testing was done on
the same environmental conditions (temperature: 25 + 2 C;
time of day: 08:00-10:00 h) in order to reduce the effects of
diurnal and environmental variations.

Performance Variables

Sprint Performance: Sprint speed was measured by
a 30-m sprint test that was done starting off. They were
electronic timing gates with an error of within 0.01 s. All
subjects went through a series of 3 maximum-effort trials,
and the best time will be used to analyze them.

Vertical Jump Height: Lower-body explosive power was
measured a countermovement vertical jump test that was
measured by a Vertec device. Those involved were asked
to swing the arm three times, and the maximum height of
jumping (cm) was noted.

Table 1. Overview of 12-Week Training Protocols for Each Experimental Group

Component Control (ST) Vinyasa Yoga + Sprint (VY + ST) Animal Flow + Sprint (AF + ST)
Duration 12 weeks 12 weeks 12 weeks
Frequency 3 sessions - wk! (alternate days) 3 sessions - wk! (alternate days) 3 sessions - wk! (alternate days)

Session Length 60 min (10 min warm-up + 40

min sprints + 10 min cool-down)

Sprint Content Dynamic warm-up; 30-60 m
repeated sprints; acceleration
drills; plyometric bounding; work:

rest 1:6; intensity 85-95 % max

Supplement Focus -

Same sprint session + 45 min
Vinyasa Yoga on alternate days

Identical sprint content

Dynamic asanas emphasizing
flexibility, breathing control, and
mobility

Surya Namaskar A/B, Warrior
I-I11, Plank > Chaturanga,

Same sprint session + 45 min
Animal Flow on alternate days

Identical sprint content

Multi-planar, ground-based
locomotion emphasizing stability
and coordination

Ape, Beast, Crab, Scorpion, Side
Kick-Through, switches and flows

Downward Dog, Tree Pose

Representative -

Exercises

Supervision Sprint coach

Progression Gradual increase in sprint
intensity and volume

Recovery Strategy Passive rest between sprints (1:6

ratio)

Certified yoga instructor + sprint
coach

Extension of flow duration and
pose complexity

Yoga-based breathing and static
stretching

Certified Animal Flow instructor
+ sprint coach

Integration of longer continuous
flows and advanced transitions

Controlled mobility and
breathing sequences

ST = Sprint Training; VY + ST = Vinyasa Yoga + Sprint Training; AF + ST = Animal Flow + Sprint Training. All the groups undertook

36 sessions within 12 weeks.
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Agility: Agility was assessed by ensuring that the
respondents underwent the Illinois Agility Test whereby
participants were tested to walk very fast in many different
directions around the same cones that had been standardized.
Timing gates were electronic, and the trial time was faster
than this, so it was analyzed. The investigators conducted
all performance tests in the same manner with standardized
procedures to make the results consistent and reliable.

Physiological Variables

Flexibility: Flexibility in the case of the assessment was
measured by the sit-and-reach test that was conducted on a
standard sit-and-reach box. Three trials were done and the
farthest distance travelled (cm) was noted.

Aerobic Capacity: It was determined indirectly by using
the Cooper 12-minute run test. The total distance travelled
was worked out to be in estimated maximal oxygen uptake
(VO,max, ml-kg'-min™) based on the developed regression
equation. Since this is a field-based estimation, the results
are perceived as estimated aerobic capacity and not the
direct VO, max.

Resting Heart Rate: Resting heart rate was the measure
of heart rate in a seated position after five minutes of silent
rest with the use of a validated heart-rate monitor. The
minimum stable beat per minute value was entered.

Statistical Analysis

IBM SPSS statistics (version 26.0) were used to analyse
data. The descriptive statistics are given in the form of the
mean + standard deviation. The Shapiro-wilk test and Levene
test were used to check data normality and homogeneity
of variance respectively. Paired-sample t-tests were applied
to compare within-group pre and post scores, whereas the
paired-sample t-tests could not determine the differences
between groups, and one-way (ANOVA) analysis of variance
was done on the change scores. In case of large F-values,
Tukey HSD post-hoc tests were used in order to determine
pairwise differences. The statistical test was determined to be
p <.05. To be able to interpret the practical relevance, effect
sizes were computed. Within-group effects were analysed
with Cohen d (small =0.20, medium = 0.50, large = 0.80), and
ANOVA effects (small = 0.01, moderate = 0.06, large = 0.14)
to assess the effects, based on the existing methodological
recommendations. Pragmatic factors included in an a priori
power analysis were not performed before the recruitment
of participants because of school-based availability of
athletes. Therefore, there must be more caution in regards
to the interpretation of effect size estimates and the findings
can be considered exploratory whether it is in regard to the
study design.

Results

The findings of the 12-week intervention are displayed
in performance-related and physiological variables in the
three groups. Table 2 presents descriptive statistics (mean
+ standard deviation) of pre-test and post-test measures,
whereas the change that exists within groups is summarised
in Table 3, and the difference that occurs between groups
is summarised in Table 4. The initial performance level

and physiological condition of the groups were similar in
terms of the baseline values as all the variables were similar
in baseline value. All statistical analyses were conducted
according to the procedures outlined in the Methods section,
and findings are reported without interpretative inference.

Table 2. (Mean + SD) for Performance and Physiological
Variables at Pre- and Post-Test (N = 45)

Variable S Pre-test Post-test %
(M+SD) (M+SD) Change
30 m Sprint (s) ST 5.14+0.24 5.08£0.21 12
VY +ST 513+0.26 4.82+022 6.0]
AF+ST 512+0.23 479+£0.20 6.5
Vertical Jump (cm) ST 372+28 381+3.0 241
VY +ST 375+27 418+29 1157
AF+ST 376+£26 43.0+27 1447
Agility (s) ST 18.41 +0.63 18.32+0.60 0.5]
VY + ST 1835+£0.59 17.72+0.53 3.4
AF +ST 1833+0.57 1746 +0.51 4.7
Flexibility (cm) ST 234+3.1 24.0£3.0 257
VY +ST 233+32 285+34 2231
AF+ST 235+3.1 272+33 1571
VO,max ST 412+34 419£3.6 1.71
(mlkg'min™) vy, T 413435 461+38 1161
AF+ST 415+£33 452+36 891
Resting HR (bpm) ST 785+43 778142 -09]
VY +ST 782+4.1 740+£39 -54|
AF+ST 781+42 751140 -38]

ST = Sprint Training Only; VY + ST = Vinyasa Yoga + Sprint
Training; AF + ST = Animal Flow + Sprint Training. | = decrease
(improvement in time or heart-rate measure); 1 = increase
(improvement in capacity).

Descriptive statistics (mean + SD) for all performance
and physiological variables at pre-test and post-test for
the three groups are presented in Table 2. At baseline, no
substantial differences were observed among groups across
any measured variable, indicating comparability prior to the
intervention. Across the 12-week intervention period, the
Vinyasa Yoga plus Sprint Training (VY+ST) and Animal
Flow plus Sprint Training (AF+ST) groups demonstrated
greater mean changes in all outcome variables compared
with the Sprint Training only (ST) group. The ST group
showed only minimal changes across performance and
physiological measures.

Results of the paired-samples t-tests are summarised
in Table 3. The ST group did not demonstrate statistically
significant pre-post changes in any performance or
physiological variable (p > .05), with effect sizes classified
as small across all measures. In contrast, both experimental
groups exhibited statistically significant within-group
improvements (p < .05) across all outcome variables. In the
VY+ST group, large to very large effect sizes were observed
for flexibility, estimated aerobic capacity, 30-m sprint
performance, and resting heart rate. The AF+ST group also
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Table 3. Within-Group Paired-Samples t-Test Results for
Performance and Physiological Variables (N = 45)

Variable Group ( dfi 14) P Col(llen’s Effect Size
30 m Sprint (s) ST 1.62 124 0.32 Small
VY+ST 521 <.001 1.35 Large
AF+ST 563 <.001 145 Large
Vertical Jump (cm) ST 1.02 324 0.21 Small
VY +ST 6.02 <.001 155 Large
AF+ST 7.18 <.001 1.85 Verylarge
Agility (s) ST 0.82 428 0.8 Small
VY+ST 476 <.001 123 Large
AF+ST 503 <.001 129 Large
Flexibility (cm) ST 0.91 376 0.19 Small
VY +ST 824 <.001 213 Verylarge
AF+ST 697 <.001 183 Large
Estimated VO,max ST 1.21 246  0.26 Small
VY +ST 574 <.001 146 Large
AF+ST 493 <.001 128 Large
Resting HR (bpm) ST 0.98 341 0.20 Small
VY +ST  3.42 .004 0.88 Large
AF+ST  2.86 .012  0.74 Moderate

Note: Cohen’s d: small = 0.20, medium = 0.50, large = 0.80.
VO,max values represent field-based estimates.

demonstrated large within-group effects, particularly for
vertical jump height, agility performance, and sprint time.
These findings indicate that the addition of either integrative
movement-based intervention was associated with greater
within-group changes compared with sprint training alone.

One-way ANOVA was used to analyze between-group
differences in change scores and the results were tabulated
in Table 4. All variables of performance and physiological
effects also showed significant group effects (p < .001). The
magnitude of the differences between groups (n?,) ranged
between 0.35 and 0.59 representing large effect sizes between
groups on the outcomes. The analyses of post-hocs showed
that both groups of the experiment had significantly better
sprint time (30 m), vertical jump height, agility, flexibility,
estimated VO,max, and resting heart rate compared to the
ST group (p<.01). There were no statistically significant
differences in 30 m sprint performance or in the resting

heart rate of VY+ST and AF +ST groups. Nonetheless,
specific modality variations were detected in the selected
variables. AF+ST group showed much improvement as
compared to VY +ST group in vertical jump height and
agility performance (p<.05). On the other hand, VY+ST
group showed far more improvements compared to the
AF+ST group on the flexibility and the estimated aerobic
capacity (p<.05). The cumulative findings suggest that
the inclusion of Vinyasa Yoga treatment or Animal Flow
sessions in a structured sprint training intervention was
currently related to an increase in sprint performance in
sprint-related variables, as well as physiological variables,
then sprint training alone. Whereas both conditions of the
experiment indicated positive adjustments, the response
pattern to interventions varied, with flexibility and the
estimated aerobic capacity presenting more growth in the
VY+ST group and explosive power and agility presenting
more increase in the AF+ST group.

Discussion

The aim of the current research was to compare the
changes in the sprint-related performance of the adolescent
male sprinters and physiological variables changes with the
Vinyasa Yoga or Animal Flow exercises plus a structured
sprint training programme in comparison to what their
sprint training alone achieved. The main results are that
both integrative interventions were related to much more
significant differences in sprint performance, explosive
power, and agility, flexibility, and estimated aerobic
capacity and resting heart rate than the control condition.
Notably, the adaptation pattern had been varied in the two
adjunct modalities implying that the associations between
the modalities were not comparable but rather modality-
specific. It is an intricate interaction of neuromuscular force
generation, intermuscular coordination, and biomechanical
efficiency that affects sprint performance, and especially
acceleration and maximal velocity (Paradisis et al., 2019;
Haugen et al., 2019).

More recent biomechanical theories include the point
that performance gains in sprinting are often limited by
coordination and movement economy, as opposed to
the highest force output per se, particularly in younger
athletes (Okudaira et al., 2021; Hicks et al., 2023). In this
context, the more significant improvement rates in the both
experimental groups can be associated with the increased
quality of movement and neuromotor control made possible
by the adjunct training modalities. The Vinyasa Yoga and
sprint training (VY + ST) condition showed relatively

Table 4. Between-Group One-Way ANOVA on Change Scores for Performance and Physiological Variables (N = 45)

Variable | S P n’ Effect Magnitude Post-hoc (Tukey HSD)
30 m Sprint (s) 19.54 <.001 48 Large VY + ST < ST*, AF + ST < ST*
Vertical Jump (cm) 27.33 <.001 .57 Large AF + ST > ST*, AF + ST > VY + ST+
Agility (s) 22.11 <.001 51 Large AF + ST < ST*, AF + ST < VY + ST+
Flexibility (cm) 30.62 <.001 .59 Large VY + ST > ST*, VY + ST > AF + ST+
Estimated VO,max 24.85 <.001 .54 Large VY + ST > ST*, VY + ST > AF + ST+
Resting HR (bpm) 11.07 <.001 .35 Large VY + ST < ST*, AF + ST < ST*

Note: p < .01 vs Sprint Training only (ST). T p < .05 between experimental groups. n?, > 0.14 indicates a large effect.
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bigger changes in flexibilities, estimated aerobic capacity
and resting heart rate. Unstable joint vascularisation, trunk
stability as well as breath-coordinated movements are the
focus of dynamic yoga exercises, which can promote more
effective movement patterns and autonomic responses
(Chaouachi et al., 2008; Polsgrove et al., 2019). Flexibility
has been found to increase and various cardiorespiratory
variables found to improve with yoga-based interventions
in groups of athletes and physically active individuals, but
different meta-duration of yoga interventions and intensity
result in varying outcomes (Raj et al., 2021; Brunelle et al.,
2015).

These current data are aligned with this literature
and indicate that the Vinyasa Yoga incorporation can be
helpful in terms of physiology adaptation, especially in
case of the repeated high-intensity training where recovery
and movement economy is of concern. On the contrary,
the state of Animal Flow plus sprint training (AF+ST)
was related to more positive changes in the vertical jump
performance and agility. Movement systems that are
quadrupedal and flow-based are demanding on the trunk
stiffness, shoulder hip dissociation, and multiplanar force
transmission which are essential in explosive and change
of direction tasks (Buxton et al., 2020; Ding et al., 2023). It
has been shown empirically that quadrupedal movement
training has the potential to positively impact the quality of
functional movement, dynamic balance, and neuromuscular
coordination within rather brief intervention timeframes
(Kullman et al., 2020; Buxton et al., 2022). These adjustments
can perhaps be converted to high-performance lower limb
power expression and agility, as, in the current study,
observed. Developmentally, adolescence is a high-growth
neuromuscular and musculoskeletal phase, and during it,
training responses can be subject to maturation-related
factors (Long et al., 2024).

The present study did not directly measure biological
maturation and thus, the differences among the observed
groups only indicate that integrative movement-based
adjuncts can be incorporated to be used alongside traditional
sprint training to satisfy the demands of coordination and
mobility which are not always comprehensively addressed
with the use of sprint-specific drills only. In the development
of sprint race in youth, the application of multimodal
training methods to lessen the coordination limitation
and maximize the movement efficiency has received more
support (Nicholson et al., 2021; Skoglund et al., 2023). The
found changes in the resting heart rate and the enhancement
of estimated aerobic capacity of the VY+ST group are to be
seen with some caution. The test was conducted in an indirect
way, by measuring aerobic capacity by Cooper 12 minutes
run test instead of direct gas analysis, and, thus, indicates
the field-based estimates of the true maximal oxygen uptake
(Bandyopadhyay, 2014). However, the convergent changes
in resting heart rate and predicted aerobic capacity might be
evidence of favourable cardiovascular changes or enhanced
autonomic balance that have been attributed to mind awake
and breathing controlled interventions (Brown & Gerbarg,
2005). These adaptations can help to ensure recovery
between sprint bouts and not necessarily raise sprint speed
per se.

A number of methodological strengths underlie
internal consistency of current findings. The reliability

of the observed group differences is enhanced through
the use of a randomised controlled design where training
protocols are standardised, and tests are carried out under a
standard environment. Moreover, the performance-related
and physiological variables made it possible to examine
training-related adaptations in a wider range without
using a single result measure. Presentation of the effect
sizes in addition to statistical significance contributes to
interpreting practical relevance as well, which is consistent
with the modern methodological principles. Yet, there are
critical limitations that should be admitted. To begin with,
an a priori power analysis has not been performed and the
small size of the sample requires the large effect sizes to be
interpreted with caution. Second, the biological maturation
status was not evaluated and this might have had some effect
on the neuromuscular and physiological adaptation in this
adolescent group. Third, the aerobic capacity was estimated
indirectly and biomechanical or neuromuscular outcomes
(e.g., electro-myography or kinematic analysis) were not
used to clarify the underlying mechanisms of change. It,
therefore, makes it impossible to draw causal conclusions
about a particular physiological or biomechanical pathway.

Practically, the results indicate that the inclusion of
adjuncts to sprint training programmes which are focused
on low- to moderate-intensity movement which does not
require a significant increase in training load is a poten-
tially feasible strategy in facilitating performance-related
improvements in adolescent athletes. Vinyasa Yoga can be
more appropriate at the stage when mobility or recovery
needs to be optimal and overall physiological readiness, and
Animal Flow can be more appropriate at the stage when ex-
plosive power and agility have to be prioritized. Nonetheless,
practice should be customised according to the maturity of
athletes, their trainings, and work values in general. A num-
ber of gaps in the current research are the subject of future
research. Relationships between dose and response of inte-
grative movement interventions ought to be investigated and
maturation indices should be added to enhance better inter-
pretation among youth population like peak height velocity.

Also, such combinations of field-based performance
assessment testing and biomechanical and neuromuscular
measurements would allow a better understanding of the
mechanisms behind the observed adaptations. External
validity would be further benefited by replication of
such protocols in female athletes and other sports, which
consist primarily of sprint events. Overall, despite the
methodological limitations, it is possible to say that the
current study has demonstrated that adding Vinyasa yoga
or Animal Flow to sprint training is linked with specific
and possibly complementary changes in male adolescent
sprinters. These results add to the existing research on
multimodal and movement-quality-oriented interventions
on the athletic development of youth.

Conclusions

The results of the current study are conducive to the
point that the combination of Vinyasa Yoga/Animal Flow
activities with a strength sprint training programme had
higher increases on the chosen variables of performance
and physiological parameters in teenage male sprinters
than usual sprint training alone did. It was both integrative
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methods that were associated with positive improvements
in sprint performance, explosive power, agility, flexibility,
estimated aerobic capacity, and resting heart rate and
changes through the 12 weeks intervention. There were clear
differences in patterns of adaptation between the two of the
adjunct modalities. The conditions of Vinyasa Yoga plus
sprint training were more related to the availability of the
improvement of flexibility and estimated aerobic capacity
alongside the resting HR, and the condition of Animal Flow
plus sprint training was more related to the achievement
of vertical jumping performance and agility. These results
suggest thatadjuncts that involve movement can be modality-
specific in benefits that can be used as complementary to
standard sprint training when implemented in a guided
and monitored application. The data must be taken with a
grain of salt considering the age of the test subjects who were
adolescents, the indirect method of testing aerobic capacity;
and the lack of maturation analysis and pre-research power
analysis. However, the current research provides the initial
evidence in accordance with the possible role of integrative
movement practices as the additional portions of youth sprint
training programmes. Future studies that use maturation
indices, biomechanical studies, and populations should be
considered to determine the mechanisms and how to use
over patient situations and in other contexts of sport.
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IHTerpaTnsHumi Bnams Bnpas Vinyasa Yoga ta Animal
Flow Ha cnpuHTepCbKYy pe3ynbTaTUBHICTDb i ¢pisionoriuHi
apanTauil y IOHMX CnpuHTepiB Yonosivoi craTi

1ABCD 2ABCD

Biktop A ITonpamx , T Ilapacypaman

'THIOCTAHCHKMIT IHCTUTYT TeXHOJIOTil Ta HayKM

ABTOpCHKNMIT BKIAM: A — [U3aiiH KOCTiIKeHHsT; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pedepar. Crarrs: 9 ., 4 Tab1., 24 mKepena.

Merta. MeTor0 OCi/KeHH:A Oy/I0 3’ICyBaTy, Yy BIPOBA/)KeHH: BIIpaB Vinyasa Yoga abo Animal Flow y moennanHi 3i cTpyk-
TYPOBAHOIO IIPOTPaMOI0 CIIPMHTEPCHKOrO TPEeHyBaHHs 3abesmnedye Oiblui 3MiHIM BUOPaHMX ITOKa3HMKIB PYXOBOI pe3y/IbTaTuB-
HOCTI Ta (i3i0/IOTiYHNX XapaKTePUCTHUK Y OHNX CIIPUHTEPIiB 40/I0Bi40i CTaTi HOPIiBHAHO 3 KOHTPOIBHOIO TPYIIOK0, IKa BUKOHYBasIa
JIMLIIe COPUHTEPChKE TPEHYBaHHA.

Marepiamu Ta MeToaM. Y JOCTPKEHH] B3A1MM y4acTb 45 y4HiB-cipuHTepiB 4onmoBivoi crari crapmmx xmacis (16,0 + 0,8
POKY), AKMX OY/I0 BUIIaJKOBMM UMHOM POSIIOf/IEHO HAa TPM IPYNH B MeXaX 12-TIHKHEBOrO PaHIOMi30BaHOTO €KCIEPUMEHTY:
nmue cipuHTepcbKe TpenysanHsA (ST), Vinyasa Yoga y noenHanHi 3i cipunTepcbknuM TpenysanHAM (VY+ST) ta Animal Flow y
noenHaHHi 3i cipuHTepchbknM TpenysanHAM (AF+ST). Vi rpynu BUKOHYBay OfHAKOBY IIPOTPaMy CIIPMHTEPCHKOIO TPEHYBaH-
HA TPUYi Ha TYDK[IEHD, TOAI K €KCIEePUMMEHTA/IbHI IPYIM JOLATKOBO BUKOHYBaIM 45-XBUINHHI JOIOMDKHI TPEHYBaHHSA Yepes
menb. Jlo MOKa3HVKIB PyXOBOI pe3y/IbTaTMBHOCTI Hajexxamn yac 6iry Ha 30 M, BMCOTa BePTUKAIBHOTO CTPUOKA Ta CIPUTHICTD, a
10 ¢isionoriYHNx MOKasHUKIB — IHYYKICTD, OlliHeHa aepobHa mparesnaTHicTs (12-xBuiHHNUIT 6iroBuit tect Kymepa) ta gactora
CeplLieBMX CKOPOYEHb Yy CTaHi crokor. [laHi 10 Ta Micasa eKCIepUMEHTY aHa/lisyBaln 3 BUKOPUCTaHHAM IIaPHUX t-TeCTiB i ofHO-
¢daxTopHOro AvcrepciitHoro aHamisy (ANOVA) fyist TOKa3HUKIB 3MiH, i3 IOfJaHHAM BelIM4IIH €eKTy.

Pesynbratu. O6upBi iHTerpaTMBHI TPeHyBa/IbHi IPYIM IPOEMOHCTPYBAIM CTATUCTIYHO 3HaUYylle O1/IbIIi MOKpallleHHsA 3a
BCiMa [TOKa3HMKAMI PYX0OBOI pe3y/IbTaTMBHOCTI Ta dizionoridanmu 3mMiHHMMIY TOPiBH:HO 3 rpymoio ST (p < 0,05). Ipyma VY+ST
BUSIBUJIA BITHOCHO Oi/IbIIN MOKpPaIleHHs MOKA3HNUKIB THYYKOCT, OLliHeHOI aepOoOHOI ITpare3JaTHOCTI Ta YaCTOTU CePLIEBUX CKOPO-
YeHb y CTaHi crokoio, Topi Ak rpyma AF+ST npopieMoHcTpyBaa 61IbIMil TPUPICT BICOTY BepTUKAIBHOTO CTPMOKA Ta CIIPUTHOC-
Ti. JI/1s1 BCiX pe3y/nbTaTMBHMX OKAa3HUKIB 3apikcOBaHO Be/MMKI MDKIPYIIOBI BeM4nMHM eeKTy.
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BucHoBkn. OTpuMaHi pe3ynbTaTyi CBiff4arh, IO JOIOBHEHHS CIPMHTEPCHKOrO TPEHYBaHHs BrpaBamy Vinyasa Yoga abo
Animal Flow acouitoerbcs 31 CHpUATINBUMK Ta MOJAIbHO-CIIeNUpIYHNMY aJalTaliAMN y IOHUX CIPMHTEPIB YOJIOBiUOI CTaTi.
Taki iHTerpaTyBHi, pyX0BO-OPi€HTOBAHI MiXOAU MOXYTb C/IyIyBaT¥ KOMIIJIEMEHTAPHMMU CTPATEriAMU B CUCTEMI MiIFOTOBKU
IOHUX CIIPUHTEPiB. BogHOYAC, 3 OIVIA/y HA HEIIPSAMMIL XapaKTep OLIIHKU aepOOHOI Ipalle3aTHOCTI, a TAKOXX BifICYyTHICTb KOHTP-
0J110 TIpOIIeciB 6i0MOTiYHOrO [O3piBaHHA Ta @ priori aHa/Ii3y CTATUCTUYHOI OTY>KHOCTI, OTPUMaHI pe3y/IbTaTu CIIif iHTeppery-
BaTH 3 06epexXHICTIO.

KmrouoBsi cmoBa: Vinyasa Yoga, Animal Flow, cipuHTepcbKa pe3synbTaTUBHICTD, iHTerpaTUBHE TPEHYBaHHSA, I0Hi CIIOPTCMEHN,
(hisnyHa MirOTOB/IEHICTD.
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Abstract

Objectives. The objective of this study was to compare the acute post-activation performance enhancement (PAPE)
effects of four squat-based conditioning protocols—bodyweight squats, BOSU-ball squats, resistance-band squats,
and weighted-vest squats—on countermovement jump (CM]J) performance in trained badminton players.

Materials and Methods. Twelve competitive badminton players (8 males, 4 females; age 21.5 + 2.1 years) with a
minimum of five years of playing experience participated in this randomized crossover study. Each athlete completed
all four squat protocols in a counterbalanced order, separated by 48-hour washout periods. CMJ height was measured
at baseline and at 4, 8, and 12 minutes post-conditioning using an inertial motion sensor (BTS G-Walk, Italy). A two-
way repeated-measures ANOVA (Protocol x Time) with Bonferroni-adjusted comparisons was applied to determine
the effects of each protocol and recovery interval on CMJ height.

Results. Significant main effects of Protocol (p =.001), Time (p =.004), as well as a significant Protocol x Time
interaction (p <.001), were observed. The weighted-vest protocol produced the greatest PAPE response, with CM]
height increasing from 29.7 + 0.9 cm at baseline to 33.2 + 0.8 cm at 8 minutes (an 11.8% improvement; p <.01).

The resistance-band protocol elicited a moderate enhancement, peaking at 31.1 + 1.3 cm at 8 minutes (p <.05).
Bodyweight and BOSU-ball squats produced minimal, non-significant variations in CM] performance. The 8-minute
interval consistently yielded the highest potentiation across the effective protocols.

Conclusions. Squat-based conditioning activities using external loading—particularly weighted-vest squats—

induce superior post-activation performance enhancement in badminton players compared with bodyweight or
unstable-surface squats. The findings indicate that a recovery interval of approximately eight minutes optimizes CM]
potentiation. Weighted-vest squats may therefore be recommended as an effective pre-competition activation strategy
for improving explosive lower-limb performance in badminton athletes.

Keywords: post-activation performance enhancement, squat protocols, weighted vest, resistance band, countermovement

jump, badminton players, crossover design.

Introduction

Post-activation performance enhancement (PAPE)
refers to the acute improvement in muscular power or
strength following a high-intensity conditioning activity. It
is increasingly recognised as a valuable strategy in explosive
sports to optimise performance in actions such as jumping,
sprinting, and rapid directional changes (Barreto et al., 2023;

© Dhaka, S., Sahu, M., Sonowal, K., Upadhyay, K., Terang, V.,
Singh, V., & Singh, S., 2026.
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Guo et al., 2022; Tillin & Bishop, 2009). PAPE’s physiological
mechanisms involve increased muscle temperature, blood
flow, activation, and muscle-tendon stiffness (Purovi¢ et
al., 2022). Post-activation potentiation, a key component of
PAPE, is influenced by enhanced phosphorylation of myosin
regulatory light chains and greater recruitment of high-order
motor units (Tillin & Bishop, 2009).

In badminton, characterised by intermittent power ac-
tions, including high-intensity jumps, turns, and lunges,
the ability to generate explosive force is crucial for both
offensive and defensive manoeuvres (Sudhakaran et al.,
2025). Recent studies have shown that resistance priming
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and dynamic warm-ups designed to induce PAPE can sig-
nificantly enhance key performance variables in badmin-
ton, such as agility, peak power, and change-of-direction
speed, offering athletes a competitive edge during match
play (Chua et al., 2021; Sudhakaran et al., 2025). These find-
ings underscore the practical relevance of PAPE protocols
for badminton players, as improvements in these physical
qualities directly translate to better on-court performance
and responsiveness.

Squat exercises of varying modalities have been widely
investigated as conditioning activities to elicit PAPE effects
on subsequent explosive performance. Three sets of ten
bodyweight squats have been shown to induce significant
improvements in CM] height at both 2 min (30.8 + 5.6 cm
vs. baseline 29.5 + 6.4 cm, p = 0.045) and 4 min (30.8 +
6.1 cm, p = 0.037) post-conditioning in team-sport athletes,
indicating that even unloaded squats can provide sufficient
stimulus for acute potentiation (Bampouras & Esformes,
2020). Squats performed on unstable surfaces (e.g., BOSU
ball) yield PAPE effects on CM] and sprint performance
comparable to those of stable-surface squats, although they
impose greater balance demands and may increase injury
risk if the technique is not rigorously controlled (Gémez &
Rojas-Jaramillo, 2025). Incorporating elastic bands to cre-
ate variable resistance during back squats (20-30% of the
total load from bands) at 85% 1RM has been demonstrated
to significantly enhance short sprint times (3 m, 5 m, and
10 m) and vertical jump metrics, with the BAND30 proto-
col producing the largest effect sizes (g = 1.08 for SJ height)
4 min post-conditioning (Krémar et al., 2020). Weighted-
vest squats, using external loads of approximately 10%-15%
body mass, have been explored in warm-up contexts and
shown to maintain or slightly enhance lower-body power
and change-of-direction speed, although CM] improve-
ments are generally not superior to traditional warm-ups
and may depend on adequate rest intervals (5-8 min) to
balance potentiation against fatigue (Ioannides et al., 2024;
Kagoglu & Kirkaya, 2020).

Post-activation performance enhancement (PAPE)
manifests as a transient improvement in explosive muscle
actions, such as countermovement jump (CM]J), when an
optimal rest interval follows a high-intensity conditioning
activity; meta-analytic evidence indicates that rest intervals
of 4-7 minutes yield the most significant increases in CM]
height (mean difference [MD] = 0.03 m; 95% CI: 0.01-0.04;
p <0.01)(Chen et al.,, 2023; Li et al., 2024), while intervals of
8-9 minutes remain beneficial (Cohens d = 0.26; p = 0.02)
(Chen et al.,, 2023) and very short (0-1 min) or prolonged
(> 10 min) intervals show no potentiation or may even impair
performance (MD = 0.00; p = 0.70 for 1-3 min; MD =-0.01;
p = 0.15 for 10-24 min)(Li et al., 2024). Kinetic analyses
further reveal that concentric peak force potentiates earlier
(mean 6.6 + 2.9 min) than eccentric variables (8.6 + 3.6 min),
underscoring distinct time courses for different contractile
properties and highlighting considerable interindividual
variability in peak potentiation timing (Maroto-Izquierdo
et al., 2020).

Despite the recognised importance of PAPE for
enhancing explosive performance, investigations specific to
badminton remain scarce, with only a handful of studies
examining squat-based potentiation in elite shuttlers (Chua
et al., 2021). Moreover, to date, no research has directly

compared multiple squat modalities (e.g., bodyweight,
unstable surface, resistance band, weighted vest) within a
single randomised crossover design, leaving practitioners
without evidence to guide the selection of the most effective
conditioning activity for badminton athletes. Finally,
although the time course of PAPE effects has been mapped
following heavy squats in other sports, there is limited data
on how different squat protocols interact with rest intervals
(e.g., 4, 8, 12 minutes) in the same group of badminton
players, preventing clear recommendations on optimal
timing for jump potentiation in this population (Chua et al.,
2021; Sudhakaran et al., 2025).

The primary aim of this randomised crossover investiga-
tion was to compare the acute post-activation performance
enhancement (PAPE) effects of four squat-based condition-
ing protocols—bodyweight, BOSU-ball (unstable surface),
resistance-band (variable resistance), and weighted-vest
(=10-15% body mass) squats—on countermovement jump
(CM]J) height in trained badminton players (Baus et al.,
2024; Peng et al., 2020; Saeterbakken & Fimland, 2012). It
was hypothesised that external-load modalities (weighted
vest and resistance band) would elicit a greater potentiation
magnitude than bodyweight or BOSU conditions.

Materials and Methods

Study Design

A randomised crossover design was employed to
compare the acute effects of four squat-based conditioning
protocols on PAPE in trained badminton players. Each
participant completed all four protocols in randomised
order, with a minimum 48-hour washout period between
sessions to minimise carryover and residual potentiation
effects.

Study Participants

Twelve competitive badminton players (8 male,
4 female; age 21.5 * 2.1 years; weight 68.7 £ 5.9 kg) with >
5 years’ playing experience and no lower-limb injury in the
past six months were recruited. Each participant provided
voluntary consent to participate in the study, and ethical
approval was obtained from the concerned institutional
authority. The sample size was guided by feasibility and by
the efficiency of the randomised crossover design, in which
each participant completed all four protocols and served
as their own control, reducing inter-individual variability
and improving precision for detecting acute changes in CM]
performance; similar acute PAPE/priming studies have used
small samples due to intensive repeated-testing demands
(e.g., n =9 and n = 8) (loannides et al., 2024; Sudhakaran
et al., 2025).

Study Organisation

Each participant performed four conditioning protocols
after general warm-up in randomised order:

Bodyweight Squats: 3 x 10 reps on a stable surface, 90°
knee flexion, self-paced tempo.

BOSU-Ball Squats: 3 x 10 reps on a BOSU balance
trainer, identical tempo and depth.
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Resistance-Band Squats: 3 x 10 reps with elastic bands
(~30% of body weight).

Weighted-Vest Squats: 3 x 10 reps wearing a vest loaded
to 10-15% of body weight.

Repetitions in each set were separated by 30 seconds
of passive rest; all protocols were conducted under the
researcher’s supervision to ensure technique consistency.

Administration of the Test: As illustrated in Figure
1, participants first attended a familiarisation session
to standardise and practice proper squat depth and
countermovement jump (CMJ) using an inertial moment
sensor (BTS G-walk, Italy), ensuring consistency and
minimising learning effects during subsequent testing.
Before baseline CM]J testing, all participants completed a
general warm-up to prepare their bodies for maximal effort
and reduce the risk of injury. Baseline CM] testing involved
three maximal CMJs, with the highest jump height recorded
as the baseline value for later comparison. Immediately
after establishing the baseline, participants performed their
assigned squat protocol as the conditioning activity, tailored
according to the experimental design. To assess the acute
effects of this conditioning, CM] height was measured at
4-, 8-, and 12-minute post-conditioning; at each time point,
participants performed three CM]Js, and the best value
from each set was used for analysis. To minimise the risk of
additional fatigue influencing results, participants remained
seated between measurements. A 48-hour washout period
was implemented between sessions to prevent carryover
effects and ensure complete recovery. Throughout the study,
protocol allocation was randomised to minimise selection
bias, and data analysts were blinded to the participants’
assigned conditions, ensuring an objective and unbiased
analysis of the outcomes.

Warm-up

A 4

/ Baseline CMJ /

Squats(3x10)
Bodyweight/BOSU Ball/Resistance
Band/Weighted Vest

A 4

/ CM.) after 4 min /
A 4
/ CMJ after 8 min /

A 4

/ CMJ after 12 min /

Fig. 1 Experimental flow of warm-up, activation protocols, and
CM] assessments

Statistical Analysis

CM] height data were analysed via two-way repeated
measures ANOVA (Protocol x Time). Sphericity was assessed
using Mauchly’s Test; Greenhouse—Geisser correction was
applied where violations occurred. Bonferroni-adjusted
pairwise comparisons followed significant main and
interaction effects. Effect sizes were reported as partial n*
for ANOVA and Hedges’ g for pairwise contrasts. Statistical
significance was set at p < 0.05, and analyses were performed
in SPSS v27.

Results

Table 1. Mean + SD (95% CI) of CM] Height (cm) Across
Protocols and Time Points

Protocol Baseline 4 min 8 min 12 min
Bodyweight 29.240.9 29.8+1.1 30.1+£1.2  29.7#1.0
(28.6-29.8) (29.1-30.5) (29.3-30.9) (29.1-30.3)
BOSU 28.7+1.0  29.3+0.9  29.6+1.1 29.1+1.0
(28.1-29.3) (28.7-29.9) (28.9-30.3) (28.5-29.7)
Resistance Band  29.5+1.2 30.4+1.1 31.1£1.3  30.5+1.0
(28.7-30.3) (29.7-31.1) (30.3-31.9) (29.9-31.1)
Weighted Vest 29.7+0.9 31.3+0.9 33.2+0.8 32.1+0.9

(29.1-30.3) (30.7-31.9) (32.7-33.7) (31.5-32.7)

Descriptive statistics for countermovement jump
(CM]J) height across all four post-activation performance
enhancement (PAPE) protocols—Bodyweight, BOSU,
Resistance Band, and Weighted Vest—at four-time intervals
(Baseline, 4 min, 8 min, 12 min) are presented in Table 1.
Values are presented as mean + SD with 95% confidence
intervals (CI). The Weighted Vest protocol at 8 minutes post-
activation yielded the highest mean CM] height (M = 33.2
cm, SD = 0.8), indicating a pronounced PAPE effect. The
Bodyweight and BOSU protocols showed minimal changes
across time points, while the Resistance Band protocol
demonstrated a moderate increase, particularly at 8 minutes
illustrated in figure 2.

30 . —300
/29'8/29.6\29-7
29 297 29.3 29.1
28.7'
28
27
26
Baseline 4 min 8 min 12 min
— =—Bodyweight = =—BOSU Resistance Band Weighted Vest

Fig. 2 Changes in countermovement jump height following four
activation protocols over time

Before conducting the inferential analysis, Mauchly’s
Test of Sphericity was performed to verify the assumption
of sphericity for the within-subjects factors (Protocol, Time,
and their interaction) presented in Table 2. The assumption
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was met for the main effects of Protocol and Time but
violated for the Protocol x Time interaction, necessitating
the Greenhouse-Geisser correction for this effect.

Table 2. Mauchly’s Test of Sphericity for Within-Subject
Effects

Chi-Square Sphericity | ..
Effect o0 df p Met? Adjustment
Protocol 7.31 5 .198 Yes None
Time 4.84 5 .304 Yes None
Protocol x Time 124.57 69 .003 No Greenhouse-
Geisser
applied

As illustrated in Table 3, a two-way repeated measures
ANOVA was performed to examine the effects of Protocol
(4 levels) and Time (4 levels) on CM] height. Significant
main effects were observed for both Protocol and Time, as
well as a significant interaction between Protocol and Time.
Partial eta squared (n*) values indicated large effect sizes for
Protocol (0.42), Time (0.33), and their interaction (0.30),
reflecting substantial and practically meaningful differences
in CM]J height attributable to both protocol type and timing.

Table 3. Two-Way Repeated Measures ANOVA for CM]
Height

Effect df F p Partial n*
Protocol 3,33 7.82 .001 0.42
Time 3,33 5.49 .004 0.33
Protocol x Time 9,99 4.65 <.001 0.30

Bonferroni-adjusted pairwise comparisons revealed
that the Weighted Vest protocol at 8 minutes post-activation
resulted in significantly higher CM]J height compared to all
other protocol-time combinations (p < .01). The Resistance
Band protocol at 8 minutes also showed a significant
improvement compared to its baseline (p < .05). In contrast,
no significant changes were observed within the Bodyweight
and BOSU protocols.

Discussion

The purpose of this study was to compare the acute
effects of four squat-based post-activation performance
enhancement (PAPE) protocols and their time course on
countermovement jump (CM]) height in trained badminton
players. As hypothesised, the externally loaded conditions
produced greater potentiation than bodyweight or unstable-
surface squats: CM]J increased by 11.8% at 8 min after
weighted-vest squats and by 5.4% at 8 min after resistance-
band squats, whereas bodyweight and BOSU conditions
showed only small, non-significant changes. These results
support the practical importance of pairing an adequately
intense conditioning activity with an appropriate recovery
interval.

The weighted-vest protocol produced the largest
improvement, which is consistent with the concept that
greater mechanical loading can enhance neuromuscular
activation when sufficient recovery is provided. Ioannides et
al. (2024) reported limited CMJ change following weighted-

vest warm-ups in kumite karate athletes when recovery was
not optimised, suggesting that fatigue can mask potentiation.
In our players, the peak response at 8 min is in line with
evidence that moderate rest intervals (approximately 4-9
min) are typically favourable for CMJ potentiation after a
conditioning stimulus (Chen et al., 2023; Li et al., 2024).

The resistance-band condition also enhanced CM],
peaking at 8 min. This agrees with prior work showing that
variable resistance during squats can increase concentric
force demands and support subsequent jump performance
(Krémar et al,, 2020; Peng et al., 2020). The smaller
magnitude observed here may reflect differences in training
status, band tension relative to strength levels, and individual
responsiveness to band-based loading.

Bodyweight squats produced only a small, short-lived
change, with the highest mean CM]J at 4 min. This pattern
is consistent with reports that low-load conditioning can
elicit mild potentiation with earlier peaks because metabolic
fatigue is limited (Bampouras & Esformes, 2020). In practical
settings, bodyweight squats may be useful when external
loads are unavailable, although the expected performance
benefit appears modest.

BOSU-ball squats did not meaningfully improve CMJ.
While unstable-surface exercises may increase balance and
stabiliser demands, the added instability can reduce the
capacity to generate high concentric force and rate of force
development, which are central to jump potentiation. This
interpretation is consistent with the mixed evidence on
unstable-surface PAPE and the higher technical demands
reported for these conditions (Gémez & Rojas-Jaramillo,
2025; Seeterbakken & Fimland, 2012).

Overall, the findings suggest that when the goal is acute
enhancement of explosive performance, externally loaded
squats (weighted vests or bands) are preferable to unstable-
surface squats, and a recovery interval of about 8 min is likely
to be effective for most badminton players. These results also
align with work indicating that accommodating resistance
can be beneficial for eliciting potentiation when recovery
time is limited (Masel & Maciejczyk, 2023).

Despite the practical relevance of the present findings,
severallimitationsshouldbeacknowledged. First, therelatively
small sample size (n = 12) may limit the generalisability of
the results to broader badminton populations. However,
this sample size is comparable to previous acute PAPE
and priming studies employing repeated-measures or
crossover designs, where intensive testing protocols and
strict control of fatigue constrain participant recruitment.
Importantly, the randomised crossover design used in this
study allowed each participant to serve as their own control,
thereby reducing inter-individual variability and enhancing
statistical sensitivity for detecting acute changes in CM]
performance. Nevertheless, subtle effects—particularly
within the bodyweight and BOSU conditions—may have
remained undetected, and future studies with larger samples
are warranted to confirm these findings. Second, although
both male and female players were included, sex-specific
analyses were not conducted due to the limited sample, and
potential differences in PAPE responsiveness between sexes
cannot be ruled out. Finally, only CM]J height was assessed as
an outcome measure; while this variable is highly relevant to
badminton performance, future research should incorporate
additional sport-specific performance indicators and
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individualised recovery intervals to refine practical PAPE
recommendations further.

Conclusions

The present randomized crossover study investigated
the acute post-activation performance enhancement
(PAPE) effects of four squat-based conditioning protocols
on countermovement jump (CM]J) height in trained
badminton players. The findings clearly demonstrate
that squat modalities involving external loading—
particularly weighted-vest squats—produce the most
substantial potentiation, with CM]J performance peaking at
approximately eight minutes post-activation. Weighted-vest
squats resulted in an 11.8% improvement in CMJ height,
significantly outperforming resistance-band squats, which
generated moderate enhancement, and bodyweight and
BOSU-ball squats, which failed to elicit meaningful changes.

These results highlight the importance of selecting an
appropriately intense conditioning activity to maximise
neuromuscular potentiation while allowing adequate
recovery time to offset fatigue. The consistent peak at eight
minutes across effective protocols aligns with previous meta-
analytic evidence suggesting that 4-9 minutes is optimal for
achieving PAPE in explosive movements.

Practically, this study suggests that coaches and
practitioners working with badminton athletes can
incorporate weighted-vest squats (10-15% body mass) as
part of their pre-match warm-up routines to acutely enhance
lower-limb power. Importantly, such squats should be used
specifically as an activation strategy rather than as part of
regular strength training, as their purpose is to potentiate
immediate performance rather than induce long-term
adaptations. Resistance-band squats may be considered a
secondary alternative when weighted vests are unavailable,
while bodyweight and unstable-surface squats are not
recommended for eliciting PAPE in competitive badminton
contexts.

Opverall, this study provides evidence-based guidance
for integrating PAPE protocols into badminton warm-ups to
improve explosive actions such as jumping, rapid directional
changes, and on-court reactivity. Future research may explore
long-term applications, sport-specific performance metrics,
and individual responsiveness to further refine activation
strategies for racket-sport athletes.
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MNocTrakTuBaUinHe NigcMNeHHA Npaue3faTHOCTI y rpaBuis
y 6aaAMiHTOH: paHAOMiI30OBaHe KpOCOBepP-AOCNiAKEHHA
NOPiBHAHHA rocTpux epeKTiB HOTUPbOX NpUcCiganbHNX
NPOTOKOJIiB HAa NOKA3HNKN CTPUOKaA 3 KOHTPPYXOM

Illy6ram, [Ixaka'AEPE, Manomx, Caxy'4*“P, Kani ConoBam'45cP,

KayTinbsa Ynapx’sait' %P, Bapyn Tepanr'4®P, Bikac Cinrx'*®P, Canrpam Cinrx

1ABD

"HauionanpHuit iHCTUTYT Bi3sIHOrO BrxoBaHH: iMeHi JlakumiGai

ABTOpCBHKNMIT BKIAM: A — FU3aiiH JOCTIMKeHHs; B — 36ip ganux; C - crarananis; D - migroroska pykomucy; E - 36ip xoruTis

Pedepar. Crarrs: 7 ., 3 Tabn., 2 puc., 18 mxeper.

Meta. MeTol0 IIbOTO BOCTiIXKEHHA OYI0 MOPIBHATY TOCTPi epeKTH MOCTaKTUBALIITHOTO MifICHIEHH Mpale3aaTHOCTi (post-
activation performance enhancement, PAPE) 490Trpbox KOHANIITHIX IPOTOKOIIB HAa OCHOBI MPUCiaHb — NPUCIZAaHb 3 BTACHOIO
Macolo Tina, npucifanb Ha BOSU-mmaTdopmi, IpucifaHp 3 e1acTUYHOI0 CTPIYKOI0 OMOPY Ta MPUCIAHD Y KIUIETI 3 JOAATKOBOIO
Barolo — Ha IOKa3HNKM CTP1OKa 3 KOHTppyxoM (countermovement jump, CM]J) y miAroToB/IeHNX IrPaBIiiB y 6aAMiHTOH.

Marepianu i MeTogu. Y paHIOMi30BaHOMY KPOCOBEP-[OC/II/PKEHH] B3N y4acTb ABAHAAUATD KBaTi(PikOBaHNX IPaBLiB y
6aMiHTOH (8 Y0/IOBIKIB, 4 XiHKY; BiK 21,5 £ 2,1 poKy) 3 MiHIMa/IbHIM irpOBMM CTaXKeM I sITh POKiB. Ko)keH criopTcMeH BUKOHAB
yci YOTHpY IPOTOKO/M NPUCiIaHb ¥ 36a/IaHCOBaHIIl IOCTITOBHOCTI 3 iHTepBaaM «BYMMUBaHHA» TPUBAMIICTIO 48 roayH. Bucory
CM]J BuMiproBay Ha BUXiJHOMY piBHi, a TAKOXX yepes 4, 8 i 12 XBU/IMH 1ic/1A KOHAMLINTHOTO BIIZIMBY 3 BUKOPMCTaHHAM iHepIiiab-
Horo garumka pyxy (BTS G-Walk, Itanis). [l BusHaueHHA BIVIMBY KO)KHOTO IIPOTOKOJTY Ta iHTepBaly BilHOBJIEHHS Ha BUCOTY
CM] 3acrocoByBamyu 1BOGAaKTOPHUII IUCTIepCiliHNIT aHali3 i3 moBTOpHMMY BuMipioBaHHAME (Protocol x Time) 3 mompaskoro
BoHdeppoHi /11 MHOXMHHNX HOPiBHAHD.

PesynpraTi. BUAB/IEHO CTATUCTUYHO 3HAYYILi OCHOBHI edekTy unHHUKIB Protocol (p = 0,001) i Time (p = 0,004), a Takox
3Ha4yuy B3aeMopito Protocol x Time (p < 0,001). IIpoTOKOI i3 BUKOPUCTAHHSM >KIIeTa 3 JOAATKOBOIO Baroko 3abesmedns Hali-
6inbin Bupakenuit epekt PAPE: Bucora CMJ 3pocna 3 29,7 + 0,9 cM Ha BuxiffHOMYy piBHi 10 33,2 + 0,8 cM uepes 8 xBumuH (110-
KpamjeHHs Ha 11,8%; p < 0,01). [IpOTOKO 3 €/1aCTUYHOIO CTPIYKOIO OIOPY BUKIMKAB IOMipHe IIifIBUIIEHHS TOKa3HUKIB, MaKCH-
MasibHe 3HauYeHHsI SIKMX cTaHOBMIO 31,1 + 1,3 cm yepes 8 xBuuH (p < 0,05). Ilpuciganss 3 BTacHOI MacoIo Tifla Ta IPKUCifaHHA Ha
BOSU-nnardopmi copyyiHmI MiHiMaIbHi, CTATUCTUYHO He3HAUyIi 3MiHM okasHukiB CM]J. IntepBan y 8 xBunun crabinbHO
3a0esevyBaB HABUIINII PiBeHDb IIOTEHI[{I0BAaHHA /L1 e(PeKTUBHIX IPOTOKOIIB.
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BucHoBku. KoHpuiiitHi BIpaBy Ha OCHOBI IIPKCiZaHb i3 30BHIIIHIM HaBAaHTAXKEHHSIM — OCOOIMBO HMPUCIJAHHS Y XXWUIET] 3
TOJATKOBOIO Barolo — 3abe3NevyyloTh BUIIMII PiBeHb MOCTAKTUBALIHOTO MifICHICHHS Mpalle3faTHOCTI y 'paBLiB y 6aiMiHTOH
HOPIiBHAHO 3 IPMCITaHHAMM 3 BIACHOIO MAcoI0 Tijla abo Ha HecTabinbHiil onopi. OTpuMaHi pe3yabTaTi CBiffYaTh, 110 iHTEpBaI
Bi[HOBJIEHHS TPUBAJIICTIO O/IM3bKO BOCBMM XBIJIMH € ONTYMA/IBHIM i ToTeHIiloBaHnHA CM]. TakuM 4MHOM, IPUCIFAHHA Y XKU-
J1eTi 3 JOAATKOBOIO Barol0 MOXYTb Oy T1 peKOMeH/I0BaHi sIK e()eKTHBHA [lepei3MaraabHa aKTUBALiiiHa CTpaTeris I MiiBUILeHHS
BIOYXOBOI CIJIU M’5131B HIDKHIX KiHIIIBOK Y 6aIMiHTOHICTIB.

Knrouosi cmoBa: nocrakrusaliiiine mijicuaeHHs Mpalle3faTHOCTI, IPOTOKOIN IIPUCi/IaHb, KUIET 3 JOIaTKOBOIO Barolo, efac-
TUYHA CTPiuKa OIIOPY, CTPMOOK 3 KOHTPPYXOM, I'PaBlii y 6aIMiHTOH, KpOCOBEP-[M3aliH.
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Abstract

Objectives. The study aimed to determine the psychological characteristics of football referees that influence the

formation of their refereeing styles.

Materials and Methods. Twenty-five football referees from professional leagues in Ukraine (aged 25-40 years, with
7-17 years of refereeing experience) participated in the study. The sample included 12 referees from the Ukrainian
Premier League, 6 from the First League of the Professional Football League (PFL), and 7 female referees. A battery

of psychological diagnostic methods was used, including the Self-Assessment of Stress Resistance scale, Eysenck’s
Personality Questionnaire (EPQ), Hall's Emotional Intelligence Assessment, and Amirkhan’s Coping Strategy Indicator.
Results. The assessment of stress resistance revealed that female referees scored 10.2% higher than male referees
(33.3 vs. 36.7 points, respectively). The study of coping strategies showed that subjects, overall, were characterized by
an average level of Problem Focusing and Seeking Social Support, but a low level of Avoidance. In general, football
referees exhibited a low level of Managing one’s emotions and Recognition of others’ emotions (median score:

6 points). The remaining indicators corresponded to the average level. Fifty-two percent (52.0%) of the subjects
demonstrated a low level of emotional intelligence, while the remaining 48.0% displayed an average level.
Conclusions. The findings have established that, in general, football referees demonstrate an average level of stress
resistance; however, this feature does not statistically significantly affect the choice of refereeing style. Statistically significant
(p<0.050) correlations have been identified between referees’ coping strategies and their officiating styles, indicating that
the coping strategies used by officials to manage stress have a direct impact on their approach to match management.

In particular, referees who tend to actively engage in problem-solving and seek effective solutions are more likely to
demonstrate an authoritarian refereeing style. Simultaneously, referees who tend to avoid problems are more likely to
exhibit a liberal refereeing style. No statistical relationship was found between the democratic style and coping strategies.
Keywords: temperament types, stress resistance, coping strategies, emotional intelligence, authoritarian refereeing style,
democratic refereeing style, liberal refereeing style, football referees.

Introduction

Experts quite often emphasize the need to study the
variability in the application of the Laws of the Game and
cases of subjective interpretation of individual episodes
of a match by different referees depending on many
circumstances and factors (Gomes et al, 2021; Wang et al,

© Voronova, V., Romanyuk, A., Shchepotina, N.,
Kostiukevych, V., Kovalchuk, V., Kulchytska, I., & Bekas, O.,
2026.
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2024; Abdula, Marulin, 2025). These may be external factors
that influence certain decisions, but for the most part, it
is the internal manifestations of referees, their personal
qualities, temperament, reactions, and feelings that play a
significant role in the manner of conducting the game, i.e.,
the so-called “refereeing style” (Yildiz, Yildiz, 2020; Pizzera
et al, 2022; Popovych et al, 2022).

It is noted that the existing possibilities for subjective
interpretation of the Laws of the Game in football are also
made possible by differences in refereeing styles. This refers
to the characteristics inherent in certain referees, as well as
the refereeing techniques they typically use in a particular

184



Voronova, V., Romanyuk, A., Shchepotina, N., Kostiukevych, V., Kovalchuk, V., Kulchytska, I., & Bekas, O. (2026). Personal Factors
of Referees in Football Influencing the Formation of Refereeing Styles

episode of a particular match (Slack et al, 2014). It should
be noted that an individual refereeing style is formed on the
basis of a general management style, taking into account
certain working conditions, but one cannot ignore the
personal psychological and professional characteristics of
the referee.

If we follow the existing opinion that the referee is the
manager on the field and the leader of the team among the
match officials, we should also take into account their style of
refereeing. By refereeing style, we mean not only managing
the players and the game, but also managing the assistants,
leading the teamwork of the refereeing team, behavioral
characteristics during the match, etc. Thus, “management
style is defined as a set of the most characteristic and
consistent techniques used in the process of management
activity” (Pryshchak, Lesko, 2016).

As for the research on the profession of football referees,
the scientists note that most of the highlighted styles
correspond to the existing characteristics of management
styles, namely the “Rule book” - authoritarian, “Common
sense” — democratic and “Laissez-faire style” — liberal.
In particular, referees who adhere to the “Rule book”
(authoritarian) refereeing style follow the Laws of the Game
rigidly, without exception. For them, all game situations
are perceived as clearly defined and immutable. This firm
stance and reluctance to adjust decisions according to the
game’s context often lead to confrontations with players
and team representatives, which in turn increases the
number of disciplinary sanctions issued specifically for
dissent. Proponents of the “Common sense” (democratic)
refereeing style adhere to the Laws of the Game by applying
them contextually, ensuring they do not disrupt the flow of
the match. Such referees are confident that they can keep
the game under control, feel the pace of the game that is
comfortable for the athletes to maintain, follow the play,
and intervene only when necessary. Referees who adopt
a “Laissez-faire style” (liberal) allow players to compete
without giving specific instructions, relying on the fact
that the players themselves will adjust the pace and resolve
controversial situations among themselves. However, this
refereeing style is only appropriate if the players are capable
of controlling the situation, adhering to the Laws of the
Game, and maintaining mutual respect between the teams
(Bernal et al, 2012; Warner et al, 2013).

It has been established that, alongside a football referee’s
personal qualities, other factors influence the formation of
their refereeing style. Drawing on existing scientificliterature,
these include: adaptability, understanding of football,
suggestibility, motivation, and experience (Korolchuk, 2018;
Margiyan et al, 2022; Hamamcioglu, Acar, 2024).

According to American researchers, the effectiveness of
the decision-making processitself depends on the personality
of the decision-maker. Therefore, the methods used in the
decision-making process are important, and personality
traits remain a decisive factor (Shiloh et al, 2001).

According to the characteristics of temperament, people
differ not in the final result of their actions, but in the way
they achieve those results. To establish a connection between
the manner of action and individual typological traits,
a study was conducted to investigate individual activity
style as a way of achieving results or solving specific tasks,
determined mainly by the type of the nervous system. The

results of the research show that, regardless of the subjects’
characteristics or the experimental situations where their
behavioral patterns were analyzed, the type of nervous
processes is the leading factor in forming a specific activity
style (Mazaraki et al, 2007).

Various psychological aspects of athletes and coaches
in football have been discussed in our previous scientific
works (Voronova et al, 2021, 2024; Petrovska, Sova,
Voronova et al, 2022; Vozniuk, Shchepotina et al, 2021).
However, unfortunately, there are very few studies in the
scientific literature aimed at studying factors, specific
qualities, or personality characteristics and their impact on
various aspects of refereeing in general and decision-making
in particular in today’s conditions. Thus, a significant
proportion of scientific works are devoted to the study of
external influences on decision-making by referees, such as
crowd composition, proximity to the pitch, home advantage,
social pressure, etc. (Dohmen, 2008; Dawson, Dobson,
2010; Moriconi, De Cima, 2021). Furthermore, the analyzed
literature suggests that many authors view refereeing style
as a largely innate trait that remains resistant to change;
however, practical experience emphasizes the importance
of acquired characteristics (Loghmani et al, 2021; Webb et
al, 2023).

The question of whether a referee can adapt their style
between matches or even during a single match warrants
further exploration. It is plausible that refereeing style evolves
over time with experience, as personal qualities are not static
and remain subject to adjustment. Consequently, a refined
style becomes intrinsic to a specific referee, who then applies
it consistently, regardless of external circumstances. To
determine whether a connection exists between these factors,
special attention and further study should be directed toward
the personal qualities of football referees and their influence
on the perception of match incidents, interpretation of the
Laws of the Game, and match management. Furthermore,
their interaction with match participants (players, coaches,
fans, etc.) and fellow match officials (assistants, observers,
etc.) is crucial, as these elements collectively form the so-
called “refereeing style” Unfortunately, the question of
which match management style and interpretation of game
episodes a referee selects based on their personal qualities
remains largely understudied.

Study hypothesis: By studying existing refereeing styles,
the personal qualities of football referees, and the connection
between them, we can acquire the knowledge necessary
to facilitate the training and forecasting of referees’ future
activities at the very beginning of their careers. Furthermore,
this data will enable the rational selection of referees for
matches of varying levels of complexity and specificity.

The purpose of the study is to identify the psychological
characteristics of football referees that influence the
formation of their refereeing styles.

Materials and Methods

Participants

Twenty-five football referees from professional
Ukrainian leagues (aged 25-40 years, with 7-17 years of
refereeing experience) participated in the study. The sample
included 12 referees from the Ukrainian Premier League, 6
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from the First League of the Professional Football League
(PFL), and 7 female referees. The study was approved by
the Ethics Committee of the National University of Physical
Education and Sports of Ukraine, and all procedures
complied with the Declaration of Helsinki. Informed consent
to participate in study was obtained from all participants
prior to data collection.

Procedures

The study of football referees was conducted using a
battery of psychological diagnostic methods (the Self-
Assessment of Stress Resistance scale, Eysenck’s Personality
Questionnaire (EPQ), Hall's Emotional Intelligence
Assessment, and Amirkhan’s Coping Strategy Indicator).

The psychological characteristics of the referees’
temperaments were determined using the EPQ method
developed by H.J. Eysenck, who, when developing the test
material, took into account three individual-typological
components that are part of the personality structure,
namely: extraversion/introversion (a preference for being
among people, a desire for recognition, having many
friends, and impulsiveness regardless of the consequences of
decisions); introversion (a person’s immersion in themselves,
predominant self-analysis, introspection, reflection, and
making thoughtful decisions after a detailed analysis of the
consequences, etc.); and neuroticism (high emotionality,
expressive emotional reactions to stimuli, increased anxiety,
and instability of the nervous system). The test items, which
require a clear ‘yes’ or ‘no’ response, include questions
designed to determine the truthfulness of the respondent’s
answers. A match between the subject’s response and the
‘key’ proposed in the methodology is scored as 1 point. The
total score obtained for the specified indicators (extraversion/
introversion, neuroticism) is then used to determine the
individual’s temperament type (Eysenck, Eysenck, 1975).
These methods make it possible to predict the behavior of
referees in various match situations, the speed and form of
their reactions, and their officiating and leadership styles
based on their temperament type.

The method for determining stress resistance involves
the respondent analyzing their own behavior in stressful
emotional situations, quantifying and qualifying it on a
three-point scale (rarely - 1, sometimes - 2, often — 3). The
processed scores determine the individual’s overall level of
stress resistance on a three-point scale (low, medium, high).
Establishing the level of stress resistance, along with other
personal characteristics of referees, allowed the study to de-
termine the peculiarities of their behavior under the signifi-
cant cognitive loads associated with professional activities in
the context of football matches (Maksymenko et al, 2004).

The identified level of stress resistance in football
referees guided the further direction of research to establish
behavioral strategies and ways for referees to overcome
stressful situations, commonlyreferred to as copingstrategies.
These include personal manifestations obtained through life
experiences that combine knowledge, emotional responses,
and human behavior as the basis for counteracting various
stressors. If the coping strategies chosen by a person are
effective (adaptive), they help minimize the negative impact
of situations and accelerate recovery. Adaptive strategies
enable referees to understand and adjust to harmful stress

influences, maintain self-confidence and emotional balance,
and preserve mutual understanding and support from others
(Lazarus, Folkman, 1984; Voronova, Romaniuk, 2024).

The Coping Strategy Indicator methodology (Amirkhan,
1990) applied for this purpose aims to establish the basic
behavioral strategy an individual chooses when faced
with stressful situations. The test developer, based on the
assumption that such strategies are formed and consolidated
throughout life, divides them into three groups: the problem-
solving strategy, the social support-seeking strategy, and the
avoidance strategy. When completing the questionnaire
items, respondents must select one of the proposed options:
‘completely agree, ‘agree; or ‘disagree, which is taken into
account during score calculation.

Using the Emotional Intelligence Assessment (Hall,
2006), we identify the aspects of a person’s life that
influence their ability to understand their own emotional
experiences and, by managing their emotional sphere,
make appropriate decisions. The items in the test provide
a quantitative characterization of five scales: emotional
awareness, management of one’s own emotions, self-
motivation, empathy, and recognition of others’ emotions.
Points (ranging from -3 to +3) are calculated based on the
respondent” selected answer: ‘completely disagree, ‘mostly
disagree, ‘partially disagree, ‘partially agree, ‘mostly agree,
or ‘completely agree.

Statistical analysis

Statistical analysis was performed using standard
methods commonly applied in sports and pedagogical
research (Byshevets et al., 2019; Bai & Bai, 2021; Jones,
2022). Descriptive statistics were calculated to characterize
the sample, including the mean (M), standard deviation
(SD), and median (Me). Data normality for small sample
groups (n < 30) was assessed using the Shapiro-Wilk W
test. The distribution of stress resistance among high-level
referees did not significantly deviate from normality (p >
0.05) in either male or female groups, which was confirmed
by the Shapiro-Wilk test results and visual inspection of
distribution histograms (Fig. 1).

Shapiro-Wilk W=0.924; p=0.153 Shapiro-Wilk W=0.928; p=0.530

-
4

Number of observations
Number of observations
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|

B s £ R
Upper limits (x < limit)
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s © 3
Upper limits (x < limit)

a) Male

Fig. 1. Testing the hypothesis of normal distribution for
stress resistance data according to gender (output from the
STATISTICA 10.0 program window)

Similarly, all observed data were examined for their
adherence to the normal distribution. Based on this testing
(using the Shapiro-Wilk W-test), the appropriate criteria
for further analysis were selected: the parametric Student’s
t-test or the Mann-Whitney U-test, depending on whether
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the data followed a normal distribution (for independent
samples). In addition, pairwise comparisons were performed
using the paired Student’s t-test (for dependent samples) or
the Wilcoxon signed-rank test (for dependent samples).

To assess the influence of football referees’ personal
characteristics and behavior on their refereeing style,
Pearson’s parametric correlation coefficient (r) was used
when the data were normally distributed, while Spearman’s
coeflicient (p) was applied in other cases.

A value of p<0.05 was accepted as the level of statistical
significance. Data analysis was performed using MS Excel
and the Statistica software package (StatSoft, USA).

Results

The developmentand formation of personality duringlife
activities are based on innate psychophysiological properties,
including neurodynamic and psychological manifestations
of temperament. In the current study, when determining
the predominance of a specific temperament type, it was
not possible to identify a connection between temperament
type and refereeing style. This was due to the small number
of individuals identified with different types among the
referees. The highest frequency (three referees) concerned
the “open sanguine” type. There were two other cases where
referees were classified as “communicative sanguine” and
“cautious phlegmatic” However, the temperament types of
the remaining study participants were varied and did not
align with these clusters (Fig. 2).

Number of referees
w

© o - .
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Fig. 2. Distribution of football referees by temperament type
(n=25)

It should be noted that a more detailed analysis of
the indicators determining the temperament type of the
respondents showed that the psychological property of
extraversion in football referees was 12 (11.0; 14.0), and
neuroticism was 10.0 (8.0; 18.0) points, where the data is
presented as Me (25%; 75%). This can be interpreted as
moderate extraversion and moderate neuroticism. At the
same time, no statistically significant differences between
the manifestation of extraversion and neuroticism in football
referees were recorded (T=145.0; p=0.638). Similarly, it
has not been proven that football referees differ in terms
of extraversion according to gender (U=35.0; p=0.096).
Likewise, the test groups of different genders did not show

statistically significant differences in the manifestation of
neuroticism (U=47.5; p=0.364).

Studying stress resistance in football referees, we
identified the following characteristics (Table 1). The stress
resistance rating for female referees was 10.2% higher than
that for male referees (33.3 vs. 36.7 points, respectively);
however, these differences were not statistically significant
(p=0.144).

Regarding the distribution of football referees by stress
resistance levels, the following has been established. The
resistance level of most referees varies either slightly above
or slightly below the average, with 76.0% of the subjects
concentrated within this range (Fig. 3).

Table 1. Comparative analysis of stress resistance among
study participants by gender (n=25)

Statistical indicators

Gender
M SD t df p
Male, points 333 5.2 -1.151 23 0.144
Female, points 36.7 45

Note: t — Student’s t-test for independent samples; df — degrees of
freedom; p - level of statistical significance

30,0
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Number of referees, %
o
>

4,0

A\

slightly above  above average
average

%%

average

Stress levels

Fig. 3. Distribution of football referees by stress resistance levels
(n=25)

A study of the coping strategies used by football referees
showed that, compared to men, women are more inclined to
utilize the Problem Focusing or Avoidance strategies, while the
Seeking Social Support strategy among men is slightly higher.
Simultaneously, no statistically significant differences (p>0.050)
were found between male and female referees (Table 2).

Analysis of the obtained data suggests that, overall, the
subjects are characterized by an average level of Problem
Focusing, an average level of Seeking Social Support, and a
low level of Avoidance (Fig. 4).

Investigating the relationship between the selected
coping strategies and refereeing styles revealed the following
statistically significant (p<0.050) correlations:

o the democratic refereeing style (“Common sense”)
is not significantly associated with the behavioral
characteristics of football referees;

o the ability to solve problems and the tendency to
avoid them directly correlate with the authoritarian
refereeing style (“Rule book”): Pearson’s correlation
coeflicients were 0.595 and 0.436, respectively;

o the liberal refereeing style (“Laissez-faire style”) has
a direct statistically significant relationship with
Avoidance (r=0.448).
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Table 2. Comparative analysis of coping strategies among
football referees by gender (n=25)

Statistical indicators

Central tendency and Results of
Coping Strategy dispersion esults °
! comparative
Indicator Female .
Male (n=18) analysis
(n=7)
M SD M SD t df p
Problem 244 32 250 35 -0.381 23 0.707
Focusing, points
Seeking Social 198 48 184 45 0.638 23 0.530
Support, points
Avoidance, points 18.1 3.2 19.1 4.5 -0.685 23 0.500

Note: t — Student’s t-test for independent samples; df — degrees of
freedom; p - level of statistical significance

28

26

24

22

20

Coping Strategy Indicators, points

Problem solving Seeking social support Avoiding problems

() . .
- average; - - average with confidence interval

Fig. 4. Average indicators of coping strategies among football
referees (n=25)

Since the analysis of emotional intelligence and
its connection to refereeing styles established that not
all emotional intelligence indicators (based on Hall’s
methodology) followed a normal distribution (W ranging
from 0.880 to 0.936), the median (Me) and the 25th and
75th percentiles were used to represent the central tendency
and dispersion. Consequently, nonparametric criteria were
employed for further analysis.

As in previous cases, the indicators of the level of
emotional intelligence integration in football referees did
not differ statistically significantly (p>0.050) depending on
gender (Table 3).

When analyzing the median of emotional intelligence
indicators, we found that football referees received the lowest
scores for the ‘Managing one’s emotions’ indicator (Me =
4 points), and the highest scores for emotional awareness
(Me=12 points) (Fig. 5).

The interpretation of the scores indicates that, in general,
football referees exhibit a low level of emotional control. They
also display a low level of recognition of others’ emotions:
the median score was 6 points. The remaining indicators
correspond to the average level. Fifty-two percent (52.0 %)
of the subjects are characterized by a low level of emotional
intelligence, while the remaining 48.0 % demonstrate an
average level.

Table 3. Comparative analysis of emotional intelligence of
football referees by gender (n=25)

Statistical indicators

Results of
Emotional Intelligence Sum of ranks comparative
Indicators analysis
male female U
(n=18)  (n=7) B
Emotional awareness, 203.0 122.0 32.0 0.065
points
Managing one’s 261.5 63.5 355  0.102
emotions, points
Self-motivation, points 235.5 89.5 61.5 0.952
Empathy, points 218.0 107.0 47.0  0.348
Recognition of other’s 2235 76.5 485  0.505
emotions, points
Integral level, points 248.5 76.5 48.5 0.397

Note: U - Mann-Whitney U-test; p - level of statistical
significance

18
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zz *%] ..... EPEP

Emotion Self-
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Emotion
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® _ median; D - 25%-75%; I - range of variation

Fig. 5. Emotional intelligence indicators of football referees
(n=25)

Regarding the determination of the influence of
emotional intelligence components on the refereeing style,
the following correlations were established using Spearman’s
rank correlation coefficient:

« emotional awareness directly correlates statistically
(p=0.544; p<0.050) with the authoritarian refereeing
style;

o theliberal refereeing style has a statistically significant
inverse correlation with managing one’s emotions
(p=-0.595; p<0.050) and self-motivation (p=-0.658;
p<0.050);

o the democratic refereeing style is not significantly
associated with the emotional intelligence of football
referees.

Discussion

Any profession requires an individual to possess specific
mental qualities, the presence of which is a necessary
condition for effective development in that particular field of
activity. Some professions demand a high level of attention,
others require quick reactions to changing circumstances
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and flexible thinking, and still others necessitate emotional
stability and stress resistance. These requirements of an
activity cannot be changed at will; they are objectively
determined by the content and organization of the activity
itself. Furthermore, within the context of a specific
professional activity, an individual’s personal qualities,
mental processes, opportunities and traits determine their
readiness for work and the successful performance of their
duties. While the same result can be achieved through various
methods, the most common way for a person to adapt to
the requirements of an activity is through the development
of an individual activity style. The individual activity style
involves the formation of a system of techniques and skills
during professional development that becomes a distinctive
characteristic of the individual, defining their unique
approach to performing tasks and achieving successful
outcomes (Mazaraki et al, 2007; Pryshchak, Lesko, 2016).

Applying these concepts to the present discussion,
it can be concluded that a connection exists between
a referee’s chosen match management style and their
individual typological personal qualities. However, a critical
question arises: is a refereeing style stable, or can it evolve,
incorporate features of other styles, and vary according to
the circumstances, match importance or team relations? In
examining this issue, researchers note that referees, acting
as officials, may employ different styles depending on the
level of competition and the dynamics of the game (Bernal
etal., 2012).

In our opinion, the absence of a statistically significant
relationship between temperament type and refereeing
style of the football referees is due to the fact that other
factors likely play a more significant role in the formation
of a referee’s work style than innate features of the nervous
system. These factors include stress resistance, developed
personal qualities, and behavioral coping strategies,
which are formed and consolidated during the process of
professional development. This conclusion is also supported
by previous studies that observed an interaction between
decision-making style and a referee’s qualifications —
essentially, their experience (Wang et al, 2024).

The study showed that football referees demonstrate
an average level of both extraversion and neuroticism. This
allows us to characterize referees as sociable individuals, yet
simultaneously prone to anxiety and worry. These results
complement existing data, which indicates that referees
possess strong communication skills, and in terms of moral
values, are attentive, moderate, and cautious (Yildiz, Yildiz,
2020).

Any football match is not only a competition of players’
physical and technical-tactical preparedness, but also one
of endurance and emotional tension. Often, excessive
emotions in acute stressful situations lead to verbal abuse
and sometimes even physical altercations. In such cases,
the referee’s role shifts from assessing technical errors to
determining guilt for violating the Laws of the Game and
established ethical standards of player behavior. An adequate
subjective attitude toward the incident requires the referee
to possess personal emotional stability, remain calm, and
assess the situation correctly (Gomes et al, 2021; Pizzera
et al, 2022). Consequently, the connection between stress
resistance and refereeing styles was included in the scope of
our study.

The results of the study revealed that stress resistance
levels in male referees are slightly above average, while in
female referees, they are average, suggesting a generally high
capacity for managing pressure. Overall, referees demonstrate
resilience, which supports them in stressful match situations.
This is evidenced by the fact that no subjects exhibited ‘high’
or ‘very high’ stress resistance levels, with only 4.0% scoring
above average. Conversely, 8.0% demonstrated a low level
of stress resistance. These findings complement previous
data on the individual psychological characteristics of both
male and female referees in team sports (Popovych et al,
2022); however, unlike our study, the aforementioned work
presented generalized data on anxiety, aggression, and locus
of control as key factors affecting officiating objectivity.

The establishment of behavioral strategies and methods
for referees to overcome stressful situations is of significant
practical importance. Since, according to the results of
the correlation analysis, the democratic refereeing style
(“Common sense”) is not associated with football referees’
behavioral characteristics, this may indicate that this style
is influenced by other factors, such as sufficient professional
experience, training, or specific personality traits.
Furthermore, the identified features of coping strategies in
football referees can serve as a guide for self-improvement
of professional skills, as well as for the Referees Committee
of the Ukrainian Football Association (UAF) to facilitate a
more effective selection of officiating teams for matches of
varying levels of complexity and specificity.

The results of our study indicate that emotional
intelligence — specifically its individual components —
has a significant impact on the refereeing style in football.
The direct correlation found between emotional awareness
and the authoritarian refereeing style suggests that officials
who better understand their own and others’ emotions are
inclined toward a more authoritative decision-making style.
The inverse correlation between managing one’s emotions,
self-motivation, and the liberal refereeing style indicates that
referees capable of regulating their emotions and possessing
high self-motivation levels more frequently employ a liberal
style. The absence of a statistically significant relationship
between the democratic refereeing style and emotional
intelligence leads us to believe that this refereeing style may
be influenced by other factors, such as experience, education
level, or specific personality traits.

Conclusions

1. A number of specific complex factors — such as
the transience of circumstances, high levels of physical
and psychological stress, high social responsibility for
decisions made, working directly with numerous athletes
simultaneously, the need to resolve psychological and
physical conflicts, the irreversibility of decisions made, and,
in general, the internal experiences of the individual referee
during a match — require representatives of the ‘football
judiciary’ to possess and develop specific psychological
qualities that will help them ensure their professional
suitability for such a demanding activity. An analysis of
specialized literature has identified the following personal
qualities as crucial: stress resistance, sociability, integrity,
confidence, courage, willpower, leadership skills, emotional
intelligence, self-control, etc.
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2. Tt has been established that, in general, football
referees demonstrate an average level of stress resistance;
however, this feature does not statistically significantly
affect the choice of refereeing style. Statistically significant
(p<0.050) correlations found between referees’ coping
strategies and their officiating styles indicate that the coping
strategies used by officials to overcome stress and solve
problems have a direct impact on their approach to their
refereeing style. In particular, referees who tend to actively
engage in problem-solving and seek effective solutions are
more likely to demonstrate an authoritarian refereeing style.
Simultaneously, referees who tend to avoid problems are
more likely to exhibit a liberal refereeing style. No statistical
relationship was found between the democratic style and
coping strategies.
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OcobucricHi pakTopm apbiTpiB y ¢pyTb6OnNiI,
L0 BNANBaOTb Ha popMyBaHHA CTUNIB CYyAAIBCTBA

Banentnna Boponosa'A®PE, Anacracia Pomaniok'®°’E, Harans llenorina?®cPE,
Bikrop KoctrokeBnu?* P, Biktopisa Kopanpuyk'*PF, Ipuna Kynpunnpka?®*Pk, Onbsra bexac?®cPE

'HanionanbHmit yHiBepcnTeT QisyHOro BUXOBAHHA i CIOPTY YKpainn
’BiHHUIIBKUII iepyKaBHMIA TTejaroriqyHmit yHiBepcuteT iMmeHi Muxaiina Konro6mHcpKkoro

ABTOpPCHKMIT BKIAJ: A — au3aiiH gocnipkenns; B — 36ip ganux; C — cratananis; D — migroroska pykormcy; E — 36ip komtis

Pedepar. Crarts: 9 ¢, 3 Tabn., 5 puc., 33 mxepena.

MerTa FOCTiKEHHS — BUSHAYUTH IICUXOJIOTI4HI BIACTUBOCTI 0cobmcTocTi GpyTbONpHNX apb6iTpiB, [0 BIVIMBAIOTL HA (op-
MYBaHHA Y HUX CTUIIB Cy[IiBCTBA.

Marepian i Metopu. B focnimpkenni B3 yaactb 25 GyT60bHUX ap6iTpiB npodecioHanpHyx ir Ykpainn (Bik 25-40 poxis,
nocBif 7-17 pokiB apbiTpaxy). Cepep Hux 12 ap6irpis IIpem’ep-niru Ykpaiun, 6 apbirpis ITepuroi niru II®JI, 7 ap6iTpiB->KiHOK.
MeTony ncuXoorivHoI AiarHOCTHKY (caMoolliHKa CTiifkocTi Ko crpecy, TecT EPQ AriseHka, eMOIiiTHNIT iHTeNmeKT 3a X0/, KO-
HiHr-cTparerii 3a AMipxas).

Pesynprarn. O1iHKa CTiffKoCTi 1o cTpecy B )iHOK-ap6iTpis Ha 10,2 % mepeBaXkae 11eli ITOKa3HUK Y YOIOBiKiB-ap6iTpis — 33,3
npotu 36,7 6asiB. BuBueHHs 0co6/MMBOCTel KOIHT-CTpareriit ¢pyT6ompHMX apOITPiB MOKa3as10, 110 /I BUIPOOYBAHNX Y LIiTO0-
MY XapaKTepHUIT cepeliHill piBeHb BMpillleHHA IPOo6IeM, CepefHiil piBeHb IONIYKY COIlia/lbHOI MATPUMKY Ta HU3BKUII PiBEHb
YHUKHeHH: 1po6ieM. Y 1inomy B GyTO0NbHMX apOiTpiB HU3bKMII PiBeHb KepyBaHH: eMOLisIMY, HI3bKIIT PiBeHDb PO3Ii3HABAHHSA
eMolilT iHImMX mofelt (MefiaHHA OIIIHKM IOKa3HMKA CTAaHOBM/IA 6 6ajiB). PerTa MOKasHMUKIB BiIIOBijal0Tb CepeHbOMY PiBHIO.
52,0 % BUIpoOyBaHNX XapaKTePU3YIOThCS HUSBKUM, a perrra 48,0 % — cepeHiM piBHEM eMOIITHOTO IHTE/IeKTY.

BucHoBku. BcranoBsieHo, mo 3aranom ¢yT6ombHI apOiTpu AeMOHCTPYIOTh CepefiHill piBeHb CTIIKOCTI JJo cTpecy, mpoTe
1151 0COOMBICTD CTATUCTUYHO 3HAYYIle He BIUIMBA€ Ha BUOIp CTIMO CyAaiBcTBa GyTOONbHMX apbiTpiB. CTaTUCTUYHO 3HAYYII
(p<0,050) xopersAwLii MiX KOIIHT-CTpaTerisiMM HOBeiHKY apOiTpiB 1 iX CTU/IAMM CYAAiBCTBA BKa3YIOTb Ha Te, 10 KOIIHT-CTpaTeril,
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AKI BUKOPUCTOBYIOTb GyTOO/bHI apbiTpu 15 HOJOIaHHA CTPECY Ta BUpIilIeHHs Ipo6/ieM, MalOTh IIPSIMUIL BIVIUB Ha IXHIl CTUIb
cynmiBcTBa. 30KpeMa, apOiTpH, AKi CXMIbHI 10 aKTUBHOTO BMpIillleHHA IPo6yeM i OIyKy eeKTUBHMX pillleHb, YacTillle eMOH-
CTPYIOTb aBTOPUTAPHMII CTU/Ib CYAAiBCTBA. BogHOYAC, ap6iTpy, sIKi CXM/IBHI {0 YHUKHEHHs IIPOOJIeM, JacTillle JeMOHCTPYIOTh
nibepanbHUIT CTUIb CYARiBCTBA. CTaTUCTUYHOTO 3B A3KY MIX IeMOKPAaTUYHMM CTU/IEM Ta KOIIHI-CTPATeriAMI He BUABIICHO.

Knroyosi cnmoBa: Tuny TeMrepaMeHTY, CTPECOCTINKICTb, KOMIHT-CTpaTerii, eMOLiiiHMil iHTeNIeKT, aBTOPUTAPHUIL CTU/Ib CYJI-
IiBCTBA, IEMOKPATUYHMUIL CTU/Ib CYAAIBCTBA, MibepanbHIiT CTUIb CYARIiBCTBA, PyTOOMBHI apbiTpIL.
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Abstract

Background. Aerobic capacity and biomechanical efficiency are central determinants of performance in athletics.
However, empirical evidence directly comparing different training modalities using an integrative assessment of
physiological, biomechanical, and cardiovascular recovery variables remains limited, particularly within structured
athletics training environments.

Objectives. This study aimed to compare the effectiveness of Fartlek, High Intensity Interval Training (HIIT), and
Moderate Continuous Training (MCT) on aerobic capacity, running efficiency, and cardiovascular recovery in sports
science students enrolled in athletics courses, thereby providing novel insight into evidence-based conditioning
strategies relevant to athletics training.

Materials and Methods. A total of 102 sports science students taking athletics coursework were randomly assigned
to HIIT (n = 34), Fartlek (n = 34), or MCT (n = 34). The eight-week intervention consisted of three weekly sessions.
Measured outcomes included VO, max, vVO,max, running economy, stride mechanics, and heart rate recovery
(HRR1-HRR3). Data were analyzed using paired t-tests, one-way ANOVA, LSD post-hoc tests, and effect size
calculations (Cohen’s d; partial n?).

Results. All training models produced significant improvements across all parameters (p < 0.001). HIIT yielded

the most substantial gains in VO,max, vVO,max, running economy, stride length, ground contact time, and HRR
indices. ANOVA revealed significant between-group differences on all primary variables (p < 0.001; n* = 0.27-0.47),
indicating the superior adaptive response of HIIT compared with Fartlek and MCT in the athletics training context.
Conclusions. The findings confirm that HIIT showed the greatest enhancements in aerobic capacity, mechanical
running efficiency, and cardiovascular recovery among the training methods examined in this cohort of sports
science students. Its superiority stems from structured high-intensity stimuli that maximize cardiovascular stress,
mitochondrial adaptation, lactate tolerance, and neuromuscular recruitment. Further research should investigate
responses in competitive athletes, extend intervention duration, and incorporate advanced metabolic and
neuromuscular analyses to deepen understanding of HIIT-driven adaptations in athletics.

Keywords: fartlek training, high intensity interval training (HIIT), athletics training, aerobic capacity, running economy,
stride mechanics, cardiovascular recovery, VO,max.

Introduction terminant within athletics because it reflects the integrated
function of the cardiovascular, respiratory, and skeletal mus-
cle systems in supporting maximal oxidative energy produc-
tion (Idnani et al., 2025; Kamarudin et al., 2024a). VO,max

The aerobic capacity represented by maximal oxygen
uptake (VO,max) constitutes a central physiological de-

© Wulandari, E Y., Pambudi, N. A., Jatmikanto, R. S., not only denotes an athlete’s fundamental work capacity but
Hafidz, A., Fajar, M. K., Daulay, D. A. A., Widohardhono, R., also shapes key performance-related variables such as run-
Andriana, L. M., &S, A., 2026. ning economy, maximal aerobic velocity (vVO,max), lactate
PETM threshold tolerance, and inter-interval recovery efficiency

(@ LLCOVS
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(Perdana et al., 2025; Sopyan et al., 2023). Accordingly,
strength and conditioning (S&C) practitioners routinely
employ VO,max as a primary indicator for designing train-
ing programs that integrate endurance, speed, and biome-
chanical efficiency components (Fahmi Hidayat et al., 2025;
Kamarudin et al., 2024).

Multiple aerobic training modalities have been
examined across the literature and applied in athletic
preparation, yet their adaptive responses show considerable
variability (Z. Wang & Wang, 2024). For instance, (Satria
et al., 2024) reported that both Fartlek and high-intensity
interval training (HIIT) enhanced VO,max in futsal players;
however, the findings were derived from non-athletics
populations and excluded biomechanical assessments or
running economy metrics that are directly relevant to track
performance. Similar results were documented by (Bermeo
Guaman etal., 2023), who compared Fartlek with continuous
running in recreational runners and found greater and faster
improvements in VO,max in the Fartlek group. Nevertheless,
the absence of performance-specific measures such as race-
pace velocity or stride efficiency limits the extent to which
these findings can be translated to competitive athletics
contexts (Bermeo Guaman et al., 2023).

Research by (Karthikeyan, 2025) on adolescent
athletes likewise demonstrated VO,max improvements
following both Fartlek and continuous training, with Fartlek
producing superior gains. This study was constrained by
a small sample size and the lack of advanced performance
indicators such as vVO,max or competitive running speed.
Similarly, (Festiawan et al., 2020) reported that Fartlek
elicited higher VO,max responses compared with interval
training among football players, although differences did
not reach statistical significance. Because the cohorts in
these studies were not composed of trained runners and
lacked analyses of recovery or movement economy, their
applicability to athletics performance remains limited.

In long-distance running populations, (Susiono et
al., 2025) observed that sprint interval training improved
VO,maxand race performance suchas3,000-mtimeand time
to exhaustion relative to conventional endurance training.
However, the interpretability of these results is narrowed by
(Tegegne Nigussie, 2024) the short intervention period (six
weeks), small sample size, and absence of biomechanical
or long-term recovery analyses. Another randomized trial
in recreational runners reported differential responses
to interval versus continuous training across running
economy (RE), maximal aerobic speed (MAS), and stride
kinematics, although the extremely small sample size and
inadequate control of training intensity warrant caution
when interpreting the findings (Tegegne Nigussie, 2024).
A separate investigation by (Bici & Kasa, 2025) concluded
that HIIT yielded larger gains in VO,max compared with
fartlek. Even so, substantial limitations including a sample
of only eight participants, lack of cardiovascular-recovery
or running-economy assessments, and no evaluation of
sustained aerobic adaptation constrain the generalizability
of the results. Thus, although HIIT and Fartlek appears
promising in elevating aerobic capacity, definitive
conclusions necessitate studies with stronger designs and
broader physiological assessments.

Collectively, limitations across prior research underscore
a critical scientific gap, particularly within the domain of

athletics training. No comparative study has systematically
evaluated HIIT and Fartlek using an integrated framework
that simultaneously examines cardiorespiratory responses
and performance-relevant variables. Key aspects including
running economy, stride pattern and quality, heart rate
recovery stability, and the transfer of training adaptations
to race-specific speeds remain insufficiently investigated.
Moreover, many earlier studies relied on simple pre-post
designs without real-time intensity monitoring, making it
difficult to characterize the actual physiological stimulus
elicited by each training modality.

To address these shortcomings, the present study was
designed as a controlled experiment with methodological
rigor that surpasses previous investigations. Beyond
comparing HIIT and Fartlek based on VO,max, the
study incorporated performance-critical indicators such
as vVO,max, running economy, stride efficiency, and
cardiovascular recovery. The use of precise real-time intensity
monitoring, comprehensive physiological instrumentation,
and direct evaluation of adaptation transfer to race-related
performance renders this study more holistic and more
aligned with applied S&C practice in running-based events.

Additionally, the study included a larger sample
size than most comparable research, thereby enhancing
statistical power, effect-size precision, and generalizability.
The combination of a rigorous experimental design, broad
physiological coverage, and a more representative participant
sample positions this study as a substantive contribution
to evidence-based training methodology within athletics.
However, given that the participants were non-athlete
university students, the generalizability of these findings to
trained or elite populations remains limited.

The novelty of this study can be articulated across three
dimensions. First, to the authors’ knowledge, this is the first
investigation to directly compare HIIT and Fartlek in running
athletes using an integrative analytical approach spanning
VO,max, cardiorespiratory responses, and biomechanical
parameters. To maintain conceptual accuracy, these findings
should be interpreted within the context of physical-
education students rather than competitive athletes. Second,
the simultaneous assessment of physiological variables
(e.g., heart rate, recovery kinetics, oxidative capacity) and
biomechanical variables (e.g., stride length, stride frequency,
running economy) enables a more comprehensive
understanding of training adaptation mechanisms. Third,
the findings provide actionable implications for S&C
coaches by identifying the training method that appears
more effective within this sample, particularly in jointly
enhancing aerobic capacity and race-specific performance,
while acknowledging that these effects are bounded by the
study design and population characteristics.

The scientific urgency of this research lies in its relevance
to improving training prescriptions for university-level
runners, a population for whom empirical evidence remains
relatively limited. Accordingly, this study formulates explicit
hypotheses to guide the comparative analysis: (H1) HIIT
will produce greater improvements in VO,max than Fartlek
and continuous training among non-athlete university
students; (H2) HIIT will elicit more pronounced adaptations
in running biomechanics including stride parameters
and running economy compared with the other training
modalities; and (H3) HIIT will induce more favorable
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cardiorespiratory responses, reflected in heart-rate kinetics
and recovery patterns, relative to Fartlek and continuous
training. These hypotheses are aligned with previous
literature and anchored in the physiological rationale
underlying each training method.

Consequently, the primary aim of the present study is
to evaluate and compare the effectiveness of High-Intensity
Interval Training (HIIT) and Fartlek on cardiorespiratory
responses and key performance indicators. Rather than
claiming absolute superiority, the present analysis seeks
to identify which training method demonstrates greater
effectiveness within the constraints of this specific population
and experimental design, thereby generating evidence-
based recommendations for S&C practitioners working with
similar student cohorts.

Materials and Methods

Participants

The study population comprised all active students
enrolled in the sports science program at the Vocational
Faculty of Universitas Negeri Surabaya. The eligible
population consisted of 414 students who fulfilled
administrative requirements and represented a broad
distribution across early- to late-semester cohorts, with
varying levels of physical activity experience and fitness
status. Based on an a priori power analysis conducted using
G*Power 3.1 with a moderate effect size (f = 0.25), a =
0.05, and a power of 0.80, the minimum required sample
size was determined to be 102 participants. The available
population was subsequently aligned with this requirement,
and following a systematic selection process grounded in
predefined inclusion and exclusion criteria, 102 students
were recruited through simple random sampling and
deemed eligible for participation.

To address these gaps, the present study implemented
a structured comparative intervention with a sufficiently
powered sample of sports science students. Given that
the participants were non-athlete university students, all
interpretations regarding training effectiveness are confined
to similar populations and cannot be generalized to trained
or elite athletes. The study sought not to claim absolute
superiority of any model but rather to determine which
modality demonstrates greater effectiveness within the
scope of this population and research design.

The novelty of this investigation rests on three
dimensions: (1) the direct comparison of HIIT, Fartlek,
and continuous training using integrative physiological
and biomechanical metrics, including VO,max, heart-rate
kinetics, stride parameters, and running economy; (2) the
simultaneous analysis of cardiorespiratory and mechanical
adaptations, enabling a more comprehensive interpretation
of training-induced changes; and (3) the practical relevance
of identifying the training model that produces the most
meaningful improvements in a collegiate setting, providing
evidence-based guidance for instructors and S&C
practitioners.

Inclusion criteria consisted of being an active student
aged 18-20 years, currently taking or having previously
completed the Athletics course, being in good physical
health, and not participating in any concurrent high-

intensity training program that could confound physiological
responses. Exclusion criteria encompassed sustaining an
injury during the study period, attending fewer than 80% of
the intervention sessions, the use of medications influencing
physiological parameters, or any medical condition that
could interfere with study procedures or compromise
participant safety.

Study Design

This study employed an inferential experimental design
using a randomized controlled trial (RCT) approach.
A total of 102 participants were randomly allocated into
three groups: the Fartlek group (n = 34), the High-Intensity
Interval Training (HIIT) group (n = 34), and the Moderate
Continuous Training (MCT) group, which served as the
control condition (n = 34).

The total population comprised 414
athletic’s students

v

The sample size, calculated using
G*Power 3.1, indicated a minimum of 34
participants per group

Exclusion,
(n=0)

Pre-test (n = 102)
All variables: VO2max, vVO:max,
running economy, stride efficiency,
and HRR

Randomization

| : .

. MCT’s
HIIT’s group Fartlek’s group group/control
(n=34) (n=34) (n=34)
An 8-week
An 8-week The Fartlek sessions An 8-week

used intentionally
varied intensities to
generate broad
physiological stimuli
across aerobic and
anaerobic systems.

Performed interval-
based protocols with
a fixed work-to-rest
ratio, controlled work

& recovery periods

completing continuous
running at a stable
moderate acrobic
intensity to maintain
steady-state

A 4

Post-test (n = 102)
All variables: VO2max,
vVO:max, running economy, |
stride efficiency, and HRR

Fig. 1. Flowchart of the study

Research Procedures

The training intervention was administered over an
eight-week period, with each session lasting 30-40 minutes.
Each training modality featured a distinct intensity structure
and session pattern designed to target improvements in
aerobic capacity and mechanical running efficiency. Prior to
the intervention, all participants completed a standardized
pre-test assessment, and following six weeks of training, post-
test evaluations were conducted using identical protocols to
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Table 1. Summary of the Three-Intervention Groups Training Program

Session Weekly

Group Training Structure Intensity Duration Fsgrne Key Characteristics

Fartlek Warm-up 10 minutes; ~ Varies 60-95% 50 minutes  3x/week Random variations in
Speed Play with a HRmax rhythm and intensity
variety of sprints, to trigger aerobic and
mediums, short anaerobic adaptations
sprints, and recovery
jogs; 10-minute
cooldown

High Intensity Interval 1:1 interval training Working: 85— 50 minutes  3x/week Focus on intense stimuli

Training (HIIT) between the work 95% HRmax; to increase VO2max and
phase and active rest Rest: 60-65% anaerobic capacity

HRmax
MCT (Control) Stable continuous road  65-75% HRmax 50 minutes 3x/week Moderate aerobic exercise

for basic cardiorespiratory
capacity improvement

ensure comparability of physiological and biomechanical
outcomes.

Each training session was structured according to the
specific characteristics of the assigned modality. The Fartlek
sessions employed a deliberately unstructured fluctuation of
intensities to elicit broad and variable physiological stimuli
across aerobic and anaerobic domains. The HIIT group
performed interval-based protocols with a fixed work-to-
rest ratio, ensuring consistent exposure to high-intensity
bouts followed by controlled recovery periods. In contrast,
the MCT group served as a comparative control, completing
continuous running at a stable moderate aerobic intensity to
maintain steady-state physiological loading.

Instruments

Maximal oxygen uptake (VO,max) was assessed using
the 20 m Shuttle Run Test (Beep Test), which provides
an established field-based estimation of aerobic capacity
based on the final level attained. Maximal aerobic velocity
(vVO,max) was measured through a progressive running
test on a standard 400 m track, in which speed was increased
every two minutes until participants were unable to maintain
the prescribed pace. Running economy (RE) was evaluated
by determining oxygen consumption during steady-state
submaximal running (10-12 km-h"') over a six-minute bout,
with VO, values analyzed during minutes four through
six to ensure metabolic stabilization. Stride efficiency was
quantified using high-speed video capture or biomechanical
sensors over a 30 m runway, enabling the extraction of stride
length, stride frequency, and ground contact time (GCT).
Heart rate recovery (HRR) was recorded following a three-
minute high-intensity running bout at 85-90% of HRmax,
during which HRpeak and recovery values at one, two, and
three minutes post-exercise (HRR1, HRR2, HRR3) were
obtained.

Ethical Clearance

This study was conducted in accordance with
institutional and international ethical standards. Ethical
approval was obtained from the Research Ethics Committee

of Universitas ‘Aisyiyah Surakarta (AISKA) under approval
number KEP/UNI-AISKA/199/2025/010225, following
initial endorsement by the Ethics Committee of the Faculty
of Sport Sciences. All participants provided written informed
consent after receiving a full explanation of the study
objectives, procedures, potential benefits, and associated
risks.

Data Analysis

All pre-test and post-test data were analyzed using IBM
SPSS Statistics. Preliminary analyses included assessment
of parametric assumptions through the Shapiro-Wilk test
for normality and Levene’s test for homogeneity of variance
across groups. Within-group intervention effects for the
Fartlek, High-Intensity Interval Training (HIIT), and
MCT groups were examined using paired-samples t-tests
to determine significant changes in VO,max, vVO,max,
running economy, stride efficiency, and heart rate recovery
(HRR). Between-group comparisons were conducted using
independent-samples t-tests, while differences across the
three training modalities were evaluated using one-way
ANOVA on change scores (A). When ANOVA indicated
significant effects (p < 0.05), Tukey’s HSD post-hoc analyses
were applied. To enhance practical interpretation, effect sizes
were calculated using Cohen’s d for t-tests and partial eta
squared (n°) for ANOVA. All results are presented as mean
+ standard deviation, with statistical significance set at p <
0.05.

Result

A total of 102 participants met all eligibility criteria and
were randomly allocated into the three intervention groups:
Fartlek (n = 34), HIIT (n = 34), and Moderate Continuous
Training (MCT) as the control group (n=34). All participants
completed the six-week intervention with full adherence and
no dropout, allowing the analyses to be performed using a
complete-case approach.

A total of 102 male sports science students aged 19-
21 years were enrolled and randomly allocated into three
training groups, each comprising 34 participants. Baseline
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Table 2. Characteristics of Study Participants

. HIIT Group Fartlek Group MCT
Variable (n =34) (n = 34) Group
B - (n=34)
Gender 34 male 34 male 34 male
Age (years) 20.1+0.6 20.0+0.7 202+0.5
BMI (kg/m?) 224+1.8 221+19 223+1.7

characteristics were relatively homogeneous across groups,
with an average age of approximately 20 years, body mass
index within the ideal range, and physical activity levels
classified as active (moderate to vigorous). This homogeneity
strengthens the internal validity of the study by ensuring that
observed differences in outcomes primarily reflect the effects
of the respective training interventions.

Table 3. Participant Characteristics at Baseline

Fartlek HIIT MCT

WEELID (n=34) (n=34) (n=34) P
Age (years) 206+1.4 20415 205+13 0.812
Body Mass Index ~ 22.1+1.8 224+21 220+19 0.673
(BMI; kg/m?)
HRmax (bpm) 1934+6.1 1941+£58 193.7+6.3 0.889
Physical Readiness 91.2+4.8 92.0+5.1 91.6+4.6 0.742
Questionnaire (PR-
Q)

All baseline variables showed p > 0.05, which means
there was no significant difference between groups. Thus, all
subjects were declared homogeneous before the intervention,
in accordance with the principles of experimental research
design and RCTs.

The results of the paired t-test showed that all three
types of fartleek, HIIT, and MCT exercises resulted in
significant improvements in the majority of physiological
and biomechanical variables. Fartlek and HIIT resulted in the
largest increases in VO,max, vVO,max, stride length, stride
frequency, decreased running economy, and ground contact
time, with both showing stronger changes than MCTs.
Meanwhile, MCTs also showed significant improvements,
but with smaller effects, and one of the variables (stride
frequency) was not significant. In addition, the entire group
showed significant improvements in cardiovascular recovery
capacity (HRR1, HRR2, HRR3), with fartlek and HIIT again
providing a greater adaptive response. Overall, fartlek and
HIIT show higher effectiveness than MCTs in improving
performance parameters and running efficiency.

Post-hoc LSD comparisons revealed distinct adaptive
responses across the three training modalities. For VO,max,
HIIT demonstrated a small but statistically significant
advantage over Fartlek (A = +0.80, p = 0.041), while both
HIIT and Fartlek produced markedly greater improvements
than MCT (A = +3.35 and +4.15, respectively; p < 0.001),
indicating that interval-based training elicited superior
aerobic gains relative to continuous moderate exercise.

Table 4. Within-Group Effects (Paired Sample t-Test) for Fartlek, HIIT, and MCT Groups

Variable Group  Pre-test (Mean + SD) Post-test (Mean + SD) t-value p-value
VO,max (ml-kg"'-min™') Fartlek 38.55+3.20 43.20 +3.30 11.42 <0.001
HIIT 38.60 + 3.15 44.10 £ 3.28 13.92 <0.001
MCT 38.10 £ 3.05 39.85 +3.20 5.44 <0.001
vVO,max (km/h) Fartlek 11.3+1.1 13.0+£1.2 9.58 <0.001
HIIT 114+1.3 133+1.2 11.01 <0.001
MCT 112+1.1 119+ 1.2 4.88 <0.001
Running Economy (VO, ml/kg/min) Fartlek 36.2+2.7 34.1+25 -6.44 <0.001
HIIT 36.0 £2.9 34.0+£2.6 -7.44 <0.001
MCT 36.1 £2.8 353+2.7 -3.12 0.004
Stride Length (m) Fartlek 1.22+0.11 1.30 £ 0.12 7.01 <0.001
HIIT 1.20 £ 0.10 1.29+0.11 8.02 <0.001
MCT 1.21 £0.10 1.24 £ 0.11 3.40 0.002
Stride Frequency (steps/min) Fartlek 169.1£7.8 173.4+7.5 5.45 <0.001
HIIT 168.2 + 8.4 173.5+8.0 6.77 <0.001
MCT 168.0 £ 8.0 169.5+7.8 2.02 0.051 (ns)
Ground Contact Time (ms) Fartlek 249.2 +17.5 234.0 +16.9 -8.12 <0.001
HIIT 247.8 £18.2 233.5+17.8 -9.35 <0.001
MCT 248.0 £ 18.6 243.2 £18.0 -3.55 0.001
HRR1 (bpm) Fartlek 214+ 4.6 28.2+4.7 9.88 <0.001
HIIT 21.1+4.5 28.5+4.9 11.55 <0.001
MCT 21.2+4.7 23.5+4.9 3.88 <0.001
HRR2 (bpm) Fartlek 34.8+5.0 41.8+4.9 10.01 <0.001
HIIT 345+52 42.0+4.8 11.21 <0.001
MCT 347 £5.1 37.8£5.0 4.02 <0.001
HRR3 (bpm) Fartlek 42.0%5.1 49.1+5.2 9.77 <0.001
HIIT 423+54 495 +5.1 10.68 <0.001
MCT 42.0%+5.3 452 5.1 391 <0.001
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Table 5. LSD Post-Hoc Comparison Between Groups Based

Variable Group Comparison Mean Difference (A) 95% CI p-value (LSD)
VO,max (ml-kg'-min™) HIIT vs Fartlek +0.80 0.02to 1.58 0.041
Fartlek vs MCT +4.15 3.10 to 5.20 <0.001
HIIT vs MCT +3.35 2.30 to 4.40 <0.001
vVO,max (km-h!) HIIT vs Fartlek +0.30 0.01 to 0.59 0.049
Fartlek vs MCT +1.10 0.70 to 1.50 <0.001
HIIT vs MCT +0.80 0.40 to 1.20 <0.001
Running Economy (| better) HIIT vs Fartlek -0.30 -0.63 t0 0.03 0.062
Fartlek vs MCT -2.10 -2.80 to —1.40 <0.001
HIIT vs MCT -1.80 -2.50 to —-1.10 <0.001
Stride Length (m) HIIT vs Fartlek +0.03 0.00 to 0.06 0.038
Fartlek vs MCT +0.07 0.04 to 0.10 <0.001
HIIT vs MCT +0.04 0.02 to 0.06 <0.001
Stride Frequency (steps-min™) HIIT vs Fartlek +0.60 -0.05to 1.25 0.071
Fartlek vs MCT +3.20 1.50 to 4.90 0.001
HIIT vs MCT +2.60 1.00 to 4.20 0.003
Ground Contact Time (ms; | better) HIIT vs Fartlek -1.90 —-3.85t0 0.05 0.051
Fartlek vs MCT -9.10 —11.50 to —6.70 <0.001
HIIT vs MCT -7.20 -9.30 to -5.10 <0.001
HRRI1 (bpm) HIIT vs Fartlek +0.50 -0.03t0 1.03 0.062
Fartlek vs MCT +3.90 2.60 to 5.20 <0.001
HIIT vs MCT +3.40 2.20 to 4.60 <0.001
HRR2 (bpm) HIIT vs Fartlek +0.20 —-0.02 to 0.42 0.081
Fartlek vs MCT +3.50 2.30 to 4.70 <0.001
HIIT vs MCT +3.30 2.10 to 4.50 <0.001
HRR3 (bpm) HIIT vs Fartlek 0.00 -0.42 to 0.42 0.998
Fartlek vs MCT +3.80 2.60 to 5.00 <0.001
HIIT vs MCT +3.80 2.60 to 5.00 <0.001

Table 6. One-Way ANOVA on Change Scores (A) Between Groups (Fartlek, High Intensity Interval Training (HIIT),

MCT)
Variable Between-three groups  df MS F p-value Partial n*

VO,max (ml-kg'-min™') 214.2 2 107.10 45.6 <0.001 0.47
vVO,max (km-h') 18.7 2 9.35 31.2 <0.001 0.38
Running Economy (VO, ml-kg'-min’'; | better) 67.4 2 33.70 24.8 <0.001 0.35
Stride Length (m) 0.032 2 0.016 18.1 <0.001 0.27
Stride Frequency (steps-min™') 245.6 2 122.8 6.2 0.003 0.11
Ground Contact Time (ms; | better) 8311.0 2 4155.5 39.4 <0.001 0.44
HRR1 (bpm) 3294 2 164.7 32.7 <0.001 0.39
HRR2 (bpm) 446.1 2 223.0 34.9 <0.001 0.40
HRR3 (bpm) 386.8 2 193.4 28.5 <0.001 0.36

A similar pattern was observed for vVO,max, where HIIT
outperformed Fartlek with a modest yet significant difference
(A =+0.30, p = 0.049), and both high-intensity modalities
produced substantially higher improvements than MCT.
For running economy, although the difference between
HIIT and Fartlek did not reach statistical significance (p =
0.062), both groups outperformed MCT with large effect
magnitudes, reflected by lower oxygen cost at submaximal
speeds. Stride length showed a significant advantage for
HIIT over Fartlek (A = +0.03, p = 0.038), while both HIIT
and Fartlek yielded greater stride length improvements than

MCT. In terms of stride frequency, differences between HIIT
and Fartlek were not statistically significant (p = 0.071),
yet both modalities demonstrated superior adaptations
compared with MCT (p < 0.003).

Ground contacttime (GCT) improved more prominently
inboth HIIT and Fartlek compared with MCT (p <0.001), with
the HIIT-Fartlek comparison approaching but not reaching
significance (p = 0.051), suggesting comparable efficiency
gains in lower-limb elastic utilization. For HRR1-HRR3, the
differences between HIIT and Fartlek were non-significant
across all indices (p = 0.062-0.998). Nevertheless, both HIIT
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and Fartlek displayed significantly greater parasympathetic
reactivation following exercise when compared to MCT (p
< 0.001), illustrating the clear superiority of high-intensity
methods in enhancing autonomic recovery.

Taken together, the post-hoc findings indicate that
HIIT and Fartlek consistently induce greater physiological
and biomechanical adaptations than moderate continuous
training. Although the two high-intensity modalities share
many overlapping benefits, HIIT demonstrates a slight
edge over Fartlek in several key performance indicators,
particularly VO,max, vVO,max, and stride length,
underscoring its efficacy as a potent stimulus for aerobic and
neuromuscular enhancement.

The results of the one-way ANOVA test of nine
performance variables showed significant differences
between the three exercise groups (p < 0.001 for most
variables). Consistently, the HIIT group showed the
greatest improvement in physiological and biomechanical
performance compared to the other two groups.

On the VO,max variable, the HIIT group recorded the
highest increase with very strong effects (F = 45.6, p < 0.001,
partial n*> = 0.47), suggesting that the HIIT intervention
provided a much greater cardiorespiratory adaptation than
the other two groups. A similar pattern was seen in vVO,max
(F=31.2,p<0.001, n* = 0.38), reinforcing that HIIT resulted
in a superior increase in maximum aerobic speed capacity.

In terms of running economy, the HIIT group showed
the most efficient reduction in VO, (F = 24.8, p < 0.001,
n* = 0.35), which indicates more economical energy use
at a given speed. Biomechanical components that support
performance such as stride length (F = 18.1, p < 0.001, n* =
0.27) also increased the most in the HIIT group, while stride
frequency also showed HIIT superiority even with moderate
effects (F = 6.2, p=0.003,n> = 0.11).

In the neuromuscular variables related to running
efficiency, the HIIT group showed the greatest decrease
in ground contact time (F = 39.4, p < 0.001, n* = 0.44),
indicating better elasticity and mechanical efficiency than
the other groups.

In addition, cardiovascular recovery ability measured
through HRR1, HRR2, and HRR3 also showed that the
HIIT group had the best acceleration of heart rate recovery
(HRRI: F = 32.7, p < 0.001, n* = 0.39; HRR2: F = 34.9, p <
0.001, n> = 0.40; HRR3: F = 28.5, p < 0.001, n> = 0.36).

Overall, the pattern of findings across all variables
suggests that the HIIT group produces the most
comprehensive physiological, biomechanical, and
cardiovascular adaptations, with large to very large effect
size values on most key parameters. These findings suggest
that HIIT demonstrates greater effectiveness relative to
the other training modalities examined in this study in
improving aerobic performance, running efficiency, and
recovery ability.

Discussion

The findings of this study demonstrate that all three
training modalities Fartlek, High-Intensity Interval
Training (HIIT), and Moderate Continuous Training
(MCT) produced significant improvements in physiological
and biomechanical variables following eight weeks of
intervention. However, HIIT consistently yielded the

greatest magnitude of adaptation within the present sample,
indicating a higher effectiveness for enhancing aerobic and
biomechanical performance in this educational context.
Physiologically, the marked improvement in VO,max
observed in the HIIT group reflects enhanced cardiovascular
and respiratory capacity through increases in stroke volume,
cardiac output, and skeletal muscle capillarization, coherent
with established mechanisms of high-intensity exertion
(Sopyan et al., 2023). The superior gains in vVO,max also
indicate improved metabolic efficiency and lactate tolerance,
hallmarks of interval-based training that demands robust
neuromuscular coordination. These improvements align
with core mechanisms of interval training, particularly the
repeated exposure to high-intensity bouts that generate
substantial metabolic stress, stimulate mitochondrial
biogenesis, and recruit both type I and type II fibers, thereby
producing a broader adaptive signal than MCT or Fartlek
(Atakan, Li, et al., 2021).

Although some previous studies have reported
comparable improvements between MCT and HIIT, such
as the original research conducted in runners populations
by (Z. Wang & Wang, 2024), these findings are limited by
heterogeneous protocols and small sample sizes. The present
study addressed these limitations by employing a larger
sample (n = 102) of healthy young adults and incorporating
more comprehensive physiological and biomechanical
assessments. As a result, the current findings offer stronger
evidence that HIIT provides the most potent physiological
stimulus within populations that are highly responsive to
high-intensity workloads (Tian et al., 2023).

From a biomechanical perspective, the HIIT group
exhibited the greatest enhancements. High-intensity
accelerations likely facilitated enhanced motor-unit
synchronization and improved elastic energy utilization.
These adaptations reflect improved mechanical efficiency
and neuromuscular performance elicited by repeated
exposure to high-intensity accelerations (Gao et al., 2024;
Preece et al., 2019). The reduction in ground contact
time in the HIIT group indicates more efficient force
application, consistent with research showing that shorter
contact times are associated with reduced submaximal
oxygen consumption. The reduction in ground contact
time is particularly meaningful, as shorter contact reflects
greater leg stiffness, faster force transmission, and reduced
submaximal oxygen cost, all of which translate into more
economical running patterns (Dolci et al., 2021; Penichet-
Tomas, 2024). Such biomechanical optimization provides
an additional performance advantage for HIIT beyond its
physiological benefits (Gao et al., 2024; Jin et al., 2025).

Running economy improved across all groups but was
most pronounced in the HIIT condition. The reduction
in submaximal VO, during steady-state running indicates
enhanced metabolic efficiency, aligning with evidence that
high-intensity interval exposure induces superior energy
utilization strategies and neuromuscular economy. Repeated
recruitment of high-threshold motor units during HIIT likely
increased oxidative capacity within type Il fibers traditionally
more glycolytic which improves energy turnover efficiency at
lower intensities, explaining the superior running economy
adaptations compared with Fartlek and MCT (Feng et
al., 2025; Olaya-Cuartero, Lopez-Arbues, et al., 2024).
Compared with Fartlek and MCT, the structured intensity
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profile of HIIT delivers stronger metabolic adaptation due
to the repeated recruitment of large motor units and high
oxidative demand (Tsai et al., 2021).

Cardiovascular recovery (HRR1-HRR3) improved in all
groups; however, HIIT produced the largest enhancements,
indicating faster parasympathetic reactivation following ex-
ertion. The accelerated heart-rate recovery indicates faster
parasympathetic reactivation and reduced sympathetic per-
sistence, suggesting more efficient autonomic regulation fol-
lowing high-intensity exertion (L. Wang et al., 2021). This ac-
celerated recovery reflects improved autonomic balance and
vagal responsiveness, which are critical for repeated high-in-
tensity efforts (Wu et al., 2021). Enhanced HRR is especially
relevant in athletic contexts, as it supports superior tolerance
to successive training sessions and reduces accumulated fa-
tigue (Zhao & Sim, 2023). The absolute changes and effect
size estimates revealed that HIIT consistently produced the
greatest adaptations. Although it is recognized that inter-
val and continuous training may yield comparable benefits
when matched for energy expenditure (Zanini et al., 2025),
the metabolic oscillation and sympathetic parasympathetic
cycling inherent to HIIT deliver an autonomic stimulus that
continuous training does not replicate. The structured high-
intensity demands of HIIT provide an additional stimulus
that is not replicated by unstructured variability or continu-
ous moderate intensity (W. Wang et al., 2025).

Large effect sizes were observed for key variables such
as VO,max (n* = 0.47), ground contact time (n*> = 0.44),
and HRR2 (n? = 0.40), indicating that the physiological
and biomechanical adaptations were not only statistically
significant but also practically meaningful. These outcomes
strengthen the conclusion that HIIT elicits the most
substantial training effects within a comparable intervention
duration (Méhler et al., 2021). Such efficiency is particularly
relevant for practitioners and athletes who require rapid
adaptation within constrained training timeframes
(Litleskare et al., 2020).

Although both MCT and Fartlek contributed to
measurable improvements (Prasanna & Vaithianathan,
2019), their effect sizes tended to be moderate or small
relative to HIIT (Arsadi et al., 2025a). Continuous training
remains valuable for foundational endurance development,
yet its lower metabolic stress and predominantly type I fiber
recruitment produce slower adaptive rates (Engelbrecht et
al., 2024). In contrast, HIIT training offers a more efficient
and time-effective approach for achieving substantial
improvements in aerobic and mechanical performance
(Kelemen et al., 2023).

The superiority of HIIT can be attributed to its unique
physiological mechanisms, which combine intensive aerobic
and anaerobic stimulation (Feng et al., 2025). Increases in
VO,max and vVO,max in the HIIT group reflect improved
oxygen transport, mitochondrial efficiency, and elevated
lactate threshold, consistent with the adaptive profile of high-
intensity workloads (Xie et al., 2024). Concurrent activation
of type I and type II muscle fibers during HIIT supports
stronger neuromuscular adaptation, enhancing mechanical
and metabolic efficiency (Costache et al., 2024). The
present findings are aligned with literature demonstrating
accelerated aerobic and mechanical gains from high-
intensity interval training in young adults (Ai et al., 2021).
Variability in previous studies largely reflects differences

in participant characteristics, intervention duration, and
measurement protocols. By incorporating a comprehensive
set of physiological and biomechanical assessments, the
present study offers a more holistic representation of training
adaptations.

Some studies report minimal differences between HIIT
and continuous training when interventions are brief or
matched strictly by volume (Atakan, Glizel, et al., 2021).
However, these studies often neglect biomechanical metrics
and recovery indices. The current findings bridge this gap
by including stride length, ground contact time, and HRR,
providing a more complete understanding of training-
induced adaptations.

Biomechanical improvements such as greater stride
length and reduced contact time in the HIIT group suggest
that this protocol not only enhances aerobic capacity but also
optimizes mechanical running efficiency (Olaya-Cuartero,
Pueo, et al.,, 2024). Although Fartlek produced notable
improvements (Arsadi et al., 2025), the structured nature of
HIIT resulted in more targeted neuromuscular adaptation
(Caceres-Diego et al., 2025). This supports theoretical
models proposing that structured high-intensity intervals
are superior to unstructured variable-intensity running for
improving mechanical efficiency (Shingala & Shukla, 2024).

Stride frequency improved moderately in both HIIT and
Fartlek, with minimal changes in MCT. The balance between
stride frequency and stride length is essential for optimal
running performance. Improvements in stride frequency
across HIIT and Fartlek further demonstrate refined motor
control and rhythm regulation, which are essential for ef-
ficient running mechanics (Llanos-Lagos et al., 2024). These
findings further reinforce the superiority of HIIT in integrat-
ing neuromuscular and technical adaptations (Strepp et al.,
2024). Running economy improved most significantly in the
HIIT group. The superior running economy observed in the
HIIT group is consistent with evidence that interval training
enhances intermuscular coordination, reduces co-contrac-
tion, and improves energy-conserving movement patterns,
contributing to a lower oxygen cost during submaximal effort
(Dolci et al., 2021; Feng et al., 2025). Prior studies highlight
that high-intensity intervals promote enhanced motor effi-
ciency and energy conservation (Zanini et al., 2025), aligning
with the robust improvements observed in this study.

The faster parasympathetic recovery demonstrated
by HRR1 to HRR3 in the HIIT group suggests superior
autonomic regulation, linked to enhanced vagal reactivation
and reduced sympathetic drive. Additionally, greater
parasympathetic rebound and reduced sympathetic strain
following HIIT likely contribute to better overall load
management and reduced neuromuscular fatigue (Moro
et al., 2020). This adaptation is critical for maintaining
performance capacity and reducing fatigue during successive
high-intensity sessions (D’Alleva et al., 2023). Although
external variables such as nutrition, sleep, and unmonitored
physical activity were difficult to control despite standardized
instructions, the randomized controlled design and
comprehensive measurements enhanced the robustness of
these findings. The sample was limited to healthy young
adults, and caution is warranted when generalizing findings
to older or elite populations.

Overall, the results clearly indicate that HIIT showed
the most pronounced improvements in physiological and
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biomechanical performance among the training protocols
examined in this cohort of young adult students. Its
combination of high metabolic stress, broad motor-unit
recruitment, enhanced mitochondrial and neuromuscular
adaptation, and superior autonomic recovery explains its
superiority over Fartlek and MCT. Variability in previous
studies is largely explained by differences in sample and
protocol characteristics, whereas the present findings
provide coherent and comprehensive evidence of HIIT’s
superiority. Collectively, the study highlights the importance
of integrating physiological and biomechanical adaptations
within high-intensity training (Gao et al., 2024; L. Wang et
al,, 2021; Z. Wang & Wang, 2024). HIIT not only enhances
aerobic capacity but also optimizes stride mechanics and
ground contact variables, producing highly efficient running
patterns (Dolci et al., 2021; Gao et al., 2024a). These findings
provide practical implications for coaches and practitioners
to design time-efficient, high-impact training programs.
Future research should explore the effects of HIIT in
competitive athletes, youth populations, and individuals
with metabolic conditions. Further studies integrating
physiological, biomechanical, and psychological markers
such as lactate tolerance, neuromuscular activation, and
mental fatigue are warranted. Investigations into optimal
interval structures could also refine HIIT protocols for
maximizing performance while minimizing injury risk.

Conclusion

The present study provides clear evidence that Fartlek,
High-Intensity Interval Training (HIIT), and Moderate
Continuous Training (MCT) all contribute to measurable
improvements in aerobic performance, running mechanics,
and cardiovascular recovery in young adult learners. Among
these modalities, HIIT produced the most substantial and
multidimensional adaptations, particularly in VO,max,
vVO,max, stride mechanics, running economy, and HRR
indices. These outcomes highlight the potent physiological
and neuromuscular stimulus generated by structured high-
intensity interval workloads.

From an educational and practical standpoint, the
findings emphasize that HIIT represents a highly time-
efficient and impactful training option for physical
education settings. The structured intervals, clear intensity
targets, and strong physiological returns make HIIT suitable
for course-based conditioning programs, especially when
instructional time is limited. Educators and coaches may use
these results to design evidence-based training prescriptions
that enhance both fitness and technical running proficiency
among students.

Despite its strengths, this study is subject to several
limitations. External factors such as sleep, nutritional
intake, and unmonitored physical activity could not be fully
standardized, potentially influencing training responses.
The sample healthy, physically active young adults also limits
generalizability to elite athletes, youth, or older populations.
Additionally, the study did not include advanced
physiological markers such as lactate thresholds, muscle
activation patterns, or hormonal responses, which may offer
deeper mechanistic insights. Future investigations should
expand to diverse populations and athletic levels, incorporate
longer intervention durations, and integrate more advanced

physiological and biomechanical assessments. Comparisons
of different HIIT structures (e.g., work-to-rest ratios, interval
duration, and intensity progression) and dose-response
analyses will be critical for optimizing training strategies in
both educational and sport performance contexts.
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OO6rpyHTyBaHH:. AepobHa 3xaTHICTD Ta 6ioMexaHiuHa epeKTUBHICTD € KIIOYOBUMI leTepMiHAHTAMI Pe3y/IbTaTUBHOCTI B
nerkint aTnernti. IIpore eMmipuyHi gaHi, 0 6e3nocepefHbO MOPIBHIOITD Pi3Hi MOJANTBLHOCTI TPEHYBaHb 3a TOMOMOTOK0 KOMII-
JIeKCHOI OLiHKM (isionoriuHmx, 6i0MexaHiYHMX Ta KapAiOBaCKY/IAPHUX ITOKA3HVKIB BiTHOB/ICHHS, 3a/IMIIAIOTHCS OOMEXEHIMI,
0c006/IMBO B MeXaX CTPYKTYPOBAHOI'O HaBYa/IbHO-TPEHYBA/IbHOTO IIPOLIECY 3 JIETKOI aT/IeTUKIL.

Iimi. MeTo0 1IOTO TOCTIIKEHHS 6y}10 MOPiBHATH eq)eKTMBHiCTb q)aaneKy, METOJIiB BMCOKOIHTEHCMBHOTO iHT€PBaIbHOTO
tpenysanHs (BIIT) ta momipHoro 6e3nepepsroro TpeHyBanHs (IIBT) oo BIUIMBY Ha aepoOHY 3HaTHICTD, epeKTUBHICTD biry
Ta BiJHOBJIEHH: CEPLIEBO-CYAVHHOI CCTEMM Y CTYJIEHTIB CHIOPTUMBHIX CIIELIiaIbHOCTEN, AKi BiflBiyIOTh KyPCH 3 JIETKOI aT/IeTUKI,
TUM CaMMM 3a0e3Iedylodn HOBe PO3YMiHHA JJOKa30BO OOIPYHTOBAHMX CTpATerill KOHAMIIHOI MiATOTOBKY, aKTyalbHUX A/IA
TPEHYBaIbHOTO IIPOLIECY B JIETKiil aT/IeTUILi.

Marepianu Ta Metopu. 3araiom 102 CTyAeHTN CIIOPTUBHUX CIeEIiaTbHOCTE, SKi IPOXOANIN KyPC JIETKOI aT/IeTUKY, OYI10
posmofineHo 3a MetooM paHgoMisanii Ha rpymu BIIT (n = 34), daprieky (n = 34) a6o IIBT (n = 34). TpuanicTs inTepBenmii
CTaHOBM/IA 8 TYDKHIB i CK/IaJjasiacs 3 TPhOX TPEHYBa/IbHUX CECill Ha TYDKJeHb. BUMipIOBaHi MOKa3HUKM Pe3y/IbTaTUBHOCTI BK/II0Ya-
m VO, max (MaKcuMabHe CIIOXMBAaHHA KUCHIO), VVO,max (IIBUAKicTb, 1[0 Bifnosigae VO, max), eKOHOMI4YHICTb 6iry, MexaHiky
KpOKy Ta BifHOBIeHHs cepueBoro putmy (HRR1-HRR3). Jlani aHamisyBamm 3a JOIOMOTOR t-KpUTepiiB A/Is TApHMX BUOIPOK,
0HO(AKTOPHOTO AMCIIEpPCiiTHOTO aHami3y, post hoc TecTiB HaliMeHIIOl 3HAYYIOI Pi3HUII Ta PO3PAaXyHKIB BeMUYMHU ePeKTy
(d Koena; wactkoBa 1°).

PesynpraTn. Yci TpeHyBanbHi MOfie/li MPOJEMOHCTPYBAAM CTAaTUCTUYHO 3Hauyyllle IOKpalleHHA 3a BCiMa IapaMeTpaMu
(p <0.001). BukopucTaHHs MeTORY BUCOKOIHTEHCUBHOTO iHTEPBA/IbHOTO TPeHYBaHH 3abe3I1ednIo HailbiIbI CyTTEBMIT IpupicT
nokasHukis VO,max, vVO,max, eKOHOMIYHOCTi 6iry, JOBKXMHIU KPOKY, 4acy KOHTAKTY 3 IOBEPXHEIO Ta iH/IeKCiB BiJHOB/IEHHA
cepreBoro putMmy. JJucnepciitanit aHasis BMABMB 3HaYyIli MDKTPYIIOBi BifMiHHOCTI 3a BciMa ocHOBHVIME 3MiHHMMY (p < 0.001;
n2 = 0.27-0.47), 1m0 CBif4nTh PO BUILY afANTALiIHY BiAmoBifp opranismy Ha BIIT mopiBHsAHO 3 apTiekoM Ta IOMipHUM 6Oes-
IIepePBHYM TPEHYBaHHAM y KOHTEKCTi JIETKOAT/IeTUYHO]I MiIFOTOBKM.

BucHoBku. Pe3ynbpraTy HmigTBepIKyIOTh, IO cepel NOCTiKyBaHNX MeTofiB TpeHyBaHHA came BIIT mpopgeMoHcTpyBano
Hailbi/Ibllle TTOKpaIljeHHsI OKAa3HIKIB aepOOHOI 3[[aTHOCTI, MeXaHi4HOI edeKTMBHOCTI 6iry Ta BiZHOB/IEHHS CeplieBO-CYAMHHOL
CUICTeMM Y JaHOI KOTOPTY CTY/IEHTiB CIIOPTUBHUX CHelliabHOCTeil. [lepeBara 3a3Ha4eHOr0 METOLy 3yMOBJIEHA CTPYKTYPOBaHMMMI
BJMCOKOIHTEHCUBHMMM CTUMYJ/IaMy, 110 MaKCMMAa/IbHO aKTUBi3yIOTb CEpLIeBO-CYIUHHY CUCTEMY, MiTOXOHZpia/ZbHYy aJanTallilo,
JIAKTaTHY TO/IEPAHTHICTD Ta PEKPYTYBAHHS HEPBOBO-M S30BMX OAVMHUI. [lofasbiii JOCTIIKeHHs MAlOTh Oy TI CIIPsIMOBaHi Ha
BUBYEHHA PeaKlliil y npodeciiiHuX aT/1eTiB, 301/IbIIeHHA TPUBAIOCT] iHTepBEHIIii Ta BIPOBAXKEHH: IIOIINO/IEHOT0 MeTab OJiYHO-
TO 71 HEPBOBO-M 5I30BOTO aHaJIi3y /IS KpaIlloro po3yMiHHsA afjanTaliiiHux npouecis, symosnenux BIIT y nerkiit armeTni.

KirouoBi cmoBa: TpeHyBaHH: 3 papT/IeKy, BUCOKOIHTEHCUBHE iHTepBabHe TpeHyBaHH:A (BIIT), TpeHyBaHH 3 JIerKoi aT/ieTn-
K11, aepobHa 3[aTHICTh, EKOHOMIYHICTD 6iry, MeXaHiKa KpOKY, BiflHOB/IEHHA ceplieBO-CyiMHHOI cuctemy, VO, max.
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Abstract

Objectives. The aim of this study was to assess whether a warm-up routine incorporating plyometric exercises
promotes greater improvements in jumping performance, power output, and neuromuscular responsiveness
compared with warm-up strategies commonly used in volleyball practice.

Materials and Methods. Twenty-four sub-elite female volleyball players (age: 16.3 + 0.6 years; body mass: 58.7

+ 3.8 kg; height: 165.6 £ 6.8 cm) from a regional club performed three different warm-up protocols, each lasting

20 minutes: traditional warm-up (TWU), neuromuscular warm-up (NWU), and isometric warm-up (IWU). To
minimize fatigue effects, three experimental sessions were conducted with 48-hour intervals. Following each warm-
up protocol, participants were randomly assessed using the Squat Jump (S]), Countermovement Jump (CM]),
Standing Long Jump (SLJ), Squat Jump-Block Jump (SJ-BJ), Repeated Countermovement Jump (RCM]J), and Drop

Jump (DJ) tests.

Results. Jump performance outcomes demonstrated significantly higher values (p < 0.001) following the NWU
protocol. Compared with IWU, TWU resulted in higher performance values in SL]J, S]-BJ, RCM], and shorter ground

contact time during the DJ test.

Conclusions. Neuromuscular warm-up appears to be particularly effective in sports requiring explosive, high-speed
actions, as it may directly enhance training quality and jumping performance during competition. The findings
indicate that post-activation performance enhancement (PAPE) can be observed in Under-17 female volleyball
players when appropriate warm-up exercises are applied. This study provides practical insights into warm-up
strategies for youth volleyball clubs with limited access to resistance training equipment.

Keywords: jump, volleyball, PAPE, neuromuscular integrative exercise, plyometric.

Introduction

Recently, novel approaches and innovative training
methodologies have increasingly been developed within the
context of team sports (Esposito et al., 2024a; Altavilla et al.,
2023; D’Elia, 2023).

Researchers and strength and conditioning coaches
have progressively shifted their focus towards scheduling
training sessions that reflect performance profiles across

© Sannicandro, I., Armiento, L., Trotta, N., D’Onofrio, R.,
Arben, K., & Agron, K., 2026.
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different sports (Giardullo et al., 2025; Shalom et al., 2025;
Altavilla et al., 2022).

Furthermore, new methodologies have been proposed
to enhance physical efficiency (Keoliya, et al., 2024; Esposito
et al,, 2024b; Deng et al., 2023) and improve the monitoring
of training sessions (Hernandez-Martinez et al., 2023; Pawlik
& Mroczek, 2022).

The warm-up represents one of the most important
phases of a training session and has increasingly attracted
attention from both researchers and practitioners (Keskin
et al., 2025; Villalon-Gasch et al., 2022; Petisco et al., 2019).

Typically performed at the beginning of the session, the
warm-up should include a variety of exercises tailored to the
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training objectives and the functional requirements of the
sport (Villalon-Gasch et al., 2022; Seitz et al., 2016).

A well-designed warm-up is widely used in sport
environments, as it aims to improve physical performance
and reduce the injury risk prior to the main training phase
(Keskin et al., 2025; Pérez-Gomez et al., 2022).

Previous studies have highlighted the benefits of
appropriately designed warm-up protocols in improving
performance (Papagiannis et al., 2024; Fogha et al., 2023;
Andrade et al., 2015) and reducing injury risk across various
sports (Althomali et al., 2025; Emery et al., 2022; Stojanovi¢
et al., 2023).

Despite, the effectiveness of injury prevention
programmes has led to the widespread integration of
specific warm-up protocols, particularly in team sports
characterized by a high incidence of non-contact injuries
(Magafia-Ramirez et al., 2024; Lopes et al., 2020).

Although the development of appropriate warm-up
protocols has been shown to significantly reduce the injury
risk, few studies have investigated their effects on sport-
specific performance (Pérez-Gomez et al., 2022).

Inlight of this, the existing body of evidence supports the
development of novel warm-up designs aimed at enhancing
the activation of both central and peripheral mechanisms
associated with performance improvement. Several authors
have emphasized the performance benefits of warm-up
routines that elicit Post-Activation Potentation (PAP) and
Post-Activation Performance Enhancement (PAPE) across
athletes from different sports (Villalon-Gasch et al., 2022;
Jarosz et al., 2025; dos Santos Silva et al., 2021) and age
groups (Sun et al., 2025; Isla et al., 2021).

The aforementioned neuromuscular phenomena, which
are induced by high-intensity voluntary contractions, have
been shown to improve players’ performance. Although
PAP and PAPE provide similar benefits, their underlying
mechanisms differ. Notably, PAP is primarily determined
by improved actin-myosin coupling, whereas PAPE is more
strongly associated with increased muscle temperature and
greater motor unit recruitment (Blazevich & Babault, 2019).

Most warm-up protocols have traditionally been
prescribed for sports characterized by sprinting and high-
intensity running; however, their applicability to sports
involving repeated vertical jumping is not well documented
(Althomali et al., 2025; dos Santos Silva et al., 2021).

For several decades, the traditional approach has
consisted of a general cardiovascular phase lasting 10-20
minutes, followed by stretching exercises and sport-specific
tasks (van den Tillar et al., 2019; Falch et al., 2021; Altavilla
etal., 2023).

This general approach has been easily applied to sports
characterized by different energy systems, bout durations
and highly complex sport-specific skills, such as shooting,
jumping, sprinting, throwing (Sannicandro et al., 2021).

Previous investigations have examined on isometric
exercise within warm-up routines, given their effectiveness
in recruiting a large number of motor units and promoting
greater muscle fibres activation (Jarosz et al., 2025).
Conversely, other studies have investigated warm-up
protocols based on sport-specific technical skills performed
by high-level athletes (dos Santos Silva et al., 2021).

However, volleyball presents unique performance that
clearly differentiate it from other team sports; therefore,

each phase of training competitive match should be carefully
designed according to its specific performance demands.

A recent study has investigated the effectiveness
of different warm-up protocols in volleyball players,
by comparing ischemic preconditioning exercises and
electromyostimulation of selected lower limb muscles on
vertical jump performance (Keskin et al., 2025).

However, neither protocol elicited significant changes
in vertical jump performance compared with a traditional
warm-up.

Furthermore, other studies have examined the
performance benefits elicited by particular warm-up
protocols in international-level volleyball players (Villalon-
Gasch et al., 2022), including overload-based strategies (Ah
Sue et al,, 2016; Sygulla & Fountaine, 2014).

In volleyball, muscle power plays a crucial role in key
actions such as jumping during both offensive and defensive
phases. Therefore, it is essential to identify the most effective
warm-up strategy. Therefore, it is essential to identify the
most effective warm-up protocol.

Further investigation related to pre-exercise activation
is warranted, as improved understanding may help
practitioners to optimise performance in both elite and
young volleyball players.

Addressing this gap in the literature should be considered
a priority for the youth population, as this may contribute
to the development of evidence-based guidelines for youth
volleyball practitioners.

Moreover, the findings related to PAPE in high-level ath-
letes using free weights and maximal loads may not be trans-
ferable to younger players, given the limited availability of
heavy-load equipment in youth women’s volleyball settings.

Accordingly, warm-up protocols should incorporate
strategies based on well-established and easily implementable
tasks, considering the limited duration of the preparatory
phase (approximately 20 minutes).

Based on the limited evidence currently available, the
aim of the present study was to assess the effectiveness of
different warm-up protocols on muscle power, vertical and
horizontal jump performance in Under-17 volleyball players.

We hypothesized that a warm-up routine incorporating
plyometric exercises would promote greater improvements
in jumping performance, power output, and neuromuscular
responsiveness compared with those commonly performed
in the volleyball context.

Materials and Methods

Sample

Prior to the recruitment procedure, a sample size
estimation was conducted using G*Power analysis
(Disseldorf, Germany) for a repeated-measures ANOVA
design (effect size = 0.31; power = 0.90; a = 0.05). Twenty-
four sub-elite female volleyball players (age: 16.3+0.6 years,
58.7+3.8 kg, 165.6£6.8 cm, training age 7.7+1.9 years)
belonging to a regional club were involved in the present
study. Four participants were excluded from the final
sample because they did not complete all three experimental
sessions.

The eligibility criteria for this study were: i) participation
in at least 90% of training sessions during the month
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preceding the study; ii) absence of injuries or neuromuscular
or musculoskeletal disorders during the same period; iii)
regular participation in volleyball training, including jump-
specific training, and competitive match during the four
weeks prior to the study; iv) no consumption of alcoholic
beverages within 72 hours prior to each experimental
session; v) participation in all experimental sessions. The
study was approved by the club’s manager and was conducted
according to the principles expressed in the Declaration of
Helsinki. Written informed consent was obtained from the
parents or legal guardians, and all participants provided
written assent.

Experimental Design

Participants performed three different warm-up
protocols, each lasting 20 minutes To minimise potential
fatigue effects, three experimental sessions were conducted
with 48-hour interval between sessions. All assessments and
warm-up protocols were carried out during a mid-season
break in the competitive season.

The traditional warm-up (TWU) consisted of an
8-minutes cardiovascular phase, followed by 4 minutes of
dynamic stretching and mobility exercises, and 8 minutes of
sport-specific drills.

The neuromuscular warm-up (NWU) constisted of an
8-minutes cardiovascular phase, followed by 4 minutes of
dynamic stretching and mobility exercises, and 8 minutes
of neuromuscular phase including 4 x 3 countermovement
jumps (CMJ; 30 s recovery), 4 x 4 pogo jumps (30 s recovery)
and 3 x 3 split jumps per leg (45 s recovery)

The isometric warm-up (IWU) consisted of an
8-minutes cardiovascular phase, followed by 4 minutes of
dynamic stretching and mobility exercise, and a isometric
phase including 4 x 30 s half-squat at 90° holds knee flexion
(30 s recovery), 4 x 30 s isometric exercises targeting triceps
surae (30 s recovery) and 3 x 30 sec isometric lunges at 90°
knee flexion (30 s recovery).

At the end of each warm-up protocol, participants were
randomly assessed using the following tests:

o Squat jump (S]): performed on a force platform
(Globus Treviso, Italy), to assess explosive strength
through elevation of the centre of mass using
exclusively concentric muscle contraction.

o Countermovement Jump (CM]J): performed on
a force platform (Globus Treviso, Italy), to assess
explosive strength through plyometric contractions.

o Standing long jump (SLJ): used to assess explosive
strength in its horizontal component.

o Squat Jump - Block Jump (SJ-BJ): used to assess
sport-specific vertical jump performance. Block
jump consisted of a two-legged vertical jump with
arm swing, simulating a volleyball blocking action
(Dopsaj et al., 2012).

o Repeated countermovement jump (RCM]J):
performed on a force platform (Globus Treviso, Italy)
to assess average jump height (MJH, cm), peak power
(PP, W) and average power (MP, W) during jumps
measured over 15 second period.

« Drop jump (D]J): performed on a force platform (Glo-
bus Treviso, Italy) to assess the elevation of the centre
of mass. Participants dropped from a 45 cm box and

performed a rebound jump with minimal knee flexion
during ground contact (GCT) (Dopsaj et al., 2012).

Statistical Analysis

Descriptive statistics are presented as mean * standard
deviation (SD). Data normality was checked using Shapiro
Wilk test. As the variables did not meet the assumption of
normality, Friedman test (non-parametric ANOVA for re-
peated measures) was applied to detect significant differences
among conditions. When a significant main effect was ob-
served, Conover’s post hoc test with Bonferroni correction
was used for pairwise comparisons. Kendall's W effect sizes
(WKendall) along with 95% confidence interval (95% CI)
were reported. Effect sizes were interpreted according to the
following thresholds (Tomczak et al., 2014): 0.1 - < 0.3 (small),
0.3 - < 0.5 (moderate) and > 0.5 (large). Statistical significance
was set at p<0.05. Statistical analyses were conducted using
JASP software (version 0.19.2, Amsterdam, The Netherlands).

Results

Table 1 and 2 report mean values+SD for descriptive
statistics and significant differences through non-parametric
ANOVA for repeated measures, respectively.

S] showed significant differences among warm-
up conditions, with higher values observed after NWU
(29.91£1.64 cm) compared with both TWU (27.92+1.47 cm)
and IWU (27.16£1.33 cm) (p<0.001 for both comparisons).

SL] demonstrated significant differences among warm-
up conditions. NWU produced significantly greater values
(204.28+3.64 cm) compared with TWU (198.07+3.85 cm)
andIWU (187.21£5.20 cm), while TWU elicited significantly
higher values than IWU (p<0.001 for all comparisons).

CM] reported significant differences among warm-up
conditions, with NWU showing significantly greater values
(32.98+0.83 cm) than TWU (31.01+1.10 cm) and IWU
(30.62+1.9 cm) (p<0.001 for both comparisons).

SJ-BJ showed significant differences among warm-
up conditions. NWU elicited significantly greater values
(37.02+0.88 cm) than TWU (35.54+0.80 cm) and IWU
(32.23+3.12cm), while TWU determined significantly higher
values compared with IWU (p<0.001 for all comparisons).

No significant differences were found in the number of
jumps performed during RCMJ among warm-up conditions,
with values of 12.7+0.8 jumps, 12.8+0.9 jumps and 12.5+0.6
jumps following TWU, NWU and IWU, respectively.

MJH recorded during RCM] significantly differed among
warm-up conditions. NWU produced significantly greater
values (25.88+1.73 cm) compared with TWU (24.91£1.70
cm) and IWU (24.10£1.66 cm), while TWU reported signifi-
cantly higher results than IWU (p<0.001 for all comparisons).

PP recorded during RCM] demonstrated significant
differences among warm-up conditions. NWU showed
significantly greater values (2399.35+269.32 W) compared
with both TWU (2389.50+83.33 W) and IWU (2198+107.14
W), while TWU determined significant benefits than IWU
(p<0.001 for all comparisons).

MP recorded during RCM] showed significant
differences among warm-up conditions, with both TWU
(2141.1+176.6 W) and NWU (2241.9+285.9 W) showing
higher results than IWU (2002.9£207.9 W) (p<0.001 for
both comparisons)
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Table 1. Mean+SD are reported for descriptive statistics in jump performances

Variable NWU TWU IWU
SJ (cm) 2991+ 1.64 27.92 +1.47 27.16 £ 1.33
SLJ (cm) 204.28 + 3.64 198.07 £ 3.85 187.21 £5.20
CMJ (cm) 32.98 £0.83 31.01 £1.10 30.62 £ 1.9
SJ-BJ (cm) 37.02 £0.88 35.54 £0.80 34.47 £ 0.86
RCM]J (counts) 12.78 £ 0.89 12.85 +0.94 12.57 £ 0.64
RCMJ-MJH (cm) 25.88 + 1.66 24.91 % 1.70 24.10  1.66

RCM]J-PP (W) 2399.35 £269.32 2389.50 + 83.33 2198.00 £ 107.14
RCM]J-MP (W) 2241.90 +285.95 2141.10 £ 176.6 2002.9 +207.921
DJ height (cm) 24.58 +1.86 22.51 £0.92 21.41 +0.79
GCT (ms) 259.85 +£9.67 287.35+16.02 307.78 £19.5

Note. SJ: squat jump; SLJ: standing long jump; CMJ: countermovement jump; SJ-BJ: squat jump — block jump; RCM]J: repeated
countermovement jump; MJH: average jump height; PP: peak power; MP: average power; DJ: drop jump; GCT: ground contact time

DJ height showed significant differences among warm-
up conditions. NWU produced significantly greater values
(24.58+1.86 cm) compared with both TWU (22.51+0.92 cm)
and IWU (21.41£0.79 cm), while TWU elicited significant
advantages than IWU (p<0.001 for all comparisons).

GCT collected during DJ showed significant differences
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among warm-up conditions . NWU elicited significantly wy w ™ wy vy ™
shorter GCT values (259.85+9.67 ms) compared with
both TWU (287.35£16.02 ms) and IWU (307.78+19.53), as = w5 i
while TWU produced significantly shorter GCT than IWU =1 ? T
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performance and power output across the three warm-up 20~ o I?l
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Table 2. Results of Friedman test for jumping performance

Fig. 1. Jump performance (SJ, SLJ, CM], SJ-B]) after three warm-

Variable Xkriedman  df P  Wkaan 95%CI up protocols. Note. SJ: squat jump; SLJ: standing long jump;
. CMyJ: countermovement jump; SJ-BJ: squat jump — block jump;

§J (em) 28.00 2 <0.001 1.00  [1.00;1.00] IWU: isometric warm-up; NWU: neuromuscular warm-up; TWU:
SLJ (cm) 28.00 2 <0.001 1.00 [1.00;1.00] traditional warm-up; ***p<0.001 vs. IWU; ### p<0.001 vs. TWU
CMJ (cm) 15.64 2 <0.001 0.56 [0.25;0.63]
SJ - BJ (cm) 2800 2 <0.001 1.00 [1.00;1.00] :: 2 "
RCMJ - MJH (cm) 28.00 2 <0.001 1.00 [1.00;1.00] o - -
RCMJ-PP(W) 2242 2 <0.001 080 [0.50;1.00] s =
RCMJ - MP (W) 1042 2 0.005 037 [0.29;0.60] g 120- 22

] @ 23
DJ (cm) 2578 2 <0.001 092  [1.00;1.00] :Z 2

- 21
GCT (ms) 2800 2 <0.001 1.00 [1.00;1.00] W N W wu WU ™
Note. SJ: squat jump; SLJ: standing long jump; CMJ: - 2600 -
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Fig. 2. RCM] performance after three warm-up protocols.
Note. RCMJ: repeated countermovement jump; MJH: average
jump height; PP: peak power; MP: average power ***p<0.001
vs. IWU; ### p<0.001 vs. TWU

The aim of the present study was to assess the effects of
different warm-up protocols on jumping performance and
muscle power in Under-17 volleyball players.
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The hypothesis that incorporating plyometric exercises
into the warm-up routine could induce significant changes
in jumping performance, muscle power and neuromuscular
responsiveness was supported by the results.

Jumping performance, particularly in the SJ, CM]J, SLF
and SJ-BJ tests, demonstrated that U17 players can benefit
from a warm-up protocol involving rapid plyometric muscle
contractions. Indeed, the neuromuscular warm-up (NWU)
elicited significantly higher values across all four jumping
assessments compared with both traditional (TWU) and
isometric (IWU) warm-up protocols. These findings suggest
that the plyometric exercises effectively improve the ability
of young volleyball players to elevate their centre of mass.
The vertical jump values observed in the present study are
consistent with those reported in the literature for Under-16
volleyball players (Bertozzi et al., 2025; Nikolaidis et al.,
2012).

Similarly, horizontal jump performance was comparable
to, and in some cases exceeded, values reported for volleyball
players of similar or slightly older age groups (Deng et al.,
2025; Zhu & Cui, 2024; Trajkovic et al., 2024).

These findings may be partially explained by the
characteristics of the study sample. Specifically, participants
competed at sub-elite level and frequently performed
plyometric exercises due to limited access to gyms equipped
for resistance training. This contextual factor may have
improved their technical execution in plyometric tasks,
which require a high levels of neuromuscular control and
motor coordination.

However, no significant differences were found in the
RCM]J test among the three warm-up protocols. This result
may be attributed to the brief duration of the test (15 s), which
may have been insufficiently to elicit meaningful differences
in jump count. To date, few studies have applied this specific
assessment in Under-17 volleyball players, whereas longer
repeated jump tests (e.g., 30 s) have primarily been applied
in professional athletes (Soslu et al., 2022).

Despite the absence of differences were observed in
jump frequency, the NWU elicited greater benefits for MJH,
PP and MP outcomes compared with the other warm-up
protocols.

These findings reflect the specific physical demands
of volleyball, which involve repeated jumps actions while
counteracting fatigue and maintaining neuromuscular
efficiency throughout the match (Soslu et al., 2022;
Hernandez-Martinez et al., 2023).

The inclusion of plyometric exercises in the NWU likely
improved the elastic properties of the musculotendinous
structures, thereby promoting enhanced mechanical

performance during repetead jumping tasks (Papagiannis et
al., 2024; Ramirez-Campillo et al., 2022).

According to some authors, repetitive high-intensity
jumps may also facilitate more efficient motor unit recruit-
ment and firing patterns, which are essential for generating
high levels of force and power (Behrens et al., 2016).

A similar trend in jumping performance was observed
following the TWU compared with IWU.

Thisresultmaybe explained by the inclusion ofadditional
sport-specific plyometric drills during the final phase of the
TWU, which likely may have induced greater neuromuscular
activation than prolonged isometric contractions.

Comparable effects have been reported in the literature
for sprinting, jumping and throwing performance (Seitz et
al., 2016).

Opverall, the present findings emphasize the importance
of carefully planning all phases of the training session. This
observation is particularly relevant in sports characterized
by ballistic movements, as these are associated with a high
risk of non-contact injury (Aquino et al., 2022; Altavilla et
al., 2023; Watanabe et al., 2016).

Therefore, it is particularly essential to understand the
effects of specific warm-up exercises in youth sports in order
to appropriately adapt all phases of the training sessions.

Indeed, literature consistently highlights findings derived
from adult populations should not be directly extrapolated
to young athletes (Ramirez-Campillo et al., 2023).

During maturation, biological processes such as rapid
increases in stature, potential temporary alteration in motor
coordination, large increases in fat-free mass and changes to
muscle-tendon architecture may influence responsiveness
to plyometric exercise (Ramirez-Campillo et al., 2022, 2023).

Conversely, the findings of the present study suggest
that isometric exercises applied during warm-up did not
provide meaningful benefits for jumping performance in
young volleyball players.

Accordingly, greater emphasis should be placed on
warm-up protocols incorporating high-speed plyometric
movements (e.g., NWU) or partially including them (e.g.
TWU), in order to enhance vertical and horizontal jump
performance. In contrast, warm-up protocols based
primarily on isometric exercises appear to be less effective
for improving these performance outcomes.

Similar benefits of plyometric-based warm-up
strategies have also been observed in other sports, in which
vertical jump performance is nota a primary performance
determinant.

In line with this observation, a recent study has revealed
that including hops, skipping and sport-specific jumps
during warm-up improved CM] performance for up to 9
minutes post-warm-up (Papagiannis et al., 2024).

Therefore, we suggest incorporating plyometric
exercises within the warm-up due to enhanced stretch-
reflexes activation, elastic energy reutilization, motor unit
recruitment and the rate of force development (Ramirez-
Campillo et al., 2022; Wu et al., 2025; Tillaar et al., 2020).

Additionally, combininginitial metabolic activation with
plyometric exercises, as implemented in the NWU, may be
crucial for triggering PAPE. Previous studies have reported
that increases in muscle temperature and excitability of
high-threshold motor units may persist for up to 20 minutes
following warm-up (Villalon-Gasch et al., 2022).
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In contrast, the limited effects obtained following the
IWU suggest that the role of isometric exercises during
warm-up should be carefully reconsidered in volleyball
context.

In this regard, while the present findings differ from
those reported in soccer players (Jarosz et al., 2025), they
align with the results observed in handball players regarding
jumping performance (Krzysztofik et al., 2022).

It is worth noting that the present study did not include
maximal isometric contractions against external resistance
(Helbin et al., 2025); instead, exercises were performed
using only body weight and maintained for a prolonged time
interval (30 s).

Accordingly, the absence of external resistance and the
nature of the isometric stimulus may not have been sufficient
to elicit meaningful neuromuscular activation, potentially
explaining the limited effectiveness of the IWU.

In conclusion, the type of warm-up appears to be
particularly relevant in sports requiring explosive and high-
speed actions, since it can directly affect both training quality
(e.g., neuromuscular-oriented sessions) and competition
performance (Papagiannis et al., 2024).

Therefore, the results of this study demonstrate that
PAPE may be observable in Under-17 female volleyball
players when appropriate warm-up exercises are selected.

The study could provide insights into warm-up strategies
in youth clubs that have limited opportunities to resistance
training equipment.

Although this study provides valuable practical applica-
tions, it is necessary to note some limitations and be very pru-
dent in interpreting the results for several different reasons.

First, the sample observed had correct jump technique
because this type of exercise was frequently used by the
staff: this factor may have increased the efficiency of the
integrative warm-up strategies.

Second, data collection occurred in a mid-season break,
during which training frequency was reduced. Finally, the
small sample size limits the generalisability of the findings,
which should be considered preliminary.

Further research should investigate NWU protocols with
different workloads in order to provide further guidance for
practitioners.

Moreover, further analysis must be conducted to
understand the volumes of neuromuscular exercise that can
be introduced into the warm-up without inducing fatigue in
young volleyball players.

Additionally, it may also be interesting to investigate the ef-
fectiveness of NWU protocols by comparing elite and sub-elite
athletes, as well as to explore how strength and conditioning
coaches can integrate supplementary exercises into warm-up
routines to optimise performance outcomes in youth volleyball.

Conclusions

The findings of this study indicate that the type of warm-
up protocol plays a decisive role in jumping performance and
muscle power in Under-17 female volleyball players. A neuro-
muscular warm-up incorporating high-speed plyometric exer-
cises (NWU) was consistently more effective than traditional
and isometric protocols in enhancing vertical and horizontal
jump performance. In contrast, warm-up routines based pri-
marily on isometric exercises without external resistance did

not provide meaningful performance benefits. These results
suggest that appropriately structured plyometric-based warm-
up strategies may facilitate PAPE effects in youth volleyball
players, particularly in contexts with limited access to resis-
tance training equipment.
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Y BnAnBaloTb cTpaTterii pPO3SMNHKN HA NOKA3HUKN
CTPpVOKOBOI NpaLe3[aTHOCTI HUX BONenbonicTtok?

ITano Cannicangpo'>*?P, Jlyimki Apm’enro'®P, Hikoma Tporra'®cP,
Po3sapio [I’Ono¢pio* ", Kauyppi Ap6en***”, Kaca Arpon*A°®

'VuiBepcuter ®omxi

IIpodeciitHa MArOTOBKA 3 CUIOBOI Ta KOHAMLINHOI MATOTOBKM Y GyTOOMT
*Itaniiicpka acoujianisa gpyr6éompuux mikapis (L.A.M.I.CA.)

*YuiBepcurer ciopry Tupann

ABropcbknii BKIaj;: A — nusaiis gocnimpkeHHs; B — 36ip ganux; C - crataHanis; D - migroroska pykomucy; E - 36ip komris

Pedepar. Crarrs: 9 c., 2 Tabmn., 3 puc., 52 prepena.

Meta. MeTo10 JOCTIIXeHHs OY/I0 OLiHUTH, YU CIPYsIE PO3MUHKA 3 BK/IIOYEHHAM ITIOMETPUYHMX BIIPAB Oi/bIIOMY IifBU-
I[eHHI0 CTPMOKOBOI Mpalie3AaTHOCTI, IOTY)XHOCTI Ta HEeIpOM’s130BOI peaKTUBHOCTI MOPIBHAHO 3 PO3MMHKaMU, sIKi 3a3ByUYail
3aCTOCOBYIOTBCS Y BO/IEIOO/IbHII IPAKTHLIL.

Marepianu i MeTopu. Y gocmipKeHHI B35 ydacTb 24 Boneitbonictku cybeitapHoro piHs (Bik: 16,3 + 0,6 poky; Maca Tina:
58,7 £ 3,8 kr; 3picT: 165,6 + 6,8 cM), sIKi ITpecTaB/IANN perioHanbHMil KI1y0. YYacHUI BUKOHYBa/IM TPY Pi3Hi IIPOTOKOIN PO3MUH-
KU TpUBATICTIO 1I0 20 XBUINH KOXKeH: Tpaguiiiiny posamuHKy (TR), Heltpom’sa3oBy posmuuky (NR) Ta isoMeTpudHy posMMHKY
(IR). 3 meTor0 MiHIMi3awii BIVIMBY BTOMU TPY €KCIIEpPUMEHTAIbHI cecil mpoBopmmucs 3 intepsanom 48 roguH. ITicis 3aBepiueHHs
KOYXHOTO IIPOTOKOJTy PO3MUHKM YYacCHUIb Y BUIIQJKOBOMY HOPAAKY TeCTYBaIy 3a JOIOMOrolo cTpubka 3 HamiBmpucigy (S]),
crpubka 3 nonepenniv 3amaxom (CM]J), ctpubka B gosxunHy 3 Miciys (SLJ), crpubka 3 HamiBIIpucify — 6/10KyBanbHOTO CTprOKa
(S]-BJ), moBropHOro crpubka 3 nonepenHim 3amaxoMm (RCM]J) ta ctpubka uns (DJ).

Pesynbratu. PesynbraTi TecTiB cTprOKOBOI IIpalie3faTHOCTI TOKa3aIi BUII Ta CTaTUCTUYIHO 3Havy1yi 3Ha1eHHs (p < 0,001)
ITiC/1sA 3aCTOCYBAHHSA HellpoM 5130801 po3MUHKN. [TOpiBHSHO 3 i30MeTPUYHOI0 PO3MIHKOIO, TPaULIiliHa PO3MIHKA 3abe3IedyBaa
Byl MoKasHuKM y Tecrax SLJ, SJ-BJ, RCM]J, a Tako MeHIIMIT Yac KOHTAKTY 3 OIIOPOIO Iifi Yac BUKOHAHHA TecTy DJ.

BucHosku. Heitpom’si30Ba po3MIHKa € 0COO/MBO eeKTUBHOIO y BIMAX CIIOPTY, 1II0 BUMAaraloThb BMOYXOBYX BICOKOIIBII-
KiCHMX PyXiB, OCKI/IbKII BOHA MOXKe Oe3II0CcepejHbO BIUIMBATI Ha SIKICTh TPEHYBATbHOTO IPOLECY Ta CTPUOKOBY IPaLie3aTHICTh
y 3MarajibHiit gisnsHoCcTi. OTpUMaHi pe3y/IbTaTu CBifYaTh PO Te, 10 ePeKT HOCTAKTUBALITHOTO Mi/{BUIIIEHHS [IPALe3JaTHOCTL
(PAPE) Mo’xe TIpOSIBILATUCA Y BOMENOOMICTOK £O 17 POKIB 3a yMOBM 3aCTOCYBaHHs afieKBAaTHO MifjiOpaHuX BIPaB PO3MUHKIL.
HocnipkeHHs Hafja€ MPAaKTIYHI OPiEHTUPH LIOKO BUOOPY CTpaTeriil PO3MUHKY Y AUTAYO-IOHALBKMX K/Iy0axX 3 0OMeXeHUM H0-
CTYIIOM [0 CUJIOBOTO TPEHYBaJIbHOTO 00/Ia{HAHHL.

Kirouosi cmoBa: ctpu6ok, soneit6orn, PAPE, HelipoM’s130Ba iHTerpaTiBHa BIIpaBa, IUTIOMeTpis.
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Choudhary et al. (2025). Evaluating the Effects of Complex Training on Athletic Performance: A Systematic Review. Physical
Education Theory and Methodology, 25(5), 1255-1267. https://doi.org/10.17309/tmfv.2025.5.25

Following a formal editorial investigation conducted in accordance with the journal’s publication ethics policy and

COPE guidelines, the Editors determined that the article contains serious deficiencies in methodological reporting and
representation of the study design. Specifically, the article was presented as a systematic review and meta-analysis; however,
no verifiable meta-analytic procedures were identified. In addition, statements regarding protocol registration could not be
substantiated, and the reported methodological quality assessment was not supported by corresponding data. Furthermore,
inconsistencies were identified between the stated study objectives and the inclusion criteria.

These issues compromise the reliability of the findings and the integrity of the scientific record. On this basis, the Editors have
decided to retract the article in order to maintain the standards of publication ethics.
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3a pesynbraramn (OpMaIbHOTO PeAKIIIHOTO PO3CIiLyBaHHs, IPOBEEHOrO BIAMOBIIHO O HOMITHKY TyO/IiKaLiiHOT eTHKI
>KypHany Ta pekomenpanii COPE, pefjaxili€ro BCTaHOB/IEHO HAsBHICTb CYyTTEBUX HEJOMIKIB y METOJJO/IOTIYHOMY 3BiTyBaHHi

Ta IpeACTaB/IeHH] IU3aliHy HOCiPKeHHA. 30KpeMa, CTAaTTIO OY/I0 IIOlaHO SAK CYCTEMATIYHMII OI7IAf] i MeTaaHaJli3, OfHaK
IepeBipIoBaHi okasy (HaKTUYHOrO IPOBEEeHHs MeTaaHa/TITUYHIX IPOLeRyp BincyTHi. KpiM TOro, TBepmkeHHs 0f0
peecTpaliii mpoTOKOTy He Oy/IM MiATBEPIKeHi, a 3a[ieK/IapoBaHa OLiHKa METOJOIOTIYHOI SIKOCTI JOC/IPKeHb He Oy/Ia ImiaKpirieHa
BimoBigHNMMY fanyMy. Tako)X BUAB/IEHO HEBiAMOBIHOCTI MiXK 3asAB/IEHOI0 METOIO JOC/II/PKEHHA Ta KPUTEPiAMYU BK/TIOUEHHS.
3asHaueHi 00CTaBMHY HiPUBAIOTh HANINHICTh OTPMMAHNUX Pe3y/IbTATIB i IiicHicTb HaykoBoro 3amucy. Ha miit migcrasi
penaKiis yXsaamia pillleHHA PO BiIKIMKaHHSA CTATTi 3 METOIO JOTPMMAHH CTaH/IaPTiB MyO/IiKaIiiiHOT e TUKH.

e BigxnmmkaHHA iHililOBaHe pefaKIi€lo XXypHaTy.

ABTOpU He Hafla/I 3TOAM Ha BiIK/IMKaHHA CTATTi.

Bigk/mnKaHa CTaTTA 3a/IMIIATUMEThCA JOCTYITHOIO B OH/IAMH-BePCii XypHaTy 3 METOI0 30epeKeHHA HayKOBOTO 3aIlNCY, OfHAK
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