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ABSTRACT

The holonic approach in sports education offers a new paradigm for collective tactical training, moving beyond
rigid and hierarchical models. This study explores how systemic creativity enhances team performance by
integrating individual autonomy with collective adaptability. Players function as holons, self-organizing units
that dynamically interact within a structured system, fostering emergent tactical patterns. The research
highlights how team coordination and decision-making improve when tactical structures are designed to be
flexible and responsive rather than rigid. By shifting from fixed positional roles to adaptive interactions, players
develop a deeper situational awareness, enhancing strategic cohesion. This study emphasizes the practical
applications of holonic thinking in sports, demonstrating how it can optimize team dynamics, creativity, and
performance. The findings suggest that holonic structures in training and gameplay lead to greater tactical
intelligence, reinforcing the importance of self-organization and adaptive strategies in modern sports
education.
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INTRODUCTION

The intellectual legacy of Arthur Koestler (1905-1983) trespasses his times and still offer today a modern
perspective for studying, interpreting and manage complex systems, the sport education included.

Koestler was one of the most widely read and appreciated journalist, writer and essayist of his time, and an
original scholar of the "human condition" (Watson, 1999). In 1967 he wrote “The Ghost in the Machine”,
where he first used the term "holon", a concept that was further developed in 1970 in his article “Beyond
Atomism and Holism-the concept of the holon”.

The conceptualization of the term "holon" found its grounds in the attempt to overcome the dichotomy
between holism and reductionism and to take into account both the individualistic and integrative tendencies
of whatever agent interacting within whatever complex system. This concept implies the non-existence in
nature of autonomous units indivisible and separate as well as the oxymoron nature of the term "individual".

Koestler (1970) notes that "whenever there is life, it must be hierarchically organized", but the term
"hierarchy", as Koestler notes, is a non-appropriate as it is full of military reminiscences and generates the
idea of a rigidly authoritarian structure. Koestler's hierarchy has quite another meaning: it is a structure with
many levels, branched and stratified. A system that branches into subsystems, a structure that encapsulates
substructures, of a process that activates sub-processes. For this reason holons start from the hierarchy and
move over the hierarchy. Their organization is in the same time hierarchical (pyramidal) and heterarchic
(horizontal), for which Koestler coined the term Olarchy (hierarchy + heterarchy).

From the analysis of biological systems to that of human systems, the step is short. The "holonic" theory is
also a candidate for the study of models of human social systems, because it is able to analyse both the
micro-level of individuality and the macro-level of the community.

The next and inevitable step is the recognition that organisms and societies have the same holarchical
structure. Koestler attempted to re-establish a sociological thought, encompassing the current
epistemological fracture that separate, in a sort of new Cartesian view of society, structure and agent as
different poles of the sociological reasoning. Such a fracture, generating “dichotomies”, still has some appeal
in sociology as it should allow to mediate between “two strong and opposite positions” as, according to Jenks
(1988) “...we reason in the form of dichotomies here because they enable us to establish arguments from
two strong and opposite positions and because they will you also to engage with debates from both sides
and to see the strengths of the arguments on both sides.” Koestler, instead, imagined a study of human social
structure based on an original approach in which the single concepts of "holon”, as well as the equivalent
structure and agent, could be merged and then be overcome. Koestler's ambition was to find a new
epistemology in which to leave behind forever the fruitiess dichotomies.

The concept of "holon" designates an entity that is, at the same time, something defined in itself and a part
of alarger whole. An atom is defined initself, but it is also part of something more complex when it participates
in the structure of a molecule. When the molecule participates in the cellular structure it is a holon, inserted
in a more complex system. An organ is a part in itself and, at the same time, a part of an organism.

Up to this point, everything seems to be a consolidated discourse, and therefore not original, about the
emergent properties of the higher levels of organization that cannot be predicted starting from levels of lower
complexity (von Bertalanffy, 1952). Instead, it is about the identification of a hierarchical model that considers
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the hierarchy of relationships in an innovative way. In this regard, as explicitly quoted by Koestler (1970), this
concept was derived from the general system theory of Ludwig von Bertalanffy and from what the same von
Bertalanffy underlined in his book “Problems of life; an evaluation of modern biological thought’(1968):
“Hierarchical organization on the one hand, and the characteristics of open systems on the other, are
fundamental principles of living nature” [quoted by Koestler (1970)].

Reality can be seen as an infinite series of holonic relationships. Holons have action, individuality, autonomy,
commonality, mutuality and collective relationships. They have the ability to transform into larger full-scale
agents and to emerge creatively and indefinitely. Koestler (1970) notes that parts and wholes have no
absolute value in nature, what matters is the way in which parts and wholes are holarchically related. Koestler
uses the concept of "holon" for an interpretation of nature that ranges from the examination of the structure
of the brain to the “holonic” interpretation of ontogenesis.

The holonic theory was widely used, in recent years, in a broad range of sectors, spanning from
manufacturing systems (Babiceanu and Chen, 2006; Valckenaers et al., 1998) to urban planning (Boudjemaa
and Ridda Laouar, 2006), from multi-agent systems (Beheshti et al., 2016) to climate change communication
(Briggs, 2007) and industrial ecology (Kay, 2003).

The holonic theory does not seems to appeal sport education, even though it appears to have a great
potentiality in this field, as demonstrated, for instance, by the interest this theory raised in the educational
field at large. Recently, Galifa (2019), reasoning about the popularity of the teaching process based on
“thinking skills” (Wegerif, 2002) - much appreciated in our informatics era -, expressed the idea that a shift of
paradigm towards a more complex systems of thought is needed. Thinking skill, by the way, seems an elusive
concept. Wegerif (2202) define it as “a desire to teach processes of thinking and learning that can be applied
in a wide range of real-life contexts [...] information-processing, reasoning, enquiry, creative thinking and
evaluation”. Ennis (1985) in his seminal article “A logical basis for measuring critical thinking skills”, defined
thinking skills as [...] reflective and reasonable thinking that is focused on deciding what to believe or do”,
whereas Paul and Elder (2006) definition is “the art of analysing and evaluating thinking with a view to improve
it’. We believe is hard to construct an epistemology on so elusory arguments. Galifa (2018; 2019), instead,
preconizes a sort of merging the General System Theory (von Bertalanffy’s, 1968; Boulding, 1956) with the
Koestler’s holonic theory. We will afford this topic in the next section of this work, whereas the potential use
of the holonic approach in sport education will be the section concluding our essay.

The rational of this approach is that the application of Koestler's holonic theory (1970) to the world of sports
and sports education offers an innovative perspective for understanding team dynamics and tactical training.
While traditional approaches to tactical preparation have focused on rigid and hierarchical models, the
concept of systemic creativity opens up new possibilities for developing more adaptable and fluid collective
strategies. This paradigm perfectly aligns with Koestler's holarchy theory (1967), in which each player is
viewed as a holon—an autonomous yet interdependent unit, capable of dynamically interacting within the
team, considered as a system. In team sports, creativity is often perceived as a chaotic element that may
interfere with a team'’s strategic organization. However, Memmert (2015) demonstrated that tactical creativity
is not synonymous with anarchy, but rather a refined balance between individual improvisation and collective
coherence. McGarry et al. (2002) argue that the most effective teams are not those that rigidly follow a set
pattern, but rather those that can generate emergent responses based on the interactions between players.
This principle is consistent with the concept of holarchy, in which the game is viewed as a continuously
evolving ecosystem rather than a linear sequence of predefined actions. Self-organization, defined by Kelso
(1995) as the ability of a system to structure itself without a centralized command, is a key conceptin systemic
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creativity applied to sports. The coach cannot predict every possible tactical scenario but can create an
environment that fosters real-time creative and effective decision-making. Passos et al. (2008) highlighted
how training based on situational creativity leads to an improvement in decision-making ability and the
effectiveness of team strategies. This approach finds practical application in models such as the Tactical
Games Approach (Hastie et al., 2025), which emphasizes tactical understanding and strategic thinking over
mere technical execution. A practical example of the application of systemic creativity is Tiki-Taka, the football
philosophy developed by Guardiola’s Barcelona (Lago-Pefias et al., 2010). In this system, each player acts
as a holon, making independent decisions while remaining aligned with the collective team dynamics. Tactical
flexibility is maximized through:

e Function redundancy (multiple players capable of performing the same role).

¢ Interconnection strength (instant understanding between teammates).

This holonic and adaptive approach allows teams to be more fluid, responsive, and strategically intelligent,
creating emergent tactical patterns that enhance collective performance.

THE SPORT EDUCATION TODAY

Sport education, in accordance with the theoretical aspects pertaining to all educational fields, deals with the
subjective and personal nature of both teaching and learning experience (Sequeira, 2017). Motor education
is aimed at individuals experiencing a peculiar education conveyed both through mind and body. In this
context, the body assumes an extremely relevant importance as the bodily perception of the learning subject
interacts unceasingly with an ever changing surrounding environment. This continuous transformation is able
to generates new knowledge and skills making the sport teaching a particularly challenging experience for
both teacher and pupil (Ceciliani, 2018).

Today, constructivist and situated learning perspectives are considered as leading conceptualizations to the
teaching and learning in physical education (Dyson et al., 2004). In this frame of reference, three student-
cantered models to learning (namely Sport Education, Tactical Games, and Cooperative Learning) seem to
have the potential to embody situated learning within a social constructivist theoretical coordinate system.

According to Dyson et al. (2004) Sport Education is “a functional model which links the sport taught in physical
education to the wider sporting culture. system of tasks and learning activities are planned that will result in
students not only becoming more skilled, but understanding the histories, traditions, and nuances of the sport,
as well as becoming willing participants within the wider sport culture.” This line of thought is very much
consistent to the Structural Functionalism defined as “a framework for building theory that sees society as a
complex system whose parts work together to promote solidarity and stability” (Macioni and Gerber, 2011).
The filiation from the general system theory is glaringly evident.

The Sport Education approach is a pedagogical endeavour aimed at involving students not only in learning
the fundamental practical and theoretical basis of a specific sport discipline, but also to learn how to leader
a team, in the broadest meaning of the term, and take responsibilities for the management of a team. The
roles students are called to take on different roles other than those of player (coach, referee, captains, etc.).

Lave and Wenger's, in their seminal book of 1991, introduced the concept of “situated learning” by placing
the didactical emphasis on the whole person, viewed as constitutive agent operating and interacting within a
complex system. These authors overcome, that way, the approach to learning procedures seen as somewhat
passive transmission of factual concepts and information, unravelling, in the meantime, the profound social
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character of education. The Sport Education approach fully falls back into this line of thought as it interprets
the learning process as a way to participate in communities of practice.

Dyson et al. (2004) put the emphasis on a second sport learning strategy, other than Sport Education: the
Tactical Games. This is a didactical method aimed at reducing the hindrance of the technical aspects of the
game, appropriately tuning some rules of the game, thus allowing participants to understand and develop,
step by step, both technical and tactical characteristics of the game.

The Tactical Game approach allows student to discover the underpinning similarities pertaining to different
games in a sort of “holistic” view of games. Having specific array of games similar tactical problems, the
understanding of them assists in transferring performance from one game to another as they are framed in
a similar technical and tactical structure.

A third learning model envisaged by Dyson et al. (2004) is the Cooperative Learning. The theoretical basis
of such an instructional model were defined by Johnson and Johnson (1999) in a seminal article that exerted
wide influence on pedagogy. It can be defined as instructional strategy enabling small groups of students to
work together on a common assignment. Each student becomes a meaningful participant in learning and can
be individually responsible for their part or role in the assignment. Cooperative Learning (CL) also has social
outcomes such as positive inter-group relations, the ability to work collaboratively with others. This teaching
method is also able to develop social skills, as the group members gain awareness of the importance of
interpersonal, social, and collaborative skills. It is easy to see in filigree both the foundations of holonic theory
and those of general systems theory.

FROM GENERAL SYSTEM THEORY TO INTEGRAL THINKING AND INTEGRAL EDUCATION

Richardson (2004), in this preface to the reprint of Boulding’s “General systems theory: The skeleton of
science” quoted the following Boulding’s sentence “... such a theory would be almost without content, for we
always pay for generality by sacrificing content, and all we can say about practically everything is almost
nothing.” The Boulding’s caveat refers to one of the most common criticisms moved to the General System
Theory, sometime perceived as a “theory of everything’.

Contrary to such a criticism, the basic and more typical feature of the theory is the attempt to identify universal
principles applying to system in general, irrespective of the nature of the system itself (von Bertalanffy, 1968).
Such a need was recognised as imperative by von Bertalaffy (1969) because the expanding fragmentation
in disciplines, as well as and the ever increasing progress in scientific and technological research, are
sharpening the antithesis between mechanism and vitalism. Such an antithesis is perceived by von
Bertalanffy (1952) as the mostimportant antipodal confrontation of biological thought in need to be reconciled
through an “organismic conception”, that take shape in a mathematical formulated general theory of systems
(Gregg, 1953).

Considering the works of Boulding (1956) and von Bertalanffy (1969), as well as the excellent review of
Laszlo and Kripnner (1998) on the origins and foundations of the system theory, we try to conceptualize the
very essence of the system in the following paragraphs.

To contextualize the idea of “system” into the framework of the education at large, and sport education in
particular, it is necessary to carry out some considerations about its definition. The “system” concept can be
formalized, in its broadest picture, as a not defined number of components (characteristic that enable its
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‘reduction to components”) interacting together (characteristic enabling its “reduction to dynamics”) and
operating within boundaries that ensure the maintenance of both entity and process.

The identification of boundaries, an essential prerequisite in the general system theory, can be difficult to
achieve in some fields of human sciences, as sociology and psychology, where number of interactions
incessantly shape the behaviours of number of systems components exposed to forces and events outside
any possible definition of boundaries. The difficulties arising from that criticism will be dealt with later on.

In the field of biological sciences the general system theory enriches the “reduction to components” strategy
with the “reduction to dynamics” strategy. The “reduction to component” applies to the basic question of
whether “the properties, concepts, explanations, or methods from one scientific domain (typically at higher
levels of organization) can be deduced from or explained by the properties, concepts, explanations, or
methods from another domain of science (typically at lower levels of organization)” (in Brigandt and Love,
2008). The “ontological reduction” (Rosemberg, 2006) supports the idea that each particular biological
system is only constituted by molecules and the interactions among molecules. The “whole” is, then, mostly
the sum of its constituent parts. In the same line of thought, the “methodological reduction” supports the idea
that the very essence of biological systems lies in its lowest and smallest possible levels, and that
experimental studies should be aimed at exploring the underpinning molecular and biochemical structures of
any system (Andersen 2017).

Both the heuristic approaches “reduction to components” and “reduction to dynamics” are aimed at simplifying
the too complex set of phenomena characterising all systems of our perceptible and non-perceptible world.
Such a simplification is necessary to “make order out of chaos”, for chaos is often perceived as the leitmotiv
of nature. Worster (1990) goes so far as to declare: “What is there to love or preserve in a universe of chaos?
How are people supposed to behave in such a universe?” Then, the “reduction to component’ is seen as the
only way to re-orient chaos into order, through the inventory and study of the smallest component of any
system. In this regard, the Latour’s (1983) claim is paradigmatic: “Give me a laboratory and | will raise the
world”.

The heurist approach, alternative to the “reduction to components” is then the “reduction to dynamics”. The
study of the smallest component of a system cannot take into account both the behaviours of each
component, when subjected to the influence of external factors, and the emerging properties, that come to
light when proceeding from a lowest to the highest level of organisation. In this regard, Laszlo and Kripnner
(1998) say: “Structurally, a system is a divisible whole, but functionally it is an indivisible unity with emergent
properties. An emergent property is marked by the appearance of novel characteristics exhibited on the level
of the whole ensemble, but not by the components in isolation. There are two important aspects of emergent
properties: first, they are lost when the system breaks down to its components — the property of life, for
example, does not inhere in organs once they are removed from the body. Second, when a component is
removed from the whole, that component itself will lose its emergent properties — a hand, severed from the
body, cannot write, nor can a severed eye see. The notion of emergent properties leads to the concept of
synergy, suggesting that, as we say in everyday language, the system is more than the sum of its parts.”

This concept became particularly clear in case, for instance, of team sports. A single player, severed out from
his team, cannot display the same properties showed by this same player when he is playing as part of the
whole represented by his team.
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For the primary purposes of our approach, according to Mesarovic and Takahara (1975), we could try to
summarize the main goal of the General System Theory as an attempt to explain phenomena in terms of
relationships and transformation of components of a system, regardless the specific nature of the system
itself. The nature of the mechanism involved (physical, biological, social, etc.) is, then, less explicative than
the “formal relationships between observed features or attributes” (Mesarovic and Takahara, 1975).

The systems theory offers a trans-disciplinary framework for the study of several aspects of social and
education sciences seen as “relationships between observed features or attributes”. The studies on cognitive
development - defined as the process by which human beings acquire, organize, and learn to use knowledge
—and human perception — defined as the way the information conveyed by our sensory organs is organized,
interpreted, and filtered through consciousness -, are relying more and more on the systems approach.

von Bertalanffy (1968) anticipated the general tendency leading to the integration of natural and social
sciences through the general theory of systems, as well as the possible, and much-needed, integration in
scientific education. All this opens the door to an integration between this theory and educational sciences at
large.

Without any doubt, the Integral Thinking and the Integral Education concepts derived the foundation of their
respective line of thought from the General System Theory, even though not always correctly understood.
Galifa (2019), quoting Wilber (2006), preconizes an advanced modality of thinking being independent from
any religious or philosophical tradition, maintaining, in the meantime, the possibility of being recognisable by
any cultural tradition of the world. In this context, it is not matter of founding a new “Esperanto” in terms of
thinking system and thinking theory, as the plurality of approaches to the interpretation of our world, in the
widest meaning of the term, is the real wealth of the humanity.

The General System Theory is not a way to reduce all thinking to a single interpretative scheme. ltis, on the
contrary, a way to overcome the dichotomy “mechanism versus vitalism” (von Bertalanffy, 1952) or “holism
versus reductionism” (Koestler, 1970). Whatever way we wish to define such a dichotomy, it is undoubtedly
daughter of the Cartesian approach to scientific thought, then itis contextualized inside the western scientific
thought.

According to Weckowicz (2000), one of the most important legacies of the General System Theory is the
rejection of reductionism and vitalism and the stress on creativity and organized complexity of human
behaviours. The human culture makes human unique and different from animals, despite the many essential
biological features we share with them. Man is the only living organism able to live in a world of symbols, or
rather in worlds of symbols, interposing symbols between himself and the physical objects populating the
perceptible world. The most appropriate designation of man is then “homo symbolicus”.

Taking all this into account, it is clear that the General System Theory, apart from the original and specific
biological field for what it has been conceived, and according to the theorists who codified such an approach
(Boulding, 1956; von Bertalanffy, 1952; Koestler, 1970), can be useful in number of applications, education
strategies included.

Floyd (2008) observed that, since the pioneering works of von Bertalanffy during the 1960s, the so called
systems thinking was mature enough to explore disparate domains of inquiry, outside the highly specialised
fields from which it emerged and was theorized. The same author is keen to differentiate system thinking
from system theory, highlighting those systems thinking is, above all, an epistemology, while the system
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theory is a representational tool established on ‘four basic ideas: emergence, hierarchy, communication, and
control’ (Chichester, 1981 quoted in Floyd, 2008). In our opinion, a correct schematization of the system
theory should not omit a fifth basic idea: the boundaries, a fundamental element without which a system
simply cannot exist.

It is somewhat surprising that some theorists of the Integral Education did not mention in their works the
founders of the “integral way of thinking”, just mentioned above. Murray (2009), admitting that “integral
education” means more than the sum of various theories (concept derived from von Bertalanffy’s work),
defines as “integral’ the meeting point of four perspectives: model, methodology, community and capacities.
According to this author, model can be defined as “system of concepts for interpreting the world”. In this case,
one of the most peculiar characteristics of the model, as conceptualized in the General System Theory is
lost. We are referring to the definition of the “system boundaries”, an assumption of paramount importance
in the analysis of the system dynamics.

Even the concept of holism, as interpreted by Murray (2009), seems to have lost its richness of potentiality
to explore the space of human thinking, for this author defines it as:

Holism: An acknowledgement and appreciation of the "whole person" or "whole child" — mind, body, heart,
spirit, and community are all interconnected and important. Artistic expression, bodily movement and health,
spontaneity and fun, interaction with the natural world, and service are as important to creating good citizens
and realizing students' full potential, as is the learning of "content." The physical arrangement of the
classroom, what a student had for breakfast, and whether he has caring parents seeing him out the door, all
affect his learning and engagement.

This definition reduces the space of interaction to those related to individual, shadowing, in some way, the
holonic nature of all that is interacting with him.

Nevertheless, as underlined by Floyd (2008), the transition from the general system dynamic theories to
integral thinking and integral education has to solve a specific problem, for the formers explicitly expound the
observer from the boundaries of the system observed. In other words, such theories have “a strongly
objectivist stance” (Floyd, 2008), as “they are not designed to take account of the relationship between those
studying the system and the understanding that their study creates” (Midgley, 2000). In the
sociological/educational field, all this is an evident drawback. In addition, this peculiar field is hard to compare
with biological systems as, according to the theorists of deconstructivism/postmodernism the “meaning is
context dependent and contexts are boundless” (Floyd, 2008).

Accepting the boundless nature of contexts, the foundation of the integral thinking on the general system
dynamics theories has to face a sort of epistemological problem: how to find the dynamic analysis of
interacting objects within a system without defining the boundaries of the system? Such an impasse is
probably more theoretical than practical, in the sense that some specific fields could escape from that
bottleneck by focusing on bounded sub-systems of boundless systems. The sport education, operating in the
specific context of sport discipline, could, in that sense, consider defining the boundaries of its applicative
domain by taking into account the specific nature of sport team. A team, then, could be dealt with as a
bounded system pertaining to a boundless social context. Even though such an approach could be
considered as forcefully approximate, in reality represents an operational choice able to overcome an
otherwise paralyzing cul-de-sac.

760 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espafiola



Cusano, et al. / Holonic thinking & systemic creativity in sport education Journal of Human Sport & Exercise

According to Murray (2009), the term “integral’ coupled with education, or even more generally with
pedagogy, points out four interrelated points:
e model (intended as a system of postulates, data, and inferences presented as a description of an
entity or entities of the real world)
e methodology (intended as a body of methods, rules, and self-evident basis for reasoning employed
by a discipline)
e community (intended as a group or groups of people to which integral models and methods is to be
applied),
e capacities (intended as a developmental stage of thinking able to compromise past modern and post-
modern cultural perspectives, and past formal operational modes of thinking).

All of these points, considering the peculiar field of sport education could benefit of the “integral” approach in
the broadest meaning of the term. It is now mattered to shift from the widely shared constructivist and integral
approaches to a paradigm able to merge different learning model into a general system, keeping, in the
meantime, all the peculiarities of each model.

HOLONIC APPROACH IN SPORT EDUCATION

The term holon denominates entities displaying at the same time autonomous behaviours, cooperation and
synergism. Uliero et al. (2001) points out the importance of balancing of the possible contradictory forces
driving each of these properties on a behavioural level. As observed by Calabrese et al. (2011), in this kind
of “cooperation in autonomy” is rooted the property of “emergence”, as in complex systems we witness the
emergence of characteristics that cannot be deduced from the lower levels of organization.

According to Wilber (2000), the holonic approach is much more than an interpretation of recurring patterns
within a systemic dynamic, which is made possible thanks to the interaction among holons. This author states
that: “In all of these movements and more, we see the radiant hand of vision-logic announcing the endless
networks of holonic interconnection that constitute the very fabric of the Kosmos itself.”

Taking apart the possible interpretation of the intimate cosmos structure, the holonic theory is a very useful
tool for the analysis of the “...fields within fields, patterns within patterns, contexts within contexts, endlessly”
(Wilber, 1996) that made the very fabric of nature, social fabric included.

Wilber (2000) describes the holonic nature of our world as follows: “In other words, we live in a universe that
consists neither of wholes nor of parts, but of whole/parts, or holons. Wholes do not exist by themselves, nor
do parts exist by themselves. Every whole simultaneously exists as a part of some other whole, and as far
as we can tell, this is indeed endless. Even the whole of the universe right now is simply a part of the next
moment's whole. There are no wholes, and no parts, anywhere in the universe; there are only whole/parts.”

This is the ground on which the concept of holarchy has been founded. According to Koestler (1967), the
concept of hierarch vs that of holarchy can be summed up in Table 1.

Holarchy implies recognizing that every agentin our world, irrespective to their level of organisation, are part
of a whole co-evolving with the parts of which it is composed. This co-evolution process incessantly creates
and reshapes meanings making. Al this, translated in meaningful behavioural patterns, make us to relay on
self-affirmation (as holons) and integration (again as holons) making our collective participation and support
beneficial for the whole as well as for the individual.
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This is particularly true in the team sport dynamics and perfectly apply to sport didactic. In Figure 2 (Bell et
al. 1996) another graphic conceptualization of holarchy is reported, where holons and cluster of holons show
bidirectional interactions, networking, contemporary multiple states of interaction in a de-centred structure.

Table 1. Hierarchy vs Holarchy

Hierarchy

Holarchy

Top-down control. Individuals at higher levels play
the role of controllers of the behaviours of
individuals at lower levels.

Bidirectional interactions. Lower holons influence
higher holons and vice versa.

Linear chain of command. Individual at higher levels
rule individual at lower levels in a sequential order.

Networking. Holons can organize in networks
resulting in holarchic complex relationships.

Fixed Roles. Individuals in institutional hierarchies
are defined by particular functions they fulfil in the
organization.

Contemporary multiple states. Holarchies display
different kinds of interactions among holons.

Centred structure. Structure or system orbiting
around a stable centre. The evolution of such a
structure implies the destruction of the gravitational
centre and the emergence of a new one.

De-centred structure. Structures that are constantly
being re-centred sequentially at a series of
locations, like a football game. The focus of activity
is ever shifting to something else that was not the
focus (Derrida, 1967).

The graphical conceptualisation of hierarchy and holarchy is reported in Figure 1.

PRI
=Y

Figure 1. Hierarchical (A) vs holarchical (B) organization (Horling and Lesser, 2005).

HOLOH

DECOMPOSTTION

Figure 2. The Bell et al. (1996) graphic conceptualization of holarchy (Georges 2009).
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Georges (2009), points out some emergent characteristics of a holarchy of auto-regulated holons:
e Working as autonomous wholes in supra-ordination of their parts;
e Working as dependent parts in subordination of upper control levels;
e Working in coordination with its local environment (other holons and external environment).

Taking into account a bounded system (for instance a sport team), one of its emerging characteristics could
be represented by the number of interactions between elements in the evolution within such a system. On
the other hand, a complex system, even though is displaying a high number of connections, is not necessarily
efficient. A higher efficiency of the system is attained aggregating elements (holons) in clusters interacting
each other. This concept is clearly sketched in Figure 3 (Georges, 2006). On the left side of this Figure we
found a “modular system” where each module (holon) may be largely in control of its own operation and
deciding when it communicates with other modules (holons). In this case, the relationship between the
elements of the subsets is larger than the relationship between the subsets for all levels. On the right side of
Figure 3 we found a model made by three clusters of two sub-clusters, each made of two holons. This
configuration, as mathematically demonstrated by Toulouse and Bok (1978), decreases the degree of
difficulty (i.e. the number of interactions among modules), stabilizes and makes more efficient the system.

DEGREE OF DIFFICULTY

%
®® -

DEGREE OF ORGANIZATION

Figure 3. Model of different organizations of a system as function of the degree of clustering of their
constituent modules (Georges, 2009).

Composite
structure Holon, level n +1

Observational
level Holon, level n Holon, level n
Basic
structures Holon, Holon, Holon, Holon,
level n-1 level n-1 level n-1 level n-1

Figure 4. Holon as a centre of relationships with basic components (below ordered) and composite (above
ordered) structures (from Mella, 2005).

Interestingly, each group of agent has attributes arising from other agents members of the group, but original
and distinct from them. Reasoning from a lower level to a higher level of complexity, a group behave exactly
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as the single agent constituting it, as it contributes to the properties of one or more groups of which it interacts
(Horling and Lesser, 2005). The structure of each of these groupings is a basic unit of organization that can
be seen throughout the system as a whole.

Mesarovitch et al. () underline that holons of the same level elaborate elements or information coming from
the lower level holons. The results are transferred to upper level holons for further processing. The processes
going on at the level n holons originate from processes originated from the subordinate level n - 1 holons and
configure those of the super ordered holons at n + 1 level. A simple way in which holons participate in a
making of a complex structure is outlined in Figure 4.

Horling and Lesser (2005), debating about enterprise holonic organisation, pinpoint the importance of
choosing the appropriate agents to be embodied in the individual holons. Ulieru et al. (2001), quoting Zhang
and Norries (1999), define three different kinds of holons:

o Static holons.

e Resource holons.

¢ Mediator holon.

In the context of sport science, static holons could be represented by the physical infrastructures (i.e. ball,
lines defining the various segment of a playground, doors or baskets, etc.) corresponds to a group of physical
objects, or information, in the environment. Resource holons could be the players and the mediator holons
could be the referee and the trainer. In Figure 4 a graphical conceptualisation of this notion is reported.

i
Dynamic

Control \

Holon |

cluster /
— /

Figure 5. Interrelationships among different holons and holon clusters (modified from Ulieru et al., 2002).

A holonic educational system is, then, a holarchy of collaborative agents oriented towards a common goal.
Such agents agglutinates in clusters interacting each other in the view of the optimization of the teaching
process.

Holonic systems derive their architecture from the model of autonomous distributed system (Figure 6), since
the control is conferred to single peripheral units cooperating through a coordination agent.

The scheme of Figure 6 shows the interplay between players of a hypothetical team sport and a “coordinator’
(a coach, forinstance). A common goal to achieve is essential for obtaining both coordination and cooperation
within the system. Such a common goal leads the different elements of the system towards coordinated
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actions required to fulfil needs emerging from an ever changing environment. The supplementary parameters
involved are a) the feeling of belonging to a team and b) the perception of equifinality of the system. The
principle of equifinality, according to von Bertalanffy (1950), can be defined as the multiple ways trough which
an equilibrium can be approached, even taking the move from different starting points.

Cooperation Cooperation
Player

Coordination

Coordination

Coordination _
Cooperation Coordinator Cooperation
.-—-? ] .‘."‘"--..

Coordination Coordination

f
Y

Coordination

Cooperation Cooperation

Figure 6. Architecture of a distributed autonomous system applied to a sport team (see text for details).
(Modified from Dominici, 2008).

i
i

Such a scheme can be easily introduced to sport education, instilling in the pupils the concepts of
“equifinality”, “common goal” and the holonic structure of a sport team, leading to a coordinate action deriving
from independent holons. The ultimate scope is, then, to integrate systemic creativity into tactical training,

through the application of holonic thinking.

Modern team sports require great adaptability and tactical flexibility, characteristics that naturally emerge in
self-organized and distributed systems (Cusano et al.,2019). Collective tactical intelligence manifests when
players, while maintaining a degree of autonomous decision-making, dynamically cooperate to achieve a
common goal. This type of organization is not purely hierarchical but holarchic, where information and tactical
decisions emerge through distributed interactions among player-holons (McGarry et al., 2002). In this context:
e Teams with higher collective intelligence tend to dominate the game, as each player contributes to
the team’s dynamic organization.
o Tactical adaptability is essential to outmanoeuvre opponents, as it allows players to adjust strategies
in response to in-game conditions without waiting for external instructions.

One of the most striking examples of emergent collective tactics is the "tiki-faka" model adopted by Barcelona
and the Spanish national football team (Lago-Pefias et al., 2010). In this style of play, players do not follow
rigid schemes but instead continuously adapt, constructing fluid actions through coordinated movements and
a dense network of passes. Integrating systemic creativity into tactical training requires a different
methodological approach, one that promotes situational learning and real-time decision-making. To this end,
several innovative training models have proven effective:

e Tactical Games Approach (TGA) — A method that emphasizes decision-making and game

understanding, reducing the emphasis on rigid schemes (Hastie et al., 2025).
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e Small-Sided Games — Game simulations on reduced fields to increase player interactions and
improve tactical perception (Travassos et al., 2013).

o Constraints-Led Approach — Introducing restrictions in play (e.g., a limited number of touches) to
stimulate creativity and strategic adaptation (Renshaw et al., 2010).

All these approaches would greatly benefit from the integration with the holonic theory, which could result in
enhancing team’s adaptability and game fluidity, preventing the risk of tactical rigidity and distributing
responsibilities, activities, and the overall understanding of the ever-changing scenario in which players are
called to play. Another interesting issue is that the “holonic players,” acting in the framework of a the holonic
team, could move forward the ability of changing and controlling the playing scenario more rapidly than the
opponent team can due.

CONCLUSIONS

The future of tactical training in team sports is moving toward an increasing integration of data analysis and
artificial intelligence. Today, many professional clubs are adopting models based on pass network analysis
to optimize ball circulation and improve tactical efficiency, such as expected goals statistics (Cusano et
al.,2020).

With match analysis driven by Al algorithms, coaches can:
e Analyse recurring game patterns.
e Identify areas for improvement in player connectivity.
e Optimize tactical strategies based on real-time data collection.

These developments align perfectly with holonic theory, which views teams as adaptive complex systems,
where learning and tactical evolution are not imposed rigidly from above but emerge through player
interactions. The application of holonic thinking and systemic creativity in collective tactics opens new
perspectives for sports training. The shift from hierarchical models to self-organized and interconnected
structures enables teams to develop greater flexibility, creativity, and adaptability to the dynamic nature of
the game. Integrating innovative methodologies such as the Tactical Games Approach, Small-Sided Games,
and data analysis improves decision-making and game fluidity, making training more effective and aligned
with the modern demands of professional sports. As Koestler (1970) suggested, the future of collective tactics
does not rely solely on rigid, predefined schemes but on a dynamic and intelligent system, where each player
is an autonomous unit capable of significantly contributing to the team’s collective intelligence.

This article does not claim to build a holonic theory of the teaching of sport science through the complete
definition of educational mechanisms, structures and processes. Our aim is to underline the undeniable
potential of the holonic interpretation of sport teaching, through an examination of its theoretical assumptions
and of the links that exist between this theory and other accredited educational paradigms in this field. A
more complete operational definition, through the identification of specific educational strategies, which
allows the complete implementation of the holonic theory applied to sport teaching is a fruitful field of research
to be carried out.
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ABSTRACT

Vitamin D is essential for optimal athletic performance; however, the evidence for its effect on athletic performance
remains inconclusive. This systematic review aimed to investigate the effect of vitamin D supplementation on
athletic performance in athletes. A comprehensive and systematic search of six electronic databases was
conducted in accordance with PRISMA reporting guidelines, using a combination of Boolean operators and MeSH
keywords. A total of 13 studies were included in the review. The included studies demonstrated that vitamin D
supplementation consistently elevates serum 25(0H)D levels in athletes. A subset of the included studies reported
significant improvements in athletic performance following the administration of vitamin D supplements,
particularly in those athletes with low vitamin D status initially. Another cluster of studies focused on the effects of
vitamin D supplementation on parameters of haematological and muscle recovery, with mixed results.
Additionally, there were observations of seasonal fluctuations in vitamin D levels, which highlight the importance
of considering the timing of supplementation. Vitamin D supplementation has been linked to improved athletic
performance, particularly in athletes with low initial vitamin D status. However, the impact of this intervention is
influenced by individual characteristics, the type of exercise, and the specific dosage and duration of
supplementation. To gain a more comprehensive understanding of the mechanisms and optimal protocols for
vitamin D supplementation in athletes, further research is required.

Keywords: Vitamin D, Athletic performance, Supplementation, Systematic review, Athletes.
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INTRODUCTION

Researchers and clinicians have long been interested in understanding the complex relationship between
diet and exercise outcomes, particularly the intricate connection between nutrition and athletic performance
(Holick etal., 2011). Micronutrients have garnered significant attention in this context, as even small excesses
or deficiencies can greatly impact sports performance (Ksigzek et al., 2019). Among these, vitamin D—a fat-
soluble secosteroid hormone—stands out as crucial for maintaining normal physiological function. It plays a
key role inimmune system performance, musculoskeletal health, and overall well-being (Bikle, 2009; Wicinski
etal., 2019).

Vitamin D is a crucial regulator of calcium metabolism, essential for maintaining muscle strength, power, and
endurance (Trybek et al., 2018). It also plays a fundamental role in modulating muscle function (Lai & Fang,
2013). The vitamin D receptor, a nuclear receptor present in various tissues including skeletal muscle,
regulates the expression of genes involved in muscle growth, differentiation, and function (Grant, 2020;
Kopec et al., 2013). Additionally, vitamin D is implicated in the regulation of inflammatory responses, with its
anti-inflammatory properties potentially mitigating oxidative stress and muscle damage associated with
exercise (Bezuglov, Tikhonova, Zueva, Khaitin, Lyubushkina, et al., 2019; Michalczyk et al., 2020; Solarz et
al., 2014).

Despite its well-established importance for overall health, athletes are particularly prone to vitamin D
deficiency, raising concerns about the potential impact of low vitamin D levels on sports performance
(Bezuglov, Tikhonova, Zueva, Khaitin, Lyubushkina, et al., 2019; Bezuglov, Tikhonova, Zueva, Khaitin,
Waskiewicz, et al., 2019; Wilson-Barnes et al., 2020). Factors contributing to vitamin D deficiency include
insufficient sun exposure, skin pigmentation, geographic location, and inadequate dietary intake (Lai & Fang,
2013; Michalczyk et al., 2020). This deficiency can adversely affect athletic performance by reducing immune
system function, increasing the risk of injury, and impairing muscular function (Abushamma, 2022; Bezuglov,
Tikhonova, Zueva, Khaitin, Waskiewicz, et al., 2019; Wilson-Barnes et al., 2020). Collectively, these effects
can significantly hinder athletic success.

Despite the growing body of evidence, the precise relationship between vitamin D and athletic performance
remains unclear. This is likely due to variations in study design, population characteristics, and outcome
measures. To address these gaps in understanding, we aimed to systematically analyse the existing literature
to elucidate the connection between vitamin D and athletic performance. In addition, we sought to evaluate
the potential effectiveness of vitamin D supplementation as an ergogenic aid for athletes.

MATERIALS AND METHODS

Eligibility criteria

This review was conducted in accordance with the PRISMA (Preferred Reporting ltems for Systematic
Reviews and Meta-Analyses) guidelines (Page et al., 2021), which ensure transparency, reproducibility, and
methodological accuracy. A PECO (Population, Exposure, Comparator, Outcome) framework was employed
to guide the systematic review, facilitating the implementation of a comprehensive and targeted literature
search. The population of interest was defined as athletes and individuals who engage in regular physical
activity. The variable of interest was vitamin D supplementation, which was categorised according to form
and dosage. The comparator groups were either placebo or no intervention. The principal outcome under
examination was the performance of athletes, including measures of muscle strength, power, and endurance.
Moreover, we investigated the potential moderating effects of age, sex, and athletic level on the relationship
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between vitamin D and athletic performance. The inclusion and exclusion criteria employed in this review are
outlined in Figure 1.

Identification of new studies via databases and registers

Identification

Records identified from:
Databases (n = 317):
PubMed (n = 60)
Scopus (n =47)
‘Web ol Science (n = 56)
Embase (n = 58)
SportDiscus (n = 49)
CINAHL [n = 47)
Registers (n =0)

Records removed betore screening:
Duplicate records (n = 41)
Records marked as ineligible by automation
tools (n = 0)

Records removed for other reasons (n = 0}

Records screened
{n=276)

Records excluded
(n=54)

'

Reporls sought for retrieval
(n=222)

Reports not retrisved
{n=29)

Screening

Y

Reporls assessed for eligibility
(n=183)

A 4

Reports excluded
Mot responded to PECO (n = 41)
Qif topic (n = 43)
Literature reviews (n = 24)
Scoping reviews (n = 18)
Gray literature (n = 31)
Editorials (n = 13}

Included

New studies included in review
(n=13)

Reports of new included studies
n=0)

Figure 1. PRISMA protocol representation of the study inclusion process for the review.

Database search protocol
To execute a thorough and systematic review of the literature, we accessed six electronic databases—
PubMed, Scopus, Web of Science, Embase, SportDiscus, and CINAHL—employing a mix of Boolean
operators and MeSH keywords. Table 1 delineates the search strings utilized across these databases.

Table 1. Selection criteria utilised in this review.

Category Inclusion Criteria Exclusion Criteria
Study Design gﬁjr:j?ggmzed Controlled Trials (RCTs), Case-Control Cross-sectional, Cohort, Observational studies
Population Athletes, Individuals engaging in physical activity Non-athletic populations, Sedentary individuals
Intervention Vitamin D supplementation Other forms of nutrition or ergogenic aids
: . Active comparators (other nutrients or
Comparator Placebo or no intervention
supplements)
Outcome Athletic performance metrics Other hgalth outcomes (cardiovascular,
metabolic, etc.)
Language English Non-English language publications
Publication -
No restrictions -
Date
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Data items extracted

In order to ensure the systematic and thorough extraction of data from the selected studies, a standardised
protocol for data extraction was established. Two independent reviewers extracted the data from each study
using a form that had been meticulously designed for this purpose. The form was subjected to pilot testing
and subsequent refinement in order to guarantee the comprehensive capture of all pertinent data elements.

The data elements selected for analysis were comprehensive and encompassed four principal categories. At
the outset, the characteristics of the studies were documented, including authorship, publication year, country
of origin, study design, sample size, demographic details of the population (such as age and sex), and the
study duration. Subsequently, the characteristics of the interventions were delineated. This included noting
the type of vitamin D supplementation, dosage, duration, administration frequency and route of
administration. In the third stage, the outcome measures were recorded, with a particular focus on indicators
of athletic performance, including muscle strength, power and endurance. Lastly, the methodological rigour
of each study was evaluated, with particular attention paid to aspects such as randomisation, allocation
concealment, blinding, and adherence to the intention-to-treat principle.

Bias assessment protocol

For the randomized controlled trials (RCTs), we employed the Cochrane Risk of Bias 2.0 tool (Sterne et al.,
2019) to evaluate the risk of bias. Conversely, for the non-randomized studies, we applied the ROBINS-I
method (Igelstrom et al., 2021) to assess the risk of bias across multiple domains. This approach enabled us
to identify potential sources of bias and assess their influence on the outcomes of the study.

RESULTS

Article selection schematics
The initial phase of our methodology involved identifying relevant records from various sources, including
databases and registries, as depicted in Figure 2.

Risk of bias domains

| ot | p2 | p3 | D4 Ds | Overal |
Alimoradi et al [18] ® ) ) +) &) @
BschoitFeraietalisll & @ © & @& ® &
Brezanskieralio) | ) @ O @& ® &
ceyeEpiN @ @ ® ® @ ©
Close et al (2] ® & ® & ® O*
g Rbanetazl | ¢ O © & & @ ©&
dgeaizsl 1 @ ® © ® © &
Mielgo-Ayuso et al [27] @ & & 6 o
oenetaizg | @ O © ® ® @
Rockwell et al [29] @ @ @ @ @ @
Zebrowska et al [30] (& @ @ @ @ @
Domains: Judgement
D1: Bias arising from the randomization process.
D2: Bias due to deviations from intended intervention. @ Some concerns
D3: Bias due to missing outcome data. + Low

D4: Bias in measurement of the outcome.
D5: Bias in selecticn of the reported result.

Figure 2. Bias assessment using the RoB 2.0 tool.
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Although no records were retrieved from registries, a total of 317 records were obtained from databases.
Prior to screening, 41 records were removed due to duplication, with no records excluded for any other
reason, leaving 276 records for review.

During the screening phase, each record was meticulously evaluated to determine its relevance to the review.
Ofthe 276 records scrutinized, 54 were excluded due to the unavailability of the full text. Subsequent requests
for retrieval resulted in 222 reports being obtained. However, 39 reports remained unretrievable, leaving 183
reports to be assessed for eligibility.

The eligibility assessment involved a detailed review of each report against the PECO criteria. As a result,
43 reports were deemed off-topic, and 41 were excluded for not addressing the PECO criteria. Additionally,
24 literature reviews, 18 scoping reviews, 31 grey literature reports, and 13 editorials were excluded for not
meeting the inclusion criteria. Ultimately, 13 trials (Alimoradi et al., 2019; Bischoff-Ferrari et al., 2020;
Brzezianiski et al., 2022; Cassity et al., 2016; Close et al., 2013; Fairbairn et al., 2018; Jastrzebska et al.,
2022; Jastrzebska et al., 2018; Jung et al., 2018; Mielgo-Ayuso et al., 2018; Owens et al., 2017; Rockwell et
al., 2020; Zebrowska et al., 2020) were determined to be eligible and were included in the evaluation.

Assessed levels of bias

The protocol for assessing bias depicted a varied risk of bias across the studies included. Utilizing the
Cochrane Risk of Bias 2.0 tool (Figure 3), a substantial number of studies predominantly exhibited "some
concerns" regarding bias stemming from the randomization process, including studies by Alimoradi et
al.(Alimoradi et al., 2019), Bischoff-Ferrari et al.(Bischoff-Ferrari et al., 2020), Cassity et al.(Cassity et al.,
2016), Close et al.(Close et al., 2013), Jung et al. (Jung et al., 2018), Mielgo-Ayuso et al.(Mielgo-Ayuso et
al., 2018), Owens et al.(Owens et al., 2017), and Rockwell et al.(Rockwell et al., 2020). Additionally, fewer
studies demonstrated "some concerns" in the domains of bias due to deviations from intended interventions
(Bischoff-Ferrari et al.(Bischoff-Ferrari et al., 2020), Close et al.(Close et al., 2013), Rockwell et al. (Rockwell
etal., 2020)) and bias in outcome measurement (Alimoradi et al.(Alimoradi et al., 2019), Cassity et al.(Cassity
etal., 2016), Mielgo-Ayuso et al. (Mielgo-Ayuso et al., 2018)).

— Risk of bias domains_ _
| ot | b2 | 03 | D4 | D5 | D8 | D7 |overall

P N OMOMOIC MOMOMONO

>

°

=2

w

mreaseas) @ ® © @ @ @ @ ©

Domains: Judgemeant
D1: Bias due to confounding.
D2: Bias due to selection of participants. = Moaderate
D3: Bias in classification of interventions. + Low

D4: Bias due to deviations from intended interventions.
D&: Bias due to missing data.

D6: Bias in measurement of outcomes.

D7. Bias in seleclion of the reported result.

Figure 3. Bias assessment using ROBINS-I tool.

Employing the ROBINS-I tool (Figure 4), the sole non-randomized study by Jastrzebska et al. (Jastrzebska
etal., 2018) was evaluated as having a "moderate" risk of bias in the domain of confounding, while the risks
in other domains were deemed "low". A subsequent study by Jastrzebska J et al. (Jastrzebska et al.,
2022)was similarly assessed to have a "moderate" risk of bias in the domain of confounding.
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Baseline characteristics

Table 2 presents a summary of the assessments conducted across all the trials included in this review
(Alimoradi et al., 2019; Bischoff-Ferrari et al., 2020; Brzezianski et al., 2022; Cassity et al., 2016; Close et
al., 2013; Fairbairn et al., 2018; Jastrzebska et al., 2022; Jastrzebska et al., 2018; Jung et al., 2018; Mielgo-
Ayuso et al., 2018; Owens et al., 2017; Rockwell et al., 2020; Zebrowska et al., 2020). A detailed analysis of
the table indicates that the majority of these studies (9 out of 12) utilized a randomized controlled trial (RCT)
design, which is recognized as the gold standard for assessing the efficacy of interventions (Alimoradi et al.,
2019; Bischoff-Ferrari et al., 2020; Brzezianski et al., 2022; Cassity et al., 2016; Fairbairn et al., 2018;
Jastrzebska et al., 2022; Jastrzebska et al., 2018; Jung et al., 2018; Mielgo-Ayuso et al., 2018; Rockwell et
al., 2020). Notably, two studies implemented specific designs: one employed a double-blind, placebo-
controlled factorial RCT design (Bischoff-Ferrari et al., 2020), and the other a repeated measures
design(Owens et al., 2017). Only one study adopted a longitudinal design (Brzezianski et al., 2022). The
participant demographics across the studies were quite diverse, covering a range of populations from young
soccer players (Brzezianski et al., 2022; Jastrzebska et al., 2022; Jastrzebska et al., 2018) to collegiate
swimmers and divers(Cassity et al., 2016), professional rugby players(Fairbairn et al., 2018), elite male
rowers (Mielgo-Ayuso et al., 2018), and endurance runners (Zebrowska et al., 2020). The sizes of the study
samples also varied significantly, from as few as 19 participants (Rockwell et al., 2020) to as many as
2157 (Bischoff-Ferrari et al., 2020). Most studies targeted athletes who exhibited low levels of vitamin D or
were at risk of deficiency (Alimoradi et al., 2019; Jung et al., 2018).

Table 2. Search phrases utilised across the databases.

Database Search string
(vitamin D OR cholecalciferol OR ergocalciferol) AND (athletic performance OR exercise performance OR
PubMed physical performance) AND (randomized controlled trial OR RCT OR controlled clinical trial OR case-control
study)
Scopus (vitamin D OR vitamin D2 OR vitamin D3) AND (athletic performance OR exercise performance OR physical
fitness) AND (article OR review OR conference paper) AND (English language OR language: English)
Web of (vitamin D* OR cholecalciferol* OR ergocalciferol*) AND (athletic perform* OR exercise perform* OR physical
Science perform*) AND (article OR review OR proceeding paper) AND (English language OR language: English)

(vitamin D OR vitamin D2 OR vitamin D3) AND (athletic performance OR exercise performance OR physical

Embase fitness) AND (human OR human studies) AND (English language OR language: English)
SportDiscus (vitamin D OR vitamin D2 OR vitamin D3) AND (athletic perform* OR exercise perform* OR physical perform®)
AND (human OR human studies) AND (English language OR language: English)
(vitamin D OR vitamin D2 OR vitamin D3) AND (athletic performance OR exercise performance OR physical
CINAHL fitness) AND (research article OR journal article OR peer-reviewed) AND (English language OR language:

English)

Parameters and outcomes assessed

Alimoradi et al. (Alimoradi et al., 2019)explored the effect of vitamin D supplementation on the athletic
performance of Iranian athletes. Their findings indicated that an 8-week regimen of weekly vitamin D
supplementation, at a dose of 50,000 IU, significantly increased circulating 25(0OH)D levels and improved
performance in athletic tests. In a separate study, Bischoff-Ferrari et al. (Bischoff-Ferrari et al., 2020)
conducted a large-scale, double-blind, placebo-controlled trial to assess the effects of omega-3 fatty acids,
exercise, and vitamin D3 on various health outcomes in elderly individuals. The results demonstrated that
daily administration of 2000 IU of vitamin D3 over three years significantly enhanced blood pressure, and
physical function, and reduced the incidence of infections and nonvertebral fractures.

Brzezianski et al. (Brzezianski et al., 2022) investigated the effects of vitamin D supplementation on the
exercise performance of young soccer players. The study found that administering 20,000 IU of vitamin D
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twice weekly over eight weeks improved sprint testing, explosive power, VO2 max, and 25(OH)D levels.
Similarly, Cassity et al. (Cassity et al., 2016) explored the influence of daily vitamin D3 supplementation on
bone turnover markers, body composition, and 25(OH)D levels among collegiate swimmers and divers. Their
findings indicated that 4000 IU of vitamin D3 daily for six months significantly increased 25(OH)D levels and
reduced bone turnover indicators.

Table 3. Studies included in the review and their observed assessments.

Study Design & Interventions Duration Primary Key Results Overall conclusion
Participants Outcomes observed

Alimoradi et Randomized =~ Weekly Vitamin 8 weeks  Circulating 25(0OH)D: D group +17.3 + Weekly 50,000 IU

al. controlled D (50,000 1U) 25(0H)D, 16.9 ng/mL, p <.001; P Vitamin D increased
trial; 70 vs. placebo athletic group-3.1£84ng/mL, p= 25(0H)D by ~17
Iranian performance .040 ng/mL, improving
athletes tests Performance: Significant power leg press and

improvement in leg press (o sprint performance.
=.034) and sprint (p =.030)
in D group

Bischoff- Double-blind, ~ Vitamin D3 3 years BP, SPPB, BP: No significant change No statistically

Ferrari et placebo- (2000 IU/day), MoCA, (e.g., Systolic BP: -0.8 mm significant benefits of

al. controlled omega-3s (1 nonvertebral Hg, p<.13) Vitamin D3, omega-
factorial g/day), exercise, fractures, Infections: Omega-3s 3s, or exercise alone
RCT; 2157 placebo infection rates reduced IR by 0.13, ratio or combined on
older adults 0.89 (p=.02) primary outcomes

Other outcomes: No over 3 years.
significant changes

Brzezianski  RCT; 25 Vitamin D 8 weeks  25(OH)D, 25(0H)D: GS + (p =.002; Vitamin D

etal. young soccer (20,000 IU VO2max, sprint  ES =0.36) supplementation
players twice/week) vs. tests, explosive ~ VO2max: GS + (p =.031) improved VO2max in

none power Explosive Power: young soccer players
Insignificant (p =.07) but had a trivial effect
on explosive power.

Cassity et RCT; 32 Vitamin D3 6 months  25(0H)D, bone ~ 25(0H)D: BMI - correlated Normal BMI athletes

al. collegiate (4000 IU/day) turnover with 6-month change (R=-  showed a diminished
swimmers vs. placebo markers, body 0.496; p =.03) response to vitamin
and divers composition Bone turnover: High turnover  D3; high bone

= greater 25(OH)D loss (p = turnover may
.03) compromise vitamin
D status.

Closeetal. RCT; 30 Placebo, 20,000 12 25(OH)D, 1-RM  25(0H)D: Increased in all Vitamin D3
club-level or 40,000 weeks bench press, leg  (e.g., 20,000 IU: 79 + 14 supplementation
athletes |U/week vitamin press, vertical nmol/l at 12 weeks) increased serum

D3 jump Performance: No significant  levels but did not
effect (p >.05) improve physical
performance
measures.

Fairbaimet  RCT; 57 50,000 IU 11-12 25(0OH)D, 30m 25(0H)D: +32 nmol/L vs. Vitamin D significantly

al. professional  cholecalciferol weeks sprint, weighted  placebo (p <.001) increased serum
rugby players (3,570 IU/day) reverse-grip chin ~ Performance: No difference  levels but had
in New vs. placebo up exceptin chinup (+5.5kg, p  minimal impact on
Zealand =.002) performance, except

in chin-up strength.

Jastrzebska  RCT; 36 Vitamin D 8 weeks  25(CH)D, 25(0OH)D: SG +119%, PG - Vitamin D showed a

etal. soccer supplementation PWC170, 8.4% moderate positive
players vs. placebo lactate threshold ~ VO2max: SG +20%, PG impact on aerobic
undergoing (LT), VO2max +13% capacity in soccer
HIT LT Velocity: Similar in both players.

groups
Jastrzebska Longitudinal ~ Vitamin D 1 year 25(0H)D, Ca, P,  25(OH)D: Highest in summer  Vitamin D levels
Jetal. study; 24 supplementation PTH, aerobic (T1: 94 nmollL, T4: 94 fluctuated seasonally;
vs. placebo nmol/L) supplementation did
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young soccer

capacity, speed,

Aerobic Capacity: Significant

not have a sustained

players power time x group effect effect on 25(0OH)D
levels.
Jung et al. RCT; 35 Vitamin D3 4 weeks  25(OH)D, 25(0H)D: VD +(96.0 £ 3.77  Vitamin D3 improved
collegiate (5,000 IU/day) Wingate test, nmol/L), PG nochange (F=  some aspects of
TKD athletes  vs. placebo isokinetic 242.44, p = .000) performance, but not
with low strength, CMJ, Performance: Significant for  all, in TKD athletes
25(0H)D sit-ups, agility, anaerobic peak power (F = with low 25(0OH)D
20 m pacer 7.49, p=.010) and isokinetic  levels.
knee extension (F =6.08, p
=.019)
Mielgo- RCT; 36 elite ~ Vitamin D3 8weeks  Haematological ~ 25(0H)D: VD3G + (26.24+  Vitamin D3
Ayusoetal. malerowers (3000 IU/day) and iron 8.181048.12 £ 10.88 ng/mL,  supplementation
vs. control metabolism, p <.001) improved
testosterone, Haemoglobin: CG -2.89 + haematological
cortisol 2.29%, VD3G +0.71 = parameters but did
1.91% (p = .009) not significantly
Haematocrit: CG -1.57 + enhance muscle
2.49%, VD3G +1.16 = recovery.
1.81% (p=.019)
Owens et Repeated Vitamin D3 12 Vitamin D 25(0H)D: Both doses + High-dose vitamin D3
al. measures; (35,000 or weeks metabolites, PTH: Decreased by week 6 may be detrimental
46 elite 70,000 IU/week) PTH levels 70,000 IU: Increased due to increased
European 24,25[0H]2D (p < .05) 24,25[0H]2D; lower,
athletes frequent doses are
preferable.
Rockwell et RCT; 19 Vitamin D3 12 25(0H)D, body ~ 25(OH)D: VITD +8%, PLA-  VitaminD
al. NCAA (5000 IU/day) weeks composition, 44% supplementation
Division | vs. placebo strength/power,  Fat-free mass: VITD + (56.4  maintained 25(0H)D
swimmers anabolic to 59.1 kg, p <.05) levels and enhanced
hormones Strength/Power: Significant  fat-free mass and
for dead lift (F =21.577, p<  some strength/power
.01) and vertical jump (F = aspects.
11.219, p <.01)
Zebrowska ~ RCT; 24 Vitamin D (2000 3 weeks  25(0H)D, 25(0OH)D: VD + (40.3+4.9  VitaminD
etal. endurance IU/day) vs. muscle ng/mL), PL- (31.8 £4.2 supplementation
runners placebo biomarkers ng/mL) improved 25(0OH)D
(troponin, Biomarkers: VD reduced levels and reduced
myoglobin, CK,  post-exercise troponin, muscle injury
LDH) myoglobin, TNF-a, and CK biomarkers in

levels

runners.

Close et al. (Close et al., 2013) investigated the effects of vitamin D3 supplementation on the athletic
performance of club-level athletes. The study found that after 12 weeks of supplementation with either 20,000
or 40,000 IU of vitamin D3 per week, there were improvements in 1-RM bench press, leg press, vertical jump,
and 25(0OH)D levels. Similarly, Fairbairn et al. (Fairbairn et al., 2018) explored the impact of vitamin D
supplementation on professional rugby players in New Zealand. Their findings indicated that administering
75-100 IU of vitamin D for 11-12 weeks enhanced 25(0OH)D levels, 30 m sprint times, and performance in
weighted reverse-grip chin-ups.

Jastrzebska et al. (Jastrzebska et al., 2018)aimed to explore the impact of vitamin D supplementation on
exercise performance in soccer players undergoing high-intensity interval training (HIIT). The research
revealed that eight weeks of vitamin D supplementation led to significant improvements in VO2max,
PWC170, lactate threshold (LT), and 25-hydroxyvitamin D (25(OH)D) levels. In a subsequent longitudinal
study, Jastrzebska et al. (Jastrzebska et al., 2022) examined the effects of vitamin D supplementation on the
aerobic capacity, speed, and power of young soccer players. The outcomes of this year-long investigation
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demonstrated that vitamin D administration was associated with enhancements in power, speed, aerobic
capacity, and 25(0OH)D concentrations.

Jung et al. (Jung et al., 2018) investigated the effects of vitamin D3 supplementation on the physical
performance of collegiate Taekwondo athletes exhibiting low serum 25-hydroxyvitamin D (25(OH)D) levels.
Their findings indicated that supplementation with 5,000 IU/day of vitamin D3 for four weeks led to
improvements in 25(0OH)D levels, performance on the Wingate test, isokinetic strength, and counter-
movement jump (CMJ) outcomes. Similarly, Mielgo-Ayuso et al. (Mielgo-Ayuso et al., 2018) explored the
effects of vitamin D3 supplementation on hormonal balance and metabolic functions in elite male rowers. The
study revealed that 8 weeks of supplementation with 3,000 IU/day of vitamin D3 enhanced levels of cortisol
and testosterone, as well as haematopoietic and iron metabolism.

Owens et al. (Owens et al., 2017) investigated the effects of vitamin D supplementation on parathyroid
hormone (PTH) levels and vitamin D metabolites in elite European athletes. Their findings indicated that 12
weeks of vitamin D supplementation, at doses of either 35,000 or 70,000 IU per week, significantly improved
PTH levels and vitamin D metabolites. Rockwell et al. (Rockwell et al., 2020) explored the influence of vitamin
D3 supplementation on anabolic hormones, strength, power, and body composition among NCAA Division |
swimmers. The study revealed enhancements in anabolic hormones, body composition, strength, power, and
25-hydroxyvitamin D (25(OH)D) levels following 12 weeks of treatment with 5000 IU of vitamin D3 per day.
Additionally, Zebrowska et al. (Zebrowska et al., 2020) examined the impact of vitamin D supplementation
on muscle biomarkers in endurance runners. The results demonstrated that a three-week regimen of vitamin
D supplementation, at 2000 IU per day, increased levels of 25(OH)D and decreased muscle biomarkers,
including myoglobin, troponin, creatine kinase (CK), and lactate dehydrogenase (LDH).

Findings observed

Research conducted by Alimoradi et al. (Alimoradi et al., 2019) found that administration of vitamin D
significantly increased 25(0OH)D levels and improved athletic performance, notably in leg press and sprint
tests. Conversely, Bischoff-Ferrari et al. (Bischoff-Ferrari et al., 2020)observed that omega-3
supplementation reduced the risk of infections, whereas vitamin D supplementation had no significant effect
on blood pressure or other measured outcomes. Similar to that Brzezianski et al. (Brzezianski et al., 2022)
reported that while vitamin D administration raised 25(OH)D levels and VO2max, it did not significantly affect
explosive power.

Cassity et al. (Cassity et al., 2016) identified a negative correlation between BMI and 25(OH)D levels with
vitamin D supplementation, noting that greater losses of 25(0OH)D were associated with higher bone turnover
rates. Meanwhile, research by Close et al. (Close et al., 2013)demonstrated that although vitamin D
supplementation consistently increased 25(OH)D levels, it did not yield a noticeable enhancement in sports
performance. Fairbaimn et al. (Fairbairn et al., 2018) found that vitamin D supplementation not only elevated
25(0OH)D levels but also improved performance in chin-up tests, though it showed no significant impact on
other performance indicators.

Jastrzebska et al. (Jastrzebska et al., 2018) observed no significant differences in the improvements of
25(0H)D levels, VO2max, and lactate threshold velocity following vitamin D supplementation. Conversely,
Jastrzebska et al. (Jastrzebska et al., 2022) noted significant time x group effects attributed to vitamin D
supplementation, which enhanced aerobic capacity, anaerobic peak power, and 25(OH)D levels. Jung et al.
(Jung et al., 2018) reported a significant positive impact of vitamin D supplementation on performance,
evidenced by increased 25(0OH)D levels, anaerobic peak power, and isokinetic knee extension strength.
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Mielgo-Ayuso et al. (Mielgo-Ayuso et al., 2018) identified significant group differences in the enhancement of
haematological parameters and iron metabolism, specifically haemoglobin and haematocrit, following vitamin
D supplementation. Owens et al. (Owens et al., 2017) found that vitamin D supplementation elevated
25(0H)D levels and reduced PTH levels, demonstrating significant effects on vitamin D metabolites at higher
dosages.

Rockwell et al. (Rockwell et al., 2020) reported significant improvements in 25(0OH)D levels, fat-free mass,
strength, and power due to vitamin D supplementation, which also affected performance metrics such as the
deadlift and vertical jump. Lastly, Zebrowska et al. (Zebrowska et al., 2020) found that vitamin D
supplementation post-exercise led to decreased muscle biomarkers including troponin, myoglobin, TNF-q,
and CK levels, while increasing 25(OH)D levels.

DISCUSSION AND CONCLUSION

A comprehensive analysis of the included trials (Alimoradi et al., 2019; Bischoff-Ferrari et al., 2020;
Brzezianski et al., 2022; Cassity et al., 2016; Close et al., 2013; Fairbairn et al., 2018; Jastrzebska et al.,
2022; Jastrzebska et al., 2018; Jung et al., 2018; Mielgo-Ayuso et al., 2018; Owens et al., 2017; Rockwell et
al., 2020; Zebrowska et al., 2020) highlights several trends and connections that elucidate the collective
findings. Notably, a consistent increase in serum 25(0OH)D levels following vitamin D supplementation was
observed in 12 of the 13 studies. This finding suggests that vitamin D status in athletes can be effectively
enhanced through supplementation. A specific subset of studies (Alimoradi et al., 2019; Jastrzebska et al.,
2022; Jastrzebska et al., 2018; Rockwell et al., 2020) reported significant improvements in power, strength,
and aerobic capacity among athletes following vitamin D administration. These athletes presented with low
baseline vitamin D levels, and the dosages of supplementation varied between 50,000 and 70,000 U per
week, indicating a pattern across these investigations. In contrast, studies involving athletes with normal
initial vitamin D levels or those receiving lower doses of supplementation showed no significant
enhancements in performance(Bischoff-Ferrari et al., 2020; Close et al., 2013; Fairbairn et al., 2018).

A subset of studies (Cassity et al., 2016; Mielgo-Ayuso et al., 2018; Owens et al., 2017) focused on the
impact of vitamin D supplementation on muscle and haematological recovery metrics. Cassity et al. (Cassity
et al., 2016) found no significant effects on muscle recovery, although Mielgo-Ayuso et al. (Mielgo-Ayuso et
al., 2018) reported improvements in haematological markers. Owens et al. (Owens et al., 2017) suggested
that increased levels of 24,25[0H]2D might render high-dose vitamin D3 supplementation detrimental. These
findings underscore the complexity of vitamin D’s influence on physiological outcomes and the necessity for
further research. Seasonal fluctuations in vitamin D levels were documented by Fairbairn et al. (Fairbairn et
al., 2018)and Zebrowska et al. (Zebrowska et al., 2020), emphasizing the importance of timing in
supplementation strategies. Additionally, Zebrowska et al. (Zebrowska et al., 2020) demonstrated that vitamin
D supplementation could reduce muscle injury biomarkers in runners, potentially influencing injury prevention
strategies.

The study conducted by Bischoff-Ferrari et al. (Bischoff-Ferrari et al., 2020), which analysed primary
outcomes over a three-year period, did not demonstrate any statistically significant effects from the individual
or combined interventions of omega-3 fatty acids, exercise, or vitamin D3. This study is distinguished by its
unique methodology and focus on long-term outcomes, setting it apart from other research in the field.
Conversely, several studies included in the review (Alimoradi et al., 2019; Jastrzebska et al., 2022;
Jastrzebska et al., 2018; Rockwell et al., 2020) present consistent findings, indicating that vitamin D
supplementation significantly enhances athletic performance. Another subset of research (Cassity et al.,
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2016; Mielgo-Ayuso et al., 2018; Owens et al., 2017) primarily investigates markers of muscular and
haematological recovery. The remaining studies, which vary in their conclusions and methodologies, exhibit
less congruence (Bischoff-Ferrari et al., 2020; Close et al., 2013; Fairbairn et al., 2018; Zebrowska et al.,
2020).

Numerous studies (Abushamma, 2022; de La Puente Yague et al., 2020; Sist et al., 2023; Wyatt et al., 2024),
along with this review, suggest that vitamin D supplementation could be advantageous for health and athletic
performance, particularly in athletes with deficient initial levels of vitamin D. There is a continued need for
research to determine optimal dosages of vitamin D supplements and their effects on various outcomes, such
as bone health, risk of injury, and muscle recovery. Our analysis indicates that vitamin D supplementation
consistently elevated serum 25(OH)D levels in athletes; moreover, a subset of studies reported notable
improvements in strength, power, and aerobic capacity among athletes with initially low vitamin D levels.
Conversely, Abushamma et al. (Abushamma, 2022) highlighted ongoing debates regarding the application
of vitamin D supplementation in sports, emphasizing the necessity for further research to establish the ideal
dosages for athletes. Wyatt et al. (Wyatt et al., 2024) also found that vitamin D supplementation could
enhance elite athletes' strength, anaerobic power, and aerobic endurance; yet, more studies are needed to
confirm its benefits on bone health and injury prevention.

Puente et al.'s research (de La Puente Yague et al., 2020) highlighted the critical role of vitamin D in bone
health as well as its extra-skeletal functions, which influence athletic performance through mechanisms such
as skeletal muscle growth, immune and cardiovascular responses, and inflammatory regulation. The study
noted that vitamin D interacts with extra skeletal tissues, potentially affecting infection risk and influencing
the rate of injury healing. Additionally, a meta-analysis conducted by Sist et al. (Sist et al., 2023)evaluated
the effects of vitamin D supplementation on muscle strength and power in athletes. Their findings indicated
that while vitamin D supplementation did not alter muscle power in athletes with normal or elevated baseline
serum 25(0OH)D levels, it did have a modest effect on both upper and lower body muscle strength in athletes
with low baseline serum 25(0OH)D concentrations.

The findings and conclusions of the studies exhibit considerable variability. For example, our analysis
suggests that vitamin D supplementation may influence injury prevention, contrasting with Wyatt et al. (Wyatt
et al.,, 2024), who report inconsistent evidence regarding its effects on bone health and injury risk.
Additionally, we found that vitamin D supplementation could be beneficial for enhancing power, strength, and
aerobic capacity, whereas Sist et al. (Sist et al., 2023) observed minimal effects on muscle strength and
power.

A high prevalence of vitamin D deficiency is noted among athletic populations, with increased risk factors
such as higher latitudes, the winter and early spring seasons, and participation in indoor sports (Farrokhyar
et al., 2015). The definition of vitamin D deficiency, however, remains a subject of ongoing debate. While
current evidence suggests that serum 25(OH)D concentrations below 75 nmol/L might be considered
deficient in white male athletes (Ribbans et al., 2021), the relevance of this threshold for athletes from diverse
ethnic backgrounds is uncertain. Notably, research indicates that while total 25(OH)D and vitamin D-binding
protein (VDBP) levels are lower in black individuals compared to white individuals, the levels of bioavailable
25-hydroxyvitamin D are similar, suggesting that 1,25(0OH)D may be a more accurate marker of vitamin D
status (Powe et al., 2013). The deficiency of vitamin D has been associated with impaired muscle function,
evidenced by proximal muscle weakness and reduced diameter of type |l muscle fibres (Ceglia, 2008). Given
the strong correlation between muscle function and force-time characteristics (Suchomel et al., 2016), as well
as injury incidence (Hootman et al., 2007; Van Mechelen et al., 1992), the impact of vitamin D on muscle
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strength in athletes has attracted significant research interest. Despite the demonstrated effectiveness of
vitamin D supplementation in improving vitamin D status (Farrokhyar et al., 2017), the evidence regarding its
effects on maximal strength and power in athletes remains limited and currently inconsistent(Han et al., 2019;
Zhang et al., 2019).

Limitations

There are a few caveats to consider when interpreting the results of this systematic study. First off, there's a
chance that the varied study designs, populations, and supplementation strategies across the included
studies contributed to the diversity in the findings. Furthermore, the bulk of the studies had small sample
sizes, which would have reduced the findings' generalisability and estimate precision. Moreover, since the
examination was restricted to works written in English, pertinent works written in other languages might have
been overlooked. Despite being thorough, the search strategy might have overlooked some pertinent
research, especially those that had unfavourable results that are frequently not publicly disclosed. Because
the included studies' quality was not properly evaluated, bias may have been introduced into the interpretation
of the findings. Finally, while investigating the possible pathways via which vitamin D supplementation may
influence athletic performance would have yielded important insights into the physiological processes that
underlie the effects, the review did not do so.

Clinical recommendations

The findings of the systematic review yield several recommendations. It can be posited that vitamin D
supplementation may enhance athletic performance, in particular among athletes who have initially low
vitamin D serum levels. Nevertheless, further research is necessary to ascertain the optimal doses and
durations of supplementation. It should be noted that seasonal variations in vitamin D levels have the potential
to influence the efficacy of supplementation, underscoring the importance of timing. Therefore, it is
recommended that athletes and coaches consider these variations when devising training schedules.
Additionally, due to the current lack of conclusive data, further research is necessary to assess the effects of
vitamin D supplementation on haematological and muscle recovery metrics. To generate more precise
estimations of vitamin D's impact on athletic performance, future research should prioritise high-quality, well-
designed trials with large sample sizes.
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ABSTRACT

This study aimed to analyse the placebo effect associated with caffeine on the performance of sprinters in a 60-meter
sprint test and a standing triple jump. Methods: Thirteen trained sprinters (7 men, 6 women) volunteered to complete
the experimental procedures (22.8 + 4.7 years, 64.7 £ 6.5 kg and 173.9 + 6.5 cm). A repeated, randomized, and
counterbalanced experimental design was used to compare the effects of the ingestion of a placebo reported as
caffeine (placebo) and a control situation where no substance was ingested (control). In both conditions, they
completed a standing triple jump, and a 60-meter sprint test and filled out a questionnaire about potential side effects.
Results: Performance was similar in placebo and control conditions in the 60-meter sprint test (7.52 + 0.46 vs. 7.55
0.43 s; p = .49; small d = 0.20) and the standing triple jump (7.28 + 0.84 vs. 7.28 + 0.87 m; p = .95; trivial d = 0.02).
The most frequent side effects derived from deceptive caffeine ingestion were increased activeness (53.8%),
nervousness (23.1%) and insomnia (15.4%). Conclusion: Deceptive caffeine ingestion did not alter performance in
sprint and triple jump performance in trained athletes, while some minor side effects appeared. Individual responses
to placebo ingestion should be carefully considered before making recommendations for sprint athletes.
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INTRODUCTION

Placebo effects involve a variety of psychological and physiological mechanisms and could be influenced by
situational and learning conditions (Colloca & Barsky, 2020; Frisaldi et al., 2020; Frisaldi et al., 2023; Murray,
2021). Placebo and placebo effect/s definitions have shown discrepancies but have been used for decades
(Macedo et al., 2003). These concepts typically suggest that individuals receiving a placebo treatment show
improved health outcomes compared to what would have been anticipated if they had not received the
placebo (Murray, 2021). The findings of medical placebo research have shown small to large effects on
several health conditions (Frisaldi et al., 2023; Tavel, 2014). However, the discussion about placebo and
placebo effects remains open (Murray, 2021), and logically, placebo effects could be effective also outside
the medical domain (Pollo et al., 2011).

In sports, the placebo effect refers to the improved exercise performance resulting from the belief that one
has received a beneficial treatment (Clark et al., 2000; Szabo, 2023). This placebo effect is likely a key factor
in all sport and exercise research studies involving human participants (Beedie et al., 2018). In recent
decades, there has been a growing interest in this topic, where previous reviews have found a small to
moderate improvement in exercise performance (Beedie & Foad, 2009; Chhabra & Szabo, 2024; Hurst et
al., 2020), and the findings of sport placebo research are similar to those found in the medical context (Beedie
et al., 2018). The placebo effect can potentially enhance athletic performance or performance-related
variables and, in some cases, these improvements are comparable in magnitude to those observed using
ergogenic aids (Beedie et al., 2018). The potential to achieve this placebo effect in athletic performance has
prompted research across various sports, investigating different placebo interventions, such as nutritional,
mechanical, or other characteristics, including verbal manipulation (Chhabra & Szabo, 2024; Hurst et al.,
2020). However, most of the studies conducted on the placebo effect have been studied from the perspective
of ergogenic aids such as carbohydrates (Clark et al., 2000), amino acids (Kalasountas et al., 2007), sodium
bicarbonate (McClung & Collins, 2007), or caffeine (Hurst et al., 2019; Valero et al., 2024).

Although a wide range of supplements are promoted for enhancing sports performance, many lack strong
evidence supporting their ergogenic effectiveness (Peeling et al., 2018). Only a few (caffeine, creatine,
specific buffering agents and nitrate) have good evidence of their benefits (Maughan et al., 2018). In addition,
the effectiveness of these ergogenic aids depends on several factors, including the type of athletic event, the
specific context in which they are used, the protocol (e.g. timing, dosage) employed and the individual
athlete's goals and physiological responsiveness (Burke et al., 2019; Maughan et al., 2018; Peeling et al.,
2018). One of the most commonly used ergogenic aids in sports is caffeine (Aguilar-Navarro et al., 2019),
due to its well-known beneficial effects on athletic performance (Baltazar-Martins et al., 2020; Grgic et al.,
2018; Guest et al., 2021; Salinero et al., 2019). Although caffeine improves several aspects of physical
performance, including aerobic and anaerobic activities (Guest et al., 2021), and strength and power
exercises (Grgic et al., 2018; Grgic & Varovic, 2022), its use has been more widespread in aerobic sports,
perhaps because its benefits in strength/power disciplines were controversial for several years (Giraldez-
Costas et al., 2023). However, nowadays there is solid evidence that caffeine is an ergogenic aid for these
types of sports (Grgic & Mikulic, 2021; Grgic & Varovic, 2022; Guest et al., 2021). Maybe for this reason,
caffeine’s use in strength/power-based sports has increased substantially from 2008 to 2015 (Aguilar-
Navarro et al., 2019). Thus, caffeine is an ideal substance for studying the placebo effect to maximize the
expectations of increased performance, as certain expectations elicit greater placebo responses compared
to doubtful expectations (Frisaldi et al., 2023). So, caffeine has become the most commonly used substance
to induce a placebo effect in participants (Chhabra & Szabo, 2024; Hurst et al., 2020).
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Deceptive caffeine ingestion has been studied in running (Beedie et al., 2007; De La Vega et al., 2017; Hurst
et al., 2019; Rohloff et al., 2022; Valero et al., 2024), cycling (Beedie et al., 2006; Duncan, 2010), and
resistance performance (Filip-Stachnik et al., 2020; Ortiz-Sanchez et al., 2024) with contradictory results. On
cycling performance, Duncan (Duncan, 2010) found a significant placebo effect with deceptive caffeine
ingestion on short-term, high-intensity exercise (e.g. Wingate test). In a 10-km time trial, Beedie et al. (Beedie
etal., 2006) also found a placebo effect after deceptive caffeine ingestion, and a dose-response relationship
emerged, with reduced performance when they believed they had ingested a placebo, 1.3% more power
when they believed they had ingested 4.5 mg-kg caffeine, and 3.1% more power when they believed they
had ingested 9.0 mg-kg' caffeine. Studies on running endurance performance found improvements with
deceptive caffeine ingestion on several times/distances, such as 1000-m running performance (Hurst et al.,
2019), 4-km test (Rohloff et al., 2022), and 6-min time trial (Valero et al., 2024). So, belief in caffeine ingestion
could propitiate enhanced endurance capacity.

However, controversial results emerged in strength or power performance in resistance exercises. Deceptive
caffeine ingestion failed to improve maximal voluntary concentric force (Tallis et al., 2016), or strength
variables on bench press or squat exercises (Filip-Stachnik et al., 2020; Ortiz-Sanchez et al., 2024). However,
other studies found that placebo intake when the athletes were informed they were taking caffeine, improved
the performance of explosive movements (Costa et al., 2019) or repetitions in one set to failure at 60%
(Duncan et al., 2009) or 80% repetition maximum (Campelo et al., 2023). Duncan et al. (Duncan et al., 2009)
and Campelo et al. (Campelo et al., 2023) found that participants completed more reps (single leg extension
and bench press, respectively) when participants perceived they had ingested caffeine, and the RPE was
lower in the deceptive caffeine ingestion condition. In contrast, Filip-Stachnik et al. (Filip-Stachnik et al., 2020)
found no significant differences in either the number of repetitions completed or one-repetition maximum in
the bench press exercise following deceptive caffeine ingestion. Ortiz et al. (Ortiz-Sanchez et al., 2024)
observed a significant increase only in two variables of the strength tests (mean velocity bench press at 50%
of 1 RM, and rate of force development in squat at 75% of 1RM) but no significant differences were found in
the other strength variables studied, where 50%, 75% and 90% 1RM loads were measured both in bench
press and squat. So, it is not clear that just the belief of taking caffeine (or other ergogenic aid) would improve
sport performance on strength or power performance.

Sprint performance is a key factor for performance in many sports, such as team sports, or sprint events in
athletics. Curiously, while some studies have analysed the potential ergogenic effects of caffeine on team
sports (Salinero et al., 2019), research about caffeine’s effects on sprint events has received minor attention.
Specifically in sprint events, Lara et al. (2015) in swimmers and Matsumura et al. (2023) in athletics have
demonstrated improvements in sprint performance with acute caffeine ingestion. In the context of the placebo
effect, there are controversial results. Beedie et al. (2007) found improved repeated sprint performance, while
Hurst et al. (2017) did not find a placebo effect on 5x20 m repeated sprint performance. In athletics, De La
Vega et al. (2017) found that drinking an inert liquid, primed with positive information, reduced the time in the
200-m sprint test on recreational runners (=40 sec for 200-m).

Therefore, it seems that the placebo effect could be incorporated as a simple strategy to improve performance
since it does not present any risk to the health of athletes, diminishing the possible side effects of other
ergogenic aids used by athletes, such as caffeine, where it has been shown that it can cause nervousness,
gastrointestinal discomfort, or insomnia (Pallarés et al., 2013; Salinero et al., 2014). In addition, higher doses
of caffeine (i.e., 9 mg/kg of body mass) drastically increased the frequency of the adverse side effects
compared with moderate doses (i.e., 3 to 6 mg/kg). For example, with that higher dose, 38% of participants
reported gastrointestinal problems, and 54% of subjects reported insomnia or sleep disturbances (Pallarés
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et al., 2013). However, similar to the placebo effect, it is also possible that the negative effects associated
with caffeine consumption may be reproduced in participants who believe they have ingested caffeine. This
is the nocebo effect, an undesirable effect resulting from anticipated or conditioned negative outcomes
(Beedie et al., 2018). Curiously, the belief in caffeine ingestion was also associated with some minor side
effects, such as greater activeness or nervousness (Ortiz-Sénchez et al., 2024; Valero et al., 2024).

Therefore, this study aimed to analyse the placebo effect associated with caffeine on the performance of
sprinters in a 60-meter sprint test and a standing triple jump and potential side effects.

MATERIAL AND METHODS

Participants

An a priori sample size estimation revealed that at least 11 participants were required to investigate the
potential placebo effect of caffeine with an effect size of 1.15 tested with a two-tailed paired sample t-test (1
-B=0.9; a=.05). This calculation was based on the effect size obtained with placebo vs. control conditions
of the Hurst et al. investigation (2019), and it was performed with G*Power (v3.1.9.7) software. Thirteen
trained sprinters (7 men and 6 women) volunteered to complete the experimental procedures (22.77 + 4.66
years, 6465 + 6.52 kg and 173.92 + 6.47 cm). The participants were classified as Tier 2
(Trained/Developmental) and 3 (Highly trained) (McKay et al., 2022) and presented a punctuation of 884.27
1 122.29 World Athletics points. They were all sprinters competing in 100, 200 or 400 meters.

Procedures

A repeated, randomized, and counterbalanced experimental design was used to compare the effects of the
ingestion of a placebo reported as caffeine (placebo) and a control situation where no substance was
ingested (control). Seven participants started with the control condition, and 6 participants started with the
placebo condition. Participants were thoroughly informed of potential risks associated with the experimental
procedures before providing written informed consent. The study was performed following the principles of
the Declaration of Helsinki, and the experimental protocols were approved by the local ethics committee (ref.
28.1.2021CEI-UCJC).

A familiarization session was carried out the week before, even though the athletes were used to this type of
testing in their training routines. Secondly, participants were informed about their participation in a “caffeine
effect’ study reinforcing their belief that the intake would be caffeine and not another different substance, as
in the case of this study, a placebo substance.

Participants performed the tests twice at the same time of day to avoid circadian influences (Chtourou &
Souissi, 2012). In a counterbalanced manner, one group ingested the placebo (100mg of wheat flour in an
opaque capsule) on the first day and had no intake on the second day, while the other group did vice versa.
To ensure that performance variations could not be attributed to differences in training load between data
collections, both measurements were taken one week apart. The evaluation sessions were included within a
similar microcycle, specifically scheduled on the day after an easy training session.

Placebo intake was just before starting warm-up, 50 minutes before the tests. Participants were instructed to
avoid any ergogenic substance 24 hours before the data collection. In addition, the athletes used the same
track spikes on both days (their own competition spikes).
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The tests were performed on an athletics track. The warm-up consisted of 15 minutes of jogging followed by
mobility and drill exercises. Then, five 50-meter repetitions were carried out increasing speed throughout
each repetition. Recovery time was 1 minute.

First, the standing triple jump test was carried out. Participants were instructed to start from feet together,
and then participants performed 3 jumps altering the landing leg and ending in the long jump pit on the last
jump. Each participant performed two attempts. The longest jump was used as the test score. Before 5 min
of recovery, participants performed a 60-meter sprint test with a standing start (without starting blocks).
Double photocells (Witty-Gate, Microgate, Italy) were employed to measure time. This system ensures that
the photocells are interrupted by the chest and not by the athlete’s leading arm. The lower photocells were
mounted around the level of the hips, and the upper photocells were mounted 0.20 m higher, as
recommended by previous studies (Yeadon et al., 1999) and throughout the 60 m. Therefore, we obtained
split times from start to the 10-meter line; from 10 to the 30-meter line; from start to the 30-meter line; from
30 to 60-meter line, and 60-meter total time.

Finally, the morning after carrying out the test, participants in the placebo condition completed a questionnaire
assessing caffeine-related side effects. They were provided with a link to an electronic form (Google Forms)
to report any potential side effects. The form utilized a dichotomous (yes/no) scale to indicate the presence
or absence of specific symptoms, including nervousness, digestive disturbances, or sleep difficulties. This
questionnaire had been previously used to evaluate side effects associated with caffeine consumption
(Salinero et al., 2014).

Analysis

Data is presented as mean * SD. Normality was checked using Shapiro-Wilk test. The variables followed a
normal distribution enabling the use of parametric statistics. A paired samples student’s t-test was performed
to analyse differences between both conditions. In addition, Cohen’s d was carried out to check the effect
size (<0.20 trivial, 20.20-0.59 small, =20.60-1.19 moderate, 21.20-1.99 large, and =2.00 very large) (Hopkins,
2016). The significance level was established at p < .05. The JASP 0.18.3 software was employed to execute
all calculations.

RESULTS

Table 1 illustrates the split times and complete time of the 60-meter sprint test and the distance covered in
the standing triple jump in the placebo and control conditions. No significant differences were found in any
parameter analysed with trivial (0 — 10 meters, 30 — 60 meters, and triple jump) or small (10 — 30 meters, 0
- 30 meters, and 0 — 60 meters) effect sizes for all parameters.

Table 1. Split and complete time on 60-m sprint test and distance covered in the standing triple jump.

Placebo Control p d
0-10m 1.74 £0.12 1.74 £0.09 T7 0.08
10-30m 241+0.14 242 +0.14 43 0.23
0-30m 415+0.24 416 +0.22 46 0.21
30-60m 3.38+0.23 3.39+0.22 67 0.12
0-60m 7.52 +0.46 7.55+0.43 49 0.20
Triple jump 7.28 +0.84 7.28 £0.87 95 0.02
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Figure 1 depicts the individual analysis of 60-meter total times and the standing triple jump. Figure 1A shows
that only 5 out of 13 improved the 60-meter sprint test, while Figure 1B points out how 7 out of 13 athletes
improved the standing triple jump performance.

9.5 A 10 4 B

@ 9.0 + 9 -

8 85 - i g .: ° »
97 ~ = | °
0= g

[ 4 ‘. 7 o L]

O =2, @

S 751 °8 *% 5 e -

g & 4 5 6 ¢

g 704 *y ) E - °

8 6.5 -

6.0 4 -
| [ |
Placebo Control Placebo Control

Figure 1. Individual 60 meters total times (Figure 1A) and individual standing triple jump (Figure 1B).

Finally, the self-reported side effects are outlined in Table 2. The main side effects reported the day that
athletes ingested the placebo capsule were activeness (53.8%), nervousness (23.1%), and insomnia
(15.4%).

Table 2. Self-reported side-effects the day that athletes ingested the placebo.
% of affirmative responses

Nervousness 23.1
Gastrointestinal problems 0
Activeness 53.8
Irritable 0
Muscular pain 1.7
Headache 1.7
Increased urine production 1.7
Insomnia 154
DISCUSSION

The aim of the study was to analyse the potential placebo effect derived from deceptive caffeine ingestion on
the performance of sprinters in a 60-meter sprint test and a standing triple jump. To address this objective,
13 trained athletes completed a 60-meter sprint test and a triple jump on two occasions: after ingesting a
placebo informed as caffeine and without ingesting any substance (control) in a randomized and
counterbalanced design. The results revealed that the belief of having consumed caffeine did not improve
sprint performance or increase jumping ability, despite participants reporting feeling more active on the day
they took the placebo. Therefore, it seems that the placebo effect does not appear to be an effective strategy
for enhancing performance in this type of test.

Previous studies have found performance improvements following the ingestion of supposed caffeine in
longer-distance running tests, such as 1000 meters (Hurst et al., 2019) or a 6-minute running test (Valero et
al., 2024), while other studies focusing on strength-power tests have not found a significant placebo effect
(Filip-Stachnik et al., 2020; Ortiz-Sanchez et al., 2024). Thus, it seems that the placebo effect may be more
evident in longer-duration tests where volitional aspects may have a greater impact on performance. In
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contrast, the placebo effect did not enhance performance in shorter tests where neuromuscular components
predominate. In endurance running tests, what was reported as a placebo effect could be mediated by the
result of the participants having adopted a less conservative and more optimal pacing strategy (Beedie et al.,
2018). Hurst et al. (2019) observed a faster pace during the first half of their 1000-meter trials, which resulted
in improved overall performance. This suggests that deceptive caffeine intake may influence participants'
perception of their speed capabilities (Hurst et al., 2019). However, in sprint events like the 60-meter sprint,
which are short all-out tests, there is no strategic distribution of energy. This may be one reason why the
placebo effect did not influence these athletes. However, further studies are needed to confirm these findings.

The deceptive caffeine ingestion led 7 out of 13 athletes to perceive themselves as more active. However,
as we have observed, this did not result in improved performance. Notably, 23% of the athletes reported
feeling more nervous, which could negatively impact performance in competition. These findings align with
previous research (Ortiz-Sanchez et al., 2024; Valero et al., 2024). Ortiz-Sanchez et al. (2024) reported that
33% of participants experienced nervousness, while Valero et al. (2024) observed this effect in 7.7% of
participants. Therefore, individual responses to deceptive caffeine ingestion should be considered before
recommending the use of caffeine-related placebos in competition. In future studies, it would be interesting
to explore whether the perception of side effects is linked to the typical side effects associated with the
reported substance. In such cases, it may be advisable to suggest the use of other substances without known
side effects to the participants.

This experimental study presents some limitations that should be discussed. In the 60-meter test, only one
repetition was performed, which means day-by-day individual variability may have influenced the outcomes.
Due to the nature of the test and the fact that the participants were trained sprinters, it would be impossible
to perform a second attempt within a short time frame under the same (non-fatigued) conditions (Tomazin et
al., 2012). However, this approach provides a more ecological experimental design, as athletes only have a
single attempt during their competitions. Additionally, athletes with positive expectations about a treatment
would experience a greater improvement in performance compared to those with no expectations (Beedie et
al., 2018). To minimize this limitation, athletes were informed about the ergogenic effects of caffeine and
were convinced that the dose administered was optimal for enhancing performance in these tests.

CONCLUSIONS

Deceptive caffeine ingestion did not alter performance in sprint and triple jump performance in trained
athletes, while some minor side effects appeared. Individual responses to placebo ingestion should be
carefully considered before making recommendations for sprint athletes.
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ABSTRACT

The objective of the study was to analyse the evolution of game statistics as a function of the year of college of NCAA
Division | male goalkeepers. The sample was all 43,079 goalkeeper’s participations (average of 3916 goalkeeper's
participations of 405 goalkeepers per season) from 202 male teams from Division | of the National Collegiate Athletic
Association (NCAA) of United States (2010-2021 seasons). A retrospective non-experimental design was used. The
variables studied were goalie games played, percentage of goalie games started, goals allowed, goalkeeper’s goals-
against average, saves, saves percentage, shutouts, combined shutouts, yellow cards, and red cards. A one-way
ANOVA was used to study the evolution between goalkeepers from top and bottom teams. To analyse the differences
according to top and bottom teams, a T-test and a discriminant analysis were performed. As goalkeepers gain
experience, their participation in games played and games started increases significantly (second, third- and fourth-
year goalkeepers) and their effectiveness increases (decrease in goals allowed and increase in shutouts). These
findings highlight the importance of experience, training, maturity in goalkeeper performance and the differences in
recruitment between teams.
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INTRODUCTION

In football, the goalkeeper is responsible for protecting the goal, coordinating the defence, and initiating the
attack phase (Shamardin & Khorkavyy, 2015). The goalkeeper's performance is influenced by multiple
aspects, such as technical, tactical, psychological, sociological, or physical factors (Otte et al., 2022). The
development process of a goalkeeper is long. Most performance goalkeepers reach their peak performance
later than field players (Jamil & Kerruish, 2020). During their development process, goalkeepers improve
their performance thanks to their maturation, accumulation of experiences, and the increase in specialized
training (Otte et al., 2020). The study of the evolution of players throughout their training process has focused
mainly on field players and absolute performance categories (Sarmento et al., 2018). There are a small
number of studies that analyse the evolution of the goalkeeper and his transition through the different stages
of his training (Tienza-Valverde et al., 2023). The transition from the development stage to the performance
stage (U-18 to U-23) is a particularly critical stage in this process. Knowing how goalkeepers develop and
obtaining benchmarks for their development can help to better understand their development process and
guide their development and training at this stage.

Most published research on soccer goalkeepers has prioritized the study of physical and physiological
aspects. These aspects are influenced by the team's playing style and their participation in the game (Otte
et al., 2020; White et al., 2018). Most of the studies on technical-tactical performance indicators in soccer
goalkeepers have focused on the goalkeeper's contribution in defensive actions during the game, in set
pieces, or in penalty kicks (e.g., Furley et al., 2017; Sainz De Baranda et al., 2008; Tienza-Valverde et al.,
2023). In offensive terms, different works have analysed the role of the soccer goalkeeper in initiating the
construction of the team's offensive play, and maintaining possession of the ball (e.g., Casal et al., 2023;
Mikikis et al., 2021).

Technical-tactical actions have also been analysed based on contextual aspects, such as playing at home
or away (Liu et al., 2015) or based on the level of the teams (Sainz de Baranda et al., 2019). These works
show how the level of the teams influences the performance of the goalkeeper. Goalkeepers from higher-
level teams make fewer saves, touches of the ball, passes, interceptions, and clearances compared to
goalkeepers from lower-level teams (Sainz de Baranda et al., 2019). In the review carried out, works have
been found that analyse the evolution in this age group (U23) in field players. Players from higher level teams
show greater development, participation in matches and shots on goal, compared to players from lower-level
teams (Caicedo-Parada et al., 2024). In the review carried out, no information was found on the development
process of U23 goalkeepers at a technical-tactical level.

This paper analyses the development of goalkeepers aged 18 to 22 years and seeks to provide reference
values for this stage of their training process. The study analyses the four-year period of American
goalkeepers playing in the NCAA Division |. The training model through school and university teams used in
the United States differs from the performance academies paradigm used in other countries. However, their
analysis can provide information on the evolution of goalkeepers in the U23 category.

The hypothesis of the present study was that participation in the game and the effectiveness of the actions
of goalkeepers in the U23 categories increases with increasing age, years of training, and experience. The
objective of the study was to analyse the evolution of game statistics as a function of the year of college of
NCAA Division | male goalkeepers.
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METHOD

Sample

The sample was all 43.079 goalkeeper’s participations (average of 3916 goalkeeper’s participations of 405
goalkeepers per season) from 202 male teams from Division | of the National Collegiate Athletic Association
(NCAA) of United States. The sample was from season 2010-2011 through 2020-2021 seasons.
Goalkeepers were classified according to their year in college: a) 1st year or freshman, b) 2nd year or
sophomore, c) 3rd year or junior, and d) 4th year or senior. Goalkeeper’s data were obtained from the publicly
accessible statistics website of the official NCAA website (https://stats.ncaa.org/).

Design

A retrospective non-experimental design was used. The variables studied were goalie games played,
percentage of goalie games started, goals allowed, goalkeeper’s goals-against average (GAA = (Goals
allowed x 90) + minutes played), saves, saves percentage, shutouts, combined shutouts, yellow cards, and
red cards. The unit of analysis was the season. The variables were recorded in absolute values per season
and recalculated in relative values for the total number of matches played for each player (absolute value of
the variable, divided by the number of matches played by the player in the season). Players were classified
into top and bottom based on the team's winning coefficient in each season (win was giving a score of 1, a
tie was given a score of .5, and a loss was scored as 0). Top teams had a winning coefficient above 0.500
and bottom teams had a winning coefficient below 0.500.

Data of the variables obtained were collected for the summation of the match reports of each team in each
season. To establish the reliability of the match report, a researcher observed five matches from different
seasons. The observer had a master's degree in Sport Science and more than five years of experience with
sports analytics in football. The observation was done using the software Lince Plus (Soto-Fernéndez et al.,
2022). The rater reliability was calculated using Cohen's Kappa for the categorical variables and an Interclass
Correlation Coefficient (ICC) for the continuous variables. All the variables studied had a value of 1.

Procedure and statistical analysis

A one-way ANOVA was used to study the evolution between goalkeepers from top and bottom teams. To
analyse the differences according to top and bottom teams, a T-test and a discriminant analysis were
performed. Structural coefficients (SC) were used to discriminate top and bottom teams (SC above 0.30)
(Tabachnick & Fidell, 2013). Significance level was set at p < .05. The effect size was established with the
eta square. The following scale was used to assess Effect Size: N = No effect (<0.20) S = Small (0.20 - 0.49)
M = Medium (0.50 - 0.79) L = Large (0.80 - 1.19) XL = Extra Large (>1.2) (Sawilowsky, 2009). All analyses
were conducted using the Statistical Package for the Social Sciences (SPSS, version 28.0.0.0., IBM, Boston,
IL, USA). Tables with the absolute values of the variables studied can be found in Tables 4, 5 and 6.

RESULTS

In the analysis of the evolution of the goalkeepers both at a general level and differentiating between the top
and bottom teams (Table 1 and 2), itis observed that the more experience and training the goalkeepers have,
the more their values increase in the variables “goalie games played” and “goalie games started”. The
variable saves percentage increases from the 2nd to the 3rd year. The variables goals allowed, goalkeeper's
goals-against average, saves, combined shutouts, yellow cards, and red cards changed between the different
years in top and bottom teams. The variable saves percentage shows an increase over the years of
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Table 1. Evolution of the relative values of participation and game statistics as a function of the player's year in top level college men's football
goalkeepers (Division | - NCAA, U.S. [season 2010 to 2021]).

Variables 1st year (Freshman) 2nd year (Sophomore) 3rd year (Junior) 4th year (Senior)
M SD M SD M SD M SD

Goalie GP 0.544bcd 0.439 0.644acd 0.493 0.744zabd 0.499 0.813abc 0.507
Goalie GS (%) 72.2cd 36.7 75.5¢ 36.3 80.8ab 33.3 82.0ab 32.8
G. allowed 1.73 2.35 1.76 2.99 1.66 2.31 1.65 245
GAA 1.55 1.34 1.54 1.83 1.42 1.23 1.42 1.93
Saves 4.14 5.94 4.3 6.97 4.26 5.37 4.34 6.04
SV_Pct 0.659 0.229 0.657¢ 0.237 0.6850 0.208 0.68 0.221
Shutouts 0.236 0.493 0.276 0.603 0.295 0.594 0.301 0.589
Comb_sho 0.02 0.156 0.015 0.148 0.019 0.173 0.02 0.172
Yellow cards 0.016 0.075 0.02 0.062 0.022 0.064 0.022 0.055
Red cards 0.002 0.024 0.004 0.051 0.002 0.019 0.002 0.017

Note. Statistical differences were analysed using an ANOVA test; a Significantly different from 1st year (Freshman); b Significantly different from 2nd year (Sophomore); ¢ Significantly different from 3rd
year (Junior); d Significantly different from 4th year (Senior). Goalie GP: Goalie Games Played, Goalie GS (%) Percentage Goalie Games Started, G. Allowed: Goals Allowed, GAA: Goalkeeper’s goals-
against average, SV_Pct: Saves Percentage, Comb_Sho: Combined Shutouts.

Table 2. Evolution of the relative values of participation and game statistics as a function of the player's year in bottom level college men's football
goalkeepers (Division | - NCAA, U.S. [season 2010 to 2021]).

1st year (Freshman) 2nd year (Sophomore) 3rd year (Junior) 4th year (Senior)

Variables Top 50 Bottom 50 Top 50 Bottom 50 Top 50 Bottom 50 Top 50 Bottom 50

M SD M SD M SD M SD M SD M SD M SD M SD
Goalie GP 0.563bcd  0.486 0.528cd  0.395 0.664ecd  0.538 0.623ad 0.441 0.820e> 0.539 0.659« 0.436 0.873=> 0537 0.740%c 0.458
Goalie GS (%) 70.1ed 392 739« 345 726« 39 78.5 33 80.3e» 354 8142 309 80.7% 35 83.72 29.7
G. allowed 1.23 1.59 2.13 2.75 1.3 2.09 2.25 3.65 1.28 1.79 2.08 2.72 1.32 1.72 2.05 3.06
GAA 1.19 1.2 1.85 1.39 1.2 1.64 1.9 1.95 1.09 1.19 1.78 117 1.22 2.35 1.68 1.18
Saves 3.38 5.36 4.75 6.32 3.67 5.61 4.96 8.12 3.9 5.26 4.67 5.46 3.87 497 4.92 7.09
SV_Pct 0666 0258 0.653 0.202 .660c 0271 0655 019 0.705> 0.229 0662 0.179 0.684 0241 0674 0.193
Shutouts 0301 0608 0185 0.368 0.351 0755 0196 0366 0377 0.696 0203 0436 0.382 0.696 0202 0402
Comb_sho 0.031  0.207  0.01 0.095 0024 0194 0006 0071 0028 0221 001 0.091 0.028 0213 0.01 0.102
Yellow cards 0.017 0.081 0.016 0.07 0021 0071 0019 0.051 0019 0.053 0025 0.074 002 0.046 0024 0.064
Red cards 0 0.008 0.004 0032 0.005 0.058 0.002 0.042 0.002 0.015 0.004 0.022 0.001 0011 0.004 0.021

Note. Statistical differences were analysed using an ANOVA test; a Significantly different from 1st year (Freshman); b Significantly different from 2nd year (Sophomore); ¢ Significantly different from 3rd
year (Junior); d Significantly different from 4th year (Senior). Goalie GP: Goalie Games Played, Goalie GS (%): Percentage Goalie Games Started, G. Allowed: Goals Allowed, GAA: Goalkeeper’s goals-
against average, SV_Pct: Saves Percentage, Comb_Sho: Combined Shutouts.
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Table 3. Differences as a function of team level in relative participation values and game statistics as a function of player year in college in men's football
goalkeepers (Division | - NCAA, U.S. [season 2010 to 2021]).

1st year (Freshman) 2nd year (Sophomore) 3rd year (Junior) 4th year (Senior)
Variables Top 50 - Bottom 50 Top 50 - Bottom 50 Top 50 - Bottom 50 Top 50 - Bottom 50
Differ % Sig. ES Differ % Sig. ES Differ % Sig. ES Differ % Sig. ES
Game played 0035 6.21 228 0.438% 0041 617 156  0.493s  0.161 19.6 <001 04935 0133 152 <.001 0.503v
Game started (%) 3.8 542 113 36.7 59 -812 .005 36.2xt  -11 -1.36 559 33.3 -3 371 133 32.8
Goals allowed 0.9 -731 <001 230x -095 -73 <001 296X  -0.8 625 <001 228 073 -553 <.001 242
GAA -0.01  -0.84 <.001 1.3 -0.7 -583 <.001 1.8 069 -63.3 <001 118 046  -37.7 568 1.91
Saves -1.37  -405 <001 591 -129 -351 .002 6.95x -0.77 -197 .017 536X -1.05 -271 .005 6.02x
SV_Pct 0013 195 414 0229 0.005 075 697 0237 0043 6.09 <001 0.207s 0.01 146 438  0.221
Shutouts 0116 385 <001 0.490s 0.155 441 <.001 0599 0.174 461 <001 0.587" 0.18 471 <.001 0.582™
Comb_sho 0.021 677 .057 0.155 0.018 75 052 0147 018 6428 .078 0173 0018 642 .094 0.172
Yellow cards 0.001 58 966 0.075 0.002 952 705 0062 -0.006 -31.5 .077 0.064 -0.004 -20 228  0.055
Red cards -0.004 0 02 0.0245  0.003 60 409  0.051  -0.002  -100 .08 0.019 -0.003 -300 .01 0.017N

Note. Statistical differences were analysed using an Independent T-test. TE = Effect Size: N = No effect (<0.20) S = Small (0.20 - 0.49) M = Medium (0.50 - 0.79) L = Large (0.80 - 1.19) XL = Extra Large
(>1.2). Goalie GP: Goalie Games Played, Goalie GS (%): Percentage Goalie Games Started, GAA: Goalkeeper’s goals-against average, SV_Pct: Saves Percentage, Comb_Sho: Combined Shutouts.

Table 4. Evolution of the absolute values of participation and game statistics as a function of the player's year in top level college men's football
goalkeepers (Division | - NCAA, U.S. [season 2010 to 2021].

. 1st year (Freshman) 2nd year (Sophomore) 3rd year (Junior) 4th year (Senior)

Variables

Mean SD Mean SD Mean SD Mean SD
Goalie GP 7.620bcd 6.14 9.02acd 6.9 10.4abd 6.99 11.3abc 7.1
Goalie GS 6.75bcd 6.43 8.28acd 7.23 9.758abd 7.38 10.7abe 7.52
G. allowed 10.1bod 9.52 11.5acd 10.1 12.6abd 9.59 13.7abc 10.1
GAA 1.55 1.34 1.54 1.83 1.42 1.23 1.42 1.93
Saves 26.2bcd 25.8 31.3acd 28.3 36.4abd 29 40.6abe 30.7
SV_Pct 0.659 0.229 0.657¢ 0.237 0.685b 0.208 0.68 0.221
Shutouts 1.68bcd 2.35 2.20acd 2.72 2.73abd 3.02 3.10abe 3.16
Comb_sho 0.06 0.358 0.05 0.313 0.05 0.307 0.05 0.282
Yellow cards 0.16bcd 0.492 0.232 0.52 0.262 0.582 0.29a 0.597
Red cards 0.03 0.163 0.02 0.162 0.03 0.179 0.04 0.198

Note. Statistical differences were analysed using an ANOVA test; a Significantly different from 1st year (Freshman); b Significantly different from 2nd year (Sophomore); ¢ Significantly different from 3rd
year (Junior); d Significantly different from 4th year (Senior). Goalie GP: Goalie Games Played, Goalie GS: Goalie Games Started, G. Allowed: Goals Allowed, GAA: Goalkeeper's goals-against average,
SV_Pct: Saves Percentage, Comb_Sho: Combined Shutouts.
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Table 5. Evolution of the absolute values of participation and game statistics as a function of the player's year in bottom |evel college men's football
goalkeepers (Division | - NCAA, U.S. [season 2010 to 2021]).

1st year (Freshman) 2nd year (Sophomore) 3rd year (Junior) 4th year (Senior)

Variables Top 50 Bottom 50 Top 50 Bottom 50 Top 50 Bottom 50 Top 50 Bottom 50

M SD M SD M SD M SD M SD M SD M SD M SD
Goalie GP 7.8%cd 681  740d 553 930« 753 873« 618 114 755  9.24a 6.1 12280 752  10.3%c 641
Goalie GS 7.070d 715 648 576 860« 792 7.95¢ 643 10.8® 801 852 638 115> 799 978 677
G. allowed 8.12¢d 793  11.7bd 103 953« 877  13.5u 11 11.4ab 8.6 13.9¢ 104 121 861 158 114
GAA 1.62 8.84 1.85 1.39 1.2 1.64 1.9 1.95 1.09 1.19 1.78 1.17 418 72.9 2.28 134
Saves 241bd 257  27.9d 259  294ecd 279 333 285 376 292 352«d 289 401 304  41.28bc 31
SV_Pct 0666 0258 0653 0202 0.660c 0271 0.655 019 0.705> 0.229 0662 0179 0684 0241 0674 0.193
Shutouts 2354 298  112bed 145 290« 323 145d 178 3750 346 1600 189 413> 354 183> 201
Comb_sho 0.1 0486  0.03 0.191 0.07 0405 002 0164 008 0401 002 0133 007 035  0.02 0.134
Yellow cards 0.15¢¢ 045 016« 0525 0.24 0.53 021 0509 0260 058 0262 0576 0.30= 0614 028 0575
Red cards 0.01 0.109  0.04 0.196  0.03 0.191  0.02¢  0.123 0.2 0154 004 0203 0.03 0.165 0.05> 0.232

Note. Statistical differences were analysed using an ANOVA test; a Significantly different from 1st year (Freshman); b Significantly different from 2nd year (Sophomore); ¢ Significantly different from 3rd
year (Junior); d Significantly different from 4th year (Senior). Goalie GP: Goalie Games Played, Goalie GS: Goalie Games Started, G. Allowed: Goals Allowed, GAA: Goalkeeper's goals-against average,
SV_Pct: Saves Percentage, Comb_Sho: Combined Shutouts.

Table 6. Differences as a function of team level in absolute participation values and game statistics as a function of player year in college in men's
football goalkeepers (Division | - NCAA, U.S. [season 2010 to 2021]).

1st year (Freshman) 2nd year (Sophomore) 3rd year (Junior) 4th year (Senior)
Variables Top 50 - Bottom 50 Top 50 - Bottom 50 Top 50 - Bottom 50 Top 50 - Bottom 50
Differ % Sig. ES Differ % Sig. ES Differ % Sig. ES Differ % Sig. ES
G. G. played 0.49 6.21 228 6.14 0.57 6.12 156 6.9 2.16 18.9  <.001 6.9 1.9 155  <.001 7.04
G. G. started 0.59 8.34 .162 6.43 0.65 7.55 A2 7.23 2.28 211 <.001 7.29 1.72 149 <001 747
G. allowed -3.58 -44 <.001 9.35 -397 416 <.001 9.95 2.5 219 <001 9.51 -3.7 -30.5  <.001 10
GAA -0.01 -0.84 <.001 1.3 -0.7 -58.3  <.001 1.8 -0.69 -63.3 <.001 1.18 046  -37.7 568 1.91
Saves -3.8 -15.7  .029 25.8 -3.9 -132  .017 28.2 24 6.38 .166 29 -1.1 2714 578 30.7
SV_Pct 0013 195 414 0229 0005 075 697 0237 0.043 6.09 <001 0207 0.01 1.46 438  0.221
Shutouts 1.23 523  <.001 2.27 1.45 50 <.001 2.63 2.15 57.3  <.001 2.82 2.3 556  <.001 2.95
Comb_sho 0.07 70 008 0356  0.05 714 .008 0312  0.06 75 <001 0305 0.05 714 .001 0.28
Yellow cards -0.01 666 .929 0493  0.03 12.5 333 0.52 0 0 889 0582  0.02 6.66 633 0.597
Red cards -0.03  -300 028  0.163  0.01 33.3 09% 0162 -0.02 -10 072 0179 002 -66.6 .041  0.198

Note. Statistical differences were analysed using an Independent T-test. TE = Effect Size: N = No effect (<0.20) S = Small (0.20 - 0.49) M = Medium (0.50 - 0.79) L = Large (0.80 - 1.19) XL = Extra Large
(>1.2). Goalie GP: Goalie Games Played, Goalie GS (%): Percentage Goalie Games Started, GAA: Goalkeeper's goals-against average, SV_Pct: Saves Percentage, Comb_Sho: Combined Shutouts.
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experience in both top and bottom teams. The variables saves and goalkeeper’s goals-against average were
higher in the last year of university goalkeepers at university.

Regarding the differences between the top and bottom teams (Table 3), the top teams have a significantly
higher number of goals allowed, saves and scoreless games than the teams with a lower competitive level
in all the analysed years of experience as a university goalkeeper. The effect sizes for change across years
in college were small for the variables saves percentage (3rd year) and red cards (1st year), medium for the
variables game played (4th year), shutouts (2nd, 3rd, 4th year), and extra-large for the variables game started
(2nd year), goals allowed and saves across years.

DISCUSSION AND CONCLUSIONS

The aim of this study was to analyse the evolution of game statistics based on the year of college of male
goalkeepers in the NCAA Division | in the United States. The results confirm the working hypothesis and
show an increase in the number of games played and games played as a starter for second-, third- and
fourth-year goalkeepers, respectively. As goalkeepers increase in age, experience, and years of training,
there is an increase in game participation, save frequency, and save percentage. The increase in saves and
shutouts shows the evolution thanks to training and the increase in their experience. These improvements
lead to a higher level of skill of the goalkeepers which reduces the goals allowed throughout their training
process. These results show that goalkeepers evolve throughout the training process. This improvement
means that the technical-tactical objectives in training and competition must be adjusted.

The defensive indicators related to infringements show a progressive increase in yellow cards over the four
years. One of the possible causes could be an increase in the level of intensity and competitiveness of
goalkeepers as their experience increases or when they are in their final year. Goalkeepers who are in a
defensive position within the goal area are exposed to risky situations and receive warnings, especially if they
increase the intensity and competitiveness of their actions (Ruiz-Solano et al., 2022). These results are
consistent with previous studies in this age group, evolution of NCAA Division | male field players (Caicedo-
Parada et al., 2024). With increasing age, training, and accumulated experience, there is an improvement in
game participation and an increase in the intensity of their actions (e.g., infractions, such as yellow and red
cards).

When analysing the ranking of teams according to their win coefficient, goalkeepers from higher-level teams
show better values. Freshman goalkeepers from higher-level teams show fewer red cards (small effect size).
Sophomore goalkeepers from higher level teams have a higher number in game started (extra-long effect
size). Sophomore, junior, and senior goalkeepers on higher-level teams perform a greater number of shutouts
(small effect size). Senior goalkeepers from higher level teams have fewer goals allowed and more saves,
and game played (medium effect size, except game played with small effect size). These results show that
goalkeepers from the teams with the best ranking significantly increased their participation and showed
greater effectiveness in their actions. This may be because goalkeepers on higher ranked teams have better
training and preparation in more demanding environments with better resources. This helps them improve
their skills and techniques. Other possible causes include higher-ranked teams drafting goalies with more
potential for improvement, better sequencing goalie rotations on their rosters, or employing goalie analysis
and evaluation strategies to help goalies improve. These causes may be behind the differences in the
evolution of goalkeepers between teams with better and worse rankings in various variables throughout their
years of experience.
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The goalkeeper's development cycle, from his integration into the team to his consolidation as a starter,
depends on participation, competitive experience, and adaptation to the game. Goalkeepers in higher-ranked
teams progress more due to the technical and competitive demands of the environment. Accumulated
experience and exposure to a higher competitive level facilitate these improvements. In the case of senior
year goalkeepers, compared to first year goalkeepers, a medium improvement is observed in the variable of
games without conceding goals, which indicates a continuous evolution and a refinement of skills over time.
This could be because senior goalkeepers have accumulated more playing time, allowing them to better
anticipate plays and make more effective decisions (Clemente et al., 2020). These differences respond to
individual factors, training level, and team dynamics that influence the evolution of goalkeepers according to
their team's ranking. These results are consistent with previous studies indicating that goalkeepers from
higher-ranked teams make fewer saves compared to those from lower-ranked teams (Liu et al., 2015; Sainz
De Baranda et al., 2008). On the other hand, in first-year goalkeepers a small effect size is evident, compared
to goalkeepers from older years, with no significant effect on variables such as red cards. This could be due
to a lack of experience in high-pressure situations at this level of competition. Less experienced goalkeepers
tend to be more cautious and less likely to engage in risky plays that result in fouls. The findings highlight the
need to set specific goals based on the level of competition and the academic year at the university. These
values can serve as reference points and should be supplemented with statistics from previous seasons of
the team and goalkeeper in each conference and level of competition. This will allow you to evaluate progress
and adjust motivational and training strategies effectively.

Analysis of the evolution of game statistics in NCAA Division | men's goalkeepers reveals that as goalkeepers
gain experience, their participation in games played and games as starters (second, third- and fourth-year
goalkeepers) significantly increases. For higher-ranked teams, the decrease in goals allowed and the
increase in shutouts indicate an improvement in defensive capabilities and strategic decision-making. In
contrast, lower-ranked teams have a higher number of cards and goals allowed, evidencing limitations in
technical training and less efficient tactics over the years. These findings highlight the importance of
experience, training, maturity in goalkeeper performance and the differences in recruitment between teams.
As college goalkeepers progress through their college careers, there is an increase in the number of fouls
and yellow cards received, possibly due to a greater assumption of responsibility and the competitive
pressure faced. Maturity and the development of psychological skills also play a crucial role in their overall
performance and in managing high-pressure situations (Matthews et al., 2021).

This study provides information on the evolution of goalkeepers and establishes reference values according
to their year and the level of their team. However, it has certain limitations by focusing only on general game
variables. This work does not analyse individual actions with or without the ball, physical aspects or specific
team playing styles. For a deeper understanding of goalkeeper development in the transition stage from U18
to senior category, future research is needed that addresses physical, tactical, and cognitive aspects. This
would allow for a more detailed analysis and deeper understanding of the factors that influence the
development of college goalkeepers.

AUTHOR CONTRIBUTIONS

The concept for this study was developed by the second and third authors (Enrique Ortega and José M.
Palao), and the experiment was designed by the first and third authors (Sergio Caicedo and José M. Palao).
Data acquisition and reduction for the analysis were performed by the first author (Sergio Caicedo). All three
authors participated in the data analysis and contributed to the writing of the article for this publication.

VOLUME 20 | ISSUE 3|2025| 805



Caicedo-Parada, et al. / Evolution of technical-tactical performance in male goalkeepers Journal of Human Sport & Exercise

SUPPORTING AGENCIES

This research was funded by Ministerio Ciencia, Innovacion y Univerisdades, grant number PID2023-
150811NB-I00MCIN/AEI/10.13039/501100011033/FEDER, UE.

DISCLOSURE STATEMENT
No potential conflict of interest was reported by the authors.
REFERENCES

Caicedo-Parada, S., Ortega, E., & Palao, J. M. (2024). Evolution of Technical-Tactical Performance
Indicators in College Men's Football Players (U.S. NCAA Division ). International Journal of
Kinesiology and Sports Science, 12(4), 31-39. https://doi.org/10.7575/aiac.ijkss.v.12n.4p.31

Casal, C. A., Stone, J. A,, Ivan-Baragafio, |., & Losada, J. L. (2023). Effect of goalkeepers' offensive
participation on team performance in the women Spanish La Liga: a multinomial logistic regression
analysis. Biology of Sport, 41(1), 29-39. https:/doi.org/10.5114/biolsport.2024.125592

Clemente, F. M., Castillo, D., & Los Arcos, A. (2020). Tactical analysis according to age-level groups during
a 4 vs. 4 plus goalkeepers small-sided game. International Journal of Environmental Research and
Public Health, 17(5). https://doi.org/10.3390/ijerph17051667

Furley, P., Noél, B., & Memmert, D. (2017). Attention towards the goalkeeper and distraction during penalty
shootouts in association football: a retrospective analysis of penalty shootouts from 1984 to 2012.
Journal of Sports Sciences, 35(9), 873-879. https://doi.org/10.1080/02640414.2016.1195912

Jamil, M., & Kerruish, S. (2020). At what age are English Premier League players at their most productive?
A case study investigating the peak performance years of elite professional footballers. International
Journal of Performance Analysis in Sport, 20(6), 1120-1133.
https://doi.org/10.1080/24748668.2020.1833625

Liu, H., Gomez, M. A., & Lago-Pefias, C. (2015). Match performance profiles of goalkeepers of elite football
teams. International Journal of Sports Science and Coaching, 10(4), 669-682.
https://doi.org/10.1260/1747-9541.10.4.669

Mathews, A., Berger, B. G., Darby, L. A., Owen, D.R., & Tobar, D. A. (2021). Athletic Identity, Career Maturity,
and Subjective Well-being of NCAA Division | and Ill Football Players. Journal of Sport Behavior,
44(3).

Mikikis, D., Michailidis, Y., Mandroukas, A., Mavrommatis, G., & Metaxas, T. (2021). Goalkeeper
performance: Analysis of goalkeepers' contribution to their team's build-up under the opponent's
pressure in the 2018 World Cup. In Central European Journal of Sport Sciences and Medicine (Vol.
34, p. 776). Wydawnictwo Naukowe Uniwersytetu Szczecinskiego.
https://doi.org/10.18276/ce].2021.2-07

Otte, F., Dittmer, T., & West, J. (2022). Goalkeeping in Modern Football: Current Positional Demands and
Research  Insights.  International ~ Sport  Coaching  Journal,  10(1),  112-120.
https://doi.org/10.1123/iscj.2022-0012

Otte, F., Millar, S. K., & Klatt, S. (2020). How does the modern football goalkeeper train? -An exploration of
expert goalkeeper coaches' skill training approaches. Journal of Sports Sciences, 38(11-12), 1465-
1473. https://doi.org/10.1080/02640414.2019.1643202

Ruiz-Solano, P., Gémez-Lopez, M., Tessitore, A., Garcia-de-Alcaraz, A., & Gémez-Ruano, M. A. (2022).
Exploring goalkeepers' technical-tactical performances according to match location, team quality and
nationality in the English Premier League. JUMP, 5, 1-10. https://doi.org/10.17561/jump.n5.1

806 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espafiola


https://doi.org/10.7575/aiac.ijkss.v.12n.4p.31
https://doi.org/10.5114/biolsport.2024.125592
https://doi.org/10.3390/ijerph17051667
https://doi.org/10.1080/02640414.2016.1195912
https://doi.org/10.1080/24748668.2020.1833625
https://doi.org/10.1260/1747-9541.10.4.669
https://doi.org/10.18276/cej.2021.2-07
https://doi.org/10.1123/iscj.2022-0012
https://doi.org/10.1080/02640414.2019.1643202
https://doi.org/10.17561/jump.n5.1

Caicedo-Parada, et al. / Evolution of technical-tactical performance in male goalkeepers Journal of Human Sport & Exercise

Sainz de Baranda, P., Adén, L., Garcia-Angulo, A., Gémez-L6pez, M., Nikolic, B., & Ortega-Toro, E. (2019).
Differences in the offensive and defensive actions of the goalkeepers at women's FIFA world cup
2011. Frontiers in Psychology, 10(FEB). https://doi.org/10.3389/fpsyq.2019.00223

Sainz De Baranda, P., Ortega, E., & Palao, J. M. (2008). Analysis of goalkeepers' defence in the World Cup
in Korea and Japan in 2002. In European Journal of Sport Science (Vol. 8, Issue 3, pp. 127-134).
https://doi.org/10.1080/17461390801919045

Sarmento, H., Anguera, M. T., Pereira, A., & Araujo, D. (2018). Talent Identification and Development in Male
Football: A Systematic Review. Sports Medicine, 48(4), 907-931. https://doi.org/10.1007/s40279-
017-0851-7

Sawilowsky, S. S. (2009). Very large and huge effect sizes. Journal of Modern Applied Statistical Methods,
8(2), 597-599. https://doi.org/10.22237/jmasm/1257035100

Shamardin, V. N., & Khorkavyy, B. V. (2015). Organizational structure of technical and tactical training of
skilled goalkeepers in football. Pedagogics, Psychology, Medical-Biological Problems of Physical
Training and Sports, 19(2), 75-79. https://doi.org/10.15561/18189172.2015.0213

Soto-Fernéndez, A., Camerino, O., Iglesias, X., Anguera, M. T., & Castafier, M. (2022). LINCE PLUS
software for systematic observational studies in sports and health. Behavior Research Methods,
54(3), 1263-1271. https://doi.org/10.3758/s13428-021-01642-1

Tabachnick, B. G., & Fidell, L. S. (2013). Using Multivariate Statistics. Pearson., 6, 497-516.
https://doi.org/10.4324/9781315181158-21

Tienza-Valverde, A., Hernandez-Beltran, V., Espada, M. C., Bravo-Sanchez, A., Santos, F. J., & Gamonales,
J. M. (2023). Analysis of individual performance indicators of football goalkeeper. Apunts Sports
Medicine, 58(219). https://doi.org/10.1016/].apunsm.2023.100420

White, A., Hills, S. P., Cooke, C. B., Batten, T., Kilduff, L. P., Cook, C. J., Roberts, C., & Russell, M. (2018).
Match-Play and Performance Test Responses of Soccer Goalkeepers: A Review of Current
Literature. In Sports Medicine (Vol. 48, Issue 11, pp. 2497-2516). Springer International Publishing.
https://doi.org/10.1007/s40279-018-0977-2

This work is licensed under a Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0 DEED).
VOLUME 20 | ISSUE 32025 | 807



https://doi.org/10.3389/fpsyg.2019.00223
https://doi.org/10.1080/17461390801919045
https://doi.org/10.1007/s40279-017-0851-7
https://doi.org/10.1007/s40279-017-0851-7
https://doi.org/10.22237/jmasm/1257035100
https://doi.org/10.15561/18189172.2015.0213
https://doi.org/10.3758/s13428-021-01642-1
https://doi.org/10.4324/9781315181158-21
https://doi.org/10.1016/j.apunsm.2023.100420
https://doi.org/10.1007/s40279-018-0977-2
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/

== ORIGINAL
= ARTICLE

\

The impact of a 6-week strength training program on
physiological and hematological metrics in elite
Ethiopian middle- to long-distance runners

Nigatu Worku Angasu | . Department of Sports Science. Addis Ababa University. Addis Ababa, Ethiopia.
Zeru Bekele Tola. Department of Sports Science. Addis Ababa University. Addis Ababa, Ethiopia.
Aschenaki Taddese. Department of Sports Science. Addis Ababa University. Addis Ababa, Ethiopia.

ABSTRACT

This study examined the effects of a 6-week strength training (StT) program on elite middle- to long-distance
runners (1,500m-10,000m). While strength training is recognized for improving athletic performance, its
specific impact on physiological and haematological parameters in Ethiopia remains unclear. Twenty-one
elite athletes underwent pre- and post-training assessments, measuring resting heart rate (RHR), maximal
oxygen consumption (VOzmax), 5000m race time, 400m speed, and haematological markers, including red
blood cell (RBC) count, white blood cell (WBC) count, haemoglobin (Hb), and haematocrit (Hct). Results
showed that 5000m performance significantly improved (p < .001), demonstrating the positive effect of StT
on endurance. Regression and ANOVA analyses revealed strong predictive relationships for VO2max (R? =
0.304, p =.010), 5000m time (R?=0.719, p < .001), 400m speed (R?=0.784, p <.001), and Hct levels (R?
=0.894, p < .001). No significant changes were found in RBC, WBC, or Hb levels. These findings suggest
strength training enhances endurance performance without significantly affecting haematological
parameters, emphasizing the need for further research on long-term haematological adaptations. This
research contributes valuable insights into the effectiveness of strength training interventions for enhancing
athletic performance.

Keywords: Performance analysis, Exercise therapy, Strength training, Haematologic tests, Sport
performance, Physiological processes, Endurance running.
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INTRODUCTION

Strength training (StT) has long been debated as a tool for improving endurance performance, particularly in
middle- and long-distance athletes (MLDA) (Tomschi, Bloch, & Grau, 2018). Recent studies suggest that StT
can significantly enhance running performance by improving key factors such as running economy, power,
and endurance capacity (Gill, Williams, & Reifsteck, 2017). StT works by overloading the neuromuscular
system, leading to better motor unit recruitment, increased firing frequency, musculotendinous stiffness, and
improved intramuscular coordination, all of which contribute to enhanced running efficiency and performance
metrics (Siddique et al., 2020; Skarabot, Brownstein, Casolo, Del Vecchio, & Ansdell, 2021).

Different modalities of StT, such as explosive and heavy StT, target various physiological adaptations.
Explosive StT which includes bodyweight jumping and plyometric exercises, improves the rate of motor unit
activation and muscular power (Liao et al., 2022). Although, heavy StT enhances anaerobic capacity and
maximal speed is particularly useful for sprinting in competitive events (Gabler, Prieske, Hortobagyi, &
Granacher, 2018). These adaptations help delay fatigue and increase the MLDA'’s ability to sustain lower
levels of exertion over time, which is critical for long-distance events (Midgley, McNaughton, & Jones, 2007).

Additionally, StT has been shown to improve haematological profiles, which are critical for endurance
performance. Specifically, StT can increase red blood cell (RBC) counts, Hb, and Hct, all of which are
essential for efficient oxygen delivery to working muscles (Ahmadizad & El-Sayed, 2005). While endurance
training traditionally focuses on improving aerobic capacity, integrating StT offers a complementary approach,
potentially boosting both muscular and haematological adaptations (Tomschi et al., 2018).

However, the specific effects of StT on the haematological profiles of elite runners remain underexplored
(Zachary et al., 2023). Existing research suggests that StT may positively influence these parameters, but
further investigation is required to fully understand its impact, particularly in high-level MLDA (Tomschi et al.,
2018). This study aims to fill this gap by examining how a structured StT program affects the haematological
profiles, physiological adaptations, and overall performance of elite mid-to-long distance runners (Boullosa
etal., 2020).

The study also explores the predictive role of pre-intervention Hb levels on post-StT outcomes, offering
insights into how baseline physiological metrics may influence the effectiveness of StT interventions (Steiner,
Maier, & Wehrlin, 2019). By addressing these factors, this research seeks to optimize training regimens for
elite endurance MLDA, contributing to a more nuanced understanding of the relationship between ST,
haematological adaptation, and performance improvement (Best, 2021; Mujika, Bourdillon, Zelenkova,
Vergnoux, & Millet, 2024).

The effects of StT on endurance athletic performance have long been the subject of debate among athletes,
coaches, and sports scientists. StT has a positive impact on middle- and long-distance running performance
and its key determinants for different competitive levels (Blagrove, Howatson, & Hayes, 2018). StT modalities
have been shown to elicit performance improvements in moderately-trained (Albracht & Arampatzis, 2013),
well-trained (Alcaraz-lbafiez & Rodriguez-Pérez, 2018; Muijika et al., 2024), and highly-trained participants
(Boullosa et al., 2020). This suggests that runners of any training status can benefit from ST.

StT provides an overload to the neuromuscular system, improving motor unit recruitment, firing frequency,
musculotendinous toughness, and intramuscular coordination, potentially providing distance runners with a
approach to enhance their RE and event-specific muscular power elements (Liao et al., 2022). StT includes
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both explosive and heavy ST, which promote different training adaptations (Aagaard & Andersen, 2010).
Explosive StT involves bodyweight jumping exercises (Blagrove et al., 2018) and plyometric exercises,
commonly used to increase short-tempered strength through the stretch-shortening cycle (laia & Bangsbo,
2010). This leads to adaptations such as an increased rate of activation of motor units (Coutts, Wallace, &
Slattery, 2007).

StT contributes to enhancing endurance performance by improving the economy of movement, delaying
fatigue, improving anaerobic capacity, and enhancing maximal speed. In running, the combination of these
changes can provide an MLDA with tactical advantages, such as in attacks or final sprints, while also
potentially affecting indices of aerobic capacity (Chen et al., 2023). Additionally, strength exercises that
enhance endurance capacities are imperative in improving competitive running performance (Siddique et al.,
2020; Skarabot et al., 2021).

The integration of StT into the regimen of endurance MLDA, particularly MLDA, has gained considerable
attention due to its potential to enhance performance (Alcaraz-lbafiez & Rodriguez-Pérez, 2018; Mujika et
al.,, 2024). StT not only augments muscular power and endurance but also induces beneficial physiological
and haematological adaptations (Barnes & Kilding, 2015; Montero et al., 2017). Haematological parameters
such as increased Hb concentration and RBC count have been associated with improved endurance capacity
(Alcaraz-Ibafiez & Rodriguez-Pérez, 2018; Schumacher, Schmid & Bultermann, 2002). The aim of this study
is to examine the impact of a structured StT program on the haematological profiles, physiological
adaptations, and performance metrics of elite mid-to-long distance runners. This study hypothesizes that StT
modalities will show significant changes in MLDA haematological, physiological, and performance
parameters, with RHR being the most affected physiological parameter. By addressing this gap in the
literature, the study aims to provide a comprehensive understanding of how StT can be integrated into the
training regimens of elite endurance MLDA to optimize performance (Steiner et al., 2019; Tomschi et al.,
2018).

MATERIALS AND METHODS

Description of the sample population

This study was conducted in the Addis Ababa region of Ethiopia, focusing on an elite group of male middle-
and long-distance athletes (MLDA) coached by the researcher. Participants were selected from athletes who
primarily trained at high-altitude sites, including Intoto, Kenenisa’s running tracks, and Dukum sand roads,
with elevations ranging from 2,800 to 3,500 meters above sea level. These athletes were chosen due to their
competitive status and representation of Ethiopia in international middle- and long-distance running events
(1,500m to 10,000m).

Research design

This study employed a quasi-experimental design to investigate the effects of strength training on
physiological and haematological factors influencing running performance. A purposive and convenience
sampling technique was used to select 21 elite male MLDAs who met the inclusion criteria of competing at
the national or international level.

Following a pre-test assessment, participants underwent a six-week strength training (StT) intervention, after
which post-treatment effects on performance-related physiological and haematological determinants were
evaluated. Ethical approval for the study was obtained from the Addis Ababa University College of Natural
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Sciences Research Ethics Committee. All participants provided written informed consent, and the study
adhered to the ethical principles outlined in the Helsinki Declaration for human research.

Experimental procedure
The intervention consisted of a six-week StT program, with 3—4 sessions per week. The study was conducted
in three phases:
e Pre-test phase: Physiological and haematological parameters were assessed after four weeks of
pre-intervention training.
¢ Intervention phase: A six-week StT program was implemented, focusing on endurance, strength, and
speed training.
e Post-test phase: The same physiological and haematological parameters were measured
immediately after the intervention.

The StT program included three hard training days, one moderate day, two easy days, and one rest day per
week. Training variables (type, volume, and intensity) were strictly controlled, while extrinsic and intrinsic
factors remained uncontrolled to minimize bias inherent in quasi-experimental designs

Strength training protocol

The StT program integrated hill running (3 x 200m) as the final station in a circuit of bodyweight exercises.
The circuit comprised six sets of eight stations, with each station involving 1-2 minutes of work followed by
a one-minute rest. Between sets, participants rested for three minutes. The program targeted muscle groups
critical to running performance.

Training sessions were conducted three times per week (Tuesday, Thursday, and Saturday) over six
consecutive weeks. Each session included: a 20-minute warm-up, 10 minutes of dynamic mobilization
exercises, the main training session (duration determined by individual preliminary tests), and a 10-minute
cool-down.

A preliminary test was conducted to establish each participant’s workload, set at 60-80% of their one-
repetition maximum (1RM). The program followed the principle of progressive overload, with workload
increasing by 10% weekly until reaching 80% of 1RM.

Data collection techniques

Blood samples were collected 48 hours after the final training session of each intervention phase. For the
pre-test, participants were advised to refrain from strenuous activity for two days prior to sample collection.
A total of 10 mL of blood was drawn from the antecubital fossa vein after a 12-hour fast. Post-StT blood
samples were collected following the same procedure. Blood collection and analysis were performed by
trained professionals in a certified laboratory.

Physiological data were collected through event-specific time trials, indirect VO2max tests, 400m speed tests,
and RHR measurements. Pre- and post-StT data collection adhered to standard laboratory protocols and
established guidelines (Mackenzie, 2005).

Data analysis

Descriptive statistics, including mean (M), standard deviation (SD), and range, were calculated for pre- and
post-StT data to identify general trends. Paired t-tests were conducted to assess statistically significant
changes in physiological, performance, and haematological variables from pre- to post-StT.
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Correlation analysis was performed to explore relationships between variables, and Analysis of Variance
(ANOVA) was used to determine statistically significant differences in dependent variables (e.g., VO2max,
400m speed, 5,000m run-time, RBC count, WBC count, Hb, Hct) before and after the StT intervention.
Multiple regression analyses were conducted to evaluate the predictive power of pre- and post-StT metrics
on post-StT haemoglobin (Hb) levels. Statistical significance was set at p < .05.

RESULTS

Physiological adaptations

The analysis of resting heart rate (RHR) revealed a mean pre-intervention value of 53.14 + 3.82 beats per
minute (bpm). Following the post-strength training intervention (PSTI), the mean RHR increased slightly to
54.10 £ 4.02 bpm. A paired t-test comparing pre- and post-StT RHR values (t = -1.00, p = .33) indicated no
statistically significant change (Table 1).

For VO2max, the pre-StT mean value was 78.37 + 2.10 mL/kg/min, which increased marginally to 79.33 +
4.70 mL/kg/min post-StT. The paired t-test revealed no statistically significant improvement in VOamax (t = -
1.11, p = .28) following the intervention (Figure 1).

In contrast, the 5000m running performance showed a notable improvement. The average time to complete
the 5000m run decreased significantly from 13.78 + 0.28 minutes pre-StT to 13.51 + 0.03 minutes post-StT.
A paired t-test demonstrated a statistically significant improvement in performance (t = 4.37, p = .0003),
indicating a meaningful enhancement in running efficiency following the intervention.

The analysis of RHR revealed that before the intervention the mean RHR with a standard deviation (SD) was
(53.14 + 3.82) beats per minute (bpm). Post-strength training intervention (PSTI), the mean RHR increased
slightly to 54.10 bpm (+4.02). A paired t-test comparing pre-and post-StT RHR vyielded (t = -1.00, p = .33),
indicating no statistically significant change (Table 1).

Table 1. The summary table of pre—post analysis.

Metric Pre Mean Post Mean Change (%) t p  Cohen’sd
Resting Heart Rate (bts/sec) 53.1 54.1 1.79 1.0 .33 0.24
12-minute run (m) 4010.5 40171 0.17 -0.88 .39 0.07
VOzmax (mL/kg/min) 78.372 79.3 1.22 111 .28 0.26
Speed test (sec) 57.079 55.8 -2.24 545 00" -0.54
Red Blood Cells (million/uL) 5.447 5.56 2.08 248 .02* 0.3
White Blood Cells (WBC) 7.428 7.52 1.23 -1.06 .3 0.05
Hemoglobin (g/dL) 15.94 16.15 1.34 249  .02* 0.21

Note. Key: t-statistic (t), p-value (p), ** sig.at 99% CI, and effect size (Cohen's d).

For VOzmax, the pre-StT mean was 78.37 mL/kg/min (£2.10), which increased slightly to (79.33 + 4.70
mL/kg/min) post-StT. The paired t-test resulted no significantimprovementin VOomax (£=-1.11, p = .28), post-
StT (Figure 1).

In contrast, the 5000M showed a notable improvement. The average time to complete the 5000m run
decreased from 13.78 minutes (+0.28) pre-StT to 13.51 minutes (£0.03) post-StT. A paired t-test revealed a
statistically significant improvement in performance, (t= 4.37, p = .0003).
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Figure 1. Linear regression.

Haematological changes

The intervention influenced several haematological parameters, as analysed through a violin plot (Figure 2).
The post-StT result exhibited a slightly higher RBC mean count compared to the pre-StT, but with greater
variability, as evidenced by the wider distribution. However, the ANOVA test indicated no significant impact
of the intervention on RBC (p = .061).

RBC Distribution WBC Distribution
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Figure 2. Statistical summaries of haematology.
VOLUME 20 | ISSUE 3 |2025| 813




Worku Angasu, et al. / Strength training program and physiological & hematological metrics

Journal of Human Sport & Exercise

PSTI, the Hb level showed a noticeable decline compared to pre-StT, as indicated by the violin plot (Figure
2). The variability in Hb levels was slightly lower post-StT. Regression analysis revealed a significant
relationship between pre- and post-StT Hb levels (R? = 0.899, p <.001), but the ANOVA test confirmed no
significant treatment effect (p = .158, Table 1). The mean WBC count remained similar between the pre- and
post-StT groups. However, the distribution in the post-StT group was more concentrated around the median,
indicating reduced variability. Regression analysis demonstrated a strong relationship between pre-StT and
post-StT WBC counts (R? = 0.892, p < .001) and in RBC (R? = 0.848, p < .001) (Figure 3), but the ANOVA
test showed no significant change in RBC (p = .218, Table 1).

RBC Pre vs Post

WEBC Pre vs Post

HEB Pre vs Post
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Figure 3. Linear regression of pre by post intervention.

Measures of association between anthropometry and strength training intervention (STI)
ANOVA results demonstrated a significant association between RBC count and age (F = 3.167, Eta® = 0.68,
p = .03), with age explaining 19.3% of the variance and linearity being an important factor (p = .02) (Table 2).

Table 2. Summary of Post-haematological parameters.

Parameter  Variable BetweenSS  Within SS Total SS F-Value p R*?  Eta?
Age 3.2 15 4.7 3.17 03 019 068

RBC Height 3.2 15 4.7 1.73 21 013 068
Weight 1.3 34 4.7 1.17 40 006 0.28

Age 39.9 335 734 1.79 A7 007 054

WBC Height 25.2 48.2 734 043 90 011 034
Weight 18.1 55.3 734 0.98 S50 001 025

Age 2.7 15.1 17.8 0.27 96 002 0.5

HB Height 12.1 5.8 17.8 1.72 20 0.00 0.68
Weight 1.0 16.8 17.8 0.19 96 0.00 0.06

Age 88.9 97.2 189.0 1.33 32 006 047

Htc Height 91.8 97.2 189.0 0.77 70 007 049
Weight 4.7 184.2 189.0 0.08 1.00 0.01 0.03

RHR Height 2471 76.7 323.8 2.64 10 000 0.76
Weight 108.1 215.7 323.8 1.50 25 002 0.33

Note: Sum of Squares (SS), degree of freedom (df), Mean Square (M2), estimated association (Eta),sig. at 95% Cl (p)

No significant effects of age were observed for WBC, Hb, or Hct. RHR by height has high effect sizes (Eta?
= 0.76) but is not statistically significant (p = .10). Height was marginally associated with RHR (F = 2.637, p
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=.078), but no significant associations were observed between height and the haematological parameters.
WBC by height show moderate effect sizes (Eta? = 0.54). Similarly, weight showed no significant effects on
any of the studied parameters.

The data suggest that the intervention had limited significant effects across most parameters. While the
5000M showed a marked improvement, the haematological parameters and VOamax remained largely
unchanged. We found strong negative correlation (-0.71) between VOzmax and TT, Figure 4.
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Figure 4. The relationships between key predictor.

DISCUSSION

The absence of significant change in RHR following the intervention aligns with findings from Thompson
(Thompson, 2017), which reported that short-term exercise, particularly at moderate intensity, often does not
alter RHR. This stability in RHR is consistent with our results, suggesting that the intervention had no
significant impact on this variable.

The lack of significant change in VO2max supports the observations of Sindall, who noted that improvements
in VO2max typically require longer training durations (Sindall, 2020). The short-term nature of this intervention
was insufficient to produce a statistically significant difference in VO2max, consistent with other finding
(Saunders, Pyne, Telford, & Hawley, 2004).

The moderate R2 (0.304) indicates that VOamax is influenced by various factors, with the intervention showing
a significant effect (p = .0096). Strong negative correlation between VO2max and 5000M indicates better cardio
fitness leads to faster times. This finding aligns with Sindall, who noted that VO2max is a key predictor of long-
distance performance (Sindall, 2020). However, the moderate R? suggests other factors, such as genetics or
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long-term adaptations, also play a role. The significant 5000M reduction in post-StT is in line with the study,
which demonstrated that short-term interventions can improve distance running performance (Ives, Du, Etter,
& Welch, 2005).

This result highlights the immediate performance benefits from the StT, reflecting enhanced running speed.
The R2 of 0.719 shows a strong predictive relationship between variables of pre-StT and TT. The significant
treatment effect (p = .003) confirms the intervention’s impact on performance. This aligns with similar study
results (Das, 2013; Sindall, 2020), emphasized on the importance of VO2max and aerobic capacity in long-
distance running. The high R2 (0.784) indicates a strong relationship between pre-StT variables and post-StT
400m speed test. The improvement in post-StT speed test, supported by comparable study (Raghuveer et
al., 2020), highlights the role of both aerobic and anaerobic endurance in short-distance performance.
Ethiopian MLDA’ enhanced 400m speed is likely linked to improved cardiovascular fitness and training
adaptations.

Age significantly influenced RBC post-StT, aligning with similar study that suggested age-related changes in
haematopoiesis affect erythrocyte levels (Sheykhlouvand et al., 2018). However, no significant effects were
observed for WBC, Hb, or Hct, consistent with study, which reported that these parameters are less sensitive
to age (Bassett & Howley, 2000). The high R2 (0.927) indicates that pre-intervention RBC levels strongly
predict post-StT. However, the lack of significant change (p = .061) suggests that the intervention did not
substantially affect RBC count, consistent with Mandi¢ (2022) who found that significant changes in RBC
often require longer training periods. Height showed marginal significance for RHR but no significant effect
on RBC, WBC, Hb, or Hct, in line with the mixed findings in the literature. Some studies, suggest height
influences cardiovascular metrics (Parmar, Jones, & Hayes, 2021), while others, show minimal direct effects
(Rodriguez Zamora, 2013). The indirect influence of height, possibly mediated through body composition, is
supported by (Liao et al., 2022; Tomschi et al., 2018). The R2 of 0.892 reflects a strong relationship between
pre- and post-StT WBC levels. The non-significant treatment effect (p = .218) is expected, as WBC counts
are generally stable and less responsive to short-term endurance training (Nieman & Pence, 2020). Contrary
to previous studies, weight did not significantly influence the haematological parameters (Sitkowski,
Klusiewicz, Pokrywka, Jankowski, & Malczewska-Lenczowska, 2023). This discrepancy may be due to the
lack of body fat percentage or distribution measurement, as highlighted by Nybo et al. (2010) which may
better capture the relationship between weight and physiological outcomes. The stability of RBC and WBC
measurements over time is supported by the previous findings (Kog, Ozen, Abanoz, & Pulur, 2018), who
reported minimal variation in these parameters after short-term exercise interventions.

The R2 of 0.899 suggests that pre-StT Hb levels predict post-StT levels. The lack of significant treatment
effect (p = .158) indicates that short-term interventions may not significantly alter Hb levels, consistent with
similar works, who noted that Hb changes require longer training periods (Mandi¢, 2022; Wang et al., 2017).
The R2 of 0.894 indicates a strong relationship between pre-StT and post-StT Hct levels. The non-significant
treatment effect (p = .061) suggests that short-term interventions may not substantially alter Hct, consistent
with RBC and Hb findings.

CONCLUSION

This study underscores the impact of strength training (StT) on running performance, evidenced by significant
improvements in 5000m run time and 400m speed, among elite male MLDA. The StT led to measurable
improvements in running performance, its effects on physiological measures like RHR and Maximal oxygen
consumption (VO2max) were not statistically significant. Additionally, the intervention did not result in
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significant changes in haematological markers such as RBC, WBC, and Hb, likely due to the relatively short
duration of the study.

The study suggests that while StT is effective in enhancing athletic performance, longer interventions may
be necessary to elicit significant haematological adaptations. Short-term exercise can improve performance
metrics while maintaining stability in physiological measures such as RHR and VO2zmax. This study highlights
the importance of baseline measures in determining exercise-related changes and supports the focus on pre-
exercise blood metrics for predicting post-StT outcomes.

Future research should explore additional factors such as body composition and long-term training effects to
provide a comprehensive understanding of the relationships. Moreover, studies should focus on extended
training periods and incorporate a larger sample size to further investigate the long-term effects of StT on
both performance and haematological parameters in elite runners.
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ABSTRACT

This study aimed to analyse the anthropometric characteristics of female basketball players, focusing on
competitive level and specific playing position. The sample included 62 female basketball players from teams
across all senior women'’s basketball leagues in Spain, (1st to 4th division). Different anthropometric
measurements were evaluated to evaluate body composition and somatotype. Significant differences
emerged between competitive levels, with higher-level players showing more favourable results in some
measures. Furthermore, a distinctive profile was identified based on playing position: centers were generally
taller, heavier and had higher percentages of body fat and muscle mass compared to forwards and guards.
This study provides valuable information on the physical attributes of female basketball players across
competitive levels, improving knowledge of the demands of current women’s basketball.

Keywords: Performance analysis, Anthropometric profile, Female basketball, Somatotype.

Cite this article as:

Flérez Gil, E., Vaquera, A., Rodriguez-Fernandez, A., & Rodriguez-Marroyo, J. A. (2025). Anthropometric profile of female
basketball players: The influence of competitive level and playing position. Journal of Human Sport and Exercise, 20(3),
821-828. https://doi.org/10.55860/0kjbw235

Corresponding author. Faculty of Health Sciences. University Isabel . 09001 Burgos, Spain.
E-mail: enrique.florez@uit.es
Submitted for publication February 20, 2025.
Accepted for publication April 08, 2025.
Published May 07, 2025.
Journal of Human Sport and Exercise. ISSN 1988-5202.
©Asociacién Espafiola de Andlisis del Rendimiento Deportivo. Alicante. Spain.
doi: https://doi.org/10.55860/0kjbw235

VOLUME 20 | ISSUE 312025 | 821


mailto:enrique.florez@ui1.es
https://www.jhse.es/index.php/jhse/index
https://www.aearedo.es/
https://doi.org/10.55860/0kjbw235
https://doi.org/10.55860/0kjbw235
https://orcid.org/0000-0002-1347-7196
https://orcid.org/0000-0003-1018-7676
https://orcid.org/0000-0002-0893-7573
https://orcid.org/0000-0002-9157-1532

Flérez Gil, et al. / Anthropometric profile of female basketball Journal of Human Sport & Exercise

INTRODUCTION

In sports today, performance depends on a number of variables, including anthropometric characteristics,
physical fitness, psychological traits and sport-specific skills (Campa et al., 2019). Specifically in team sports,
performance is greatly influenced by conditional factors, technical-tactical skills, and the physical
characteristics of the athletes (Drinkwater et al., 2008). Achieving optimal sports performance requires a
connection between the different skills that player have to execute, since they have to perform a large number
of high-intensity actions during the offensive and defensive phases (Gryko et al., 2022). Therefore, it's
essential to understand how the anthropometric characteristics in basketball, in addition to checking whether
these evolve along with the technical-tactical development of the players.

The physical characteristics of the players show the reality of the athlete, being a mixture that involves
morphological features, physical fitness and technical-tactical skills (Kokli et al., 2011). Among all these
factors, morphological characteristics are essential for the evaluation and selection of players (Vaquera et
al., 2015). Furthermore, the scientific literature states that both anthropometric characteristics and
somatotype profiles are recognized as performance predictors (Ostojic et al., 2006). In addition,
anthropometric characteristics such as fat percentage, skin fold thickness, height, span and diameters are
relevant in elite basketball players, making them indicators of highly competitive level (Vaquera et al., 2015).

These characteristics are worth mentioning because they affect the playing position and the roles that players
play within their teams. In women’s basketball, for example, players who have greater speed of movement
or greater agility tend to play positions further away from the rim, while taller or more corpulent players tend
to play closer to the rim (Cui et al., 2019). Historically, literature has categorized basketball positions into
three (guard, forward, and center) or five (point guard, shooting guard, small forward, power forward, and
center) roles, each defined by a combination of physical, technical, and tactical factors (Ibafiez et al., 2018).

In recent years, basketball has undergone major changes in technical-tactical demands in addition to physical
demands (Ibafez et al., 2018). The higher the level of competition, the greater technical-tactical and physical
demands. Consequently, analysing basketball players by competitive level and specific position is crucial.
While some players may adapt to multiple positions, it is essential to assess them according to their primary
role on the court (Vaquera, 2008). Additionally, understanding the evolution of anthropometric profiles in
women'’s basketball is important, as it aids in talent identification and performance differentiation (Ziv & Lidor,
2009). Therefore, this study aimed to analyse the anthropometric characteristics of female basketball players
to determine the influence of playing position and competition level on these attributes.

MATERIALS AND METHODS

Subjects

The study involved 62 active female basketball players from Spain’s four senior women'’s divisions during the
2023/24 season. Players were divided by category (Table 1) and position (Table 2). To facilitate analysis, the
leagues were grouped into three categories: First Division (1st; n = 12, training 16.0 + 1.0 hours per week),
Second and Third Divisions combined (2nd-3rd; n = 22, training 16.0 + 3.5 hours per week) and Fourth
Division (4th; n = 28, training 6.8 £ 1.1 hours per week) (Table 1). This grouping allowed for a distinction
between fully professional (1st), semi-professional (2nd-3rd), and amateur players (4th). All participants were
informed about the study’s benefits and risks, and each provided written consent. The study was approved
by the Ethics Committee of the Universidad de Leon (Code: ETICA-ULE-004-2021).
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Players were classified into three positions (guards, forwards, and centers) (Table 2) following the criteria of
Salgado et al. (2009) as it remains a relevant method for classifying positions in women’s basketball.

Table 1. Descriptive characteristics of the players based on their category.

fst(n=12) 27.3d(n=22) 4"(n=28) Total(n=62) F p
Age (years) 251220 23648 193+19  217£29 13461 .01
Height (cm) 1794 +872  1797+1232  1707+67 175188 6172 004

Body mass (kg) 716£8.0 73.1+£8.9 65.3+84 68.9+£8.5 4830 .012
Note. 1st = First Division; 2nd-3d = Second and Third Division; 4t = Fourth Division; a = significant differences with 4t; Significance
level p = <.08.

Table 2. Descriptive characteristics of the players based on their specific playing-position.

G(n=16) FW(n=31) C(n=15) Total(n=62) F p
Age (years) 203%37 24+56 22637  217+29 46431 372
Height (cm) 165.2+3.0% 176.1+69s 1843+57 1751+88 17612  .001

Body mass (kg)  60.3+45%  689+632 77.3+89  689+85 1053  .001

Note. G = Guards; FW = Forwards; C = Centers; a = significant differences with C; b = significant differences with FW; Significance
level p = <.08.

Data collection

Anthropometric measurements followed the International Society for the Advancement of Kinanthropometry
(ISAK) protocols and were conducted in a standardized environment with controlled lighting and temperature.
All measurements were performed by the same trained and ISAK-certified evaluator to ensure consistency
and minimize measurement variability. Data collection occurred between 10:00 and 12:00 a.m., with players
arriving fasted and refraining from physical activity the day prior. The collected data included height, body
mass, seven skinfolds (triceps, subscapular, biceps, suprailiac, abdominal, anterior thigh, medial calf), three
diameters (humeral biepicondylar, wrist biestylion, femoral biepicondylar), and four circumferences (relaxed
arm, flexed and contracted arm, mid-thigh, calf) (Alvero et al., 2010). The instruments used were a Surface
Precision 9400 Full Healthy scale (0-180 kg; precision: 100 grams), a stadiometer (precision: 1 mm), a
Harpenden skinfold calliper (0-80 mm; precision: 0.2 mm), a small anthropometer (precision: 1 mm), and an
anthropometric measuring tape (0-100 cm; precision: 1 mm).

Body composition was analysed following Salgado et al. (2009), using a four-component model: 1) fat
percentage, calculated with Faulkner’s equation (1968) based on six skinfolds; 2) bone mass, estimated with
the modified Von Dobeln formula by Rocha (1974); 3) residual mass, based on Wirch’s constants (1974);
and 4) muscle mass, calculated with Lee’s formula (2000). Somatotype was determined using the Heath-
Carter anthropometric method (Campa et al., 2020).

Statistical analysis

Descriptive statistics (mean + standard deviation) were calculated for each variable. A one-way ANOVA with
a 95% confidence interval was used to assess differences across competitive levels and playing positions,
followed by the Scheffé post-hoc test to identify specific group differences. Statistical significance was set at
p <.05. Analyses were conducted using SPSS software (Version 26.0; IBM Corp., Armonk, NY, USA).

RESULTS

Significant differences were found across competitive levels in key anthropometric and body composition
variables. Players in higher competitive categories were generally older, taller, and heavier compared to
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those in lower divisions (Table 1). Muscle mass percentage was highest among players in the First Division,
with additional significant differences observed in bone mass across divisions (Table 3). No significant
differences in body fat percentage were identified by competitive level.

Table 3. Descriptive characteristics of the body composition of basketball players based on their category.

1st 2nd.3rd 4th F p
% Body fat 152+28 17.7+3.9 182+37 2.28 A11
% Muscle mass 455+ 3.02 42.8 +4.22 38.7+3.6 93.48 .001
% Bone mass 21.7+1.52 199+ 1.22 202+14 7.94 .001

Note. 1st = First Division; 2rd-3¢ = Second and Third Division; 4t = Fourth Division; a = significant differences with 4t Level of
significance p = <.09.

Differences were also observed in player characteristics based on specific playing positions. Centers were
the tallest and heaviest, followed by Forwards, while Guards presented the lowest values in height and body
mass (Table 2). Muscle mass percentage was highest for Centers and lowest for Guards (Table 4). No
significant differences in body fat percentage were found across positions, although Centers showed slightly
higher values than other positions.

Table 4. Descriptive characteristics of the body composition of basketball players based on their specific
playing-position.

G FW C F p
% Body fat 16.2+3.3 17.0+£35 18.6+4.8 1.088 344
% Muscle mass 40.5 £ 3.3ab 428 £2.92 452 + 3.1 1.709 .001
% Bone mass 194 +18 206+£19 212+16 24.22 190

Note. G = Guards; FW = Forwards; C = Centers; M = Mass; a = significant differences with C; b = significant differences with FW;
Level of significance p = <.05.

In terms of somatotype, no significant differences were found among competitive levels (Table 5). By playing
position, Guards showed a higher mesomorphic component compared to the other playing positions, with no
significant differences in the endomorphic and ectomorphic components among playing positions (Table 6).

Table 5. Descriptive characteristics of the somatotype of basketball players based on their category.

1st 2nd.3rd 4th F p
Endomorph 3.32 £0.31 3.02+0.89 3.66+£0.75 2.98 .059
Mesomorph 3.62+1.22 273+144 3.14 £0.69 0.218 805
Ectomorph 2.42 +0.60 2.19+0.94 2.05+0.60 0.242 .786

Note. 1st = First Division; 2nd-31 = Second and Third Division; 4t = Fourth Division.

Table 6. Descriptive characteristics of the somatotype of basketball players based on their specific playing-
position.

G FW c F p
Endomorph 33100 3212092 3642101 0.219 804
Mesomorph 3.49 + 0.882 2.7141.10 2334124 5.870 005
Ectomorph 192 +0.62 2.30 4 0.79 2.38 4 0.82 3.225 470

Note. G = Guards; FW = Forwards; C = Centers; M = Mass; a = significant differences with C; b = significant differences with FW;
Level of significance p = <.05
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DISCUSSION

The primary aim was to analyse the anthropometric characteristics of female basketball players by
competitive category and playing position. A key finding has been the presence of distinct anthropometric
differences based on competition level. Height and weight, frequently highlighted in the literature on
basketball player body composition (Cabarkapa et al., 2024; Dominguez-Navarro et al., 2023), were
significantly greater in higher-level players. Players in the First and Second-Third Divisions were both taller
and heavier than those in the Fourth Division (Table 1), suggesting that these parameters play an essential
role in player selection across competitive levels.

In terms of body composition, muscle mass percentage was highest in First Division players, followed by
Second-Third Division and then Fourth Division players. These finding are similar to those found in the
scientific literature (Casajaus & Aragonés, 1997; Gonzalez de los Reyes et al., 2020), which suggest that an
increase in competition demands my contribute to an improvement in the development of muscle mass
thought more specialized training focused on performance (Fox et al., 2018). However, no significant
differences were observed between categories when assessing body fat. Players at higher levels shower a
tendency towards a lower percentage of fat, probably influenced by the number of sessions performed by
the players. The results of our study are similar to those reflected in other studies, which indicate that female
basketball players had an average percentage of fat mass of 18% (Bayios et al., 2006).

Height also had a positive correlation with competitive level, which is directly related to previous studies in
which it can be observed how taller players competed in higher leagues (Rodriguez-Alonso et al., 1998;
Bayios et al., 2006; Salgado et al., 2009). Similar to this, we found a study of regional level U-19 players,
which shows height data similar to those found in fourth division players, reinforcing this trend (Rodriguez-
Fernandez et al., 2023).

In relation to playing positions, centers were the tallest and heaviest players, followed by forwards, with
guards being the shortest and lightest. This is in line with findings from other studies where height is given a
maijor factor for center and forwards due to the competitive demands seen in the game (Kokli et al., 2011;
Ostojic et al., 2006). Body composition data revealed that centers had the highest muscle mass percentage,
with guards showing the lowest. Although fat mass differences were not significant between positions, centers
had slightly higher fat percentages, something that is due to their competitive demands, as these players
develop their game closer to the rim (Ferioli et al., 2018), which can help to gain a certain advantage in body-
to-body actions (Ackland et al., 1997; Erculj et al., 2009). However, this may also negatively impact
performance in other variables related to high-intensity actions (Gil et al., 2014). Looking at specific playing
positions, the players who in our study had the lowest height and percentage of fat were the guards. This can
also be observed in the studies by Moncef et al. (2012) and Ostojic et al. (2016), where the guards have a
low height and percentage of fat, making them explosive players with a better performance in speed and
agility test.

Regarding somatotype, the first division players had predominantly mesomorphic profiles, while the players
from the other divisions had a predominantly endomorphic somatotype, similar results to those found in the
study by Salgado et al. (2009). If we now focus on the specific playing position, the guards had a
mesomorphic profile, while the forwards and centers showed an endomorphic profile, which also supports
previous findings (Salgado et al., 2009).
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In recent years, basketball has evolved significantly in all its aspects (Mancha-Triguero et al., 2021).
Comparing the current data with that of players from 15 seasons ago, with similar teams and leagues, it could
be observed that today’s players are generally shorter and less corpulent, however they have a higher muscle
mass, which suggest a change in physical tendency since the 2007/08 season (Salgado et al., 2009).

CONCLUSIONS

In summary, our results identified significant differences in both body composition and somatotype
component according to competitive level and playing position in female basketball players. In addition, we
observed an evolution in the characteristics of female basketball players, with today’s players being shorter
and lighter but with greater muscle mass. Finally, it's important to recognise the individual characteristics of
the players according to the level at which the compete and the playing position they play, as it's crucial for
the improvement of talent selection programmes as well as improving individualised training strategies for
basketball players.
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ABSTRACT

The post-exercise effect on cognitive function is associated with exercise intensity, duration, and
psychological and physiological factors. The present study aimed to investigate the impact of exhaustive
exercise on cognitive function and the differences in psychological and physiological parameters between
positive and negative responders to exercise. Seventeen young males performed an exhaustive incremental
submaximal exercise task. Reaction time in the incongruent Stroop task, salivary cortisol and immunoglobulin
A (SIgA) levels, and visual analogue scale scores for fatigue were evaluated. Participants were divided into
2 groups: slower group, which exhibited an increase in reaction time; and faster group, which exhibited a
decrease in reaction time after the exercise. There were no differences in changes in the salivary cortisol and
SIgA level between the slower and faster groups. The slower group exhibited a greater increase in fatigue
than the faster group. The increase in fatigue score was positively correlated with the changes in reaction
time. Results of this study demonstrated that the excessive increase in fatigue after exhaustive exercise
delays cognitive response time. Findings suggest that the individual differences in perceived fatigability,
rather than physiological responses, may be modulated to alter cognitive performance after exhaustive
exercise.
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INTRODUCTION

Cognitive function is believed to be critical for functional mobility in various decision-making and problem-
solving processes, helping athletes and elderly to maintain sports performance and health-related quality of
life (Williams et al., 2010). Recent studies have examined the responses of cognitive function to exercise
(Basso & Suzuki, 2017, Chang et al., 2012). In general, moderate-intensity exercise has positively affects
cognitive function (McMorris & Hale, 2012). In contrast to moderate exercise, the impact of high-intensity or
exhaustive exercise cannot be confirmed because consistent results have not been obtained. Some studies
have shown that high-intensity exercise that induces the accumulation of lactate decreases attention and
lowers working memory score (Coco et al., 2019; Perciavalle et al., 2015). Another study reported that
exhaustive exercise until exhaustion did not alter accuracy or reaction time in the Go/No-go test (Sudo et al.,
2017). A study focusing on athletes reported that exhaustive exercise increased arousal status and shortened
reaction time in the Flanker task (Vrijkotte et al., 2018). These discrepancies may be the results of differences
in exercise intensity and duration, and individual differences in physiological response and psychological
perspective(s) (Tomporowski & Norman, 1986).

Accumulation of physical and emotional fatigue is believed to lead to the deterioration of cognitive function
(Barnes & Van Dyne, 2009). The degree of fatigue is modulated by the interaction between performance
fatigability and perceived fatigability-related central, peripheral, psychological, and homeostatic factors
(Enoka & Duchateau, 2016). Interestingly, Jager et al. (2014) reported a positive effect of exercise on the
cognitive function evaluated by the conflict Flanker task only in cortisol responders who exhibited an increase
in cortisol levels after the exercise game, whereas no changes were observed in non-responders who
exhibited no increase or a decrease in cortisol levels after the exercise. This study suggests that the individual
differences in homeostatic responses to exercise likely involved in enhancing of cognitive function.
Furthermore, most previous studies investigating maximal exercise were conducted using incremental
exercise protocols, which are confounded by the effect of high intensity or cumulative fatigue, and little is
known about the exhaustion under submaximal exercise (Schmit et al., 2015). Recently, Hou et al. (2016)
demonstrated that submaximal exercise until exhaustion induces central fatigue and alters brain activation
patterns during hand movement. However, the effects of exhaustive exercise at submaximal intensity on
cognitive function have not been investigated.

As such, the current study aimed to investigate the impact of exhaustive exercise on cognitive function along
with homeostatic factors, such as stress and immune function, and the self-reported subjective response to
exhaustive exercise in young males. We hypothesized that changes in cortisol or immunoglobulin A (SIgA)
and perceived fatigability after exercise are higher in negative effects of exercise than in positive effects on
cognitive function. Accordingly, we evaluated salivary cortisol and SIgA levels, visual analogue scale (VAS)
score for fatigue, arousal, and sleepiness, and reaction time in the incongruent Stroop task before and after
prolonged exhaustive exercise at submaximal intensity. We compared these parameters between positive
responders, who exhibited faster reaction time, and negative responders, who exhibited slower reaction time
after exercise.

MATERIALS AND METHODS

Subjects

Seventeen healthy young males (mean [£SD] age, 29 + 3 years; height, 172 + 7 cm; weight, 69 + 8 kg)
participated in this study. The subjects were medication-free and had no history of neurological or
cardiovascular disease(s) or physical injuries. All participants were informed of the purpose and methods as
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well as the risks of the study, and each provided informed consent for participation. This study was performed
in accordance with the principles of the Declaration of Helsinki and approved by the ethics committees of the
Japan Institute of Sports Sciences (030).

Study protocol

Participants performed a cognitive task before and after exhaustive exercise in the afternoon. They were at
least 3 h postprandial, abstained from caffeine and alcohol for 12 h, and strenuous exercise for 24 h. They
underwent a graded exercise test using a cycle ergometer (Fujin-Raijin, O.C. Labo, Tokyo, Japan) until
exhaustion based on a previous study that affects to brain function (Hou et al., 2016). The exercise started
at 50 W as a warm-up for 5min; the workload was increased by 50 W every 8 min up to 250 W at the final
stage, and they were encouraged to pedal until reaching an exhaustion state that could not maintain a
cadence of 50 revolution per min. During the exercise test, heart rate was measured using a commercially
available monitor (V800; Polar Electro Inc., Kemple, Finland) and oxygen uptake was measured using a
spirometer (AE300S; Minato Medical Sciences, Osaka, Japan). These physiological parameters were
averaged every 30 s, and the peak heart rate and maximal oxygen uptake were calculated. The present study
recorded ratings of perceived exertion (RPE) using the Borg scale. Before and after exhaustive exercise,
VAS score was measured, and salivary samples were collected to evaluate cortisol levels and SIgA secretion
rate before and after exhaustive exercise.

Measurement

Cognitive function

Subjects performed the Stroop task, which is widely used to measure the ability to properly control attention
and behaviour during executive tasks. The Stroop task involved incongruent condition as previously
described in our laboratory (Akazawa et al., 2019). In the incongruent Stroop task, a colour word was
displayed in incongruent colours (e.g., the word “RED” was presented in blue colour) at the top of the monitor
and incongruent colour word on the right and left side of the monitor. Subjects were asked to identify the
corresponding colours by pressing a button. This task included 2 sets of 10 trials, each set with a length of
30 s. Three practice sessions (1 week, 1 day and immediately before the experiment) were performed. The
reaction time for correct answers were evaluated.

Psychological and physiological parameters

Before and after the exhaustive exercise, subjects were asked to report their subjective perceptions of fatigue,
arousal, and sleepiness based on a VAS score, and saliva samples were collected. Each VAS item was
scored from 0 mm (do not feel at all) to 100 mm (completely feel fatigue, arousal, or sleepiness) on a
horizontal line. Saliva was collected using an oral cotton swab and a storage tube (Salimetrics oral swab;
Salimetrics, Carlsbad, CA, USA). The subject sat, rinsed their mouth 3 times, and rested for at least 5 min.
Saliva production was stimulated by chewing on cotton for 1 min. The obtained saliva was centrifuged (1500
xg) and frozen at -80°C until analysis. Cortisol and SIgA concentration were determined using a
commercially available enzyme immunoassay kit (Salimetrics, Carlsbad, CA, USA). The SIgA secretion rate
was normalized to the saliva flow rate.

Statistical analysis

All data are expressed as mean + standard deviation (SD). To assess the difference in response to the
exhaustive exercise test, subjects were divided into the 2 groups: negative responders, who increased
(slower group): and positive responders, who decreased (faster group) in reaction time in the incongruent
Stroop task. Physiological and behavioural data analyses were performed using SPSS version 24 (IBM
Corporation, Armonk, NY, USA), and differences with p < .05 were considered to be statistically significant.
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Repeated measure analysis of variance was used to determine the effect of exhaustive exercise on reaction
time. When a significant interaction effect was observed, a post-hoc Bonferroni test was used to identify
significant differences between the mean values and independent t-test was used to evaluate group
differences in physiological parameters during exercise and changes in psychological parameters before and
after the exercise. Pearson correlation coefficient was used to determine the association between changes
in reaction time in the incongruent Stroop task and VAS score.

RESULTS

Six subjects exhibited an increase in reaction time, whereas 11 exhibited a decrease the reaction time; these
subjects were divided into slower and faster groups. Regarding cognitive performance, the reaction time
significantly decreased in the faster group after exhaustive exercise, whereas itincreased in the slower group
(Figure 1). The salivary cortisol and SIgA levels and VAS scores in the slower and the faster groups did not
differ at baseline. The change in fatigue-VAS score was significantly different between the slower and faster
groups (p <.05) (Table 1). There were no significant differences in time to exhaustion, peak oxygen uptake,
peak heart rate, peak RPE during exercise, or changes in salivary cortisol level and SIgA flow rate and
arousal- and sleepiness-VAS score between the groups. A significant correlation was observed between the
increase in the fatigue-VAS score and the changes in reaction time (Figure 2; r = 0.539, p <.05).

Table 1. The physiological parameters during exercise, the changes in salivary cortisol level and secretary
immunoglobulin A flow rate and subjective condition visual analogue scale in the slower and faster groups.

Slower Faster
Time to exhaustion (s) 1789 £ 168 1887 £ 438
Peak oxygen uptake (ml/min/kg) 48+ 3 52+7
Peak heart rate (bpm) 193 £ 11 186 £ 13
Peak RPE 20+ 04 19+1.0
Change in cortisol (ug/dL) 4+14 15+ 11
Change in SIgA (ug/min) 23 £ 177 141 £ 145
Change in fatigue-VAS (mm) 817" 55+ 22
Change in arousal-VAS (mm) 6+29 18 £ 28
Change in sleepiness-VAS (mm) -10 £40 -20 £ 22

Note. RPE: rating of perceived exertion, SIgA: secretary immunoglobulin A. * p < .05 vs. Faster group.
@ Slower group

O Faster group
16

[

08 r

Reaction time (S)

0.4

Before After
Note. * p < .05 vs. Before, # p <.05 vs. Faster group.

Figure 1. The reaction time before and after exhaustive exercise test in the slower and faster groups.
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Figure 2. The relationship between the changes in fatigue-VAS score and reaction time in incongruent Stroop
task.

DISCUSSION

This study investigated the effects of exhaustive exercise on the cognitive function using psychological and
physiological parameters. The main finding was that the slower response group exhibited a greater increase
in the fatigue-VAS score. The increase in the fatigue-VAS score was significantly correlated with the changes
in reaction time in the incongruent Stroop task. These results suggest that the differences in cognitive
functional responses to exhaustive exercise are associated with perceived fatigability.

In general, moderate-intensity aerobic exercise acutely enhances cognitive function; however, the response
depends largely on exercise intensity (Cheng et al., 2012). In this regard, cognitive functions such as working
memory and attention, decrease immediately after the cessation of exhaustive maximum exercise (Coco et
al., 2009; Hill et al., 2019). Sudo et al. (2017) reported that reaction time in the Go/No-go test did not change
significantly before and after exhaustive exercise. In contrast, Vrijikotte et al. (2018) reported that the reaction
time in the Flanker test was faster after exhaustive exercise than at baseline. Collectively, the results
regarding the cognitive function response to the exhaustive exercise do not reach a general consensus. In
this study, the overall average cognitive function evaluated by the reaction time in the Stroop incongruent
task did not change after exhaustive exercise because we observed the extent of both slower responders
and faster responders. Therefore, the response of cognitive function to the exhaustive exercise may depend
on some individual differences.

In this study, we focused on the differences between negative (slower) and positive (faster) responders and
further measured VAS as a subjective condition and saliva stress and immune parameters as objective
conditions. No differences in physiological parameters were observed during the exhaustive exercise (Table
1). On the other hand, the magnitude of changes in the fatigue-VAS score from baseline was higher in the
slower group than in the faster group (Table 1). A previous study demonstrated that 2 consecutive days of
high-intensity sprint interval exercise increased the rating of physical and mental fatigue sensation and
decreased cognitive function evaluated by simple and choice reaction time, visuospatial working, inhibition
task, and incongruent Stroop response (Costello et al., 2022). This study revealed that cognitive performance
was impaired when physical and emotional fatigue was increased by heavy exercise. In the present study,
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there is a significantly correlated between the changes in fatigue score and cognitive function. Furthermore,
we found no differences in physiological measurements during exercise, including time to exhaustion, oxygen
uptake, or heart rate, which indicated that the participants performed exercises of similar intensity and
workload in the slower and faster groups. Collectively, the degree of increase in the perception of fatigue
after exercise may be important for cognitive performance.

To monitor homeostatic responses to exercise leading to cumulative fatigue and overtraining, many
researchers have investigated not only changes in psychological measures but also responses reflected by
biochemical, hormonal, and immunological parameters (Mujika, 2017). Chronic heavy training load
decreases SIgA and increases cortisol levels (Saw et al., 2016). SIgA is a psychoneuroimmunological
marker, and its responses vary with individual stress level(s) (Okamura et al., 2010). Furthermore, cortisol
plays a role in regulating the neuropeptide and neurotransmitter systems, affecting cognitive functions
including attention, perception, memory, and emotional processing (Erickson et al., 2003). Jagar et al. (2014)
reported that moderate-intensity exercise increases salivary cortisol levels and shortened the reaction time
in the Franker task. They also demonstrated that high cortisol responders after exercise exhibited enhanced
Franker task performance, whereas improvement in the Franker task was not observed in non-responders.
However, there were no differences in changes in salivary cortisol or SIgA levels between the groups,
whereas perceived fatigue score was significantly higher in the slower group than in the faster group in the
present study. It is possible that the cognitive function response to exhaustive function is associated with
psychological fatigue rather than a physiological homeostatic response.

The present study has limitations. First, this study was conducted using a relatively small sample size and
non-athlete general population. Exercise-induced fatigue would cause deterioration in cognitive function
including reaction time, visual perception, and concentration in athlete, which affects athletic performance or
strategic decision making in the game (Zwierko et al., 2022). Therefore, the results of the present study may
limit our generalizing our findings to athletes. Another limitation is the reliance on a simple self-reported visual
analogue scale to assess the psychological parameters such as perceived fatigability. Further studies are
necessary to evaluate comprehensively nature of fatigue and investigate its relation to cognitive function and
athletic performance.

In conclusion, using an exhaustive exercise under submaximal intensity, the present study compared
cognitive function responses to exercise between slower and faster reaction time groups. Results revealed
that the slower group exhibited a larger increased in fatigue-VAS scores. These results suggest that the
cognitive function response to exhaustive exercise may be associated with the perception of exercise
fatigability.
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ABSTRACT

Rapid weight loss (RWL) is a common practice among combat sports athletes, particularly judokas, to
compete within weight categories. This study examines the impact of RWL on isometric forearm strength and
perceived exertion during a simulated bout among national-level male judokas. A total of 15 male judokas
(age: 20.4 + 2.0 y) participated in the study. Simulated judo bouts were conducted at three time points:
baseline (before RWL), Phase 1 (72 hours after baseline, post 5% RWL), and Phase 2 (7 days after Phase
1). Handgrip strength (HGS) and rating of perceived exertion (RPE) were measured before and after bouts
at each time point. Results demonstrated significant reductions in HGS post-bout across all phases (all p <
.001). In addition, the pre-bout HGS of the right hand in Phase 1 was significantly lower compared to Phase
2. The RPE was higher in Phase 1 compared to Phase 2. These findings suggest that RWL negatively affects
the HGS of the right arm and also increases perceived exertion after simulated bouts.

Keywords: Performance analysis, Body weight changes, Weight loss, Hand strength, Muscle strength,
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INTRODUCTION

Rapid weight loss (RWL) is a common practice in combat sports, particularly among athletes competing in
weight-classified disciplines (Martinez-Rodriguez et al. 2021). This practice is often employed to achieve a
competitive edge by allowing athletes to compete in lower weight categories, which can enhance their
performance against opponents who may be perceived as weaker due to size differences (Lakicevic et al.
2022; Lakicevic et al. 2020; Martinez-Aranda et al. 2023; Peacock et al. 2023). Research indicates that a
significant proportion of judo athletes engage in RWL, with studies showing that approximately 40% of
competitors have lost more than 5% of their body mass at least once, typically through methods that include
dehydration and caloric restriction (Santos et al. 2024). The implications of such practices are multifaceted,
affecting not only the athletes' physical capabilities but also their psychological and physiological states
during competition (Lakicevic et al. 2022; Yu et al. 2024).

The forearm strength has also been shown to be affected by RWL strategies (Isacco et al. 2020). Assessing
forearm strength is critical in judo as it serves as a key performance metric. Hand grip strength (HGS) is
indicative of overall muscular strength and is essential for executing various techniques in judo, such as holds
and throws. Studies have demonstrated that RWL can lead to a significant decrease in hand grip strength,
which may impair an athlete's performance during high-intensity bouts (Lakicevic et al. 2020). This reduction
in strength can be attributed to the physiological stress imposed by RWL, which often results in decreased
muscle mass and compromised neuromuscular function (Lakicevic et al. 2020; Martinez-Aranda et al. 2023).
Assessing forearm HGS is critical in judo, as it serves as a key performance metric (Demiral et al. 2024).
HGS is essential for executing various techniques in judo, including holds and throws. Consequently,
understanding the impact of RWL on HGS s vital for evaluating the overall performance and safety of judo
athletes. Therefore, understanding the impact of RWL on HGS is vital for evaluating the overall performance
and safety of judo athletes (Demiral et al. 2024). The purpose of this study was to find the effects of RWL on
HGS and perceived exertion among national-level judoka during simulated bouts.

METHODOLOGY

Participants

This cross-over study involved a total of 15 male national-level judo players with an age of 20.4 + 2.0 years,
body weight of 60.6 £ 5.7 kgs, and height of 164.6 + 3.3 cm. To qualify for inclusion in the experiment,
participants were required to have a minimum of five years of competitive judo experience and to have utilized
RWL methods within the preceding two years. All participants were required to be free from injury at the time
of testing. Before the study, the benefits, risks, and procedures involved were thoroughly explained to each
participant, who voluntarily consented by signing an informed consent form. Body composition parameters
were assessed using a body composition analyser (Omron BF511, Omron Healthcare Ltd., Matsusaka,
Japan). All study procedures adhered to the ethical guidelines outlined in the Declaration of Helsinki and
received approval from the internal review board of the Rashtriya Raksha University.

Experimental approach to the problem

HGS and the rating of perceived exertion (RPE) were measured at three distinct time points: baseline (BL;
before RWL), Phase 1 (P1; after RWL [i.e., 72 hours after BL), and Phase 2 (P2; 7 days after P1), as shown
in Figure 1. The BL was conducted before any weight reduction. In Phase 1, participants were required to
lose 5% of their body mass within three days before undergoing a simulated fight, which took place on the
3rd day. The second measurement, P1, was taken immediately after this simulated fight. P2 measurements
were conducted seven days following P1. The methods employed for weight loss included dehydration,
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dietary restrictions, and increased training intensity without using laxatives and diuretics, as suggested by
Isacco et al. (2020). RPE was measured using the Borg CR-10 scale, which provides a subjective
assessment of exertion levels experienced by the athletes during the bouts.

SESSION 1 SESSION 2 SESSION 3
Baseline mensurement 1 After weight reduction of 5% ! 7 Days After weight reduction of 5%
= N N
strength «(Before bout) T Handgrip stvength measurement:(Before bont) AL Handgrip strength measurement:{Before bout)
Best of 3 trauls E Best of 3 trails E Best of 3 truls
R R
I I
" a0 M "0 M )
r "
E E
Simulated judo bout: [ = * Simulated Judo Bout: o = Simulated Judo Bout:
2 %4 mimites 1 ‘ 2 x4 minutes 1 2 x 4 nunutes
4] o
5] n || b |
p stvength mensnrement:iAfter bout) Handgrip strength measurement:(After bont) Handgip strength measarement:(After bouot)
Best of 3 Trails 2 hones Best of 3 Trails S Best of 3 Trails
0 bose 3% et
|| | |
[ 30 minute rest | weiglit [ 30 minute rest | x | 30 minute rest l
Rating of perceived exertion Rating of perceived exertion | Rating of perceived exertion |

Figure 1. Graphical representation of the experimental study design: The figure illustrates the measurement
timeline for handgrip strength and rating of perceived exertion at baseline (BL), phase 1 (P1), and phase 2
(P2).

The simulated judo bout

The simulated fight was designed with modifications to induce volitional exhaustion among the participants.
This methodology aligns with the findings of the pilot study conducted by Del Vecchio et al. (2018), which
demonstrated that varying the number of opponents in simulated judo combats influences technical-tactical
actions, physiological demands, and neuromuscular responses. It consisted of two bouts lasting four minutes
each, performed at full intensity to mimic a competitive situation, including a golden score period of four
minutes and a regular bout scenario of four minutes. To maximize exertion, each participant faced two Uke
(opponents), with each Uke engaging with the participant for a duration of four minutes. After the first four-
minute bout concluded, the second Uke immediately replaced the first without any recovery interval, ensuring
continuous exertion for the full eight-minute session. No winners were declared during these bouts,
maintaining the focus on sustained effort and compliance with International Judo Federation (IJF) rules. Each
Uke was matched to the participant based on similar weight categories to simulate realistic combat
conditions.

Isometric handgrip strength

The assessment of isometric HGS was conducted using a hydraulic handgrip dynamometer (Carci®, SH
5001 model) (Venegas-Carro et al. 2022). Participants were instructed to sit comfortably in a chair, ensuring
their feet were flat on the floor and their backs were supported for optimal posture. The arm was positioned
at the end of the chair arm, maintaining a 90° flexion at the elbow.

Prior to the test, participants were guided to inhale through their noses and exhale through pursed lips while
simultaneously flexing and squeezing their fingers around the dynamometer. Each subject performed a
maximum voluntary contraction on the dynamometer for a duration of five seconds. To ensure reliability and
accuracy, three trials were conducted for each hand, with the best performance from these trials selected for
further analysis.
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Statistical analysis

The normality of the data was verified using the Shapiro-Wilk test. Data are presented as mean and standard
deviation. A two-way repeated measures analysis of variance (ANOVA) was applied to determine the main
effects of bout and time on HGS, as well as the interaction effects. For the RPE data, Friedman’s two-way
analysis of variance by ranks was employed due to the ordinal nature of the scale. Post hoc pairwise
comparisons with Bonferroni correction were conducted to identify specific differences between phases and
time points. The analysis was conducted using SPSS software. For all the analyses, the level of significance
was set at p < .05.

RESULT

Table 1 presents the statistical results. The post-hoc test revealed significant main effects of time on left and
right HGS (p < .001). However, the interaction effects (time x bout) for HGS were not significant for both left
and right hands (p = .877 and p = .163, respectively). Post hoc analysis demonstrated significant reductions
in HGS post-bout across all phases, as well as differences between baseline and P1 and between P1 and
P2.

Table 1. Statistical analysis.

: One week
Baseline After RWL after RWL
Pre- Post- Pre- Post- Pre- Post-
bout bout bout bout bout bout
Handgrip left (Kg) 105.7+69 96.9+115° 103.3+10.2 951+11.1* 1052+82 96.5+10.9*
Handgrip right (Kg) 106.3 £9.52® 97,9 £10.2* 102.1+£9.0° 96.9+11.4* 1045+£9.0c 98.2+9.7*

Variables

RPE 707 7.5+1.1¢ 6.9+0.7¢
Body mass (kg) 59.7 £ 6.4 57.4 £ 6.3% 60.8 + 6.4
Main effect .
Variables Bout Time x bout
(p-value) (p-value)
Handgrip left (Kg) <.001 877
Handgrip right (Kg) <.001 163
RPE .008#
Body mass (kg) <.001

Note: #- Friedman’s two-way analysis of variance, * significant difference from pre-bout scores, a — significant difference between
baseline and after weight loss, b — significant difference between baseline and one-week after weight loss, ¢ — significant difference
between after weight loss and one-week after weight loss, RWL — rapid weight loss.

The result of the findings suggested that for left HGS, there was a significant reduction in post-bout scores
compared to pre-bout scores across all phases (Table 1). At the baseline, the left HGS decreased from 105.7
1+ 6.9 kg t0 96.9 £ 11.5 kg after the bout (p <.001). In phase 1, the corresponding values were 103.3 £ 10.2
kg pre-bout and 95.1 £ 11.1 kg post-bout (p < .001). Similarly, in phase 2, the mean values decreased from
105.2 + 8.2 kg pre-bout to 96.5 + 10.9 kg post-bout (p < .001), as shown in Figure 2.

For right HGS, a significant reduction was also observed in post-bout scores compared to pre-bout scores
across all phases. At the baseline, the mean right HGS decreased from 106.3 + 9.5 kg to 97.9 + 10.2 kg
after the bout (p < .001). In phase 1, the values declined from 102.1 + 9.0 kg pre-bout to 96.9 + 11.4 kg post-
bout (p <.001). In phase 2, the mean right HGS decreased from 104.5 + 9.0 kg pre-bout to 98.2 + 9.7 kg
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post-bout (p < .001). Additionally, significant differences were observed in right HGS between baseline and
P1, as well as between P1 and P2, with recovery noted by the second phase.

For RPE, Friedman's two-way analysis indicated a significant difference between phases (p = .008). Post
hoc analysis highlighted an increase in perceived exertion following weight loss (P1) compared to baseline
and a reduction in perceived exertion from P1 to P2.

The RPE exhibited significant differences across phases. At baseline, the mean RPE score was 7.0 £ 0.7.
Following rapid weight loss in phase 1, the RPE score increased to 7.5 £ 1.1. In phase 2, one week after
weight loss, the RPE score decreased to 6.9 £ 0.7. Statistical analysis confirmed a significant difference in
RPE values across phases (p = .008), with post hoc analysis indicating significant increases from baseline
to P1 and significant decreases from P1 to P2.

B Handgrip left B Handgrip right

108
106

102
100
98
96
94
92
90
88

Pre-bout Post-bout Pre-bout Post-bout Pre-bout Post-bout

Baseline After weight loss One week after weight loss

Figure 2. Changes in handgrip strength and rating of perceived exertion across phases.
DISCUSSION

The study aimed to examine the effects of RWL on isometric forearm strength and perceived exertion among
national-level judoka after a simulated bout. The findings revealed significant changes in HGS after the
simulated bout in all three phases. However, the pre-bout HGS of the right hand was significantly lower after
RWL compared to the pre-bout HGS of baseline and one week after RWL. Higher RPE was reported by
participants post bouts after RWL compared to one-week after RWL.

This reduction in HGS can be attributed to the physiological stress imposed by the RWL methods, including
dehydration, caloric restriction, and increased training intensity. These methods are known to affect muscle
functionality, particularly in small muscle groups such as those in the forearm, due to the depletion of
glycogen stores and intracellular water content, which are critical for optimal muscle contraction (Lakicevic
et al. 2020). Interestingly, HGS values partially recovered by P2, measured one-week post-weight loss.
Although these values remained lower than baseline levels, the observed improvement suggests that the
cessation of weight-loss practices and subsequent nutritional and hydration recovery may have contributed
to the restoration of muscle function. However, the persistence of suboptimal strength levels highlights the
potential long-term physiological effects of RWL, even after a short recovery period. This finding aligns with
previous research suggesting that RWL can lead to prolonged impairments in performance and recovery
(Brechney et al. 2022; Martinez-Aranda et al. 2023).
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The RPE scores further corroborate the adverse effects of RWL on performance. Athletes reported a higher
perceived exertion during bouts in P1 compared to BL and P2, emphasizing the heightened subjective
difficulty of competing under conditions of weight loss-induced stress. The elevated RPE may be linked to
the compounded effects of energy deficit, dehydration, and increased physical and mental strain experienced
during RWL (Eston 2012; Martinez-Aranda et al. 2023). Notably, RPE scores in P2 returned closer to baseline
levels, suggesting some degree of physiological adaptation or recovery. From a practical perspective, the
findings of this study have important implications for judoka and their coaches. While RWL is a common
practice in combat sports to meet weight-category requirements, its detrimental impact on muscle strength
and perceived exertion raises concerns regarding performance and safety during competition. These results
advocate for a more cautious and scientifically informed approach to weight management, prioritizing gradual
weight loss strategies over rapid methods. Furthermore, the partial recovery observed in P2 underscores the
need for extended recovery periods and structured rehydration and refeeding protocols post-competition to
mitigate the adverse effects of RWL (Reale et al. 2017; Santos et al. 2024).

The physiological stress resulting from RWL has been documented in various studies, indicating that athletes
often experience significant reductions in strength and endurance following RWL (Fortes et al. 2017; Mendes
etal. 2013; Murugappan et al. 2022). This is particularly relevant in combat sports, where athletes frequently
engage in weight-cutting practices to qualify for lower weight classes. The physiological mechanisms
underlying these impairments includes dehydration, which can lead to reduced plasma volume and increased
blood viscosity, ultimately affecting muscle performance (Mendes et al. 2013). Additionally, caloric restriction
can result in decreased glycogen stores, which are essential for energy production during high-intensity
exercise (McMurray et al. 1991; Ranisavljev et al. 2022). Moreover, the psychological impact of RWL cannot
be overlooked. The increased RPE reported by athletes during P1 suggests that the mental strain associated
with weight loss may further exacerbate feelings of fatigue and exertion during competition (Brito et al. 2012;
Mendes et al. 2013). This aligns with findings from other studies that have shown a correlation between
psychological stress and perceived exertion in athletes (Hanton et al. 2005; Pedersen 2000). The recovery
observed in RPE scores during P2 may indicate a return to a more stable psychological state, allowing
athletes to perform closer to their baseline capabilities (Brito et al. 2012).

There are a few limitations that should be acknowledged. Firstly, the samples included only male participants,
and thus, the findings should not be extrapolated to females. Secondly, the participants were national-level
judokas. The effects of RWL may differ between different participation levels. Thirdly, the inclusion of other
variables, such as countermovement jump on force platforms before and after the bout, could provide a better
understanding of the effects of RWL on lower extremity muscles.

CONCLUSION

In conclusion, this study demonstrates a significant reduction in pre-bout right HGS following RWL among
national-level judokas. The findings indicate that while RWL leads to an acute decline in HGS, there are no
additional effects on HGS post-bout, suggesting that the immediate impact of RWL is confined to the pre-
bout phase. However, athletes reported higher RPE scores post-bout after RWL, indicating a negative effect
on their perceived effort during competition.
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ABSTRACT

This study aimed to examine the effects of rest periods on physiological and mechanical parameters during
interval training (IT) using critical swimming velocity (CV). Ten male national-level competitive swimmers
(19.5 £ 1.1 years old) swam 20 x 100 m (1001T) and 10 x 200 m (200IT) depend on critical velocity under
different rest conditions. Rest periods for each IT were 10 seconds (R1) and 20 seconds (R2) per 100 m
repetiive swimming distance. Heart rate (HR), rating of perceived exertion (RPE), blood lactate
concentration, stroke rate, and stroke length (SL) were measured during all IT sets. HR significantly differed
between R1 (164.0-173.0 beats per minute [bpm]) and R2 (151.7-165.1 bpm) throughout the 100IT but did
not during the 200IT (160.1-173.5 and 157.3-167.8 bpm, respectively) (p < .05). Moreover, the mean SL
during the 100IT was significantly lower in R1 than in R2 (p < .05). However, the HR and RPE increased
significantly in both 100IT and 200IT irrespective of rest periods (p < .05). Therefore, all IT sets were
appropriate conditions for endurance training. Rest periods may have influenced the physiological and
mechanical stimulation in the 100IT at CV, suggesting that aerobic metabolism differs between conditions.
Keywords: Performance analysis, Athletes, Endurance training, Physiological cost, Heart rate, Stroke length,
Training zone.
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INTRODUCTION

In competitive swimming, endurance training is categorized in terms of training intensity based on biophysical
responses (Fenandes et al., 2024; Monteiro et al., 2023), and the total distance per category varies according
to the swimmer’s specialization (distance) (Hellard et al., 2022). Therefore, this information is useful for
swimming coaches to identify the physiological and mechanical responses of endurance training sets.

Endurance training sets for competitive swimmers are mainly structured using interval training (IT),
considering that the intensity of swimming sets can be easily adjusted according to the swimming velocity,
repetitive swimming distance, and rest periods (Olbrecht et al., 1985; Billat, 2001). IT is also more effective
than continuous training, which involves swimming at a constant pace, because it can maintain the same
velocity for longer periods of time and reduce the decline in mechanical parameters (Almeida et al., 2022;
Oliveira et al., 2012).

Shimoyama et al. (2003) found that the shorter the rest period, the higher the VO2 in IT in competitive
swimmers. In other words, rest periods in IT may influence energy supply dynamics. Therefore, considering
not only the swimming velocity and distance but also the rest periods is important to control the intensity of
the swimming setin IT.

In IT, several physiological indices are employed to set swimming velocity, such as the onset of blood lactate
accumulation (OBLA), maximal lactate steady state (MLSS), and anaerobic threshold (AT). However, these
indices are often underutilized in swimming training due to complex procedures required, such as blood
sampling and measurement of exhaled gases. The slope of swimming distance vs. time the regression line
denotes the critical swimming velocity (CV) and is theoretically the maximum swimming velocity at which a
swimmer can continue swimming for a long period of time without reaching exhaustion (Wakayoshi et al.,
1992). CV correlates with physiological indices such as the OBLA (Wakayoshi et al., 1992; Wakayoshi et al.,
1993), MLSS (Machado et al., 2011; Machado et al., 2019; Nikitakis et al., 2019), and AT (Wakayoshi et al.,
1992), thereby used as a training intensity index that can be determined noninvasively.

Indeed, a study of continuous training with CV reported that the mean swimming time was 24.3 7.7 min,

with metabolic responses reaching maximal oxygen uptake (VO2max) and blood lactate concentration (BLa)
being enhanced (Dekerle et al., 2010). Conversely, when IT was performed with CV, the heart rate (HR) and
rating of perceived exertion (RPE) were enhanced, but the BLa remained stable. Furthermore, the intensity
of the swimming set decreased as the repetitive swimming distances decreased in IT at CV (Funai et al.,
2025). Thus, the influence of training style and repetitive swimming distance on physiological cost is evident
inTatCV.

However, the influence of rest periods on the physiological and mechanical parameters in IT at CV is still
unverified. Clarifying the effect of rest periods on IT at CV would be a useful insight for coaches to design
more effective endurance training strategies.

This study aimed to determine the effect of rest periods on physiological responses and mechanical
parameters in IT using CV in national-level competitive swimmers. In this study, repetitive swimming
distances of 100 and 200 m were applied for the IT, with two different rest periods in each of these IT
protocols. We hypothesized that shorter rest periods have a higher physiological cost in both IT protocols.
On the basis of the study results, we present practical applications of IT at CV for coaching situations.
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MATERIAL AND METHODS

Participants

Ten nationally competitive male collegiate swimmers participated in the study (mean values for age: 19.5 +
1.1 years, height: 168.0 £ 3.1 cm, body mass: 64.4 + 4.2 kg, World Aquatics points: 738.1 + 28.2). They
specialized in middle-distance swimming (3 in 400 m freestyle, 2 in 400 m individual medley, 1 in 200 m
butterfly, 3 in 200 m backstroke, and 1 in 200 m breaststroke) and had been competing for at least 8 years.
All of them trained nine training sessions, which total over 45 km per week in water, as well as dryland
workouts. They all provided written informed consent before participating in the experiment. None of the
athletes reported any physical limitations, health problems, or injuries that would interfere with the study.

Study design
We instructed the participants to refrain from intense training for 24 h before the study, avoid any other
exercise, and maintain a normal diet and sleep pattern throughout the study period.

In this experiment, we conducted four interval sessions after determining the CV in a 50 m indoor swimming
pool (water temperature, 29.1°C + 0.4°C). Participants performed front crawl swimming initiated with a push
off start in all tests. Each test was preceded by a standardized warmup and a 20 min rest period. The
standardized warmup (Neiva et al., 2017) included 200 m whole-body swimming (low—medium intensity), 2
x 100 m leg kick swimming (medium intensity), 4 x 50 m whole-body swimming (25 m drill/25 m low intensity),
6 x 50 m whole-body swimming (25 m race pace/25 m low intensity), and 100 m whole-body swimming (low
intensity).

1001T-R1 100 x 20 bouts (10 s rest)

200 m maximal swimming | 7-days separate 100IT-R2 100 x 20 bouts (20 s rest)
400 m maximal swimming r— | 2001T-R1 200 x 10 bouts (20 s rest)
[random order, 6-hours separate] 200IT-R2 200 x 10 bouts (40 S rest)
[random order, at least 24-hours separate]

HR and RPE were measured every 400 m during bout.

Blood samples were collected immediately, 1 min, and 3 min
after the last bout.

SR and SL were calculated every 100 m.

Figure 1. Experimental protocol of the study. HR: heart rate; RPE: rating of perceived exertion; SR: stroke
rate; SL: stroke length.

CV determination

Swimmers performed 200 and 400 m maximal swimming bouts in a random order for CV determination, with
an interval of 6 h between these two bouts (Figure 1). A linear regression between swimming distance and
time was then obtained using the same method as that of Wakayoshi et al. (1993), and the slope of this line
was used as the CV.

ITatCV

One week after the 200 and 400 m maximal swimming sessions, the swimmers performed 20 x 100 m (100IT)
and 10 x 200 m (200IT) each under two different rest conditions. The rest periods in each IT were 10 and 20
s per 100 m of repetitive swimming distance. In other words, four tests were conducted: 10 s (100IT-R1) and
20 s (100IT-R2) for 100IT and 20 s (200IT-R1) and 40 s (2001T-R2) for 200IT in a random order based on
the CV (Figure 1). These tests were performed randomly with at least 24 h apart and administered at the
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same time of the day (1 hour) for each swimmer to minimize the influence of circadian fluctuations on
performance. During the IT, the swimmers wore an underwater exercise-compatible Walkman (NW-WS623,
Sony) to control their swimming velocity. This water-resistant neckband-type device was properly secured to
the back of the head. Swimmers were instructed to pass through markers placed every 5 m at the bottom of
the pool, in time with audio cues created according to their CV.

Measurements

For both the CV determination and IT, swimming times were measured by experienced coaching staff using
a stopwatch (SVAS003, SEIKO, Japan). For physiological parameters during the IT, we measured HR and
RPE every 400 m during the bouts. HR was measured using a wristwatch HR sensor (M600; Polar, Oulu,
Finland), and RPE was determined by verbal questioning using the Japanese version of Borg’'s 6-20 scale
(Onodera and Miyashita, 1976). BLa was measured using a portable lactate analyser (Lactate Pro 2,
ARKRAY, Japan). Blood samples were extracted from fingertips immediately, 1 min, and 3 min after the last
session, with the highest value recorded.

All IT sessions were filmed from land using a digital video camera (HDR-CX470 operating at 60 Hz; Sony,
Japan) to calculate the stroke rate (SR) and stroke length (SL). This camera was positioned 10 m away from
the swimmers at the centre of the pool, filming the swimmers vertically; then, SR and SL were analysed using
video analysis software (OTL-8PZ, Octal, Japan). In all IT sessions, SR and SL were calculated every 100
m. In each 100 m, the mean stroke time was calculated from as many strokes as possible between 15 and
35 min the first and second 50 m. The swimming velocity per 100 m was also calculated, and SR and SL
were calculated using the following formula:

SR =60/ mean stroke time;
SL = swimming velocity x 60 / SR.
The SR and SL for each 100 m were averaged, and these values were used for the statistical analysis.

Statistical analyses

A priori sample N was determined with G*Power (f=0.50; a = 0.05; 1-8 = 0.80). We present all performance,
physiological, and mechanical parameters as mean + standard deviation (mean x SD). Data distribution
normality was assessed using the Shapiro-Wilk test. We employed Student’s t-tests to establish differences
in BLa, mean SR, and mean SL between tests at 100IT and 200IT separately. HR and RPE during 100IT
and 200IT were analysed by two-way analysis of variance of test and measurement points, and where
significant main effects were found, significance was examined using the Bonferroni method for multiple
comparisons. Furthermore, the effect size for t-tests and multiple comparisons was calculated using Cohen’s
d, with d classified as small (0.2-0.49), medium (0.5-0.79), or large (>0.8) depending on the absolute value
(Cohen, 1988). A significance level of a = .05 was used. All statistical data were analysed using BellCurve
(version 4.07, Social Survey Research Information Co., Ltd., Tokyo, Japan) for Excel software (Microsoft
Corp., WA, USA).

RESULTS
The mean swimming times in the 200 and 400 m maximal swimming sessions were 122.83 + 3.73 and 261.80

1 10.25 s, respectively, and the mean calculated CV value was 1.44 + 0.07 m/s. Table 1 shows the Bla,
mean SR, and mean SL in 100IT and 200IT. BLa did not significantly differ between the conditions for 100IT
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(p> .05, d=0.03) and 200IT (p > .05, d = 0.05). However, the mean SR (p < .05, d = 0.37) and SL (p < .05,
d = 0.31) significantly differed between the conditions in the 100IT alone.

Table 1. Mean * standard deviation of blood lactate concentration (BLa), mean stroke rate (SR) and mean
stroke length (SL) during the 100IT and 200IT.

R1 R2
BLa (mmollL) 100IT 412 +2.53 4.04 +2.55
2001T 486 +2.79 5.01+2.81
Mean SR (cycles/min) 100IT 4140 475" 39.91£3.20
y 2001T 41.26 £3.70 41.09+4.03
Mean SL (m/cycle) 100IT 245+0.28* 252+0.20
y 2001T 244 +£0.22 246 +0.24

Note. * Significant differences between R1 and R2 (p < .05). IT: interval training; R1: 10 s rest period per 100 m of repetitive
swimming distance; R2: 20 s rest period per 100 m of repetitive swimming distance.

Figures 2 and 3 show the changes in HR and RPE during 100IT and 200IT. For HR, 100I1T-R1 (164.0 + 10.6—
173.0 £ 6.7 beats per minute [bpm]) was significantly higher than 100IT-R2 (151.7 £ 10. 1-165.1 £ 7.7 bpm)
(p <.01, d > 0.98) at all measurement points. Conversely, HR did not significantly differ between 2001T-R1
(160.1 £ 10.4-173.5 £ 7.9 bpm) and 200IT-R2 (157.3 + 11.9-167.8 £ 14.2 bpm) (p > .05, d < 0.51). As for
RPE, no significant difference was noted between tests for both 100IT (R1: 13.7 £ 2.1-16.1 £ 2.6, R2: 13.5
+1.6-15.3 + 2.4) and 200IT (R1: 15.0 £ 2.7-17.0 + 2.4, R2: 14.4 £ 2.6-16.4 £ 2.6) in all measurement
points (100IT: p > .05, d <0.47; 200IT: p > .05, d < 0.36). In all tests, HR (1001T-R1: p < .01, d > 0.91; 100IT-
R2:p<.01,d>0.70; 200IT-R1: p < .05, d > 0.95; 200I1T-R2: p <. 05, d > 0.52) and RPE (100IT-R1: p < .05,
d>0.59; 100IT-R2: p < .05, d > 0.58; 200IT-R1: p < .01, d > 0.49; 200I1T-R2: p < .01, d > 0.41) significantly
increased.

(A) (B)
200 - 200
190 190
180 - 180
170 . 170
E * oo E
5160 | * 8160
* -
:l=: e 'O %
104 @ < 150 A
140 - | 140
130 - 130 -
—a—Rl -O-R2 ~e—R1 -©O-R2
120 — . . . — 120 . . . . .
400 800 1200 1600 2000 400 200 1200 1600 2000

swimming distance (m) swimming distance (m)

Note. Data are expressed as mean + standard deviation. The lines above and below the points indicate significant differences (p
<.05); * Significant differences between R1 and R2 (p <.05). R1: 10 s rest period per 100 m of repetitive swimming distance; R2:
20 s rest period per 100 m of repetitive swimming distance.

Figure 2. Changes in heart rate (HR) during the 20 x 100 and 10 x 200 m interval training (A and B,
respectively).
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(A) (B)
20 - 20
19 19
18 18

—8—HAl -O-R2 —8—Rl -O-R2
v + - - - 10 4 . . . . .
400 80O 1200 1600 2000 400 80O 1200 1600 2000
swimming distance {m) swimming distance (m)
Note. Data are expressed as mean + standard deviation. The lines above and below the points indicate significant differences (p
<.05). R1: 10 s rest period per 100 m of repetitive swimming distance; R2: 20 s rest period per 100 m of repetitive swimming
distance.

Figure 3. Changes in the rating of perceived exertion (RPE) during the 20 x 100 and 10 x 200 m interval
training (A and B, respectively).

DISCUSSION

Previous studies of IT in competitive swimming used rest periods of 10-20 s every 100 m repetitive swimming
distance (Almeida et al., 2021; Shimoyama et al., 1999). However, metabolic functions reportedly differ
according to small differences in rest periods (Rodriguez and Mader, 2010). Therefore, the present study
examined physiological and mechanical parameters in 100IT and 200IT under two conditions of 10 s and 20
s per 100 m repetitive swimming distance. Results showed that HR and mean SR were significantly higher
in 10 s rest than in 20 s rest and that mean SL was significantly shorter in 100IT than in 200IT. In addition,
HR and RPE increased significantly in both 100IT and 200IT irrespective of rest periods.

In a study measuring the metabolic response to IT and continuous training, VO2max did not differ between the
two training types (Almeida et al., 2022). However, the energy supply through the adenosine triphosphate—
creatine phosphate (CP) system is higher during IT because creatine phosphate resynthesis is accelerated
during the rest period and used as energy for the next bout (Fox et al., 1969). IT reportedly results in a lower
energy supply from the glycolytic mechanism and a slower rate of lactate accumulation (Fox et al., 1969).
Therefore, IT allows exercise to be sustained for longer periods at the same swimming velocity as continuous
training (Demarie et al., 2000; Aimeida et al., 2021).

Shimoyama et al. (2003) compared physiological responses in a test of 20 and 30 s rest periods during
repeated 1 min intermittent swimming trials at OBLA swimming speed. Results showed that although BlLa

did not significantly differ between the two rest conditions, VO2 was significantly higher in the 20 s rest
condition, while excess postexercise oxygen consumption (EPOC) was significantly higher in the 30 s rest

condition. In IT, VOz increases with a shorter rest period, possibly attributed to an increased contribution to
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the aerobic energy supply mechanism to compensate for inadequate CP recovery (Shimoyama et al., 2003).
The increase in EPOC with prolonged rest reportedly reflects an increase in CP resynthesis (Piiper and
Spiller, 1970).

Although BLa demonstrated no difference between the two rest conditions at 100IT in our study (Table 1),
HR was consistently significantly higher in R1 (Figure 2). These results may support the report of Shimoyama
et al. (2003). During IT, large amounts of oxygen accumulate in muscle myoglobin, even during short rest
periods; consequently, oxygen depletion is minimized, thereby preserving the glycolytic pathways during
exercise (Medbo et al., 1988). This phenomenon may explain the lack of difference in BLa in the present

study. Additionally, VO2 may have been higher in R1 in the 100IT, and HR, a measure of the respiratory-
cardiovascular system, would have shown a significant difference between the two conditions throughout the
IT. A previous study reported a relationship between HR and the contribution of aerobic mechanisms in
endurance training (Ribeiro et al., 2017). Hence, R1 may result in a higher oxidative metabolism training than
R2in 100IT.

During the 200IT, HR did not significantly differ between R1 and R2. Simulations of CP recovery rates during
IT by Rodriguez and Mader (2010) suggest that the majority of CP recovery occurs immediately after each
bout until approximately 20 s, after which recovery proceeds slowly. The ability to recover CP in the early
rest period may be a factor influencing intermittent exercise performance (Balsom et al., 1992; Blonc et al.,
1998). However, this hypothesis could not be confirmed because we did not examine the CP recovery rates.
Nonetheless, HR demonstrated no significant difference between the two conditions during the 200IT
because the swimmers had a higher rate of CP recovery in the early part of each rest period.

Few studies have investigated the effect of rest periods in IT on mechanical parameters. In the present study,
the mean SR and SL differed significantly between the conditions in 100IT (Table 1). SR (Figure 4) and SL
(Figure 5) per 100 m also consistently differed between the conditions in 100IT. In progressive velocity tests
of swimming, mechanical parameters rapidly change at metabolic threshold levels (Oliveira et al., 2012;
Figueiredo et al., 2013). When swimming at a constant swimming velocity, an increase in SR and a decrease
in SL occur as the respiratory and cardiovascular parameters increase (Pelarigo et al., 2016). Thus,
physiological and mechanical parameters are closely related, and the differences in SR and SL in the present
study may have been collateral evidence of differences in HR between conditions at 100IT.
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Figure 4. Changes in the stroke rate (SR) during the 20 x 100 and 10 x 200 m interval training (A and B,
respectively).
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Figure 5. Changes in stroke length (SL) during the 20 x 100 and 10 x 200 m interval training (A and B,
respectively).

Previous studies have investigated the training zone of CV. In one study using CV, continuous swimming
fraining lasted only 24.3 min (Dekerle et al., 2010), given that BLa, HR, and RPE continued to increase and

the metabolic responses reached VO2max. Training that induces these physiological responses is included in
the severe-intensity domain. Moreover, the physiological cost of using CV for IT is lower than that for
continuous training (Dekerle et al., 2010). Previous studies using CV for 100, 200, and 400 m IT sessions
reported continuous increases in HR and RPE yet a steady state in BLa (Dekerle et al., 2010; Nikitakis et al.,
2019; Rizatto et al., 2018). In other words, IT in CV belongs to the heavy-intensity domain. However, training
zones that consider rest periods in IT using CV have not yet been validated.

In the present study, VO2 was not measured, and BLa was only measured at the end of the test, making the
training zone difficult to determine. Not only HR but also RPE significantly increased in all conditions,
occurring in both heavy- and moderate-intensity domains (Fernandes et al., 2024). However, the HR at 100IT
was significantly lower in R2 than in R1. According to Fernandes et al. (2024), HR-based guidelines suggest
that 160-170 bpm belongs to the heavy-intensity domain and 150-160 bpm to the moderate-intensity
domain. Calvalho et al. (2020) and Monteiro et al. (2023) reported differences in SR and SL between the
heavy- and moderate-intensity domains, suggesting that mechanical parameters can help identify boundaries
between domains. On the basis of these findings, 200IT-R1, 200IT-R2, and 100IT-R1 corresponded to the
heavy-intensity domain and 100IT-R2 to the moderate-intensity domain.

The heavy-intensity domain is an intensity at or near the metabolic threshold, where mechanical parameters
collapse (Calvalho et al., 2020). At this intensity, fast paces can be maintained for prolonged periods of time
without causing excessive fatigue, effectively improving the associated physiological parameters (Sperlich et
al., 2023). The moderate-intensity domain was below the metabolic threshold. Sessions of this intensity make
up a large proportion of the endurance training in competitive swimmers (Sperlich et al., 2023), with the aim
of increasing the ability to oxidize pyruvate, lactate, and lipids throughout the body and improving basic
endurance (Fernandes et al. 2024). Therefore, the IT protocols in this study are effective as endurance
performance—enhancing training.

According to the results of the physiological and mechanical parameters in this study, practical applications
can be suggested. Specifically, 200IT-R1, 200IT-R2, and 100IT-R1 can be used as training protocols, with
BLa at 4-5 mmol/L and HR at approximately 160-170 bpm. Given that the physiological cost is close to the
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metabolic threshold, it can be used as intermittent race pace training for long-distance swimmers, especially
during the strengthening phase. Moreover, 1001T-R2 can be used for training, with BLa at approximately 4
mmol/L and HR at 150-160 bpm. This IT provides a moderate load on the respiratory and cardiovascular
systems and facilitates the maintenance of the swimming technique; hence, it can be used for training,
especially in the early season and for improving basic endurance.

A limitation of this study is that the rest periods used in the IT are considered to be relatively short for regional -
level, junior, and masters swimmers, indicating that the results can only be applied to national-level
swimmers. Second, although our method of CV determination is traditional and simple, the possibility of a
higher estimate of CV cannot be ruled out. For example, CV determined in 200 and 400 m maximal swimming
bouts is higher than that determined in 200, 400, and 800 m maximal swimming bouts (Petrigna et al., 2022).
Therefore, the results of this study can only be applied to CV calculated in this way. Conducting more
research on IT using CV in the future is necessary.

CONCLUSION

The physiological and mechanical stimuli of R1 were higher than those of R2 in 100IT. In 200IT, the effect of
rest periods on these stimuli did not need to be considered. All IT sessions showed increases in HR and RPE
throughout, suggesting that they are appropriate training conditions for endurance performance. In particular,
the 100IT-R1, 200I1T-R1, and 200IT-R2 could be effectively used for race pace training protocols close to
metabolic threshold levels, while the 100IT-R2 could have a positive effect on the increasing oxidative
capacity of each energy source and improving basic endurance performance.

AUTHOR CONTRIBUTIONS

Conceptualization and design: Yuki Funai and Masaru Matsunami. Data Collection: Shoichiro Taba, Yuta
Kanegawa, and Yuki Funai. Formal Analysis: Shoichiro Taba, Yuta Kanegawa, and Yuki Funai. Writing
(original draft): Yuki Funai. Writing (review and editing): Masaru Matsunami, Shoichiro Taba, and Yuta
Kanegawa.

SUPPORTING AGENCIES

This work was supported by JSPS KAKENHI Grant Number JP21K17597.

DISCLOSURE STATEMENT

No potential conflict of interest was reported by the authors.

ETHICAL APPROVAL

The study was conducted in accordance with the aims of the Declaration of Helsinki and was approved by
the Ethics Committee on Research Involving Human Subjects of Kumamoto Gakuen University (approved
December 3, 2021).

ACKNOWLEDGEMENTS

We would like to express their gratitude to the participants for their time and effort.

VOLUME 20 | ISSUE 3|2025| 853



Funai, et al. / Biophysical analyses of the interval swimming & different rest conditions Journal of Human Sport & Exercise

REFERENCES

Almeida, T. A. F., Massini, D. A., Silva Janior, O. T., Venditti Junior, R., Espada, M. A. C., Macedo, A. G.,
Reis, J. F., Alves, F. B., & Pess6a Filho, D. M. (2022). Time limit and VO2 kinetics at maximal aerobic
velocity:  Continuous vs. intermittent swimming ftrials. Front Physiol, 13, 982874.
https://doi.org/10.3389/fphys.2022.982874

Almeida, T. A. F., Pessba Filho, D. M., Espada, M. C., Reis, J. F., Sancassani, A., Massini, D. A., Santos, F.
J., & Alves, F. J. (2021). Physiological responses during high-intensity interval training in young
swimmers. Front Physiol, 12, 662029. https://doi.org/10.3389/fphys.2021.662029

Balsom, P. D., Seger, J.Y., Sjodin, B., & Ekblom, B. (1992). Maximal-intensity intermittent exercise: Effect of
recovery duration. Int J Sports Med, 13(7), 528-533. https://doi.org/10.1055/s-2007-1021311

Billat, L. V. (2001). Interval training for performance: A scientific and empirical practice. Special
recommendations for middle- and long-distance running. Part I: Aerobic interval training. Sports Med,
31(1), 13-31. https://doi.org/10.2165/00007256-200131010-00002

Blonc, S., Casas, H., Duche, P., Beaune, B., & Bedu, M. (1998). Effect of the recovery duration on the force-
velocity relationship. Int J Sports Med, 19(4), 272-276. https://doi.org/10.1055/s-2007-971917

Carvalho, D. D., Soares, S., Zacca, R., Sousa, J., Marinho, D. A., Silva, A. J., Vilas-boas, J. P., & Fernandes,
R. J. (2020). Anaerobic threshold biophysical characterization of the four swimming techniques. Int
J Sports Med, 41(5), 318-327. https://doi.org/10.1055/a-0975-9532

Cohen, J. (1988) Statistical power analysis for the behavioral sciences. Lawrence Erlbaum Associate.

Demarie, S., Koralsztein, J. P., & Billat, V. (2000). Time limit and time at VO2max' during continuous and
intermittent runs. J Sports Med Phys Fitness, 40(2), 96-102.

Dekerle, J., Brickley, G., Alberty, M., & Pelayo, P. (2010). Characterizing the slope of the distance-time
relationship in swimming. J Sci Med Sport, 13(3), 365-370.
https://doi.org/10.1016/}.jsams.2009.05.007

Fernandes, R. J., Carvalho, D. D., & Figueiredo, P. (2024). Training zones in competitive swimming: A
biophysical approach. Front Sports Act Living, 6, 1363730.
https://doi.org/10.3389/fspor.2024.1363730

Figueiredo, P., Morais, P., Vilas-Boas, J. P., & Fernandes, R. J. (2013). Changes in arm coordination and
stroke parameters on transition through the lactate threshold. Eur J Appl Physiol, 113(8), 1957-1964.
https://doi.org/10.1007/s00421-013-2617-8

Fox, E. L., Robinson, S., & Wiegman, D. L. (1969). Metabolic energy sources during continuous and interval
running. J Appl Physiol, 27(2), 174-178. https://doi.org/10.1152/jappl.1969.27.2.174

Funai, Y., Taba, S., Kanegawa, Y., Taimura, A., & Matsunami, M. (2025). Biophysical analyses of various
interval training sets at the critical swimming velocity. J Sports Med Phys Fitness, 65(2), 163-170.
https://doi.org/10.23736/S0022-4707.24.15931-2

Hellard, P., Avalos-Fernandes, M., Lefort, G., Pla, R., Mujika, |., Toussaint, J. F., & Pyne, D. B. (2022). Elite
swimmers' training patterns in the 25 weeks prior to their season's best performances: Insights into
periodization from a 20 years cohort. Front Physiol, 10, 363.
https://doi.org/10.3389/fphys.2019.00363

Machado, M. V., Borges, J. P., Galdino, I. S., Cunha, L., Sa Filho, A. S., Soares, D. C., & Junior, O. A. (2019).
Does the critical velocity represent the maximal lactate steady state in youth swimmers? Sci Sport,
34(3), e209-e215. https://doi.org/10.1016/j.scispo.2018.09.010

Machado, M. V., Junior, O. A., Marques, A. C., Colantonio, E., Cyrino, E. S., & De Mello, M. T. (2011). Effect
of 12 weeks of training on the critical velocity and maximal lactate steady state in swimmers. Eur J
Sport Sci, 11(3), 165-170. https:/doi.org/10.1080/17461391.2010.499973

854 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espafiola


https://doi.org/10.3389/fphys.2022.982874
https://doi.org/10.3389/fphys.2021.662029
https://doi.org/10.1055/s-2007-1021311
https://doi.org/10.2165/00007256-200131010-00002
https://doi.org/10.1055/s-2007-971917
https://doi.org/10.1055/a-0975-9532
https://doi.org/10.1016/j.jsams.2009.05.007
https://doi.org/10.3389/fspor.2024.1363730
https://doi.org/10.1007/s00421-013-2617-8
https://doi.org/10.1152/jappl.1969.27.2.174
https://doi.org/10.23736/S0022-4707.24.15931-2
https://doi.org/10.3389/fphys.2019.00363
https://doi.org/10.1016/j.scispo.2018.09.010
https://doi.org/10.1080/17461391.2010.499973

Funai, et al. / Biophysical analyses of the interval swimming & different rest conditions Journal of Human Sport & Exercise

Medbo, J. I, Mohn, A. C., Tabata, |., Bahr, R., Vaage, O., & Sejersted, O. M. (1988). Anaerobic capacity
determined by the maximal accumulated O2 deficit. J Appl Physiol, 64(1), 50-60.
https://doi.org/10.1152/jappl.1988.64.1.50

Monteiro, A. S., Magalh&es, J. F., Knechtle, B., Buzzachera, C. F., Vilas-Boas, J. P., & Fernandes RJ. (2023).
Acute ventilatory responses to swimming at increasing intensities. Peerd, 11, e15042.
https://doi.org/10.7717/peerj.15042

Neiva, H. P., Marques, M. C., Barbosa, T. M., Izquierdo, M., & Marinho, D. A. (2014). Warm-up and
performance in competitive swimming. Sports Med, 44(3), 319-330. https://doi.org/10.1007/s40279-
013-0117-y

Nikitakis, I. S., Paradisis, G. P., Bogdanis, G. C., & Toubekis AG. (2019). Physiological responses of
continuous and intermittent swimming at critical speed and maximum lactate steady state in children
and adolescent swimmers. Sports, 7(1), 25. https://doi.org/10.3390/sports7010025

Olbrecht, J., Madsen, O., Mader, A., Liesen, H., & Hollmann, W. (1985). Relationship between swimming
velocity and lactic concentration during continuous and intermittent training exercise. Int J Sports
Med, 6(2), 74-77. https://doi.org/10.1055/s-2008-1025816

Oliveira, M. F., Caputo, F., Dekerle, J., Denadai, B. S., & Greco, C. C. (2012). Stroking parameters during
continuous and intermittent exercise in regional-level competitive swimmers. Int J Sports Med, 33(9),
696-701. https:/doi.org/10.1055/s-0031-1298003

Onodera, K., & Miyashita, M. (1976). A study on the Japanese scale for rating of perceived exertion in
endurance exercise. Jpn J Phys Educ Health Sport Sci, 21(4), 191-203.
https://doi.org/10.5432/jjpehss.KJ00003405473

Pelarigo, J. G., Greco, C. C., Denadai, B. S., Fernandes, R. J., Vilas-Boas, J. P., & Pendergast, D.R. (2016).
Do 5% changes around the maximal lactate steady state lead to swimming biophysical
modifications? Hum Mov Sci, 49, 258-266. https://doi.org/10.1016/j.humov.2016.07.009

Petrigna, L., Karsten, B., Delextrat, A., Pajaujiene, S., Mani, D., Paoli, A., Palma, A., & Bianco, A. (2022). An
updated methodology to estimate the critical velocity in front crawl swimming: A scoping review. Sci
Sport, 37(5-6), 373-382. https://doi.org/10.1016/}.scisp0.2021.06.003

Piiper, J., & Spiller, P. (1970). Repayment of O2 debt and resynthesis of high-energy phosphates in the
gastrocnemius  muscle of the dog. J Appl Physiol, 28(5), 657-62.
https://doi.org/10.1152/jappl.1970.28.5.657

Ribeiro, J., Toubekis, A. G., Figueiredo, P., De Jesus, K., Toussaint, H. M., Alves, F., Vilas-Boas, J. P., &
Fernandez, R. J. (2017). Biophysical determinants of front-crawl swimming at moderate and severe
intensities. Int J Sport Physiol, 12(2), 241-246. https://doi.org/10.1123/ijspp.2015-0766

Rizzato, A., Marcolin, G., Rubini, A., Olivato, N., Fava, S., Paoli, A., & Bosco, G. (2018). Critical velocity in
swimmers of different ages. J Sports Med Phys Fitness, 58(10), 1398-1402.
https://doi.org/10.23736/S0022-4707.17.07570-3

Rodriguez, F. A., & Mader, A. (2010). Energy systems in swimming. In L. Seifert, D. Chollet, & I. Mujika
(Eds.), World book of swimming (pp. 225-240). Nova Science Publisher.

Shimoyama Y., Tomikawa M., & Nomura T. (2003). Effect of rest periods on energy system contribution
during interval swimming. Eur J Sport Sci, 3(1), 1-11. https://doi.org/10.1080/17461390300073103

Shimoyama, Y. & Nomura, T. (1999). Role of the rest interval during interval training at OBLA speed. In K. L.
Keskinen, P. V. Komi, & A. P. Hollander (Eds.), Proceedings of the international symposium for
biomechanics and medicine in swimming (pp. 459-464). University of Jyvaskyla.

Sperlich, B., Matzka, M., & Holmberg, H. C. (2023) The proportional distribution of training by elite endurance
athletes at different intensities during different phases of the season. Front Sports Act Living, 5,
1258585. https://doi.org/10.3389/fspor.2023.1258585

VOLUME 20 | ISSUE 3 | 2025 | 855


https://doi.org/10.1152/jappl.1988.64.1.50
https://doi.org/10.7717/peerj.15042
https://doi.org/10.1007/s40279-013-0117-y
https://doi.org/10.1007/s40279-013-0117-y
https://doi.org/10.3390/sports7010025
https://doi.org/10.1055/s-2008-1025816
https://doi.org/10.1055/s-0031-1298003
https://doi.org/10.5432/jjpehss.KJ00003405473
https://doi.org/10.1016/j.humov.2016.07.009
https://doi.org/10.1016/j.scispo.2021.06.003
https://doi.org/10.1152/jappl.1970.28.5.657
https://doi.org/10.1123/ijspp.2015-0766
https://doi.org/10.23736/S0022-4707.17.07570-3
https://doi.org/10.1080/17461390300073103
https://doi.org/10.3389/fspor.2023.1258585

Funai, et al. / Biophysical analyses of the interval swimming & different rest conditions Journal of Human Sport & Exercise

Wakayoshi, K., [kuta, K., Yoshida, T., Udo, M., Moritani, T., Mutoh, Y., & Miyashita, M. (1992). Determination
and validity of critical velocity as an index of swimming performance in the competitive swimmer. Eur
J Appl Physiol, 64(2),153-157. https://doi.org/10.1007/BF00717953

Wakayoshi, K., Yoshida, T., Udo, M., Harada, T., Moritani, T., Mutoh, Y., & Miyashita M. (1993). Does critical
swimming velocity represent exercise intensity at the maximal lactate steady state? Eur J Appl
Physiol, 66(1), 90-95. https://doi.org/10.1007/BF00863406

This work is licensed under a Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0 DEED).
856 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espafiola



https://doi.org/10.1007/BF00717953
https://doi.org/10.1007/BF00863406
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/

== ORIGINAL
= ARTICLE

\

Home advantage in women’s football: Comparison
of Europe and America

Abdullah Yigit Glingor | . Department of Business Administration. Oltu Faculty of Humanities and Social Sciences.
Atatiirk University. Erzurum, Tiirkiye.

ABSTRACT

This study aims to investigate the home advantage in women’s football leagues. Additionally, the difference
between Europe and America was examined. The sample of the study is first-tier women's football leagues
of England, Germany, Spain, France, and the United States. Variables of the study are stadium attendance
(crowd support), goals scored and conceded (secondary performance outcomes), and number of wins,
draws, and losses (tertiary performance outcomes). Related data were obtained from Two Circles, Soccer
Stadium Digest, and Sports Reference. The analyses used in the study are Spearman’s correlation analysis,
the GLM mediation model, the Mann-Whitney U test, and the GLM moderated mediation test. The findings
showed a significant relationship of stadium attendance with goals conceded, the number of wins, and the
number of losses. Moreover, the number of goals conceded has a full mediation role in the effect of stadium
attendance on the number of losses. In terms of regional differences; stadium attendance and the number of
goals conceded are differentiated significantly. Lastly, the moderated mediation model was supported which
means there was a strong mediation for Europe and no mediation for America. Consequently, this study
supports the game location framework and a framework for home advantage in women'’s sports.
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INTRODUCTION

Home advantage is one of the most intriguing topics in football. However, it has been commonly studied in
men’s football (e.g. Bhagwandeen et al., 2024; Chacon-Fernandez et al., 2025; Leite et al., 2023; Lyhagen,
2025). The market size and popularity of men’s football can rationalize this attention. On the other hand, the
market size of women’s football has also been increasing. According to Deloitte (2024), one of the most
prestigious global audit firms, the total revenue of Women’s Super League clubs is expected to reach £68
million in 2025 which means 360% growth compared to 2020.

In addition to the increase in market size, stadium attendance one of the most influential factors of home
advantage (Schwartz and Barsky, 1977), has also been rising in women'’s football (Statista, 2024). In spite
of that, the number of studies in the literature that investigated the effect of home advantage in women’s
football is scarce. In this context, studies focused on comparing women’s football leagues with men'’s (e.g.
Leite and Diniz da Silva 2023; Pollard and Gomez, 2014), investigating the effect of COVID-19 on home
advantage (e.g. Krumer and Smith, 2022), and testing the difference of league level (e.g. Leite and Pollard,
2020). Results showed that home advantage is less for women’s football leagues than men’s but still
significant; 2nd tier of women’s league had higher home advantage (55.5%) than 1st tier; ghost matches
emerged due to the COVID-19 did not lead to a disadvantage for home teams in Scandinavian women’s
football league.

There is a novel framework of home advantage in women’s sports in the literature developed by Leite (2023)
that provides a theoretical basis for empirical studies. Within this scope, there are several factors that impact
the home advantage in women'’s sports as psychological factors, travel effects, referee bias, socio-cultural
factors, familiarity, physiological factors, tactical factors, and others. One of them is also crowd support that
provides motivation for home players and pressure on away teams and referees.

Based on the statistics, literature review, and theoretical background above-mentioned; crowd support, the
reflection of boosting and social support that the home team gets from its fandom (Courneya and Carron,
1992), can be labelled as a crucial element of home advantage. However, the literature includes limited
studies regarding crowd support in women'’s football leagues. Therefore, the research question of this study
is “What is the effect of crowd support in women'’s football?”

MATERIAL AND METHODS

Participants

The sample of the study includes the Women's Super League (England), Frauen-Bundesliga (Germany),
Liga F (Spain), Arkema Prémiere Ligue (France), and National Women'’s Soccer League (United States). The
most valuable women'’s football leagues were recruited in this study. In accordance with the purpose of the
study, five leagues were categorized as European (England, Germany, Spain, France) and American (US).
Therefore, only one season was considered for each European league and four seasons were considered
for the American league to balance the number of observations. Additionally, reliable data for the stadium
attendance in European leagues for the previous seasons could not provide. Hence, the total sample is 100
(Europe = 52, America = 48). The sample of the study is presented in Table 1 below.

Measures
The variables of the study are crowd support, secondary performance outcome, and tertiary performance
outcome. In this context, measures are average stadium attendance (crowd support), goals scored and goals
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conceded (secondary performance outcomes), and number of wins, draws, and losses (tertiary performance
outcomes).

Table 1. Sample of the study.

League Country Number of Clubs Season
° Women's Super League England 12 2023-2024
S Frauen-Bundesliga Germany 12 2023-2024
E Liga F Spain 16 2023-2024

Arkema Prémiere Ligue France 12 2023-2024
< National Women’s Soccer League United States 14 2024
% National Women’s Soccer League United States 12 2023
E National Women’s Soccer League United States 12 2022

National Women’s Soccer League United States 10 2021

Procedures

The data were entered on the Jamovi Version 2.2 (2021). For this purpose; region, season, league, team,
stadium attendance, number of wins, draws, losses, goals scored, and conceded were obtained from Two
Circles, Soccer Stadium Digest, and Sports Reference (twocircles.com; soccerstadiumdigest.com;
foref.com). The hypotheses generated according to the game location framework (Courneya and Carron,
1992) and framework for home advantage in women’s sports (Leite, 2023) are given below:

H+1: Crowd support has significant relationships with secondary performance outcomes.
e Hia: Stadium attendance has a significant relationship with the number of goals scored.
e Hip: Stadium attendance has a significant relationship with the number of goals conceded.

H2: Crowd support has significant relationships with tertiary performance outcomes.
e Haa: Stadium attendance has a significant relationship with the number of wins.
e Han: Stadium attendance has a significant relationship with the number of draws.
e Hac: Stadium attendance has a significant relationship with the number of losses.

Hs: Secondary performance outcomes mediate the effect of crowd support on tertiary performance outcomes.

e Hsa: The number of goals scored mediates the effect of stadium attendance on the number of wins.

e Hap: The number of goals conceded mediates the effect of stadium attendance on the number of
losses.

H4: Home advantage differentiates significantly between the regions (Europe/America).

e Hsa: Stadium attendance differentiates significantly between the regions.
Hap: The number of goals conceded differentiates significantly between the regions.
Hac: The number of goals scored differentiates significantly between the regions.
Haa: The number of wins differentiates significantly between the regions.
Hse: The number of draws differentiates significantly between the regions.
Has: The number of losses differentiates significantly between the regions.

Hs: The mediation role of the secondary performance outcomes is moderated by the regions.
e Hsa: The mediation role of the number of goals scored is moderated by the regions.
e Hsp: The mediation role of the number of goals conceded is moderated by the regions.
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Analysis

The analysis of the study was performed on Jamovi. First, the Shapiro-Wilk test was performed to test the
normality of the variables. Second, Spearman’s correlation analysis was performed to test the relationship
among variables. Third, the GLM mediation model (Gallucci, 2020) was performed to test the mediation role.
Fourth, the Mann-Whitney U test was performed to test the differentiation of the variables according to the
categorical factor. Lastly, the GLM moderated mediation test was performed to test categorical differences.

RESULTS

Normality of the variables

The findings of the Shapiro-Wilk Test are presented in Table 2 below. The number of observations is 100.
Mean values are 6003 (stadium attendance), 19.3 (goals scored), 16.3 (goals conceded), 5.24 (number of
wins), 2.55 (number of draws), and 4.27 (number of losses). Shapiro Wilk p values are significant for all
variables which means that the data is distributed non-normally.

Table 2. Normality of the variables.

Variable n M SD Shapiro-Wilk W Shapiro-Wilk p
Stadium attendance 100 6003 5720 0.823 <.001
Goals scored 100 19.3 10.3 0.790 <.001
Goals conceded 100 16.3 6.99 0.973 036
Wins 100 5.24 2.92 0.962 .006
Draws 100 2.55 1.50 0.944 <.001
Losses 100 4.27 2.55 0.956 .002

Correlation analysis

Spearman’s correlation analysis was performed among non-parametric tests due to the non-normal
distribution of the data. The Spearman’s rho values are significant for the relationship of stadium attendance
between goals conceded, number of wins, and number of losses. The relationship of stadium attendance
with goals conceded is negative and strong; with number of wins is positive and moderate, and with number
of losses is negative and strong. Hence, Hi, H2a, and Hzc are supported. The correlation table for the
variables is presented in Table 3 below.

Table 3. Correlation analysis result.

Variable n 1 2 3 4 5 6

Stadium attendance 100 - 0.031 -0.456™ 0.204" -0.121 -0.274
Goals scored 100 0.031 - -0.399"  0.819"  -0.304" -0.614"
Goals conceded 100 -0.456"  -0.399" -0.667" 0.050 0.834™

Wins 100 0204  0.819"  -0.667"

- 04127 -0.7517
Draws 100 -0.121  -0.304"  0.050 -0.4127 - -0.046
Losses 100 -0.274" -0.614" 0.834"  -0.751"  -0.046 -

Note. * p<.05, **: p<.01.

Mediation analysis

The findings of the GLM mediation model are presented in Table 4 below. The indirect effect (mediation path)
is significant (p < .001, B = -0.293) and the confidence interval does not cover zero. Component paths are
both significant and show that higher stadium attendance decreases the number of goals conceded (p < .001,
B =-0.342) and more goals conceded increase the number of losses (p < .001, B = 0.856). The direct effect
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is not significant showing that stadium attendance does not have an influence on the number of losses
directly. The total effect is significant (p < .05, B = -0.206) showing that higher stadium attendance is related
to fewer losses. Consequently, the number of goals conceded has a full mediation role in the effect of stadium
attendance on the number of losses. Hence, Hap is supported.

Table 4. GLM mediation model.

. %95 CI
Type Effect Estimate m M B p
Indirect Attendance=Goals conceded=Losses -1.31e-4 -2.04e-4 -5.83e-5 -0.293 <.001
Component Attendance=Goals conceded -419-4 -6.44e-4 -193e-4 -0.342 <.001
Goals conceded=Losses 0.313 0.270 0.355 0.856 <.001
Direct Attendance=Losses 3.88e-5 -1.31e-5 9.07e-5 0.087 .14
Total Attendance=Losses -9.21e-5 -1.78e-4 -6.06e-6 -0.206 .03

Note. ClI = confidence interval, LL = lower limit, UL = upper limit. Confidence intervals computed with method: Standard (Delta

method). Betas are completely standardized effect sizes.

Comparison of the regions

Mann-Whitney U test was performed for independent groups among non-parametric tests due to the non-
normal distribution of the data. The findings of the Mann-Whitney U test are presented in Table 5 below.
Within this scope, stadium attendance and the number of goals conceded are differentiated significantly.

Hence, H4a and Hac are supported.

Table 5. Independent samples t-test.

Variable Test Statistic p
Stadium attendance Mann-Whitney U 245 <.05
Goals scored Mann-Whitney U 983 .07
Goals conceded Mann-Whitney U 741 <.05
Wins Mann-Whitney U 1215 82
Draws Mann-Whitney U 1009 .09
Losses Mann-Whitney U 1042 15
Table 6. Group descriptives.

Variable Group n M SD
, Europe 52 3095 4483
Stadium attendance America 48 91152 5256
Goals scored Europe 52 21.58 12.67
America 48 16.88 6.19

Goals conceded Europe 52 18.77 8.09
America 48 13.69 4.27

Wins Europe 52 5.31 3.50
America 48 517 217

Draws Europe 52 2.33 1.50
America 48 2.79 1.47

Europe 52 4.67 2.83

Losses America 48 3.83 2.16
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Group descriptives were checked to interpret the differences among the regions. In this context, clubs from
America had much more stadium attendance (M = 91152) than European clubs (M = 3095). In addition to
the stadium attendance, American clubs conceded fewer goals (M = 13.69) than European clubs (M= 18.77).

GLM moderated mediation test was used to check the effect of the region. The findings are presented in
Table 7 below. The indirect effect is significant for Europe (p < .001, B = -0.477) while it is insignificant for
America (p < .68, B = 0.054). Additionally, the component effects mean that the effect of stadium attendance
on the number of goals conceded (p < .001, B =-0.541). and the effect of the number of goals conceded on
the number of losses (p < .001, B = 0.881) are both significant. Lastly, the direct effect of stadium attendance
on number of losses is not significant (p < .065, B = 0.047). This confirms the full mediation role of the number
of goals conceded in the model. On the other hand, the mediation model is not significant for America. Hence,
the moderated mediation model was supported which means there was a strong mediation for Europe and
no mediation for America. Eventually, higher stadium attendance provides fewer goals conceded which leads
to fewer losses in Europe. This process is not valid for America because stadium attendance does not have
a significant effect on goals conceded or losses. Thus, Hsp is supported.

Table 7. Moderated mediation analysis.

. %95 ClI
Type Effect Estimate m UL B p
Europe
Indirect Attendance=Goals conceded=Losses  -2.07e-4 -3.28e-4 -8.64e-5 -0.477 <.001
Component Attendance=Goals conceded -6.62e-4 -0.001 -2.87e-4 -0.541 <.001
Goals conceded=Losses 0.313 0.270 0.357 0.881 <.001
Direct Attendance=Losses 2.03e-5 -6.84e-5 1.09-4 0.047 65
Total Attendance=Losses -1.87e-4 -337e-4 -3.73e-5 -0419 .01
America
Indirect Attendance=Goals conceded=Losses 2.64e-5 -993e-5 152¢-4 0.054 .68
Component Attendance=Goals conceded 6.99e-5 -2.63e-4 4.03e-4 0.057 .68
Goals conceded=Losses 0.378 0.334 0.422 0.937 <.001
Direct Attendance=Losses -1.08e-5 -853e-5 6.36e-5 -0.022 .78
Total Attendance=Losses 1.56e-5 -117e-4 149%-4 0.035 .82
Note. Confidence intervals computed with method: Standard (Delta method). Betas are completely standardized effect sizes.
e Region
g, ~ America
§ ’ Europe

Attendance

Figure 1. The scatterplot of the moderated mediation effect.
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The scatterplot was used to visualize these findings (Soetaert, 2019). For this purpose, predicted values were
generated to represent a moderated mediation model. In this context, predicted values were calculated via
linear regression which includes the interaction term as well (attendance*region). Then the scatterplot was
generated in Figure 1.

DISCUSSION

This study supports the game location framework of Courneya and Carron (1992) and a framework for home
advantage in the women'’s sport of Leite (2023). In this respect, the crowd is a key factor for home games in
women'’s football leagues. Additionally, the working principle of this factor in women’s football was elucidated
in this study. In other words, home advantage in terms of crowd provides conceding fewer goals and in turn
probability of loss decreases. Therefore, it is recommended for home teams to focus on defensive strategies
intensively and try to have clean sheets in home games.

In addition to the frameworks, this study also promotes some theories based on personality and gender
differences. In this context, the Big Five Personality Traits developed by McGrae and Costa (1987) were
examined in terms of gender differences. It was revealed that women have higher agreeableness and
neuroticism, on the other hand, men have higher assertiveness (Costa et al., 2001). In this respect, the
current study shows home advantage in women’s football is related to goals conceded rather than goals
scored. However, home advantage in men’s football is more related to goal scoring (e.g. Glingér, 2025). This
supports the personality differences between the genders which means the current study is parallel with the
Theory of Big Five Personality Traits.

Together with the Theory of Big Five Personality Traits, Evolutionary Personality Psychology developed by
Buss (1991) also claims personality differences between men and women such as women being less
aggressive than men. Moreover, hormonal differences can be considered as an influential factor. Within this
scope, testosterone released less in women is related to aggression, dominance, and risk-taking (e.g.
Giammanco et al., 2005; Mazur and Booth, 1998; Stanton et al., 2011). This is also congruent with the current
study.

From the point of regional difference, the national culture theory of Hofstede (1984, 1991) can be revealed.
When Europe (England, Germany, Spain, and France) is compared with America (United States). There are
noteworthy differences in the dimensions of uncertainty avoidance (Europe: 68, US: 46) and indulgence
(Europe: 50, US: 68) (The Culture Factor). In this context, the US has lower uncertainty avoidance means
higher openness to new experiences, freedom of expression, and lower emotional manifestation. On the
other hand, the US has higher indulgence means weaker control of desires and impulses. Consequently,
these traits can be a clue for the lower level of impaction for away teams in terms of crowd support.

This study has a coherence with some studies (e.g. Errico et al., 2024; Leite and Diniz da Silva 2023) in the
literature as well. Accordingly, Errico and colleagues (2024) demonstrated the effect of home advantage in
major women'’s football leagues. As distinct from the current study, they approached the crowd support as
density rather than size. However, both studies confirmed the existence of home advantage via crowd. This
supports the framework of Courneya and Carron (1992) that crowds can be investigated in terms of density
or size. Leite and Diniz da Silva (2023) put forward the effect of socio-cultural factors on the home advantage
gender gap (HAGG). Within this scope; cultural globalization, gender equality, and regional division as socio-
cultural factors were explanatory roles of HAGG. This is also supportive of the current study.
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Despite the theoretical contributions, this study has various limitations. From the point of regions, only five
countries were included in the sample. In terms of time, the study is limited to the 2023-2024 seasons for the
European Leagues. Additionally, America was just represented by the U.S. and five different seasons had to
be used to balance the number of observations. The reason for these limitations is the scarce reliable
statistics for stadium attendance in women’s football leagues. Otherwise, the data would be enlarged.
Another limitation of the study is the selection of football as the sports field.

Several suggestions can be made for future studies. For instance, apart from major women'’s football leagues,
other leagues such as ltalian, Dutch, or Portuguese can be involved. Other continents can also be
incorporated in future studies such as Australia or Africa. Different kinds of sports can be compared in terms
of home advantage. Other factors of home advantage as travel effect, familiarity, and referee bias, can be
also investigated in women’s football. Lastly, similar kinds of studies can be conducted for international
teams.

CONCLUSIONS

This study investigated the home advantage in women’s football leagues. For this purpose, crowd support
was considered as one of the main home advantage factors. First, the relationship between crowd support
and the performance outcomes of clubs was examined. The analysis demonstrated that stadium attendance
significantly correlated with the number of goals conceded, wins, and losses. Then, the mediator role of goals
conceded was confirmed for the effect of stadium attendance on the number of losses.

Regional differences (Europe/America) were also examined in the study. In this context, stadium attendance
was higher for American women’s football leagues and the number of goals conceded was less compared to
the European women’s football leagues. Additionally, the mediator role of the number of goals conceded was
also compared according to the regions which meant the moderated-mediation role. Within this scope, this
role was valid for European women'’s football leagues and invalid for Americans.
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ABSTRACT

The FIBA Under-17 Basketball World Cup showcases elite youth talent and shapes international basketball's
future. This study identified game-related performance indicators differentiating winning from losing teams in
different (Group, Second, and Final) rounds of the Under-17 Men World Cup. Data from 122 games across two
consecutive Under-17 Men World Cups (Malaga 2022, Istanbul 2024) were analysed, classifying matches as
closed, balanced, or unbalanced based on final score differences. Descriptive statistics quantified performance
differences, while linear discriminant analysis identified key predictors of game outcomes. In the group stage, first-
quarter scoring consistently predicted victory across all game types. Closed games were primarily influenced by
three-point field goals made and assists, while balanced games were determined by defensive rebounds and
turnovers. Second-round analysis revealed different predictors: points from turnovers in closed games, bench
scoring in balanced games, and points from the paint in unbalanced games. The final round showed that points
scored in the first and fourth quarters, alongside fast-break points, were consistent predictors regardless of game
classification. These findings provide valuable insights for coaches developing tournament preparation strategies.
Understanding how different performance indicators influence game outcomes across tournament rounds,
enables tactical adjustments that maximize success probability in international youth basketball competitions.
Keywords: Performance analysis, Under-17 basketball, Discriminant analysis, Tournament trends, Performance
indicators, Sport analysis.
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INTRODUCTION

The Under 17 basketball World Cup is one of the most prestigious international tournaments that bring
together the most promising young players around the globe. This tournament not only serves as a platform
for these players to showcase their skills and potential but also provides valuable insights into the factors that
contribute to success at the youth level (Nughes et al., 2020). This tournament features national teams
composed of players aged 16 and younger, allowing for the identification and development of the next
generation of basketball stars (Derri et al., 1998). Game-related statistics serve multiple analytical purposes
in basketball, including the evaluation of teams as well as individual players (Gasperi et al., 2020; Sampaio
etal., 2006). These statistics are utilized in different contexts: during tournaments (Stavropoulos etal., 2021a)
throughout the seasons (Giovanini et al., 2021), and in comparison between playoff and non-playoff teams
(Akinci, 2023). Furthermore, (Ibafez et al., 2018; Madarame, 2018a) facilitate comparative studies of the
performances of teams cutting across different genders and continents.

A study by (Lorenzo et al., 2010) on junior basketball players under the age of sixteen found that assists and
turnovers are important variables in close games, while defensive rebounds and successful two-point field
goals are important in balanced games. In unbalanced games, successful two-point field goals are the main
differentiators between winning and losing teams. Similarly, (Karasek & Miki¢, 2024) compared under 17
matches of men and women of Triglav Cadet League of Serbia, and found that in close games, successful
two-point field goals, defensive rebounds, and assists were the predictors in both sexes and offensive
rebounds were the discriminant factors between winning and losing men's teams, whereas in balanced
games, successful 2-point field goals for women's teams and assists for both sexes were discriminating
factors. In unbalanced games assists for both sexes, defensive rebounds for men's teams, and successful
2-point field goals for women's teams were discriminating factors. Similarly, (Abd El-Hamid Belal, 2014)
identified player height, defensive rebounds, efficiency percentage, free throws made, field goals made and
attempted, effective field goal percentage, and two-point attempts as crucial factors in distinguishing winning
from losing teams during the Under-17 World Cup 2012. (Madarame, 2018a) found that successful free
throws rather than assists defined winners and losers in under 17 balanced games. In addition (Sampaio et
al., 2004) compared junior teams with senior teams and found that the junior teams differ from senior teams
by their lower percentage of assists and higher percentage of turnovers. (Madarame, 2018b) analysed Under-
18 Continental Championships and pointed out different playing patterns across different regions. The African
Championship was characterized by a high number of free throws. In the European Championship, teams
displayed high numbers of both ball possessions and assists. The Asian Championship featured a high
number of ball possessions but a lower number of assists. The American Championship showed high
numbers in both possessions and assists from the findings, the author concluded that youth basketball games
are played differently across various regions of the world.

At present, the number of studies focusing on the highly competitive Under-17 Basketball World Cup is
sparse. Basketball is a game that is continuously evolving in the form of changes in the pace of the game,
modification of rules, and players trying new skills. This rapid evolution of the game demands the
reassessment of the key performance indicators in multiple phases of the tournaments (Stavropoulos et al.,
2021a). This study mainly focused on finding the discriminant factors associated with winning and losing
teams across the three stages of the World Cup: the group stage, second round, and final round. A total of
21 key performance indicators were analysed, with some newly introduced variables, such as points scored
in the 1st, 2nd, 3rd, and 4th quarters, points from turnovers, fast breaks, second chances, paint, and bench
contributions. To the best of the researcher’'s knowledge, no prior studies have examined discriminants
between winning and losing teams in the Under-17 category across different tournament stages. The findings
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from this study will provide valuable insights for coaches and players regarding current trends in basketball,
enabling them to evaluate team performance and make strategies during the game. The primary objective of
this paper is to identify the predictors influencing winning teams, progression to subsequent rounds, and
competing for medals in the Malaga 2022 and Istanbul 2024, Men Under-17 Basketball World Cup.

MATERIALS AND METHOD

Sample and variables

This study analysed a total of 112 games from the Men Under-17 World Cup held between Malanga 2022 (n
=56) and Istanbul 2024 (n = 56), involving 16 teams in each tournament. Data was selected from the public
available data from the official box scores of the FIBA Basketball website:
https://www fiba.basketball/en/events/fiba-u17-basketball-world-cup-2024/teams. The key performance
indicators used in this research include: first-quarter score (1Q), second-quarter score (2Q), third-quarter
score (3Q), fourth-quarter score (4Q), wo-point try (2PTry), two-point shots made (2PMade), three-point try
(3P Try), three-point shots made (3PMade), free throw try (FTT), free throws made (FTM), offensive rebounds
(OFR), defensive rebounds (DFR), total rebounds (RBO), assists (AST), personal fouls (PF), turnovers
(TRN), steals (STL), blocks (BLK), points from turnovers (PTO), points from fast breaks (PFF), points from
second chances (PFSC), points scored from the paint (PFP), and points from the bench (PFBU).

All collected variables are normalized to ball possession (BP) multiplied by 100 (Zhou et al., 2024). Ball
possession was calculated using the formula BP = (field goals attempted) — (offensive rebounds) +
(turnovers) — 0.4 x (free throws attempted (Oliver, D. (2004). The matches were categorized into three types
based on the final score difference: Closed games (final score difference of fewer than 10 points), balanced
games (final score difference between 10 and 20 points), and unbalanced games (final score difference
exceeding 20 points) (De Saa Guerra et al., 2013).

Statistical analysis

The descriptive statistics for winning and losing teams were presented as means and standard deviations for
each round. Univariate differences among the predictor variables for winning and losing teams were
evaluated using independent-sample t-tests. For the group stage, the second round, and the final round, a
linear discriminant function was estimated for each game type (closed, balanced, or unbalanced), including,
all predictors to identify the factors most significantly associated with the outcomes of specific game types.
The cut of value for structure coefficients (SC) was established at an absolute value of 0.3 (Finch, H. (2009).
The assumption of equality of covariance matrices was examined utilizing Box's M-test. A stepwise
discriminant analysis was conducted to identify the predictors that optimally distinguished between winning
and losing teams, employing subsequent F-tests as criteria for inclusion or exclusion, with p-values set at .05
and .1, respectively. The linear discriminant equation was applied to assign a discriminant score (D) to each
team's game, represented by the equation D = BX, where [ denotes the vector of estimated unstandardized
discriminant function coefficients, and X represents the vector of obtained game-related statistics. The
models' accuracy was assessed through leave-one-out classification (Iduseri & Osemwenkhae, 2015).
Statistical analyses were carried out using the statistical package (IBM SPSS ver 26, Armonk, NY), and a
significance level of 5% was established for all tests.

RESULT

The combined descriptive results of the 112 games of the Under-17 Basketball World Cup 2022 and 2024
are presented in Table 1.
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Table 1. Descriptive statistics about the type of game per round.

Game Type Group Stage Second Round Final Round
n=49 % n=39 % n=24 %
Closed games 13 26.53% 11 28.20% 9 37.50%
Balanced games 10 20.40% 12 30.76% 6 25%
Unbalanced games 26 53.06% 16 41.02% 9 37.50%

The results of the group-stage matches of the Basketball World Cup showed that 53.06% (n = 26) of the
games were unbalanced, 26.53% (n = 13) were closed, and 20.40% (n = 10) of the games were balanced.
Furthermore, in the second round of the Basketball World Cup, the majority of games (n = 16) were
unbalanced, while (n = 12) games were balanced and (n = 11) games were closed. Further, regarding the
final round, 37.50% (n = 9) of the games were closed, 37.50% (n = 9) were unbalanced and 25% (n = 6) were
balanced games.

Table 2: The Group Stage's key performance indicators with mean values (SD).

Performance Closed (n=13) Balanced (n = 10) Unbalanced (n = 24)
Indicators Winner Loser Winner Loser Winner Loser

1Q# 25.20 (6.46) 26.24 (8.35) 36.415(13.546) 2543 (12.60)  38.72(10.86) 19.88 (7.28)
2Q# 33.39 (18.28) 30.63 (11.37) 49.39 (19.9) 39.85(16.02)  59.54(20.08)  31.71(13.87)
3Q# 43.88 (30.00) 35.76 (19.84) 72.75(32.26) 56.50(28.31)  78.76 (39.56)  41.57 (22.27)
4Q# 56.42 (46.83) 43.92 (36.38) 89.74 (47.64) 77.51(44.74)  100.72 (59.24)  50.51 (30.96)
2P Try # 47.9 (18.66) 41.61(10.72) 53.196 (6.40) 50.15(15.47)  84.72(14.68)  61.05(12.20)
2P Made # 48.40 (13.02) 43.81(19.42) 56.55 (23.23) 55.22(24.27)  97.98(54.50)  23.221(9.093)
3PTry# 33.08 (8.41) 33.17 (14.73) 41.19 (9.90) 34.00(8.46) 38.94 (7.58) 33.38(10.26)
3 P Made# 20.19 (11.07) 27.2(12.07) 28.122(15.38)  26.11(16.18) 12.36 (4.23) 6.10 (3.24)
FT Try # 17.81(18.69) 13.21(7.16) 26.06 (26.8) 17.24 (17.82)  36.98(18.43)  25.65(21.19)
FT Made#t 27.17 (11.29) 24,16 (11.29) 31.0(19.26) 31.22(18.61)  24.33(11.95)  15.451(11.99)
OFR # 21.18(8.71) 17.62 (8.83) 20.99 (8.20) 20.24 (10.22) 31.29 (8.64) 18.67 (8.40)
DFR # 30.89 (24.69) 23.40 (13.22) 36.01(18.13) 27.05(9.02) 54.35(12.99)  35.08 (11.69)
RBO(*#) 53.83(28.59) 40.29 (14.013) 63.48 (19.91) 4754 (11.01)  85.64(17.83)  53.76 (17.83)
AST # 63.96 (39.03) 42.13 (15.425) 58.26 (27.26) 43.19(25.77)  39.99 (10.88) 15.20 (6.40)
PF * 23.33(7.34) 25.70 (6.90) 29.86 (12.35) 25.33(12.84)  27.55(12.44) 25.90 (9.35)
TRN(*#) 25.30 (6.47) 23.03(7.23) 35.65 (8.830) 27.21(8.20) 22.42(7.729)  34.49(11.66)
STL# 17.26 (8.52) 19.37 (8.25) 21.18 (9.94) 26.11 (6.95) 22.99 (9.38) 11.82 (4.50)
BLK # 8.39 (5.55) 9.85 (5.65) 14.26 (6.00) 11.90(8.52) 9.33(3.37) 5.27 (3.67)
PFT # 8.94 (7.31) 12.34 (12.83) 16.21(10.66)  16.83(15.424) 46.572(21.18)  15.30(8.29)
PFF # 20.006 (6.38) 19.911 (9.46) 31.64 (13.93) 19.96 (9.71) 44,82 (25.71) 17.59 (8.83)
PFSC # 22.84 (7.76) 18.757 (12.218  25.72(11.27) 21.12 (6.4) 28.94 (11.420 15.17 (8.93
PFP # 27.977 (20.495) 21.132(13.415)  36.58 (20.37) 33.14 (22.79) 83.97 (27.7) 43.58 (20.84)
PFBU # 35.063 (25.324)  40.923 (16.576) 60.45 (16.6) 51.74 (18.61)  76.66922.72)  31.07 (15.54)

Note. Significant univariate differences between winning and losing teams in closed games ($), balanced games (*), and unbalanced games (#)
(p <.05).

Group stage

The performance indicators of all the games from the group stage matches are listed in Table 2. From the
univariate analysis of 13 closed games, it has been found that there was no significant difference between
the winning and losing team’s games in the group matches. The teams that dominated in a closed game to
win the group stage averaged 2.76 points in the second quarter, 8.12 points in the third, and 12.5 points in
the fourth. The descriptive result showed that the field goal try (p = .010), rebound (p = .040), turnover (p =
.040), and point from fast break (p =.043) were the most significant indicators in the case of balanced games.
In unbalanced games, all the indicators except personal foul (PF) have significant difference between winning
and losing teams in the group stage.
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Table 3. Structure coefficients of predictors at the Group Stage according to game type (closed, balanced,
or unbalanced).

Performance Indicators Closed game Balanced game Unbalanced game
1Q 0.5 0.52 0.489
2Q -0.256 0.259 0.204
3Q -0.003 0.121 0.09
4Q -0.432 0.037 0.066
Field Goal Try 0.285 0.266 0.319
Field Goal Made 0.465 0.089 0.655
2P Try -0.326 0.144 0.342
2P Made -0.062 0.137 0.15
3P Try -0.433 0.084 -0.05
3P Made 0.573 -0.077 0.318
FT Try 0.394 0.447 0.1
FT Made 0.081 0.314 0.134
OFR 0.181 0.694 0.202
DFR 0.079 0.522 0.299
RBO 0.481 1 0.308
AST 0.466 0.233 0.537
PF 0.38 0.109 0.028
TRN 0.321 0.55 -0.159
STL 0.051 -240 0.291
BLK 0.114 0.314 0.244
PFT 0.151 -0.183 0.212
PFF 0.117 0.275 0.484
PFSC 0.099 0.425 0.18
PFP -0.021 0.189 0.382
PFBU -0.516 -0.092 0.266
Eigenvalue 0.803 0.458 7.051
Wilks lambda 0.555 0.686 0.124
Canonical correlation 0.667 0.56 0.936
Chi Square 8.842 6.596 99.077
p-value 012 <.001 <.001

Note. Bold Numbers represent SC>.30.

Bold Numbers represent SC>.30

Table 3 shows the structural coefficient of the predictor in all the types of games. Points in the fourth quarter
(SC =-0.432), field goals made (SC = 0.465), two-point tries (SC = -0.326), three-point tries (SC = -0.433),
three-point made (SC = 0.573), rebounds (SC = 0.481), assists (SC = 0.466), turnovers (SC = 0.321), and
points from the bunch (SC = -0.516) were the factors associated with winning closed games in the group
stages.

For the closed games, the step-wise discriminate function was statistically significant and provided 69.20%
of the overall variance of the game's outcome (Wilks' lambda = .555, p <.001). The standardized discriminant
function of this reduced model, which included first-quarter scores and three points scored, revealed two
predictors that best predict the game's outcome:

Dc =-7.036 + 0.150-1Q + 0.109-3PTM
The factors associated with winning balanced games in the group stage were the free throw try (SC = 0.447),

offensive rebound (SC = 0.694), defensive rebound (SC = 0.522), the number of blocks (SC = 0.314), free
throw made (SC = 0.314) and the points from the bench (SC = 0.425). For balanced games, the step-wise
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discriminant function was statistically significant and explained 70% of the overall variance in the game's
outcome (Wilks' lambda = .686, p < .001). One predictor, the number of rebounds, was included in the
reduced model, as indicated by the F-statistic. The discriminant function is:

Db =-3.880 + 0.058-REB

During the group stage, field goals made (SC = 0.655), assists (SC = 0.537), points scored in the first quarter
(SC = 0.489), points from fast breaks (SC = 0.484), points scored in the paint (SC = 0.382), two-point field
goal try (SC = 0.342), field goal made (SC = 0.319), and total rebounds (SC = 0.308) were the factors that
contributed to winning the unbalanced games. The stepwise discriminant function analysis for unbalanced
games was discovered to be statistically significant, accounting for 100% of the variance in game outcomes
(Wilks" lambda = 0.124, p < .001). This model identified four key predictors that most effectively predict the
game outcome, and the standardized discriminant function is as follows:

Dub =-8.283 + 0.083-FGM + 0.137-3PTM-0.025-Fttry + 0.058-DREB + 0.084-STL

The results showed that the discriminant function for closed games had a classification accuracy of 65.4%
for the original group and 69.2% for the cross-validated data in terms of model accuracy. 75% of the original
matches and 70% of the cross-validated data were correctly classified by the discriminant function for
balanced games. Both the original group and the cross-validated group had 100% classification accuracy in
the case of unbalanced games. The discriminant score histograms for winning and losing teams in closed,
balanced, and unbalanced games are shown in Figure 1.

Figure 1. Discriminant scores for winning and losing teams in group stage games that are closed (a), balanced
(b), and unbalanced (c)
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Second round

The univariate differences of the predictor variables between winning and losing games of closed, balanced,
and unbalanced games in the second round are shown in Table 4. The second-quarter scores of the teams
indicated a higher trend for winning the game (p = .021). To be more precise, it was found that teams that
dominated in a closed game scored 9.59 points higher on average in the second quarter. The significant
difference in turnover (p = .024) and points from the bunch (.029) highlights the importance of ball control
and bench strength in determining game outcomes. In balanced games, the univariate difference found that
there was a significant difference in performance between the winning and losing teams in the performance
indicators points scored in the first and third quarter (p = .027, p = .031), field goals made (p =.003), rebounds
(REB) (p = .045) and assists (AST) (p = .042). This emphasizes the importance of both offensive and
defensive contributions in-game success. In unbalanced games, the majority of key parameters showed
significant differences between the winning and losing teams, except for three-point try, free throw try, free
throw made, personal foul, and block.

Table 4. The Second-Round key performance indicators with mean values (SD).

Performance Closed (n=11) Balanced (n =12) Unbalanced (n = 16)
Indicators Winner Loser Winner Loser Winner Loser
1Q (#7) 23.48(7.04) 25.08(5.02) 36.48(11.830 26.45(8.62) 38.12(9.19) 18.21 (6.62)
2Q($ 31.22 (10.54) 21.63 (7.08) 34.87 (9.08) 36.00(13.54) 56.61(23.85)  31.510(12.51)
3Q (#7) 24.86 (6.58) 24.06 (5.30) 2897 (7.42)  46.11(24.72)  76.50(39.31) 46.45 (21.06)
4Q* 29.11(6.47) 26.04 (10.08) 34.50 (8.99) 56.62 (36.58)  97.51(55.22) 58.711(31.34)
2P Try* 49.31 (21.1) 49.76 (17.95) 65.19 (14.51)  60.59 (11.01)  70.63 (18.83) 56.20 (12.93)
2P Made * 38.84 (10.53) 44,53 (19.56) 34.64 (11.81) 28.65 (8.58) 114.85 (69.16) 22.83(7.3)
3P Try 31.40 (12.98) 34.73 (8.28) 45,90 (15.13)  40.38(11.12)  39.467 (10.05)  34.41(10.85)
3P Made (#,%) 22.07 (11.71) 22.90 (13.97) 15.66 (6.7) 10.39 (4.5) 14.27 (5.110 7.9(3.6)
FT Try 22.93 (17.6) 14.72 (11.6) 28.36(12.29) 2523 (13.17)  23.56 (11.27) 19.80 (12.10)
FT Made * 29.38(9.1) 20.13(11.63) 18.56 (8.38) 17.89 (10.16) 14.99 (8.03) 12.71(9.24)
OFR* 22.78 (8.02) 19.78 (9.00) 23..0599.01) 17.56 (7.98) 23.30 (9.44) 13.11(5.42)
DFR * 31.28 (21.49) 35.49 (17.52)  47.59 (12.38) 40.82 (9.27) 49.24 (7.20) 34.99 (8.30)
RBO (#) 50.80(24.79) 52.90(25.13)  70.64(16.900 58.39(10.63)  72.55(12.78) 48.10 (11.55)
AST (#7) 62.69 (29.67) 40.46 (21.78) 31.64(6.72) 25.41(7.3) 33.94 (6.24) 16.92 (6.300)
PF 22.20 (6.27) 26.39(9.90) 24.52 (6.10) 25.52 (7.86) 21.86 (7.93) 22.02(7.5)
TRN ($,9 22.24 (4.25) 28.21(6.89) 23.83 (7.48) 26.68 (11.64) 22.62 (8.6) 30.41 (10.26)
STL (* 18.10 (7.13) 16.39 (6.77) 14.67 (6.9) 13.56 (4.411) 18.95 (6.65) 12.30 (6.02)
BLK 9.5(4.18) 8.33(5.29) 6.49 (3.28) 4.44 (1.510) 7.09(2.70) 5.38 (2.36)
PFT * 18.53 (16.23) 9.66 (9.81) 34.65 (15.80) 18.76 (6.99) 38.54 (18.22) 16.97 (9.82)
PFF * 21.47 (7.5) 19.16 (6.35) 26.53(11.00) 22.014(6.43)  31.63(16.22) 13.29 (6.51)
PFSC * 21.88 (12.30) 23.15(9.88) 20.20(11.86) 14.35(12.21)  25.46 (14.21) 11.49 (7.49)
PFP * 31.82(22.245)  28.349(15.22)  58.04 (18.15)  53.53(16.30)  72.47 (26.13) 39.44 (13.57)
PFBU(#,") 21.176 (20.27)  40.87 (19.04) 54.10 (22.21) 34.41 (25.8) 66.18 (17.27) 26.31(13.51)

Note. Significant univariate differences between winning and losing teams in closed games ($), balanced games (*), and unbalanced games (#)
(p<.05)

The structure coefficients of the discriminant function for the second round are presented in Table 5. An
analysis of closed and balanced games revealed that no structural coefficients surpassed the established
threshold of 0.30, suggesting that no individual factor had a predominant effect on game outcomes. In
contrast, the factors associated with winning unbalanced games in the second round included field goals
made (SC = 0.595), assists (SC = 0.522), points scored in the first quarter (SC = 0.478), points from the paint
(SC =0.470), points scored in the second quarter (SC = 0.450), turnovers (SC = -0.414), field goal try (SC =
0.372), two-point shots made (SC = 0.360), point from second chance (SC = 0.357), personal fouls (SC = -
0.347), and points scored in the third and fourth quarters (SC = 0.331 and SC = 0.333, respectively).
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Table 5. Structure coefficients of predictors at the Second Round according to game type (closed, balanced,
or unbalanced).

Performance Indicators Closed Game Balanced game Unbalanced game
1Q -0.213 0.105 0.478
2Q -0.074 -0.189 0.45
3Q 0.066 0.065 0.331
4Q 0.101 0.076 0.333
Field Goal Try -0.116 0.112 0.372
Field Goal Made 0.15 0.218 0.595
2P Try -0.034 -0.031 0.25
2P Made 0.117 0.086 0.36
3P Try -0.258 0.15 0.083
3P Made 0.167 0.153 -0.009
FT Try -0.154 0.039 -0.06
FT Made -0.229 -0.094 -0.109
OFR 0.052 0.18 0.163
DFR -0.135 0.036 0.298
RBO -0.134 0.137 0.294
AST -0.083 0.238 0.522
PF 0.069 0.129 -0.347
TRN 0.27 0.06 -0.414
STL -0.158 -0.07 0.164
BLK -0.063 -0.11 0.259
PFT -0.25 0.205 0.137
PFF 0.127 0.154 0.282
PFSC -0.201 -0.007 0.357
PFP -0.074 0.041 0.47
PFBU 0.259 -0.03 0.263
Eigenvalue 4.099 11.006 7.212
Wilks lambda 0.196 0.083 0.122
Canonical correlation 0.897 0.957 0.937
Chi Square 29.322 47.223 60.01
p-value <.001 <.001 <.001

Note. Bold Numbers represent SC>.30.

For the unbalanced games in the second round, the stepwise discriminant function was statistically significant
and explained all of the variance in the game's outcome (Wilks' lambda = .122, p < .001). Three predictors
were found to be the most accurate in predicting the game's outcome by this reduced model: points scored
in the first quarter, assists, and a 2-point try. The discriminant function is:

Dub =-6.4420.073-1s'Q + 0.124-AST + 0.018-2PT

The results showed that the discriminant function could accurately predict 95.5% of the original and cross-
validated closed games in terms of model accuracy. For the balanced games, the discriminant function
correctly classified 95.8% of the cross-validated data and 100% of the original matches; for the unbalanced
games, the cross-validated classification accuracy was 100%. Figure 2 displays the discriminant score
histograms for winning and losing teams in closed, balanced, and unbalanced games.
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Figure 2. Discriminant scores for winning and losing teams in second-round games that are closed (a), balanced (b), and

unbalanced (c).

Table 6. The Final Round key performance indicators with mean values (SD).

Performance Closed (n=9) Balanced (n = 6) Unbalanced (n =9)
Indicators Winner Loser Winner Loser Winner Loser
10 29.14 (8.43) 26.89 (5.21) 32.37 (10.19) 27.78 (4.513) 40.73 (11.61) 22.78 (8.42)
2Q* 24.72 (7.49) 24.25 (6.17) 32.19(9.34) 31.24 (13.03) 38.33(10.63) 19.87 (8.43)
3Q* 27.85(7.12) 23.65 (5.10) 36.21 (6.62) 37.76 (31.26) 42.43 (7.10) 25.233 (11.15)
4Q 26.14 (6.71) 23.27 (4.49) 41.91 (12.07) 37.76(31.26) 39.244 (10.12)  32.21(11.58)
2P Try* 53.57(22.62)  47.93(14.75)  75.13(17.96)  75.191(13.79)  83.870(9.49) 61.73 (12.43)
2P Made (#%) 46.83 (18.04) 52.73(20.56) 39.44 (8.36) 30.08 (5.040) 103.24 (90.86) 25.60 (7.27)
3P Try* 28.67 (10.11) 30.75(6.06)  32.831(11.90) 37.25 (6.66) 37.53 (14.48) 37.16(4.84)
3P Made * 22.41(12.01)  24.53(16.52) 11.86 (5.870 8.63 (3.9831) 14.551 (6.26) 9.87 (3.81)
FT Try 20.11(14.4) 11.18 (6.280)  42.20(21.13) 33.91(13.95) 41.72 (23.04) 30.34 (26.17)
FT Made 25.59 (10.98) 19.68 (12.35)  28.22(13.40) 21.67 (8.39) 27.69 (16.76) 18.92 (17.91)
OFR* 20.95 (10.95) 16.44 (4.148) 23.76 (6.99) 22.70 (5.74) 27.13 (7.411) 18.49 (7.37)
DFR(#%) 26.64 (14.07) 32.27 (11.6) 59.21 (17.67) 37.51(9.37) 52.12 (8.43) 39.18 (13.35)
RBO * 51.49 (14.60)  50.57 (15.37)  82.98 (22.07) 60.21 (12.00) 76.30 (16.74) 57.68(17.40)
AST (#,) 74.57 (51.2) 47.60 (30.49) 33.34 (8.80) 21.85(6.33) 41.17 (13.13) 25.00 (10.78)
PF 26.43 (5.64) 25.23 (4.45) 32.68 (8.78) 23.86 (8.79) 26.24 (13.44) 29.91 (11.66)
TRN * 24.44 (6.23) 29.28 (6.744) 14.03 (6.151) 17.72 (4.62) 22.42 (5.30) 31.74 (5.63)
STL* 21.00(7.79) 16.65 (7.73) 17.72 (4.62) 9.85(3.281) 23.93(10.88) 10.77 (2.37)
BLK 11.86 (6.53) 12.29 (6.12) 9.85(3.2) 6.15 (4.96) 8.32(3.835) 6.67 (3.75)
PFT * 19.25 (18.04) 11.24 (6.33) 31.98 (9.06) 26.06 (11.05) 50.41 (22.33) 20.40 (10.23)
PFF* 20.21 (5.11) 16.40 (7.52) 29.92 (8.18) 21.86 (8.36) 54.52 (28.54) 22.63 (16.76)
PFSC * 19.70 (8.29) 21.98 (8.00) 19.19 (7.85) 22.51(5.00) 25.64 (10.72) 14.546 (8.61)
PFP (#) 33.13(26.021)  39.38(21.66)  75.07 (16.20) 51.97 (7.63) 81.54 (29.06) 44,15 (15.43)
PFBU ($,%) 26.42(25.92) 47.60 (11.26)  61.77 (11.65) 43.02 (21.50) 67.27 (23.21) 37.90 (22.32)

Note. Univariate significant differences between winning and losing teams in closed games ($), balanced games (*), and unbalanced games (#) (p < .05)
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Final round

In the final round, 24 matches were examined and divided into three groups: closed (n = 9), balanced (n =
6), and unbalanced (n = 9). Table 6, summarizes the performance metrics for the last round, contrasting the
winning and losing teams. According to a univariate analysis of the nine closed games, the winning teams'
bench players scored significantly fewer points on average (26.42) than the losing teams (47.60). The
statistical analysis revealed a significant difference in scoring contributions from bench players between
winning and losing teams (p = .031), suggesting that losing teams depend more on their bench players for
scoring. In balanced games, the number of successful field goals differed significantly between winning and
losing teams, with winning teams averaging 12.59 more successful field goals in the final round (p = .002).
Additionally, the winning team recorded a greater number of defensive rebounds (p = .024), assists (p =
.027), and points from the paint (p = .010). In unbalanced matches, all key performance parameters, except
for fourth quarter score (p = .189), free throw try (p = .342), and made (p = .299), personal fouls (p = .545),
and blocks (p = .372), did not have a significant impact on the outcomes of the games.

Table 7. Structure coefficients of predictors at the Second Round according to game type (closed, balanced,
or unbalanced).

Performance Indicators Closed Game Balance Game Unbalance Game
1Q -0.372 0.48 0.348
2Q 0.394 0.151 0.397
3Q 0.023 0.214 0.313
4Q 0.441 0.552 0.509
Field Goal Try 0.392 -0.109 0.375
Field Goal Made 0.477 0.757 0.742
2P Try 0.622 -0.224 0.633
2P Made 0.774 0.249 0.086
3P Try 0.636 0.022 -0.184
3P Made -0.353 0.473 -0.29
FT Try -0.459 0.044 0.253
FT Made -0.346 0.109 0.236
OFR -0.505 -0.238 0.057
DFR -0.04 0.068 0.065
RBO -0.002 0.028 -0.046
AST -0.017 0.386 0.374
PF -0.325 -0.043 0.235
TRN 0.081 0.213 0.381
STL -0.34 -0.45 0.053
BLK 0.491 -0.217 0.138
PFT 0.236 -0.021 0.359
PFF 0.558 -0.337 0.417
PFSC 0.133 0.13 0.352
PFP 0.099 0.372 0.715
PFBU 0.712 0.541 0.223
Eigenvalue 2.28 2.832 3.639
Wilks lambda 0.305 0.261 0.216
Canonical correlation 0.834 0.86 0.886
Chi Square 8.315 12.09 23.018
p-value .016 .002 <.001

Note. Bold Numbers represent SC>.30.

The linear discriminant model, which included all parameters, found several factors related to winning closed
matches in the final round (Table 7). These factors included two-point shots made (SC = 0.774), points scored
from the bench (SC = 0.712), three-point try (SC = 0.636), two-point try (SC = 0.622), points from fast breaks
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(SC = 0.558), offensive rebounds (SC = 0.510), blocks (SC = 0.491), free throw try (SC = -0.460), fourth
quarter score (SC = 0.441), second quarter score (SC = 0.394), field goal try (SC = 0.392), first quarter score
(SC =-0.370), three-point shots made (SC = -0.350), free throws made (SC = -0.350), and personal fouls
(SC =-0.330). The stepwise discriminant function analysis for close games was statistically significant,
explaining 100% of the total variance in-game outcomes (Wilks’ lambda = 0.305, p = .016). This streamlined
model identified two key predictors that most effectively forecast the game outcome: field goals made and
total rebounds. The standardized discriminant function is as follows:

Dc=-9.105+0.155 FGM - 0.139 REB

In the balanced games, the factors that influence winning the games were field goals made (SC = 0.757),
points scored in the fourth quarter (SC = 0.552), points scored from the bunch (SC = 0.541), first quarter
score (SC = 0.480), three-point made (SC = 0.473), Steal (SC = -0.450), points scored from assist (SC =
0.386), points from the paint (SC = 0.372), and the points from the fast break (SC = -0.337). For the balanced
games, the stepwise discriminant function was statistically significant and explained all of the variance in the
game's outcome (Wilks' lambda = .261, p = .002). The field goals try, and the field goal made is the two
predictors that this reduced model found to be the most accurate in predicting the game's outcome. The
standardized discriminant function is:

Db =- 3.525-0.059-FGTry + 0.223 FGM

Figure 3. Discriminant scores for winning and losing teams in second-round games that are closed (a),
balanced (b), and unbalanced (c).
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For the unbalanced games in the final round main factors that influence the winning team are field goal try
(SC =0.742), point from the paint (SC = 0.715), two-point try (SC = 0.633), point scored in the fourth quarter
(SC =0.509), point from fast break (SC = 0.417), second quarter score (SC = 0.397), turnover (SC =-0.381),
field goal try (SC = 0.375), assist (SC = 0.374), point scored from turnover (SC = 0.359), second chance point
(SC = 0.352), point scored in the first and the third quarter (SC = 0.348), (SC = 0.313). For the unbalanced
games, the stepwise discriminant function was statistically significant and explained all of the variance in the
game's outcome (Wilks' lambda = .216, p < .001). The field goal made and the assist were the two predictors
that this reduced model found to be the most accurate in predicting the game's outcome. The standardized
discriminant function is:

Dub =-7.060 + 0.238 FGM - 0.127 AST

The results showed that the discriminant function can accurately predict 72.2% of the original and 77.8% of
the cross-validated closed games in terms of model accuracy. While the original cases and cross-validated
classification for the unbalanced games were 100% and 94.4%, respectively, the discriminant function for
the balanced games correctly classified 91.7% of the original and cross-validated data. The discriminant
score histograms for winning and losing teams in closed, balanced, and unbalanced games are displayed in
Figure 3.

DISCUSSION

The purpose of this investigation was to find the key performance indicators that discriminate across different
stages (group, second, and final round) of the under-17 basketball World Cups of 2022 and 2024. The
analysis considered closed, balanced, and unbalanced games, allowing for an exact understanding of how
different performance indicators contributed to game outcomes at various stages and identifying the primary
predictor separating winning and losing teams. The study employed both descriptive analysis and stepwise
discriminant function as methodology.

In closed games during the group stage, the dominant factors associated with the game's outcome are 3-
point shots made, assists, and points scored in the fourth quarter. There was an interesting observation that
the losing team made more 3-pointers (27.2) than the winning teams (20.19). These performance indicators
highlighted that the trailing teams frequently employed a high-risk, high-reward tactic of increased three-point
attempts to rapidly reduce the point gap. Furthermore, my finding was supported by (Csataljay et al., 2012).
The winning team had a higher number of assists than the losing team in closed matches i.e. 42.13 versus
63.96 for the winning team. (Lorenzo et al., 2010) also mentioned the importance of assists in closed games.
Victorious teams likely exhibit more effective passing strategies, creating better scoring opportunities and
promoting a more offensive approach. This collaborative play style not only leads to more assists but also
typically results in higher-percentage shots, contributing to the team's overall success in closed contests
(Mukherjee et al., 2018). Furthermore, in closed matches in group stages, the winning team scored more
points in the fourth quarter, 43.92, versus 56.42 for the winning. This pattern indicates that winning teams
showed a high level of endurance and strategic execution in the crucial final period, maintaining momentum
and building on their early lead. Particularly, in the last quarter, the winning team scored an average of 13
points more than the losing team.

Regarding the balanced games, the highest difference was found in the defensive rebound, points scored in
the first quarter, and turnover. In balanced games in the group stages winning team took more defensive
rebounds compared to the losing team. (Lorenzo et al., 2010; Cene, 2018) also found the importance of
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defensive rebounds in balanced games. Strong defensive rebounding enables teams to increase their
offensive possessions while cutting their opponents' second-chance scoring opportunities. The points scored
in the first quarter have also been a factor in winning the matches in balanced games. The team that
establishes a strong lead early can maintain control throughout the game. The number of turnovers also
showed an increase in the number for the winning team, which could be due to aggressive offensive
strategies, resulting in errors. This confirms the earlier finding of (Madarame, 2018a) that teams that
emphasize rapid transitions and employ high-pressure tactics frequently produce more turnovers; however,
they can still achieve victory (Lorenzo et al., 2010).

In the group stage, unbalanced games were more unstable than closed and balanced games, and the winning
team scored much higher on nearly every game indicator. The main difference was in the number of points
from assists, rebounds, and fast breaks.

In contrast to the findings of (Stavropoulos et al., 2021b ) regarding the 2019 Men's World Cup, which
highlighted a combination of closed and balanced matches while excluding unbalanced ones due to fewer
total matches in the second round, the under-17 World Cup has a different picture. In the second round of
the U17 Men's World Cup, there was no clear dominant factor distinguishing closed and balanced games.
This contradicts (Stavropoulos et al., 2021b) conclusions. In the context of unbalanced matches, key
performance indicators such as assists and points from the paint emerged as critical discriminants for team
success. The number of assists also showed an increase in the winning team, with seventeen assists more,
on average, per game in the unbalanced game in the second round. It highlights the offensive capabilities of
the team that wins the match but also underscores the importance of ball movement (Garcia et al., 2014;
Csataljay et al., 2012). In the first quarter, winning teams scored 38.12 points on average, while losing teams
only scored 18.21 points, giving the winning teams a significant advantage of 19.91 points in unbalanced
games. Successful teams, according to this trend, place a high priority on building early leads because it
gives them an advantage in subsequent quarters.

In the final round, regardless of the game, the most important predictor was the points scored in the first and
the fourth quarter, and the points from the fast break. The winning team scored higher in both the first and
fourth quarters. Scoring early can boost confidence and influence subsequent play styles, which suggests
that teams with a strong start tend to maintain momentum. In all kinds of games—closed, balanced, and
unbalanced—points scored in the fourth quarter came as a predictor for winning the final rounds in a 2019
senior World Cup study (Stavropoulos et al., 2021b). The same pattern was observed in the present study.
Points scored from fast breaks proved to be a significant predictor across all games. (Ortega et al., 2007).
also found the importance of fast breaks in under 16 categories. Teams that were quick at fast breaks were
able to switch from defence to offense, creating scoring opportunities before the opposing team could take
up defensive positions. Fast breaks were a key element in deciding match results throughout the tournament;
thus, the teams not only improved scoring efficiency but also controlled the game's overall tempo.

Beyond our primary findings, we identified several secondary determinants influencing match outcomes.
Analysis of group-stage matches revealed that first-quarter scoring performance emerged as a crucial
predictor of success in all types of games (closed, balanced, and unbalanced). Teams establishing an early
scoring advantage demonstrated enhanced confidence and momentum, enabling them to focus more on
scoring points in the upcoming quarters, which increased the probability of winning the game.

In the second round of closed matches winning team scored 18.53 points from turnover versus 9.66 points
by the losing one. This supports the finding of (Lorenzo et al., 2010). Winners demonstrated a great ability to
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take advantage of their opponent's mistakes, with this significant difference in turnover points ultimately
helping secure their victory. In balanced games, the most notable statistical disparity was observed in bench
scoring performance (point from bunch). The winning teams' bench players scored an average of 54.10
points, while the losing teams' substitutes only scored 34.41 points. Maintaining a strong secondary unit and
putting in place efficient rotation management techniques were strategically crucial, as evidenced by this
notable 19.69-point difference. Points scored in the paint were found to be the secondary differentiator in
unbalanced games. Winning teams had tried scoring close to the basket and relied less on shooting from the
outside. Compared to the losing team, which scored 39.44 points, the winning team averaged 72.47 points
inside the paint. The winning team, on average, scored 72.47 points from inside pain compared to the losing
team, which scored 39.44 points in a single match.

In the final round of closed matches, the winning team won more fouls and had a higher free-throw success
rate. It supports (Madarame, 2018a), who found that successful free throws discriminate between winners
and losers in under 17 games. In balanced games, a higher difference was found in the number of steals.
The Winning team has an average of 17.72 steals compared to the losing team of 9.85. Successful stealing
not only breaks up the offensive flow of the opposition but gives the winning team a transition opportunity so
they can take advantage of fast breaks. Furthermore, in unbalanced games, points from the paint came to
be a secondary predictor.

CONCLUSIONS

In the group stage, first-quarter scoring was a consistent predictor of success across all game types. Closed
games were influenced by three-point made and assists, while defensive rebounds and turnovers played
crucial roles in balanced games. In unbalanced games, nearly all performance indicators, except personal
fouls, showed significant differences between winners and losers. In the second round, points from turnovers
were key determinants in closed games, while points from the bench had a strong association with winning
balanced games. Unbalanced games were primarily influenced by points from the paint and assist, reinforcing
the importance of inside scoring and ball distribution. In the final round, scoring in the first and fourth quarters,
as well as fast-break points, emerged as deciding factors across all game types. The ability to start strong
and maintain momentum in crucial phases of the game was a clear differentiator between winning and losing
teams. These findings provide valuable insights for coaches and analysts to refine game strategies and
targeted training programs. The study also highlights the evolving nature of youth basketball, where
performance indicators shift across tournament rounds. Future research could explore these trends across
different age groups and genders, incorporating additional variables such as player efficiency and tactical
variations.
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ABSTRACT

This study was to compare the kinetic and kinematic differences in the snatch performances and barbell
trajectory of the elite weightlifters. Two synchronized cameras recorded successful snatch performances
during the 2010 World Weightliting Championships. Weightlifters were separated into three bodyweight
categories (BWCs) light weight (LWC), middle weight (MWC), and heavy weight (HWC). All performances
were analysed using the Ariel Performance Analysis System. The Kolmogorov-Smirnov test was used for
normality. A one-way ANOVA and Bonferroni correction post hoc test were used to determine group and
subgroup differences. Relative barbell mass significantly decreased as the BWCs increased. Lower extremity
angular movements showed similar performance outcomes in BWCs. As the BWCs increased, the barbell
heights at the end of the first and second pulls significantly increased, and similarly, the maximum barbell
height increased. There were no statistically significant differences in the horizontal movement of the barbell
in all BWCs. In addition, the LWC lifted more heavy relative barbell mass than other WCs. Besides, HWC
performed less relative power than others in the second pull. Consequently, lower barbell height and higher
power output during the second pull might be clues for successfully lifting higher weights in the snatch
technique.

Keywords: Performance analysis, Weightlifting, Snatch, Mechanical work, Power, Biomechanics.
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INTRODUCTION

Weightlifting is an Olympic sport that includes two main categories: the snatch and the clean and jerk, which
utilise the entire body power. However, the strength of lower extremity plays a crucial role in lifting the barbell
during the performance, especially snatch. Mastering the snatch lift requires both physical strength and a
comprehensive understanding of kinematics, kinetics, and timing, making it one of the most technically
demanding athletic skills (Arauz et al., 2025). Also, technique differences affect snatch performance (Arauz
etal., 2024).

The Double Knee Bend (DKB) is used by weightlifters throughout the snatch performance (Baumann et al.,
1988). DKB involves an extension-flexion-extension sequence and allows athletes to effectively use their
legs to regulate and control movements. The kinematics of the DKB in the snatch are examined in five
phases: as first pull, transition, the second pull, the turnover under the barbell and the catch phase (Baumann
et al., 1988; Gourgoulis et al., 2000; Gourgoulis et al., 2002; Hakkinen et al., 1984; Zahran et al., 2025). The
kinetic and kinematic patterns between these phases may change. Therefore, the determination of kinetic
and kinematic differences between the phases may help to explain elite or successful performance.
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Figure 1. Phases of snatch (revised from study from Zahran et al. (2025))

The pull (from the start position to waist height) is the initial position of the snatch by lower extremity
musculature (Arauz et al., 2024; Enoka, 1979, 1988; Geisler et al., 2023; Zahran et al., 2025). In addition to
successfully performing, athletes need to have high muscular power and skill level in the snatch technique
(Stone et al., 1998). Indeed, the snatch technique is related to the barbell kinematics and the athletes'
kinematics and kinetics. The kinematic pattern of the total pull that is composed of the first pull, transition and
second pull influences the success of the subsequent phases, including the turnover under the barbell and
the catch phase (Baumann et al., 1988; Gourgoulis et al., 2000).

The technical skill is one of the most important factors in performance (Arauz et al., 2025; Liu et al., 2018).
Because the technique used during the lift influences the trajectory of the barbell and its linear kinematics,
resulting from the coordinated movement of the body and its segments, such as the angular kinematics of
the lower limb (Baumann et al., 1988; Burdett, 1982; Gourgoulis et al., 2000), the trajectory of the barbell
(Garhammer, 1982; Hoover et al., 2006; Schilling et al., 2002; Vorobyev, 1978; Whitehead et al., 2014) and
the other mechanical factors (Arauz et al., 2024; Enoka, 1979; Garhammer, 1980; Gourgoulis et al., 2002).
Moreover, power production of the athletes may be affected by small variations in the technique. And it can
lead to an effect on the performance in the snatch.

The power production that depends on the body mass of athletes is limited (Garhammer, 1980; Lee et al.,
2018). Therefore, the weightlifters race in different weight class. In addition, as the weight class increases,
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the kinetic and kinematics parameters during the snatch performance may affect due to the increased weight
of the barbell (Ho et al., 2014). Therefore, the present study was to compare the kinetic and kinematic
differences of the lower extremity and barbell trajectories between the snatch performances of elite
weightlifters.

METHODS

Participants

The 52 male weightlifters who placed in the final groups during the 2010 World Weightlifting Championship
(78th Men’s and 21st Women’s World Championships in Antalya, Turkiye) in the study. All participants signed
an informed consent form to the Declaration of Helsinki. The weightlifters were separated 6 BWCs (56, 62,
77, 85, 94, and 105-kg). The categories were classified as light (56 and 62-kg, LC), middle (77 and 85-kg,
MC), and heavy bodyweight category (94 and 105-kg HC)). The study was approved by the local ethics
committee of the Faculty of Sport Sciences of the Selguk University (Date and approval number: 28/01/2022,
22).

Experimental setup and data collection

All weightlifters performed the snatch lift on a platform. All successful performances of the weightlifters were
recorded on an SD card in Audio Video Interleave (AVI) data type by two digital cameras (Sony DCR-
TRV18E, Tokyo, Japan) at 50 Hz. The cameras were placed perpendicular to where diagonal of the
movement area on the platform, as shown in Figure 2. A rectangular cube (length: 250 cm, depth: 100 cm,
height: 180 cm) was used for calibration of the movement space on the platform.

Figure 2. Experimental setup.

Data processing

The videos were transformed from AVI to JPG data type, being lossless. The Ariel Performance Analysis
System (APAS, San Diego, USA) was used for digitization of each image. To synchronize the images
obtained from two video cameras, the initial motion moment of the barbell from the ground was used for all
performances. A point on the medial side of the right hand was determined to detect barbell trajectory. Five
points on the right side of the body were digitized (5th metatarsal joint for the toe, the lateral malleolus for the
ankle, the lateral epicondyle for the knee, the greater trochanter of the femur for the hip, and the greater
tuberosity of the humerus for the shoulder) as manually using APAS software.

The 3-D spatial coordinates of the digitized points were calculated using the direct linear transformation (DLT)
procedure of the analysis system with calibration image coordinates. The mean metric transformation error
values were 2.9, 1.9, and 2.7 mm for the X-, Y-, and Z-directions, respectively. The raw data were smoothed
using a fourth-order Butterworth low-pass digital filter with a cut-off frequency of 4 Hz.
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Calculation of the kinematic and kinetic parameters of the snatch performance

The phases were determined according to the change in the height of the barbell (Figure 3). The angular
displacements of lower extremity joints (hip, knee, ankle) were calculated using Equation 1. To calculate the
related angle, a, the length opposite the joint angle of segments. The b and c are other segments’ lengths
(proximal-distal) that compose the joint. The angular velocities of joints and the barbell vertical velocity were
calculated using the central differences method (Equation 2). Hr: Barbell height at the end of the first pull, Hz:
Barbell height at the end of the second pull, Hmax: Maximum barbell height, Harp: Drop distance from the
maximum height of the barbell, D+: Horizontal displacement toward weightlifter in the first pull, D2: Horizontal
displacement in the maximum height moment, Ds: Horizontal displacement toward backward after the
beginning of descent from maximum height, V1. Maximum vertical linear velocity of the barbell in the first pull,
Vr: Maximum vertical linear velocity of the barbell in the transition phase, V2: Maximum vertical linear velocity
of the barbell in the second pull. VRL: Vertical Reference Line.

Turnover under

o = Catch Ph
Start Position First Pull the barbell £ s

Figure 3. Phases and time instants for analysing the snatch (Zahran et al., 2025).
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Mechanical energy (ME) refers to the sum of the barbell’s kinetic energy (KE) and potential energy (PE),
which are calculated using Equations 3. Mechanical work done (MW) against gravity (g) was calculated from
the changes in the barbell’s mechanical energy (Equation 4) during the first (ME:. pur) and second pulls (ME-.
put). After the MW was calculated, the absolute power output (Pabsolut) Was calculated by dividing the work
done during each phase by its duration (Af). The relative work (MWieiative) and power (Preiative) vValues were
calculated by dividing the absolute work and power values by the body mass (BM) in Equation 5.

PE = mgh, KE = ~mv?, ME =KE+PE (3
MW gpsotut 4
MW psotut = ME1 pyy — ME; pyy MW, eiative = % ( )
P _ ME P _ Pabsolut (5)
absolut — E relative — W
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Statistical analysis

The descriptive data of weightlifters were presented in Table 1. To analyse normal distribution, the
Kolmogorov-Smirnov test was used. The homogeneity of variances was tested using the Levene statistic. A
one-way ANOVA was used to compare the kinetic and kinematic differences. Bonferroni correction was used
as a post-hoc test for the subgroup analysis. Eta squared (n2) was calculated to estimate the effect size (ES)
for significant findings in ANOVA. The ES was examined as follows: nz= 0.20 — small effect, n2 = 0.50 -
medium effect and n2 = 0.80 - large effect (Cohen, 1988). All statistical analyses were performed using the
Statistical Package for Social Science version 15.0 (SPSS, Chicago, IL, USA). The level of significance was
accepted as .05.

RESULTS

The comparison of absolute barbell mass (Figure 4a) and relative barbell mass (Figure 4b) showed significant
differences according to BWCs. As the BWCs increased, the relative barbell mass decreased (p < .05). In
addition, although absolute mass increases as BWCs increase, it was no significant differences between
absolute barbell mass.

Table 1. The physical characteristics of elite male weightlifters in BWCs.
Body weight 56 kg 62 kg 77 kg 85 kg 94 kg 105 kg
category (n=9) (n=8) (n=9) (n=9) (n=8) (n=9)
Age (years) 2400+212 2538+354 2467+296 24.89+322 2450+267 27.22+1.99
Body mass (kg)  55.81+0.12 61.70+0.17 76.68+0.20 84.09+0.80 93.18+0.60 104.06 + 0.53

a b
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Note. §, different from 85-kg; #, different from 77, 85, 94, 105-kg; * different from 94 and 105-kg, &, different from 105-kg, >,
different from other BWCs, (p <.05).

Figure 4. a) Comparison of absolute barbell mass results, b) Comparison of relative barbell mass results.

The angles of maximal flexion and extension of the joints during both pull phases revealed no significant
differences (Figure 5a). However, the maximum extension angle of the knee joint was significantly greater in
the 94-kg category than in the 56-kg and 77-kg categories during the first pull (F = 4.56, n2=0.331, p <.05).
In angular velocity analysis (Figure 5b), the maximum extension velocity of the knee joint in the second pull
was greater in the 56-kg category than in the 105-kg category (F = 2.53, n2=0.215, p < .05). In addition, the
other angular kinematic parameters in the first pull, transition and second pull phases except for the knee
joint, were not shown different.
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Figure 7. Vertical velocity of the barbell.

The barbell height showed significant differences. The Hs was low in the 56 and 62-kg BWCs, according to
other BWCs (F = 8.16, n2=0.470, p < .05). H2 and Hmax were high as the BWCs increased (F = 30.47, n?=

0.765, F =37.07, n2=0.802, respectively). In addition, Harop Was different in the 105-kg from the 62-kg (Figure
6a).

Besides that, in Figure 6b, there were no significant differences in the horizontal displacement D1, D2 and Ds.
In addition, although it was differences in the V1 and Vr, these differences did not have high effect size. Also,
the V2 did not show statistical differences (Figure 7).
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Figure 8. Mechanical work and power output in the first pull and the second pull according to BWC. a) work results

in the first pull, b) power results in the second pull, c) work results in the first pull, d) power results in the second
pull.
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Although MWabsolut and Pabsolut showed significant differences in the first pull, there were no significant
differences in the Prelative and MWrelative (Figure 8a, 8b). As regards the second pull there were found
differences in the MWrelative, Prelative, and Pabsolut outputs between BWCs (Figure 8c, 8d).

The analysis of the barbell trajectory in Figure 9 of every champion weightlifter in each BWCs showed that
the Hmax increased linearly as the weight class increased. And that the barbell moved intersecting the vertical
reference line only in 62, 77, and 94-kg BWCs.

. sekg 62k 77ke 85kg  O4ke 105 kg
‘E ll2 Vertical
= = reference|
€ 1.0 line ) "\
£08
gl
2.0.6
= 04 -
202 Forward {Backward
£ 0.0

0.1 0 0.1-0.1 0 01-01 0 01-0.1 O 0.1-0.1 0 ©1-01 0 0.1
Horizontal displacement (m)

Figure 9. Barbell trajectories in the snatch lifts of the champion weightlifters.
DISCUSSION

The purpose of this study was to compare the kinetic and kinematic differences in snatch performances of
elite weightlifters. As the BWCs increased, the relative barbell mass decreased. So, LWC lifted higher relative
weights than MWC and HWC. However, according to MWieiative and Prerative in the second pull, LWC made
more work and exhibited more power than 105-kg, HWC in championships. In addition, even if there were no
significant differences in horizontal movement (D1, D2, Ds) and vertical barbell movement (Vs, Vr, V2), the
barbell height in H1, Hz, Hmax were shown significant differences according to BWCs. It was shown that when
the WCs increased, the barbell height increased as the natural result of the weightlifters’ physical differences
or body sizes as reported by Arauz et al. (2025), Vidal Perez et al. (2021) and Shalmanov et al. (2015).

The DBP involves re-bending the knees during the transition phase after the barbell has been lifted above
knee level (Kozub & Walker, 2022; Nagao et al., 2023). Therefore, the lower limb dynamic movements play
an important role during the snatch. In the present study findings about lower limb kinetic and kinematic were
not shown to have statistical differences. Cao et al. (2022) stated that elite weightlifters possess special
technical characteristics. The techniques of successful snatch in the current study had a similar pattern in
lower limb kinematics and kinetics. All participants were to perform that included special techniques to their
maximum to become champions in the championship. And all of them were elite weightlifters. These finding
were supported that report of Cao et al. (2022). Thus, it can be said about a successful lift; the successful
snatch has to similar pattern during the perform as regards from BWCs.

In the snatch technique, the bar makes primarily three horizontal movements in all three trajectories. The first
is toward the lifter in the first pull, the second is away from the lifter during the second pull, and the third is
toward the lifter after the barbell starts to descend from the maximum height (Campos et al., 2006;
Garhammer, 1993; Hoover et al., 2006; Schilling et al., 2002; Vorobyev, 1978; Whitehead et al., 2014). In
the present study, the trajectory of the barbell did not cross the vertical reference line during the first pull.
However, during the second pull, the trajectory intersected the vertical reference line in 24% of the LWC,
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33% of the MWC, and 47% of the HWC. On average, this accounted for 35% of all lifts. The amount of
forward and backward horizontal movement in the snatch technique is considered one of the most important
factors influencing technical efficiency, the force applied to the barbell, and ultimately the overall success of
the lift (Burdett, 1982; Garhammer, 1993; Isaka et al., 1996; Nagao et al., 2023; Stone et al., 1998). Lifting
the barbell to a lower maximum height is associated with flexibility and technical skill and is considered
important for successful snatching (Bartonietz, 1996; Burdett, 1982; Gourgoulis et al., 2002). World-class
weightlifters gain an advantage by lifting to a lower maximum height and lowering their bodies faster, while
athletes in the HWCs have a significantly higher average maximum barbell height (Burdett, 1982; Kipp et al.,
2024). This suggests that LWC may have an advantage in lifting relatively heavier loads, but body size,
technique and flexibility are the determinants of maximum barbell height (Arauz et al., 2024; Bartonietz, 1996;
Burdett, 1982; Garhammer, 2001). In addition, as seen in Table 4, the barbell height increased as BWCs
increased, supporting the literature in the first and second pull. However, the horizontal displacement
movements showed similar results in all BWCs. Nagoa et al. (2023) and Musser et al. (2014)'s results
supported the present study results.

The lifter is relatively slow pulling the barbell during the first pull because lifters need to produce considerable
work over a long period to overcome the inertia of the barbell (Gourgoulis et al., 2000; Sandau et al., 2022;
Sandau et al., 2023). Thus, the first pull is strength-oriented, while the second pull is faster and power-
oriented (Garhammer, 1991). Similarly in this study, mechanical work and power output in the first pull, as
well as absolute power output in the second pull, were greater in the MWC and HWC than in the LC. In
contrast, the relative power output in the second pull was greater in the LWC compared to the other
categories. Several earlier studies that compared barbell and body kinematics across different BWCs
reported that HWC tended to perform more mechanical work, lift the barbell faster, and generate higher power
outputs due to the increased weight lifted (Garhammer, 1991; Garhammer, 2001; Kipp et al., 2011; Nagao
etal., 2023; Sandau et al., 2022; Souissi et al., 2021). Campos et al. (2006) found that young male HWC (85
and 105-kg) were more efficient during the initial pull due to longer barbell pushing trajectories. LWCs were
able to lift relatively heavier weights because they did not have the greater challenge that HWCs had to
overcome. However, as the level of technical skill increases, unnecessary energy consumption can be
reduced by maintaining optimal barbell height.

CONCLUSION

In the present study, no significant differences were found in the lower limb kinematics between BWCs,
except for the greater knee extension velocity observed during the second pull in the LWC. These findings
suggested that elite weightlifters had similar technical skills in high-level snatch performance. On the other
hand, unlike HWC, LWC generated higher power output during the second pull even though they lifted
heavier relative weights; this was related more to the lower maximum barbell height than to its vertical
velocity. The reason is that LWC had an advantage in the snatch technique in terms of barbell height, so they
needed more power than strength when compared to HWC. This observation suggested that lower barbell
height and higher power output during the second pull might be clues for successfully lifting higher weights
in the snatch technique. Therefore, training programs designed to increase power in the second pull and
improve skill levels could help weightlifters lift heavier weights successfully.
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ABSTRACT

The data-driven insights and examination of key performance indicators (KPI) in professional tennis is
becoming increasingly popular and are now deemed important for player development and coaching
strategies. The aim of the study was to analyse game-related KPIs differentiating winners from losers in the
2023 US Open and French Open tournaments. A total of 253 matches (127 men’s singles matches from US
Open and 126 men’s singles matches from Roland Garros tournament) were included in the study. An
independent t-test was employed to compare the differences between winners and losers for all indicators in
2023 French Open and US Open Grand Slams. For the variables that did not follow a normal distribution, the
Mann-Whitney U test was used. Variables that showed significant differences between two groups were
selected for discriminant analysis. It was found that winners outperformed losers in several key indicators,
including Aces, Break Points Won %, First Serve % In, Net Points Won %, Receiving Points Won %, Second
Serves In, Win % First Serve, and Win % Second Serve (p < .01, Cohen’s d: 0.06-0.1, r: 0.02-0.85). In the
context of the French Open, winners demonstrated a significantly higher percentage of win on First Serve
(mean- 73.02, p < .01, Cohen’s d:1.272), as compared to their counterparts who did not succeed and
recorded a lesser percentage of win on First Serve (mean- 63.25, p < .01, Cohen’s d:1.272). In conclusion,
Serve quality, return performance, and error minimization are critical KPIs for success in Grand Slams.
Surface dynamics play a significant role in shaping match strategies.

Keywords: Performance analysis, Game-related statistics, Tennis grand slams, Discriminant analysis,
Coaching strategies.
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INTRODUCTION

The data-driven insights and examination of key performance indicators (KPI) in professional tennis is
becoming increasingly popular among coaches and practitioners (Filipcic, Zecic, Reid, Crespo, Panjan, &
Nejc, 2015;). Indeed, these data and KPIs are now deemed important for player development and coaching
strategies (Klaus, Bradshaw, Young, O'Brien, & Zois, 2017; Cui, Gémez, Gongalves, & Sampaio, 2018;
Fitzpatrick, Stone, Choppin, & Kelley, 2019). The increasing demand of data and KPIs has led to numerous
researches being conducted within the field of data analytics. Previous studies have investigated the player
performance on varied surfaces (Cui et al., 2018), between different levels of players (Hizan, Whipp, & Reid,
2011; Klaus et al., 2017; Sogut, 2017),sex ,age groups (R Cross, 2014; Hizan, Whipp, & Reid, 2015; Stare,
Zibrat, & Filipcic, 2015), physiological responses (Reid and Duffield, 2014; Smith et al., 2018), stroke and
movement characteristics (Hizan et al., 2015; Reid et al., 2016), and some aspects of performance (such as
serving speed, serving efficiency, serving return) (Cross and Pollard, 2009; Hizan, Whipp, & Reid, 2011).

Amongst the various KPIs available, some KPIs are helpful in identification of success (i.e., winning), such
as serve speed, return, net play, shot placement etc. (FilipCi¢, Filip¢i¢, & Berendijas, 2008; Fitzpatrick et al.,
2019; Fernandez-Garcia et al. 2019), monitoring the parameters of a sport over time, on different surfaces
(Cui etal., 2018), for varying playing positions (O’Donoghue P, 2004) and for long term development (Filipcic
etal. 2021).

The annual four Grand Slam tennis tournaments—Australian Open, French Open, Wimbledon, and US Open
bring together the top-ranked tennis players in the world. These elite athletes compete in a best-of-five sets
format for men, navigating a challenging draw of 128 players. Analysing matches from these events provide
a deeper understanding about the evolution of tennis tactics and strategies at the highest level, as well as
the factors that contributes to match success. (Gillet et al., 2009; Reid et al., 2016; Woods et al., 2018, 2019,
Cui et al. 2020).

Previous studies investigated the effectiveness of tennis players on different surfaces like clay and hard
courts that influence the player performances (Fitzpatrick et al., 2019; Martin and Prioux, 2016; Lage et al.,
2022). It was observed that fast surfaces like hard court induce shorter rally length leading to an aggressive
style of play whereas slow surfaces like clay have longer rally and allow a more defensive style of play
(Fitzpatrick et al., 2019) suggesting varying playing tactics. Therefore, identifying the performance indicators
that contribute to success in a match is important to inform players, coaches and sports scientists about
tactical, technical, and physical requirements of the most competitive situations and optimize training and
match strategies (Fernandez-Garcia et al. 2019; Carlisle, 2021).

Given that the performance at the elite level can provide valuable insights for optimizing training and match
preparation processes, it is essential to explore the competitive match-play characteristics. This
understanding can offer practical implications, particularly for the players who are not succeeding, in this
highly competitive game (Cui etal., 2017). It was hypothesized that winners would outperform losers in serve-
and-return performance, break point conversions, net play, and overall efficiency.

METHODOLOGY
Sample and data

The study included a total of 253 matches from two Grand Slams tennis tournaments during the 2023 season.
It included 127 men’s singles matches from US Open and 126 men’s singles matches from Roland Garros
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tournament. One match was excluded from the study due to the unavailability of complete match statistics
on the web. The data were collected from the official website (https://www.rolandgarros.com and
https://www.usopen.org/index.html) of the tournament following the process of previous studies (Cui, Gémez,
Gongalves, Liu, & Sampaio, 2017; Cui, et al., 2018). The game-related statistics for the matches played on
the court covered with the Hawk-Eye camera system (Hawk- Eye Innovations, Southampton, United
Kingdom) were included in the study. All the matches were played in accordance with the rules by
International Tennis Federation (International Tennis Federation, 2020).

Performance indicators

The Key performance indicators (KPIs) selected for this study were adopted from the past literature (Gillet et
al., 2009; Reid et al., 2016; Cui et al., 2018, 2019a). The raw match data were cleaned, organized, and
evaluated to avoid misinterpretation of the player's performance and were divided into four categories
representing the technical and tactical efficiency of the tennis players. Table (1) displays each performance
indicator according to the following categories: serve points, return points, net points and winners and
unforced errors.

The match outcome (win or lose) was the dependent variable and the performance indicators were selected
as the independent variables for this study.

Table 1. List of variables analysed in grand slam tournaments in men’s category.
Group Indicators
Ace (%), Double faults (%), First Serve In (%), Second Serve In (%), Win on
first serve (%), Win on second serve (%)
Receiving points won (%), Break Points Won, Break Pts Attempt, Break Pts

Serve points

Return points

Won (%)
Net points Net Points Won, Net Points Won (%)
Winners and unforced errors Winners, Unforced Errors

Statistical analyses

Descriptive statistics (mean and standard deviation) were calculated for each performance indicator of
winners and losers of the match, across different tournaments. The normality of the data was verified using
Kolmogorov-Smirnov test, after which an independent t test was employed to compare the differences
between winners and losers for all indicators in 2023 French Open and US Open Grand Slams. For the
variables that did not follow a normal distribution, the Mann-Whitney U test was used instead.

To understand the differences for t-test, the standardized mean differences i.e. Cohen’s d effect size was
calculated and interpreted as d less than 0.2 trivial, d between 0.2 to 0.5 small, d between 0.5 to 0.8 medium
and greater than 0.8 large effect (Hopkins et al., 2009). Whereas effect size for Mann-Whitney U test was
calculated using the formula r = z/\n. The effect size was small if r is less than 0.3, r between 0.3 and 0.5
indicates medium effect, r greater than 0.5 means large effect (Karadimitriou, S. M., Marshall, E. & Knox, C.
Mann-Whitney U Test (Sheffield Hallam University, 2018, Volker, 2006).

Variables that showed significant differences between two groups were selected for discriminant analysis. In
a significant discriminant function, if the absolute value of the structural coefficient (SC) was greater than
0.30 (Sampaio et al., 2006), then a performance indicator was considered a meaningful contributor to
differentiating winners from losers. The alpha level was setat p < .01 for all tests. All analyses were conducted
using Statistical Package for the Social Sciences 24 (SPSS Inc., Chicago, IL, United States).
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RESULTS

Table 2. Descriptive statistics.
KPI French Open US Open

Win Loss Win Loss

Aces 6.07 +4.06 5.04 £4.92 10.36 + 5.67 7.38 £6.36
Break Points Won 5.99 +1.82 3.08 +2.21 53+1.74 2.09+1.73
Break Pts Attempt 13.56 + 4.55 8.74 £ 5.04 11.96 + 4.69 6.23+4.43
Break Pts Won % 46.45 +13.77 36.84 + 23.08 47.92 +17.52 34.98 +27.78
Double Faults 3.78 £ 2.66 5+3.15 3.68 £2.75 497 +3.08
First Serve % In 62.29 + 6.67 60.38 + 6.11 104.95 + 33.92 110.08 + 31.87
First Serve Attempts 113.32 + 34.96 116.65 + 32.23 64.67 + 22.52 66.09 + 20.5
First Serves In 70.52 + 22.85 70.31£20.27 49.54 + 16.1 44,51 + 16.55
Net Points Won 19.04 + 8.95 18.46 + 9.46 18.16 £ 9.25 15.59 + 8.86
Net Points Won % 70.17 £11.53 63.59 + 11.37 70.26 + 9.63 61.32+11.3
Net Pts Attempt 27.39+12.82 28.71 £ 13.67 26.04 £ 13.22 25.26 £ 12.91
Receiving Pts Won% 45.9 £ 14.31 34.18+5.6 42,76 +6.18 31.09 £ 5.44
Receiving Pts Attempt 115.46 + 33.51 113.32 + 34.96 110.08 + 31.87 104.95 + 33.92
Receiving Pts Won 50.55 +11.7 39.58 + 15.87 45.88 + 10.83 33.71 £ 14.56
Second Serves In 42.81+15.43 46.35 + 15.01 40.29 + 14.63 43.99 + 14.08
Total Pts. Won NA NA 117.12 £ 28.93 97.9+35.6
Unforced Errors 36.18 £ 15.74 44.24 + 14.84 31.91+13.95 38.6 £12.88
Win % First Serve 73.02+7.14 63.25+8.19 77.65+6.78 66.4 7.9
Win % Second Serve 53.95+9.44 44.42 +9.45 55.34 £ 9.36 43.66 + 8.27
Win on First Serve 50.84 £+ 15.36 45.03 + 15.84 61.58 +7.26 59.87 £ 6.35
Win on Second Serve 22.93 +8.59 21.08 £ 8.98 21.91+7.74 19.7+£84
Winners 39.47 £ 135 33.42 + 15.67 39.12+14.3 31.21+£15.46

Table 3. Results of independent t-test and Mann-Whitney U test along with its effect size.
Game Related Independent t-test Mann Whitney U Test Effect Size
Statistics Sig. value Sig. value (“Cohens d” or “r’)

FrenchOpen US Open French Open US Open French Open US Open

First Serve % In 019 .042 NA NA 0.298s 0.256°
Win % First Serve .000 NA NA .000 1.272! 0.632
Win % Second Serve .000 .000 NA NA 1.010! 1.323'
Aces NA NA .007 .000 0.170s 0.296¢
Double Faults NA NA .001 .000 0.206¢ 0.234s
Win on First Serve NA NA .002 013 0.194s 0.157s
Win on Second Serve NA NA NA .016 NA 0.151s
Second Serves In NA NA .042 035 0.128s 0.133s
Net Points Won NA NA NA 016 NA 0.152s
Net Points Won % NA NA .000 .000 0.277s 0.401m
Break Points Won NA NA .000 .000 0.609 0.692
Break Pts Attempt NA NA .000 .000 0.467m 0.550
Break Pts Won % NA NA .000 .000 0.301m 0.314m
Receiving Pts Won NA .000 .000 NA 0.373m 0.949
Receiving Pts Won% NA NA .000 .000 0.657' 0.757'
Winners NA NA .000 .000 0.242s 0.302m
Unforced Errors NA .000 .000 NA 0.288¢ 0.499m

Note: Effect Size “Cohens d” - for independent t-test; Effect size “r’— for Mann Whitney U Test; s — Small Effect Size; m — Medium
Effect Size; | - Large Effect Size; NA — Not Applicable.
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Tables 2 and 3 shows the descriptive statistics and comparison of the game related performance indicators
between the winners and losers during the 2023 French and US Open.

It was found that winners outperformed losers in several key indicators, including Aces, Break Points Won
%, First Serve % In, Net Points Won %, Receiving Points Won %, Second Serves In, Win % First Serve, and
Win % Second Serve (p < .01, Cohen’s d: 0.06-0.1, r: 0.02-0.85).

In the context of the French Open, winners demonstrated a significantly higher percentage of win on First
Serve (mean- 73.02, p < .01, Cohen’s d:1.272), as compared to their counterparts who did not succeed and
recorded a lesser percentage of win on First Serve (mean- 63.25, p < .01, Cohen’s d:1.272).

On the other hand, players in the US Open who emerged victorious recorded an average of 61.58 win on
first serve, surpassing their opponents who won first serve with an average of 59.87.

The players who did not succeed (losers) committed more double faults and unforced errors. In the US Open,
losers averaged 4.97 (r = 0.234) double faults per match, whereas winners averaged 3.68 (r = 0.234) double
faults. Meanwhile, in the French Open, losers averaged 4.99 (Cohen’s d = 0.206) double faults, while winners
recorded an average of 3.78 (Cohen’s d = 0.206) double faults per match.

Table 4. Discriminant function Structure Coefficients (SC) and tests of statistical significance.

Game related statistics French Open US Open
First Serve % In -0.426 -0.105
Win % First Serve 0.337 0.280
Win % Second Serve 0.399 -0.402
Aces -0.171 0.148
Double Faults -0.066 -0.035
Win on First Serve 0.806 0.631
Win on Second Serve # -0.402
Second Serves In -0.863 -2.271
Net Points Won # 0.026
Net Points Won % -0.121 0.200
Break Points Won 0.863 0.676
Break Pts Attempt 0.019 0.062
Break Pts Won % -0.069 -0.174
Receiving Pts Won -0.389 -0.560
Receiving Pts Won% 0.211 0.542
Winners 0.356 -0.065
Unforced Errors -0.274 -0.076
Eigenvalue 1.658 2.692
Wilks Lambda 0.376 0.271
Canonical Correlation 0.790 0.854
R? 62.41 72.93
Chi-Square 237.071 318.044
Significance <.001 <.001
Reclassification 90.9% 94.1%

Note. *SC discriminant value 2|.30| # means that variable was non-significant and was not used in discriminant analysis.

The discriminant functions (see Table 4) recorded in this study were highly effective in distinguishing winners
from losers, as evidenced by the reclassification rates of 90.9% for the French Open and 94.1% for the US
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Open. The high r2c values (0.62 for the French Open and 0.73 for the US Open) reflects the robustness of
these functions.

The indicators that significantly contributed to the discriminant functions during the French Open included:
First Serve %, Win % First Serve, Win % Second Serve, Win on First Serve, Second Serves In, Break Points
Won, Receiving Pts Won, and Winners with |SC (Structural Coefficient) | values ranging from 0.33 to 0.86.

Conversely, across the US Open, the indicators that contributed to the discriminant functions were Win on
First Serve, Win on Second Serve, Second Serves In, Win % Second Serve, Break Points Won, Receiving
Pts Won, and Receiving Pts Won%, with |SC| values ranging from 0.40 to 2.27.

DISCUSSION

Tennis is evolving rapidly because of the advancement of technology in tennis equipment (Allen et.al. 2016;
Haake & Coe, 2000) and scientific sports training which has enabled the players to hit faster strokes and
improve fitness. Therefore, it is important to constantly analyse the variables that affect performance. The
primary objective was to identify key performance indicators that distinguish winners from losers across
various matches in 2023 French and US open tournaments. The results of this study illuminate critical
performance differentials between winners and losers in the 2023 French and US Open tennis tournaments.
Notably, the superior performance of winners across several key indicators underscores the multifaceted
nature of success in high stakes matches.

Serve performance

Winners significantly outperformed losers in metrics related to serving, such as Aces, First Serve % In, Win
% First Serve, and Win % Second Serve. This research underscores the crucial role of serve quality in
determining match outcomes (Cui et al. 2018), which indicates the control of the serve situation, effects,
direction and hitting power.

O'Donoghue and Brown (2008) reported that servers in men's singles Grand Slam matches won 62.4% of
points lasting shorter rallies, compared to 49.7% for points with 5 or more shots. This advantage was most
notable in points comprising 3 to 4 shots on the first serve and 1 to 2 shots on the second serve (O'Donoghue
& Brown, 2008). Ziagkas et al. (2017) also emphasized on the accuracy of the first serve at the French Open
from 2002 to 2009 that increased from 60.2% to 64.2%. Furthermore, an increase in the percentage of first
serves won by one unit makes a player 1.27 times more likely to win the match, while an increase in the
percentage of second serves won by one unit increases the likelihood of winning by 1.17 times (Ma, Liu, Tan,
& Ma, 2013). Additionally, a player who serves, on average, more than 5 aces is likely to win the match.
However, the number of Aces did not contribute significantly to the discriminant functions in this study. This
suggests that players at the highest level adopt more consistent and similar approach to serve performance.
The high effectiveness of first serves, both in terms of landing in and winning points, suggests that a robust
first serve not only initiates play favourably but also sets a psychological tone. Similarly, consistent second
serves reduce the risk of double faults, thereby maintaining pressure on the opponent.

Serve return

Studies consistently highlights the critical role of serve return in determining competitive success (Cui, 2010;
Elliott, & Saviano, 2001). The significant difference in Receiving Points Won % (0.389-0.560) highlights the
comprehensive skill set of winning players. Statistically, increases in the percentage of points won on first
and second serve returns significantly correlate with higher likelihoods of winning matches. An increase in
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the percentage of first serve return points won by one unit corresponds to a 1.16-fold higher likelihood of
winning the match. Similarly, an increase in the percentage of second serve return points won by one unit
correlates with a 1.15-fold higher likelihood of winning the match. The reason for this could be firstly, the
losers are not consistent and show dominance in the first serve performance and secondly, there is a loss of
efficiency in the second serve (Lage et al., 2023), which make the winners play more offensive strokes and
take the initiative in setting the point in their favour.

In tennis, research has consistently shown that servers typically hold a substantial advantage over receivers
in point-winning opportunities (O'Donoghue and Brown, 2008; Gillet et al., 2009). However, studies indicate
that effective return of serves can mitigate this advantage and neutralize its benefits (Gillet et al., 2009; Ma
etal., 2013).

Break points performance

The ability to convert break points is often a decisive factor in match outcomes, as it directly influences the
scoring opportunities and pressure dynamics. The marked advantage of winners in Break Points Won (SC =
|0.863| r =.301 in French Open and SC = |0.676|, r = .314 in US Open) indicates that winners were able to
convert more break point opportunities and saved more break points on their serves. Furthermore, the
discriminant analysis underlines the importance of Break point opportunities in influencing the likelihood of
winning matches and putting a psychological pressure on the opponents while serving. A one-unit increase
in break point saves corresponds to a 1.039-fold higher likelihood of winning the match. Similarly, a one-unit
increase in break point conversions correlates with a 1.032-fold higher likelihood of winning the match (Ma
etal., 2013; Cui et al., 2018). The results of this study also correspond to the other studies on grass courts
(Kati¢ et al., 2011) and all Grand Slam surfaces for men (Ma et al., 2013). It will be useful for the players to
incorporate more varied break point situations in their training in order to cope up with the stress and improve
their game tactics.

Net performance

Net Points Won % was not able to discriminate between the winners and losers in the two Grand Slam
tournaments. However, the winners in the US Open has shown exceptional net performance with higher Net
Points Won % (p < .005, r = 0.40). Previous studies by Cui et al. (2017 and 2020) and Djurovic et al. (2009)
reported that many professional players heavily rely on net play strategies on fast courts. Proficiency at the
net reflects versatility and adaptability in play, allowing winners to disrupt opponents' rhythm and shorten
points effectively.

Winners and unforced errors

The finding suggests players who served fewer than two double faults demonstrated a higher likelihood of
winning matches compared to those who served between three to five and more than six double faults (Ma,
Liu, Tan, & Ma, 2013). Filipcic et al. (2009) observed thatlosers in both genders tend to commit more unforced
errors than winners, who also achieved a greater number of winners. These studies identified playing errors,
such as unforced errors and double faults, as critical factors influencing match outcomes (Martinez-Gallego
etal., 2013; Djurovic et al.,2009). Cui (2018) has also reported that the ability to hit more winners and making
less unforced errors is basis for technical and tactical efficiency, physical fitness and mental toughness.

The discriminant functions developed in this study were highly effective in distinguishing winners from losers,
as evidenced by the reclassification rates of 90.9% for the French Open and 94.1% for the US Open. The
higher |SC| values observed in the US Open compared to the French Open suggest that the variability and
impact of these indicators are more pronounced on the faster hard courts of the US Open. This disparity may
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be attributed to surface-specific dynamics, where aggressive play and serve effectiveness are more rewarded
compared to the slower clay courts of the French Open (Collinson & Hughes, 2000; O'Donoghue & Ingram,
2001).

Implications for training and strategy

These findings have practical implications for coaching and player development. Emphasizing serve and
return drills, particularly focusing on first serve accuracy and second serve reliability, can yield substantial
competitive advantages. Drills to enhance the service consistency can be designed and decision-making
under pressure situations should be incorporated in the training (Reid et al., 2013). Additionally, strategies
aimed at improving break point conversion and net play could be integral to transitioning from competitive
parity to dominance. Furthermore, analysing the shot patterns on different surfaces and opponent's game
play can guide match preparation and make the player more adaptable to uncertainty (O'Donoghue, 2002).
These findings can refine strategies, tactical approaches especially in high pressure situations like tie-breaks.

CONCLUSION

In conclusion, the study reaffirms the critical importance of serving, receiving, and error minimization in
determining match outcomes at elite tennis tournaments. By elucidating the performance indicators that most
significantly distinguish winners from losers, this research provides a nuanced understanding of competitive
dynamics and offers actionable insights for enhancing player performance. Future research could further
explore the interplay of these indicators across different surfaces and player styles, thereby enriching the
strategic framework for achieving success in professional tennis.

AUTHOR CONTRIBUTIONS

Conceptualization, S.R, S.B and R.S; methodology, S.R.; data collection, S.B. and R.S.; formal analysis, S.R.
and AR; investigation, S.R. and A.R.; writing—review and editing, S.R. and A.R; project administration, S.R.,
S.B. and R.S. All authors have read and agreed to the published version of the manuscript.

SUPPORTING AGENCIES

No funding agencies were reported by the authors.
DISCLOSURE STATEMENT

No potential conflict of interest was reported by the authors.
REFERENCES

Allen, T., Choppin, S., & Knudson, D. (2016). A review of tennis racket performance parameters. Sports
Engineering, 19, 1-11. https://doi.org/10.1007/s12283-014-0167-x

Barnett T, Meyer D, Pollard G. (2008). Applying match statistics to increase serving performance. J Med Sci
Tennis, 13(2): 24-27.

Berendijas T. (2009). Comparison of game characteristics of male and female tennis players at Roland
Garros 2005. Acta Univ Palacki Olomuc Gymn, 38(3): 21-28.

Chiu, F. C. (2010). Comparative analysis on the skill characteristics of men's singles matches in 2008 Grand
Slam tournaments. Sports and Exercise Research, 12, 83-95. https://doi.org/10.5297/ser.1201.009

902 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espafiola


https://doi.org/10.1007/s12283-014-0167-x
https://doi.org/10.5297/ser.1201.009

Raizada, et al. / Key performance indicators for success in tennis match Journal of Human Sport & Exercise

Cohen, J. (1988). Statistical Power Analysis for the Behavioural sciences, 2nd Edn. Hillside, NJ: Lawrence
Earlbaum Associates.

Collinson, L., & Hughes, M. (2000). Surface effect on the strategy of elite female tennis players. Conference
Communications, 266-267.

Cui, Y. (2018). Exploring match performance of elite tennis players: the multifactorial game-related effects in
Grand Slams (Doctoral dissertation, Ciencias).

Cui, Y., Gémez, M. A., Gongalves, B., & Sampaio, J. (2018). Performance profiles of professional female
tennis players in grand slams. PloS one, 13(7), €0200591.
https://doi.org/10.1371/journal.pone.0200591

Cui, Y., Gémez, M. A., Gongalves, B., Liu, H., & Sampaio, J. (2017). Effects of experience and relative quality
in tennis match performance during four Grand Slams. International Journal of Performance Analysis
in Sport, 17(5), 783-801. https://doi.org/10.1080/24748668.2017.1399325

Cui, Y., Liu, H., Liu, H., & Gémez, M. A. (2019). Data-driven analysis of point-by-point performance for male
tennis player in Grand Slams. Motricidade, 15(1), 49-61.

Djurovic N, Lozovina V, Pavicic L. Evaluation of Tennis Match Data-New Acquisition Model. J Hum Kinet.
2009; 21(-1): 15-21. 3. https://doi.org/10.2478/v10078-09-0002-9

Elliott, B., & Saviano, N. (2001). Serves and returns. In P. Robert & J. Groppel, (Eds.), World-class tennis
technique (pp. 207-222). Champaign, IL: Human Kinetics.

Fernandez-Garcia, A. I., Torres-Luque, G., Nikolaidis, P. T., & Blanca-Torres, J. C. (2019). Differences in
competition statistics between winners and losers in male and female tennis players in Olympic
Games (No. ART-2019-114269). https://doi.org/10.1007/s12662-019-00608-y

Fitzpatrick, A., Stone, J. A., Choppin, S., & Kelley, J. (2019). Important performance characteristics in elite
clay and grass court tennis match-play. International Journal of Performance Analysis in Sport, 19(6),
942-952. https://doi.org/10.1080/24748668.2019.1685804

Gillet, E, Leroy, D., Thouvarecq, R_and Stein, J. F. (2009). A notational analysis of elite tennis serve and
serve-return  strategies on slow surface. J. Strength Cond. Res. 23, 532-539.
https://doi.org/10.1519/JSC.0b013e31818efe29

Gutiérrez-Santiago, A., Cidre-Fuentes, P., Orio-Garcia, E., Silva-Pinto, A. J., Reguera-Lépez-de-la-Osa, X.,
& Prieto-Lage, I. (2024). Women's Singles Tennis Match Analysis and Probability of Winning a Point.
Applied Sciences, 14(15), 6761. https://doi.org/10.3390/app14156761

Haake, S., & Coe, A. (2000). Tennis science and technology. Blackwell Science.

Hizan H, Whipp P, Reid M. Gender differences in the spatial distributions of the tennis serve. Int J Sport Sci
Coach. 2015; 10(1): 87-96. https://doi.org/10.1260/1747-9541.10.1.87

Hopkins, W., Marshall, S., Batterham, A., and Hanin, J. (2009). Progressive statistics for studies in sports
medicine  and  exercise  science. Med. Sci. Sports  Exerc. 41,  3-12.
https://doi.org/10.1249/MSS.0b013e31818cb278

Karadimitriou, S. M., Marshall, E., & Knox, C. (2018). Mann-Whitney u test. Sheffield: Sheffield Hallam
University, 4, 103-132.

Katic R, Milat S, Zagorac N, Durovic N. (2011). Impact of game elements on tennis match outcome in
Wimbledon and Rolland Garros 2009. Collegium Antropol.,35(2): 341-345

Ma,S.M,, Liu,C.C., Tan, Y., &Ma, S. C. (2013). Winning matches in Grand Slam men's singles: An analysis
of player performance-related variables from 1991 to 2008. Journal of sports sciences, 31(11), 1147 -
1155. https://doi.org/10.1080/02640414.2013.775472

Martinez-Gallego, R., Guzman, J. F., James, N., Ramon-Llin, J., Crespo, M., & Vuckovic, G. (2013). The
relationship between the incidence of winners/errors and the time spent in different areas of the court
in elite tennis. Journal of Human Sport and Exercise, 8(3), S601-S607.
https://doi.org/10.4100/jhse.2013.8.Proc3.05

VOLUME 20 | ISSUE 3|2025| 903


https://doi.org/10.1371/journal.pone.0200591
https://doi.org/10.1080/24748668.2017.1399325
https://doi.org/10.2478/v10078-09-0002-9
https://doi.org/10.1007/s12662-019-00608-y
https://doi.org/10.1080/24748668.2019.1685804
https://doi.org/10.1519/JSC.0b013e31818efe29
https://doi.org/10.3390/app14156761
https://doi.org/10.1260/1747-9541.10.1.87
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.1080/02640414.2013.775472
https://doi.org/10.4100/jhse.2013.8.Proc3.05

Raizada, et al. / Key performance indicators for success in tennis match Journal of Human Sport & Exercise

O'Donoghue, P. G., & Brown, E. (2008). The importance of service in Grand Slam singles tennis. International
Journal of Performance Analysis in Sport, 8, 70-78.
https://doi.org/10.1080/24748668.2008.11868449

O'Donoghue, P. (2002). Performance Models of Tennis Players in Grand Slam Tournaments. International
Journal of Performance Analysis in Sport.

O'Donoghue, P. G., & Ingram, B. A. (2001). Notational analysis of elite tennis strategy. journal of Sports
Sciences, 19, 107-115. https://doi.org/10.1080/026404101300036299

Prieto-Lage |, Paramés-Gonzalez A, Torres-Santos D, Argibay-Gonzalez JC, Reguera-Lopez-de-la-Osa X,
Gutiérrez-Santiago A. (2023). Match analysis and probability of winning a point in elite men's singles
tennis. PLoS One.;18(9). https://doi.org/10.1371/journal.pone.0286076

Reid, M., & McCaw, S. (2013). The Serves of Successful Tennis Players. Journal of Sports Sciences.

Sampaio, J., Janeira, M., Ibafiez, S., and Lorenzo, A. (2006). Discriminate analysis of game-related statistics
between basketball guards, forwards, and centers in three professional leagues. Eur. J. Sport Sci. 6,
173-178. https://doi.org/10.1080/17461390600676200

Vaverka, F., Nykodym, J., Hendl, J., Zhanel, J., & Zahradnik, D. (2018). Association between serve speed
and court surface in tennis. International Journal of Performance Analysis in Sport, 18(2), 262-272.
https://doi.org/10.1080/24748668.2018.1467995

Volker, M. A. (2006). Reporting effect size estimates in school psychology research. Psychology in the
Schools, 43(6), 653-672. https://doi.org/10.1002/pits.20176

Ziagkas, E., Mavvidis, A., Grouios, G., & Laios, A. (2017). Investigating the role of ipsilateral and contralateral
eye-hand dominance in tennis serve accuracy of amateur tennis players. Journal of Physical
Education and Sport, 17(2), 867.

This work is licensed under a Attribution-NonCommercial-ShareAlike 4.0 International (CC BY-NC-SA 4.0 DEED).
904 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espafiola



https://doi.org/10.1080/24748668.2008.11868449
https://doi.org/10.1080/026404101300036299
https://doi.org/10.1371/journal.pone.0286076
https://doi.org/10.1080/17461390600676200
https://doi.org/10.1080/24748668.2018.1467995
https://doi.org/10.1002/pits.20176
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/

== ORIGINAL
= ARTICLE

\

Ecological-dynamic approach in rhythmic gymnastics:
Variation and variability for performance improvement

Claudia Costa. Department of Neuroscience, Biomedicine and Movement Sciences. University of Verona. Italy.
Department of Political and Social Studies. University of Salerno. Italy.

Silvia Coppola | - . Department of Human Sciences, Philosophy and Education. University of Salerno. ltaly.
Rodolfo Vastola. Department of Political and Social Studies. University of Salerno. Italy.

ABSTRACT

The aim of the study is to compare, from an ecological-dynamic perspective, two run-up techniques (chasse
and pre-jump) used to perform the split leap, aiming at improving performance in rhythmic gymnastics. The
sample consists of six competitive gymnasts with an average age of 17.3 years (+1.9). The study used the
integrated multifactorial optoelectronic system, consisting of six BTS Smart-DX video cameras, seven BTS-
6000 force platforms, and fifteen passive markers. The results show that the jump performed with the chassé
shows higher values in maximum amplitude (171.4° £ 16.5 vs. 167° £ 15.7) and maximum elevation (0.15m
1 0.03 vs. 0.14m % 0.02) compared to the split leap performed with the pre-jump, even if, from the results
obtained by the t-test, it emerged that this difference is not statistically significant (p > .05). Furthermore, the
results of Cohen’s Effect Size show a small effect size. In conclusion, from the results obtained in this study,
it could be hypothesized that, since there are no statistically significant differences between the two run-up
techniques, both could be used to vary the practice since they don't alter the jump performance. Variation in
practice refers to the theoretical framework of the ecological-dynamic approach, which enriches the athlete's
motor and technical skills.

Keywords: Performance analysis, Split leap, Run-up techniques, Integrated multifactorial optoelectronic
system.
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INTRODUCTION

The ecological-dynamic approach defines sports performance as processes of continuous co-adaptations of
athletes in space and time to identify the most functional action possibilities to achieve the goal (Duarte et
al., 2012). According to this approach, the most relevant information for the decision-making process and
action implementation emerges during the continuous interactions between the athlete and the environment
(Travassos et al., 2012). Athletes, in fact, defined as complex systems, can exploit information from the
environment, bringing out functional models of behaviour in performance contexts (Davids et al., 2013).

The theoretical framework of the ecological-dynamic approach lays the foundations for the study and
interpretation of movement pattern variability in athletes (Seifert et al., 2013). Variability is essential because
it provides the athlete with the necessary fluctuations (Davids et al., 2003) to adapt skills to the situation
(Woods etal., 2020), developing the cognitive and motor spheres. In this way, the athlete can try out different
variations of the movement rather than always repeating the same solution to the problem (Chow et al.,
2011). In this regard, Bernstein (2014) coined the expression “repetition without repetition”, that is, repeating
the same problem-solving process but not the same solution.

Incorporating variation and variability into training is crucial to adapt the performance to the goal and the
environment, prevent injuries and increase motivation, especially in rhythmic gymnastics which is described
as a sport where there is a stereotypical repetition of gestures (Morgunova, 2020; Oltean et al., 2017).
Rhythmic Gymnastics (RG) has been an Olympic sport since 1984 (Hamza et al., 2020) and is one of the
few sports that is practiced only by women in most countries (Cleophas & Visser, 2024). The main
characteristics of this sport are fluidity, elegance, harmony, strength, and dynamism (Coppola et al., 2024),
expressed through the coordination of body movements with the handling of five apparatuses: rope, hoop,
ball, clubs, and ribbon (Agopyan & Ors, 2023). A rhythmic gymnastics competition exercise consists of
difficulties of body (DB), difficulties of apparatus (DA), dance steps (S), and dynamic elements with rotation
(R). DB includes jumps, balances, and pivots. In this study reference is made to jump DB, considered by
Chiriac et al. (2021) as very dynamic motor tasks that represent an essential component of RG performances
(Polat, 2018; Santos et al., 2016). Jumps require complex muscular coordination of the lower and upper limbs
(Ashby & Heegaard, 2002), strength, explosiveness, speed (Cimen, 2012), and flexibility, which is considered
one of the fundamental motor skills in RG (Moraru & Rusu, 2016), as during the flight phase, the gymnast
must maintain a fixed and well-defined shape of the DB to be performed (Di Cagno et al., 2008), accompanied
by choreographic handling of the apparatus (Nazari, 2019).

The run-up is the phase preceding the jump and can be performed either with a run, especially in the early
stages of DB learning, or with the chasseé (Coppola et al., 2020). In recent years, a pre-jump (shown in Figure
1a) is also used in competition exercises to make the movement more fluid and faster, allowing for greater
speed on the music. Varying the practice by using different run-up techniques enriches the athlete's technical
skills, allowing to be flexible and adapt effectively to environmental demands (Newell & James, 2008). After
the run-up, the jump involves the take-off phase, which is essential for generating the energy needed to jump.
This phase can be performed with the take-off on one-foot or two-feet (Coppola et al., 2024; Akkari-
Ghazouani et al., 2022). This is followed by the flight phase, in which the gymnast performs the jump with
the possible handling of the apparatus, and the landing phase in which the athlete comes back into contact
with the ground, cushioning the landing to avoid lower limb injuries (Btazkiewicz et al., 2019).

One of the favourite jumps by coaches and athletes in RG is the split leap (Ors & Tursak, 2020) that requires
great speed, explosive strength, body control, and coordination (Mkaouer et al., 2012). During flight, the
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gymnast performs a sagittal split, bringing the dominant leg forward and the non-dominant leg back, reaching
an amplitude of at least 180° at the highest point of the jump. It is preferable that the split position is horizontal,
but the jump is also considered valid by the jury when the 180° amplitude is achieved with one leg above
and the other below the horizontal position. This DB has a value of 0.30 points (Code of Points RG 2025-
2028).

To enhance sports performance, it is important to investigate the dynamic and kinematic parameters of
jumps, especially with technologies that allow for an accurate and detailed quali-quantitative analysis of the
task, such as the integrated multifactorial optoelectronic system (also used in this study). In this regard, the
study conducted by Coppola et al. (2023) investigated the effectiveness of using this system, considered the
gold standard for motion analysis, to analyse the dynamics and kinematics of complex and fast motor tasks
such as the split leap in RG.

In the scientific literature, there are studies investigating different aspects of the split leap in RG. In particular,
the study conducted by Coppola et al. (2025) assessed the variability (CV%) in this jump performed free body
and with the handling of the ribbon.

Aji-Putra et al. (2021) examined the relationship between the degree of flexibility of the lower limbs, the leg
length of the gymnasts, and the height of the split leap.

The study by Ors & Tursak (2020) investigated some kinematic parameters of the split leap, including the
amplitude and height of the jump, the flight time, the distance travelled during the jump, and the length of the
last step. The study by Coppola et al. (2020) also investigated some kinematic parameters such as position,
speed, acceleration of the sacrum and the amplitude of the jump, comparing two run-up techniques (chasse
and run).

The research by Bfazkiewicz et al. (2019) compared two different types of landing from the split leap, one
stopped on one lower limb and the second with movements after the jump, to aim for improved performance,
avoiding injuries.

However, there are no studies in scientific literature that investigate the pre-jump as a run-up technique for
splitleap in RG. For this reason, the aim of this study is to compare, from an ecological-dynamic perspective,
two run-up techniques: chasse (widely used by gymnasts in competition and already studied in the scientific
literature) and pre-jump (not yet investigated in scientific literature) used to perform the split leap to investigate
the favourable biomechanical characteristics of jumps, aiming at improving performance in RG. It is
hypothesized that the split leap performed with the chassé has greater results in elevation and amplitude
than the pre-jump.

MATERIAL AND METHODS

Participants
The study sample consisted of six competitive gymnasts with an average age of 17.3 years (£1.9).

The average height value is 164.8 (£6.0) cm, while the average weight value is 54.7 (£3.6) kg.

The gymnasts belong to the following FGI (Italian Gymnastics Federation) categories: Junior 2 (n = 1), Senior
(n=5).
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The gymnasts were randomly selected from a group of n = 20 athletes who took part in competitions during
the sports year and who mastered the split leap technique. For all gymnasts, the dominant limb is the right.

The gymnasts trained three times a week for two hours a day and didn’t report any injuries in the period prior
to acquisitions.

The athletes signed the informed consent form, authorizing their participation in the study. In the case of
underage athletes, the form was signed by their parents.

The study was conducted in accordance with the Declaration of Helsinki (2013) and has been approved by
the Ethical Committee of the Department of Human Sciences, Philosophy & Education at the University of
Salerno (protocol number: 0354235).

Instruments

The integrated multifactorial optoelectronic system consisting of six BTS Smart-DX video cameras, seven
BTS-6000 force platforms, fifteen passive markers applied to the athletes' bodies following the Simple Helen-
Hayes protocol, and two BTS-Vixta video support cameras was used for the study (BTS S.p.A,, Italy).

Procedure
The study was conducted at the Laboratory for Innovative Teaching Methodologies and Analysis of Sports
Performance, University of Salerno (ltaly).

A preliminary pilot investigation was carried out to verify the correct administration of the motion analysis
protocol in the same laboratory and on a sample similar to the one considered for the study.

A meeting was organized with the participating athletes (in the case of underage athletes with their
parents/tutors) to provide all the necessary information regarding the study to be carried out.

Initially, the following anthropometric measurements of the athletes were taken: body weight, height, total leg
length (measuring the distance between the anterior superior iliac spines and the medial malleoli), pelvis
width (measuring the distance between the anterior superior iliac spines with a pelvimeter), pelvis height
(taking the measurement perpendicular to a ruler placed parallel to the table passing through the greater
trochanter and the anterior superior iliac spine), the diameter of the knee (measuring the distance between
the femoral epicondyles of the knee) and the diameter of the ankle (measuring the distance between the
medial and lateral malleoli) (Kadaba et al., 1990).

Subsequently, the gymnasts performed a standardized warm-up of the muscles involved in the chosen motor
task, with reference to the muscle activation of the lower limbs.

Markers were then applied to the athletes' body following the Simple Helen-Hayes protocol (BTS S.p.A.,
Italy). Markers were placed on the S2, on the anterior-superior iliac spines, on the lateral femoral epicondyles,
on the lateral malleoli, on the heels, and in the space between the second and third metatarsal heads. In
addition, four rigid bars covered with markers were used and placed on the thighs (in alignment with the
greater trochanter of the femur and the marker on the epicondyle) and on the legs (in alignment with the
marker on the epicondyle and the one on the lateral malleolus), respectively, to avoid errors in the calculation
of the hip intra-extra rotation and knee flexion-extension angles (Kadaba et al., 1990).
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After performing a static acquisition with the subjects in orthostasis on the force platforms, five split leap trials
with the chasseé and five trials of the same task with the pre-jump were performed. Two minutes of recovery
were given between the splitleap with the chassé and the splitleap with the pre-jump. All gymnasts performed
a split leap with the right leg forward (dominant limb) and the left leg back.

Data analysis

A quali-quantitative analysis of the motor task was performed. Initially, through a qualitative analysis of the
video, the three best jump trials in terms of well-defined form during flight were selected. Subsequently, we
moved on to the quantitative analysis, using the SMARTtracker and SMARTanalyzer software (BTS S.p.A.,
ltaly). The first allowed the reconstruction of the gesture, assigning a name to each marker according to the
Simple Helen-Hayes protocol (as shown in Figure 2) and the identification of the Ground Reaction Force
(GRF). With the SMARTanalyzer software, the modified Helen-Hayes calculation protocol was used to obtain
the maximum jump amplitude (°) and the maximum elevation (m) data. In particular, the maximum amplitude
was taken as the sum of the angles of hip flexion (for the front limb) and extension (for the back limb). The
maximum elevation was calculated as the difference between the maximum height recorded by the marker
on S2 after the take-off from the ground and the height recorded by the same marker at the take-off.

Figure 1. Representation of the phases of the split leap performed with the pre-jump: a) the pre-jump; b) the
foot contact; c) the step forward with the opposite leg; d) the split leap.

Figure 2. Representation of split leap with SMARTtracker software.

Using descriptive statistics, for each gymnast, the average values and the standard deviation (mean + SD)
of the three best jump trials were reported both for a split leap performed with the chassé and with the pre-
jump. The mean and standard deviation (mean £ SD) of the whole sample were also reported for both the
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maximum split leap amplitude and the maximum elevation for the jumps performed with chassé and pre-
jump.

Finally, with the MATLAB R2024b software (The MathWorks, Inc. 2024) the Cohen’s Effect Size and t-test
for the independent samples were used to verify if the difference between the mean values of the jumps
made with the chassé and with the pre-jump was statistically significant.

Results

Table 1. Comparison of the group average of the maximum jump amplitude (°) performed with the chassé
and the pre-jump.
Group average of the maximum jump amplitude performed with the chassé 171.4° £16.5
Group average of the maximum jump amplitude performed with the pre-jump 167° £15.7

Group average of maximum jump amplitude
180
160
140
120
100

Jump amplitude with the chasse Jump amplitude with the pre-jump

Figure 3. Graphic representation of the group average of the maximum jump amplitude (°) performed with
the chassé and the pre-jump.

As shown in Table 1 and Figure 3, the average maximum amplitude (°) of the split leap performed with the
chassé (black colour) is greater than the split leap performed with the pre-jump (grey colour) (171.4° £ 16.5
vs. 167° £ 15.7). Specifically, the difference in amplitude between the two run-up techniques is 4.4°.

Table 2. Comparison of the group average of the maximum jump elevation (m) performed with the chassé
and the pre-jump.
Group average of the maximum jump elevation performed with the chassé 0.15m £ 0.03
Group average of the maximum jump elevation performed with the pre-jump 0.14m+0.02

As shown in Table 2 and Figure 4, the average values relative to the maximum elevation (m) of the jump
performed with the chassé (black colour) are also higher than the jump performed with the pre-jump (grey
colour) (0.15m £ 0.03 vs. 0.14m £ 0.02). In particular, the difference in terms of elevation is 0.01 m.
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Group average of maximum jump elevation
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Jump elevation with the chasse Jump elevation with the pre-jump

Figure 4. Graphic representation of the group average of the maximum jump elevation (m) performed with
the chasse and the pre-jump.

Table 3. p-value of the independent samples t-test for the maximum amplitude and maximum elevation of
the jump performed with the chassé and with the pre-jump.

p-value of the t-test of the maximum jump amplitude 6
p-value of the t-test of the maximum jump elevation 9

Table 3 shows the independent samples t-test p-values for the maximum split leap amplitude (0.6) and the
maximum jump elevation (0.5).

Table 4. Cohen’s Effect Size for the maximum amplitude and maximum elevation of the split leap.
Cohen’s Effect Size of the maximum jump amplitude 04
Cohen’s Effect Size of the maximum jump elevation 0.4

Table 4 shows the values of Cohen’s Effect Size for the maximum amplitude and maximum elevation of the
split leap performed with the chassé and with the pre-jump.

DISCUSSION

The purpose of this study is to compare, from an ecological-dynamic perspective, two run-up techniques
(chassé and pre-jump) used to perform the split leap in rhythmic gymnastics (RG) to investigate the
favourable biomechanical characteristics of jumps, aiming at improving performance.

From the results obtained, the jumps performed with the chassé have higher values in amplitude (Table 1
and Figure 3) and elevation (Table 2 and Figure 4) than those performed with the pre-jump (171.4°+16.5 vs.
167° £15.7;0.15m £ 0.03 vs. 0.14m + 0.02). These results are in line with the research hypothesis that split
leap has higher results in elevation and amplitude with the chasse than the pre-jump. This could be because
the run-up with the chassé, compared to the pre-jump, allows for the generation of a greater propulsion of
the jump, and, consequently, the split leap could be better in elevation and amplitude. As described in the
study by Marinho et al. (2021) chassé is a sliding step in which the back foot must catch up with the front foot
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as if chasing it. Upon contact with the floor, a countermovement is made that allows the hip, knee, and ankle
muscles to actively extend and store energy. Next, the hips, knees, and ankles move rapidly into triple
extension, and the muscles actively shorten, releasing energy (Weigand & Mokha, 2024). In this regard, the
propulsion generated by the chassé is fundamental because, during the flight phase, the gymnast must have
a fixed and well-defined shape of the jump (Code of Points RG 2025-2028; Di Cagno et al., 2008) to avoid
penalties from the jury.

Although there are no studies in scientific literature that investigate the pre-jump as a run-up technique for
split leap in RG, the results of this study are in line with the research by Coppola et al. (2020), in which split
leap had a greater total elevation with the chasse compared to running, and also the hip flexion-extension
angle was greater with the chassé. The study by Weigand & Mokha (2024), performed in dance, showed that
the chasseé is one of the most effective run-up techniques to perform the grand jeté jump. In this way, also in
the study by Rice et al. (2021), it is described that, to perform a split leap, dancers typically use the chassé.
Also, as described in the study by He et al. (2022) on table tennis, the chasse showed higher values in plantar
force and peak pressure during the forward phase compared to a single step.

The results of the t-test (Table 3) show that the p-values are higher than .05 (p > .05), so there is no
statistically significant difference (Mishra et al., 2019) between the two run-up techniques in maximum
amplitude (0.6) and maximum jump elevation (0.5).

Furthermore, the results of Cohen’s Effect Size (Table 4) show a small effect size according to McGuigan’s
study (2017). These could be due to the small sample size of the study (Garamszegi et al., 2012), which
doesn’t allow representative conclusions to be drawn for the population of gymnasts. The small sample size
reduces statistical power and increases the probability of type Il errors (Andrade, 2020), which could explain
the lack of significant results despite some observed differences. The effect size is important because it
provides a clearer picture of the difference between the groups (Kraft, 2020), which is crucial to understanding
the practical significance of the results. Although a small effect size might suggest a slight difference between
the two techniques, based on the data collected, it is not possible to conclude that one technique is superior
to the other in a statistically significant way.

As there are no statistically significant differences between the split leap performed with the chassé and the
pre-jump in elevation and amplitude, it could be hypothesized that both could be used because they provide
different movement opportunities without altering performance. In this way, therefore, as described in the
theoretical framework of the ecological-dynamic approach, it is important to vary the sporting practice to allow
the athlete to adapt effectively to changing environmental demands (Woods et al., 2020; Araujo et al., 2020;
Glazier & Davids, 2009; Davids et al., 2003), to prevent injuries (Nordin & Dufek, 2019; Bartlett et al., 2007
James, 2004), and to increase motivation (Bosch, 2021; Studenka et al., 2017), facing the monotony resulting
from the stereotyped repetition of the same gesture, typical of gymnastics (Morgunova, 2020; Oltean et al.,
2017). Variability provides the movement system with good adaptability and flexibility (Newell & James,
2008). Through variable training, in fact, athletes can try different variations of the movement (Chow et al.,
2011).

Variation and variability are important because, especially in competition, the gymnast must make decisions
and adjustments in her exercise as quickly as possible. Therefore, having a wide repertoire of choices allows
the athlete to adapt to the situation as quickly as possible (McCosker et al., 2020). The ecological-dynamic
approach highlights the importance of movement variation and variability in sport training to allow the gymnast
to adapt performance to the environment and the goal to be achieved.

912 | 2025 | ISSUE 3 | VOLUME 20 © 2025 ARD Asociacion Espariola



Costa, et al. / Ecological-dynamic approach in rhythmic gymnastics Journal of Human Sport & Exercise

As for the practical implications, coaches should encourage gymnasts to try both run-up techniques to
perform split leap, because, as described in the ecological-dynamic approach, it is important to adapt
movements to both internal and external factors (Bartlett et al., 2007; Davids et al., 2003), allowing the
gymnast to respond quickly to changing conditions and constraints. In this way, alternating between the
chasse and pre-jump techniques can offer a significant advantage in developing a versatile, adaptable, and
efficient movement pattern. The chassé could be used to maximize the effectiveness of the jump in terms of
amplitude and elevation, while pre-jump could be used for the choreographic needs of the exercise or when
the gymnast is too close to the red line on the floor and cannot cross it (otherwise the athlete would have a
penalty from the jury). Trying both run-up techniques would lead to gymnasts being more flexible and
adapting to different situations (Woods et al., 2020). In addition, the possibility of alternating between the
chassé and the pre-jump could help to maintain high motivation and variety in training, reducing the risk of
injuries due to repetitive movements, promoting a balanced, safe, and stimulating training for athletes.

CONCLUSIONS

The results of this study show that, although run-up with the chasse has higher values in terms of maximum
amplitude and maximum elevation of split leap compared to pre-jump, the t-test shows that there are no
statistically significant differences. Therefore, in line with the principles of variation and variability of the
ecological-dynamic approach, both run-up techniques could be used to vary the practice without altering
performance, reducing the risk of injuries and increasing the possibility of being flexible and adaptable to
changes in the environment. Integrating both run-up techniques in the training program promotes a more
complete preparation, in which the athlete is not bound to a single movement but develops the ability to adapt
to changes, using the most suitable technique for the situation to perform an optimal jump.

The present study is not without limitations, as the small sample size, the acquisitions performed outside the
training context (laboratory for human motion analysis), and the speed of the split leap, which required an
accurate placement of the markers, blocked by applying tape around them.

In conclusion, future research perspectives in this field could be carried out on a larger sample belonging to
different technical levels to investigate the favourable biomechanical characteristics of jumps, aiming at
improving training and performance in rhythmic gymnastics. Further research could be carried out by
investigating other techniques in rhythmic gymnastics to promote the variation in training and performance
from an ecological-dynamic perspective.
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Seowoo Ma | . Ivy Collegiate School. Incheon, Republic of Korea.

ABSTRACT

The purpose of this study was to compare the technical performance metrics of top- and bottom-tier English
Premier League teams, examine the effect of match location on these metrics, and identify the statistically
significant factors of winning. A total of 266 match observations were analysed via Mann-Whitney U tests
and binary logistic regression. Top-tier teams had higher numbers in Shot, Shot on Target, Successful Take-
On, Tackle Attacking 3rd, Pass Completed, Through Ball, Long Pass Completed, and Cross. Bottom-tier
teams, on the other hand, recorded more Shot on Target Against, Clearance, Blocked Shot, Tackle Defensive
3rd, Yellow Card, Long Pass Completed %, and Aerial Duel Won. Generally, teams had increased offensive
outputs in home games, while playing away primarily influenced defensive actions. For top-tier teams, each
additional Aerial Duel Won and Shot on Target increased winning odds by 35% and 65%, respectively. Cross,
Tackle Attacking 3rd, and Shot on Target Against decreased these odds by 30%, 43%, and 45%,
respectively. Among bottom-tier teams, each event of Clearance increased odds of winning by 13%, while
Shot on Target Against decreased them by 37%. These findings can be useful to coaches and performance
analysts for evaluating and improving team performance.

Keywords: Performance analysis, Association football, Match analysis, Technical performance metrics,
Match location.
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INTRODUCTION

Match analysis in association football, or simply “football,” involves the objective recording of team activities
and behavioural events in games, which aids in evaluating and providing feedback on both team and
individual performance (Carling et al., 2005; O’Donoghue, 2009). This process allows teams to refine their
strengths and address areas that need improvement. Likewise, by analysing an opponent’s performance,
coaches can devise strategies that neutralize that opponent’s strengths and exploit their weaknesses (Carling
etal., 2008).

A central element of such analyses is performance indicators: a set of selected variables that define some
aspect of performance, establish an ideal profile necessary for athletic success, and contribute to the
prediction of future outcomes in sport (Hughes & Bartlett, 2002; Jones et al., 2004). Hence, researchers have
emphasized the importance of developing and utilizing these indicators (Carling et al., 2005; Carling et al.,
2008; Hughes & Bartlett, 2002), and many studies have explored their relationships with match, seasonal, or
tournament success (Andrzejewski et al., 2022; Bilek & Ulas, 2019; Castellano et al., 2012; Delgado
Bordonau et al., 2013; Kubayi & Larkin, 2020; Lago-Ballesteros & Lago-Pefas, 2010; Lago-Pefias et al.,
2010; Liu et al., 2015a; Liu et al., 2015b; Liu et al., 2015c; Liu et al., 2016; Mao et al., 2016; Stafylidis et al.,
2024; Souza et al., 2019; Yue et al., 2014).

Within this field of research, performance metrics generally fall under two categories: physical and technical.
Of the two, technical parameters (e.g., shots, passes, crosses) are widely regarded as more robust indicators
of performance compared to pure physical activities, such as total distance covered, average speed, and
average acceleration (Bush et al., 2015; Castellano et al., 2012; Lago-Pefias et al., 2010; Liu et al., 2015b;
Nassis et al., 2015; Rampinini et al., 2009). Moreover, technical performance profiles can be improved when
contextualized by team quality (Liu et al., 2015b; Rampinini et al., 2009). However, there is still a lack of
studies comparing the technical performance of teams of differing quality. Consequently, the present study
investigates which technical metrics differ between higher- and lower-ranked teams and identifies the
indicators most strongly associated with match success in both groups.

Situational variables like the quality of opposition, match status, and match location have also been shown
to influence team performance (Lago, 2009; Taylor et al., 2008). While all three have been extensively
studied, match location can be further explored. According to Tucker et al. (2005), match location can affect
primary, secondary, and tertiary measures. “Primary measures consisted of fundamental skill execution (i.e.,
batting average, free throw percentage, penalties per game). Secondary measures usually reflected the
scoring necessary to win a contest (e.g., points or goals scored), while tertiary measures indicated the final
match outcome (win/loss, point’s difference etc.)” (p. 23). Most studies regarding match location have
evaluated its impact through tertiary measures (e.g., Allen & Jones, 2012; Almeida & Volossovitch, 2017;
Goumas, 2014; Leite, 2017; Liu et al., 2016; Peeters & van Ours, 2021; Schwartz & Barsky, 1977),
consistently reporting higher success rates at home compared to away, a phenomenon known as “home
advantage.”

A limited number of studies have examined the impact of match location on primary measures, in the form of
technical performance metrics (e.g., Carmichael & Thomas, 2005; Liu et al., 2015¢; Lago-Pefias & Lago-
Ballesteros, 2011; Taylor et al., 2008; Tucker et al., 2005), and even fewer have accounted for team quality
in this context (Lago-Pefias & Lago-Ballesteros, 2011; Liu et al., 2015c¢). Lago-Pefias & Lago-Ballesteros
(2011) and Liu et al. (2015c) suggest that stronger and weaker teams do not experience the same home
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advantage. Thus, it seems important to examine how match location affects technical performance, while
considering how team quality may moderate these effects.

A range of technical performance metrics were selected according to existing literature (Castellano et al.,
2012; Lago-Ballesteros & Lago-Pefias, 2010; Lago-Pefas et al., 2010; Lago-Pefias & Lago-Ballesteros,
2011; Liu et al., 2015a; Liu et al., 2016; Mao et al., 2016). A key contribution of this study is the introduction
of four metrics that have been largely unexplored in similar analyses: Tackle Defensive 3rd, Tackle Attacking
3rd, Long Pass Completed % and Shot Distance. While tackles themselves have been incorporated in
previous analyses (Almeida et al., 2014; Kubayi & Larkin, 2020; Liu et al., 2015a; Liu et al., 2015b; Liu et al.,
2015c¢; Liu et al., 2016; Mao et al., 2016; Stafylidis et al., 2024; Tucker et al., 2005), no attention has been
paid to their location on the pitch. By differentiating tackles in the defensive and attacking thirds of the pitch,
this study offers a more nuanced look at their tactical significance. Long Pass Completed % can indicate a
“direct’ playing style driven by frequent long passes (Fernandez-Navarro et al., 2018; Gonzalez-Rodenas et
al., 2020a), while Shot Distance provides insights into shot quality, given the role of shooting distance in
scoring likelihood (Gonzalez-Rodenas et al., 2020b; Pollard et al., 2004).

Previous studies have classified teams based on final league rankings, often without applying a rigorous
statistical framework (Lago-Ballesteros & Lago-Pefias, 2010; Liu et al., 2015b; Rampini et al., 2009). To
address this gap, this study employs k-means clustering to objectively categorize the 20 teams at the end of
the season, focusing on the top and bottom clusters for subsequent analysis.

Accordingly, the present study aims to: (1) compare technical performance metrics between top- and bottom-
tier English Premier League teams; (2) identify which technical metrics are affected by match location; and
(3) determine the key performance indicators most strongly associated with winning.

MATERIAL AND METHODS

Data

The sample contained 18 technical performance metrics of teams in the 2023—-24 English Premier League
season. Match statistics were collected from the publicly available Sports Reference’s FBref (FBref.com,
2024), which is powered by Opta Sports, a data collection company considered to be the gold standard (Sapp
etal., 2017).

Initially, k-means clustering was applied to divide the 20 teams into four clusters (see Section 2.2 for more
details). Teams that finished 1st to 3rd were assigned to the “top” tier, while those ranked 17th to 20th formed
the “bottom” tier. This selection resulted in 114 match observations in the top group, and 152 observations in
the bottom group.

Of the 18 metrics, 16 were directly obtained from FBref (Fbref.com, 2024) and checked for multicollinearity
(r > 0.8). The remaining two metrics were derived from the existing metrics: Long Pass Completed %,

L P C leted . Shot T t
calculated as =522 2P 2C » 100, and Shooting Accuracy %, calculated as 28 » 100.
Pass Completed Shot

Operational definitions for all metrics (Table 1) are based on FBref (FBref.com, 2024) and other sources (Liu
etal,, 2013; Liu et al., 2015a).
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Statistical analysis

K-means clustering was applied to group the 20 teams according to final league points in the 2023-24
Premier League season. The elbow method, as shown in Figure 1, indicated that the optimal number of
clusters was four, after which the top cluster (1st-3rd) and bottom cluster (17th—20th) were selected for
further analysis.

8000 -

5000 -

4000 -

2000 -

Total Within-Cluster Sum of Squares

1 2 3 4 5 6 7 8 9 10
Number of Clusters

Figure 1. Elbow method for determining the optimal number of clusters.

Descriptive data of the metrics were presented using means (M) and standard deviations (SD) according to
tier (top-tier and bottom-tier) and match location (home and away). The assumptions of normality of residuals
was assessed through Shapiro-Wilk’s test and homogeneity of variances was evaluated using Levene’s test.
As most of the metrics did not satisfy these assumptions, Mann—-Whitney U tests, which are statistically
equivalent to the Wilcoxon Rank-Sum test, were performed instead of Student's t-tests. First, a Mann-
Whitney U test was carried out to analyse the differences in technical metrics between top- and bottom-tier
teams. Then, the same test was implemented again to find the differences in metrics between home and
away matches in both tiers. Rank-based effect sizes (ES) were calculated for each Mann-Whitney U test
and interpreted as small (ES = 0.1), medium (ES = 0.3), or large (ES = 0.5) (Cohen, 1988).

Following this, binary logistic regression was conducted for both tiers to identify the statistically significant
performance indicators associated with winning. Match outcome was the dependent variable (1 = wins and
0 = draws and losses), while the values of the performance indicators were the independent variables, which
were modelled to calculate the logarithm of odds of winning a match (Peng et al., 2002). Long Pass
Completed % and Shooting Accuracy % were excluded in the regression due to issues with multicollinearity
(r>0.8). Although the dataset was unbalanced, as top-tier teams had a higher proportion of wins and bottom-
tier teams had a higher proportion of draws and losses, no under sampling or oversampling methods were
utilized. Crone and Finlay (2012) argue that such balancing does not improve logistic models and that
retaining all data yields better results. Model fit was evaluated using the Hosmer-Lemeshow goodness-of-fit
test, and Nagelkerke R? was calculated to measure the model’s explanatory strength. All statistical analyses
were carried out using the statistical software R (R Core Team, 2024), with p < .05 considered statistically
significant.
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Table 1. Operational definitions of the technical performance metrics.

Offensive Metrics

Shot An attempt to score a goal, made with any (legal) part of the body, either on or off target.
An attempt to goal which required intervention to stop it going in or resulted in a goal/shot
which would go in without being diverted.
Shooting Accuracy % Shot on Target as a proportion of Shot.
Average distance, in yards, from goal of all shots taken. Only players with a minimum of
0.395 shots per squad game are included in this statistic. Penalty kicks are excluded.
An attempt by a player to beat an opponent when they have possession of the ball. A
successful take-on means the player beats the defender while retaining possession.

Shot on Target

Shot Distance

Successful Take-On

Defensive Metrics

A conceded attempt on goal which required intervention to stop it going in or resulted in a
goal/shot which would go in without being diverted.

The act of gaining possession from an opposition player, when he is in possession of the
ball in the defensive third of the pitch.

The act of gaining possession from an opposition player, when he is in possession of the

Shot on Target Against

Tackle Defensive 3rd

Tackle Attacking 3rd ball in the attacking third of the pitch.
Blocked Shot A defensive block, blocking a shot going on target. This must be awarded to the player who
blocks the shot.
Players attempt to get the ball out of the danger zone, when there is pressure behind them,
Clearance .
or there is pressure on the player to clear the ball from the danger zone.
Yellow Card Where a player was shown a yellow card by the referee for reasons of foul, persistent

infringement, hand ball, dangerous play, time wasting, efc.
Passing & Organizing Metrics

Pass Completed An intentional ball from one player to another.

Long Passes Completed A completed pass longer than 30 yards.

Through Ball A completed pass sent between defenders back into open space.

Cross Any ball sent into the opposition team'’s area from a wide position.

Offside Being caught in an offside position resulting in a free kick to the opposing team.
Two players competing for a ball in the air, for it to be an aerial both players must jump and

Aerial Duel Won challenge each other in the air and have both feet off the ground. The player who wins the
duel gets the Aerial Won.

Long Pass Completed % Long Pass Completed as a proportion of Pass Completed.

RESULTS

Table 2 presents the results of the Mann-Whitney U test comparing the technical performance of top- and
bottom-tier teams. For offensive metrics, top-tier teams recorded significantly more total shots (p = .00, ES =
0.53, large effect), on-target shots (p = .00, ES = 0.47, moderate effect) and successful take-ons (p = .03,
ES = 0.13, small effect). By contrast, shooting accuracy (p = .07, ES = 0.11, small effect) and average shot
distance (p = .10, ES = 0.10, small effect) did not reach statistical significance at the p < .05 level.

Regarding defensive metrics, bottom-tier teams conceded a higher number of on-target shots (p = .00, ES =
0.52, large effect) and recorded more clearances (p = .00, ES = 0.54, large effect) and blocked shots (p =
.00, ES = 0.39, moderate effect). They also made more tackles in the defensive third of the pitch (p = .00, ES
= 0.39, moderate effect) and received more yellow cards (p = .00, ES = 0.19, small effect). In contrast, top-
tier teams attempted more tackles in the attacking third of the pitch (p = .00, ES = 0.22, small effect).

For passing and organizing metrics, top-tier teams completed more passes (p = .00, ES = 0.74, large effect),
through balls (p = .00, ES = 0.48, moderate effect), long passes (p = .00, ES = 0.29, small effect), and crosses (p
=.00, ES =0.19, small effect). Bottom-tier teams, on the other hand, relied more heavily on long passes relative
to their total passes (p = .00, ES = 0.62, large effect) and won more aerial duels (p = .00, ES = 0.27, small effect).
No significant differences were found concerning the number of offsides per match (p = .62, ES = 0.03).
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Table 2. Comparison of technical performance metrics between top- and bottom-tier teams.
Top-Tier Teams  Bottom-Tier Teams 7

Metric (M SD) (M SD) p Effect Size (ES)
Metrics Relating to Offense
Shot 18.52 +7.11 10.97 + 4.61 8.60 .00* 0.53
Shot on Target 6.46 £ 3.23 3.49+2.09 7.69 .00* 047
Successful Take-On 8.69 £ 3.49 7.76 £3.72 219 .03* 0.13
Shooting Accuracy % 36.00 + 15.00 32.00 + 16.00 1.82 .07 0.11
Shot Distance 16.61 + 2.07 17.24 + 3.64 -1.65 10 0.10
Metrics Relating to Defence
Shot on Target Against 297 +1.94 5.88+2.90 -8.44 .00* 0.52
Clearance 13.64 £ 6.44 24.76 £ 10.37 -8.78 .00* 0.54
Blocked Shot 254 +2.10 461+2.75 -6.41 .00* 0.39
Tackle Defensive 3rd 6.26 + 3.36 9.37 £4.09 -6.29 .00* 0.39
Tackle Attacking 3rd 2.92+1.83 213 £1.77 3.58 .00* 0.22
Yellow Card 1.63+1.33 2.18+1.48 -3.08  .00* 0.19
Metrics Relating to Passing and Organizing
Pass Completed 562.16 £ 132.16 305.12 £ 105.26 12.07 .00* 0.74
Long Pass Completed % 7.20£2.20 11.30 £ 3.36 -10.12  .00* 0.62
Through Ball 255+ 1.74 0.98+1.18 7.81 .00* 0.48
Long Pass Completed 39.18 + 11.82 32.36 £ 8.85 4.81 .00* 0.29
Aerial Duel Won 12.38 £ 6.38 15.55 £ 6.17 -4.35 .00* 0.27
Cross 19.18 + 8.63 15.88 + 8.21 3.14 .00* 0.19
Offside 201+£1.72 1.87 £ 1.63 0.00 62 0.03
Note. * = Significant at p < .05

Table 3. Differences in technical performance metrics for top-tier teams by match location.
Metric Home (M *SD) Away (M £ SD) Z p Effect Size (ES)
Metrics Relating to Offense
Shot 20.88 £7.10 16.16 £ 6.33 -3.51  .00* 0.33
Shot on Target 712 +3.11 579+3.23 211 .03* 0.20
Shooting Accuracy % 35112 36 £17 072 47 0.07
Successful Take-On 8.95+3.77 8.44 +3.20 0.00 .66 0.04
Shot Distance 16.67 £ 2.00 16.55+2.15 0.00 .95 0.01
Metrics Relating to Defence
Clearance 11.40 £5.42 15.88 £ 6.63 3.73  .00% 0.35
Blocked Shot 1.88 £ 1.60 319233 3.16  .00* 0.30
Tackle Defensive 3rd 544 +3.15 7.09+£3.39 268 .017 0.25
Tackle Attacking 3rd 3.23+£1.93 2.61+1.69 -1.67 .09 0.16
Yellow Card 147 +£1.36 1.79+£1.29 158 .11 0.15
Shot on Target Against 2.67 £1.50 3.28 £2.27 0.00 .29 0.10
Metrics Relating to Passing and Organizing
Cross 21.02 £9.32 17.35+7.52 213 .03* 0.20
Offside 2.21+1.71 1.81+£1.73 -1.58 M 0.15
Pass Completed 583.54 +£124.95 540.77 £136.76 -1.56 .12 0.15
Long Pass Completed % 7.01+£2.19 7.38£2.22 1.09 27 0.10
Aerial Duel Won 12.75+5.75 12.00 £ 6.98 -1.04 .30 0.10
Long Pass Completed 40.02 +12.46 3835+11.18 -064 .52 0.06
Through Ball 2.63+1.80 247 +1.68 0.00 .68 0.04

Note. * = Significant at p < .05

As shown in Table 3, when playing at home, top-tier teams took significantly more total (p = .00, ES = 0.33,
moderate effect) and on-target (p = .03, ES = 0.20, small effect) shots, along with more crosses (p = .03, ES =
0.20, small effect). In away matches, these teams made more clearances (p = .00, ES = 0.35, moderate effect)
and blocked shots (p = .00, ES = 0.30, moderate effect). They also made more tackles in the defensive third (p =
.01, ES = 0.25, small effect).
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Table 4. Differences in technical performance metrics for bottom-tier teams by match location.

Metric Home (M *SD)  Away (M *SD) Z p Effect Size (ES)
Metrics Relating to Offense

Shot 12.75+4.83 9.18 £ 3.62 452  .00* 0.37
Successful Take-On 8.26 £ 3.63 7.25+3.76 216 .03* 0.18
Shooting Accuracy % 30.00 + 15.00 35.00+17.00 215 .03* 0.17
Shot on Target 3.74 £2.26 3.25+1.89 135 18 0.11
Shot Distance 17.19 +£3.02 17.29+4.19 0.00 95 0.01
Metrics Relating to Defence

Blocked Shot 3.87 £2.64 534 +2.68 342  .00¢ 0.28
Tackle Attacking 3rd 2.59 +1.83 1.67 £1.59 -3.37  .00* 0.27
Clearance 22.66 £ 10.92 26.86 + 9.41 256  .017 0.21
Tackle Defensive 3rd 8.82 £4.17 9.92 £ 3.96 1.73 .08 0.14
Yellow Card 197+1.35 2.38 £1.59 0.00 .10 0.13
Shot on Target Against 554 +2.84 6.21+£2.9%4 1.55 12 0.13
Metrics Relating to Passing and Organizing

Cross 18.75+9.11 13.01 £6.01 -3.99  .00* 0.32
Long Pass Completed 33.86 +9.01 30.87 +8.49 225 .02* 0.18
Pass Completed 32439+11524  28586+9095 -1.88 .06 0.15
Offside 2.08+1.90 1.66 +1.28 087 .39 0.07
Aerial Duel Won 15.87 £ 6.54 15.24 £5.80 0.00 .78 0.02
Through Ball 1.00+£1.23 0.96 £1.14 0.00 .88 0.01
Long Pass Completed % 11.15+3.16 11.44 + 3.57 0.03 .97 0.00

Note. * = Significant at p < .05

Table 4 presents the technical performance metrics of bottom-tier teams according to match location. At
home, these teams attempted significantly more total shots (p = .00, ES = 0.37, moderate effect) and had a
higher number of successful take-ons (p = .03, ES = 0.18, small effect). They also performed more tackles
in the attacking third (p = .00, ES = 0.27, smalll effect), along with more crosses (p = .00, ES = 0.32, moderate
effect) and long passes (p = .02, ES = 0.18, small effect). In away games, bottom-tier teams displayed better
shooting accuracy (p = .03, ES = 0.17, small effect). Additionally, they blocked more shots (p = .00, ES =
0.28, small effect) and completed more clearances (p = .01, ES = 0.21, small effect).

Table 5. Binary logistic regression results for top-tier teams.

Variable B Odds Ratio (OR) p Lower 95% ClI Upper 95% CI
Cross -0.36 0.70 .00* 0.57 0.86
Aerial Duel Won 0.31 1.37 .00* 1.10 1.69
Shot on Target 0.50 1.65 .01* 1.12 242
Shot on Target Against -0.61 0.55 .01* 0.34 0.88
Tackle Attacking 3rd -0.57 0.57 .02* 0.35 0.93
(Intercept) .03

Through Ball -0.32 0.73 .16 047 1.13
Blocked Shot -0.33 0.72 A7 0.45 1.15
Clearance -0.11 0.90 .20 0.77 1.06
Yellow Card -0.46 0.63 20 0.31 1.28
Shot Distance -0.20 0.82 27 0.57 1.17
Tackle Defensive 3rd -0.08 0.93 .60 0.69 1.24
Successful Take-On -0.05 0.95 .66 0.75 1.20
Pass Completed 0.00 1.00 73 0.99 1.01
Long Pass Completed 0.01 1.01 e 0.94 1.09
Shot 0.03 1.03 .80 0.82 1.29
Offside -0.05 0.95 81 0.63 1.44

Note. * = Significant at p < .05
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Table 5 presents the binary logistic regression results for top-tier teams, indicating five significant metrics:
Aerial Duel Won, Shot on Target, Cross, Tackle Attacking 3rd, and Shot on Target Against. Each additional
Aerial Duel Won (p = .00) and Shot on Target (p = .01) increased the odds of winning in a game by 37% and
65%, respectively. On the other hand, per increase for Cross (p = .00), Tackle Attacking 3rd (p = .02), and
Shot on Target Against (p = .01), the odds of winning decreased by 30%, 45%, and 43%, respectively. The
Hosmer-Lemeshow goodness-of-fit test returned a nonsignificant p-value of .46, and Nagelkerke R? was .71.

Table 6. Binary logistic regression results for bottom-tier teams.

Variable B Odds Ratio (OR) p Lower 95% CI Upper 95% CI
Shot on Target Against -0.46 0.63 .00% 0.48 0.84
Clearance 0.12 1.13 .01* 1.03 1.23
Shot 0.19 1.21 10 0.96 1.52
Pass Completed -0.01 0.99 13 0.98 1.00
Through Ball 0.36 1.43 .16 0.87 2.36
Successful Take-Ons -0.12 0.89 .20 0.74 1.07
Cross -0.08 0.93 22 0.82 1.05
Long Pass Completed 0.06 1.06 22 0.97 1.16
Blocked Shot -0.17 0.84 27 0.62 1.14
Shot on Target 0.19 1.21 31 0.84 1.76
Shot Distance 0.10 1.10 32 0.91 1.33
Tackle Defensive 3rd -0.09 0.92 .34 0.77 1.09
Yellow Card -0.20 0.82 .36 0.53 1.26
Aerial Duel Won -0.05 0.95 37 0.86 1.06
(Intercept) 45

Offside 0.13 1.14 52 0.77 1.70
Tackle Attacking 3rd -0.06 0.94 a7 0.63 1.42

Note. * = Significant at p < .05

As seen in Table 6, the binary logistic regression of bottom-tier teams revealed only two significant metrics:
Clearance and Shot on Target Against. Per increase in a game, Clearance (p = .01) increased winning odds
by 13%, while Shot on Target Against (p = .00) decreased them by 37%. The Hosmer-Lemeshow goodness-
of-fit test returned a non-significant p-value of .16, and Nagelkerke R? had a value of .47.

DISCUSSION

The objective of this study was threefold: (1) to compare the technical performance of top- and bottom-tier
teams in the 2023-24 English Premier League season; (2) to identify the technical metrics affected by match
location; and (3) to determine the statistically significant performance indicators associated with winning. K-
means clustering, Mann-Whitney U tests, and binary logistic regression were implemented in the analyses.

Regarding the first aim, the results showed that top-tier teams had a higher number of total and on-target
shots, as well as for the number of successful take-ons. Previous studies have also found similar findings
(Andrzejewski et al., 2022; Gonzalez-Rodenas et al., 2015; Lago-Ballesteros & Lago-Pefias, 2010; Liu et al.,
2015b; Liuetal., 2015c¢; Liu et al., 2016; Souza et al., 2019). However, Shot Distance and Shooting Accuracy
% did not display statistically significant differences between the tiers. Considering the importance of the
distance of a shot on scoring, and thus shot quality, (Gonzalez-Rodenas et al., 2020b; Pollard et al., 2004)
the lack of significance for Shot Distance may have contributed to the similar result in Shooting Accuracy %,
which measures the average quality of shots in a game. Collectively, these findings indicate that the quantity
of shots (Shot) better differentiates the top and bottom tiers than average shot quality (Shooting Accuracy
%). In line with this claim, research conducted on the 2008-09 season of the Spanish La Liga reported
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significant differences between top, middle, and bottom teams for the number of total shots, but not for
shooting accuracy (Lago-Ballesteros & Lago-Pefias, 2010).

Defensively, bottom-tier teams conceded a greater number of shots on target, consistent with past research
(Andrzejewski et al., 2022; Delgado Bordonau et al., 2013; Souza et al., 2019). Moreover, they made a higher
frequency of clearances, blocked shots, and tackles in the defensive third of the pitch. These teams also
received more yellow cards, in accordance with the negative correlation between disciplinary counts and
league position (Sapp et al., 2017). Meanwhile, among top-tier teams, the only defensive metric they had
significantly higher values been the number of tackles in the attacking third. Previous studies have
established that such tackling in advanced areas of the pitch are intended to gain possession closer to the
opponent’s goal, further linking this to offensive success (Almeida et al., 2014; Fernandez-Navarro et al.,
2016; Gonzalez-Rodenas et al., 2020c; T, 2019; Liu et al., 2016).

Taking into consideration the metrics related to passing and organizing, top-tier teams completed nearly twice
as many total passes, along with more through balls and long passes. Some of these findings are supported
by other studies (Andrzejewski et al., 2022; Liu et al., 2015b; Liu et al., 2015c¢; Liu et al., 2016). Although
crossing has been negatively associated with win rates during the 2012-13 La Liga season (Liu et al., 2016),
the present study showed that top-tier teams attempted more crosses. This contrast in results may suggest
changing tactical strategies or may simply stem from league-specific characteristics. The currentinvestigation
also demonstrated a more direct style of play for bottom-tier teams, as they relied on a greater proportion of
long passes relative to their total passing. According to Liu et al. (2016), teams that won more aerial duels
tended to win more games over the 2012-13 La Liga season, attributing this to the control of attacking and
defensive phases in a match this advantage provides. Therefore, the fact that, in the present study, bottom-
tier teams won more aerial duels than top-tier teams is of considerable interest. A plausible explanation for
this inconsistency is that in the context of the 2023-24 English Premier League season, bottom-tier teams
placed extra emphasis on aerial training due to their heavy reliance on long balls, thereby enhancing aerial
ability despite their lower ranking.

With respect to the second objective, in both tiers, home matches were associated with greater offensive
outputs, particularly in shots and crosses. Similar findings have been made in past studies (Carmichael &
Thomas, 2005; Fernandez-Navarro et al., 2018; Gémez et al., 2018; Gonzélez-Rodenas et al., 2015;
Gonzalez-Rodenas et al., 2020c; Lago-Pefias & Lago-Ballesteros, 2011; Tucker et al., 2005). Expanding on
this, top-tier teams produced additional on-target attempts, while bottom-tier teams completed more
successful take-ons and long passes (Carmichael & Thomas, 2005; Lago-Pefias & Lago-Ballesteros, 2011;
Tucker et al., 2005).

By contrast, away matches impacted primarily defensive actions, prompting more clearances, blocked shots,
and tackles (Carmichael & Thomas, 2005; Lago-Pefias & Lago-Ballesteros, 2011; Tucker et al., 2005). The
specific location of these tackles differed between the tiers, however: top-tier teams tackled more in the
defensive third, whereas the bottom tier showed an increased number of attacking-third tackles. Further
investigation can examine why this may be the case. Interestingly, bottom-tier teams had better shooting
accuracy away from home, yet no past studies have made similar findings—likely because shooting accuracy
has not been studied in relation to match location. As such, future research should incorporate this metric to
determine if this trend holds true in other contexts.

The impact of match location on disciplinary consequences has remained inconclusive in existing literature.
While some note a greater number of yellow cards for away sides (Carmichael & Thomas, 2005; Lago-Pefias
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& Lago-Ballesteros, 2011; Sapp et al., 2017; Thomas et al., 2006), others find no significant differences
(Tucker et al., 2005). In the present study, the location of a match did not significantly affect the number of
yellow cards received, but this should be interpreted with caution due to the exclusion of mid-table teams in
the analysis.

These findings also support the conclusions of Lago-Pefias & Lago-Ballesteros (2011) and Liu et al. (2015¢),
both of whom indicated that stronger and weaker teams did not experience the same home advantage. In
the present study, top-tier teams recorded higher values in Shot, Shot on Target, and Cross at home, while
bottom-tier teams had higher totals for Shot, Successful Take-On, Cross, and Long Pass Completed. The
greater number of significantly different metrics between home and away matches for bottom-tier teams
aligns particularly well with Liu et al. (2015¢), who reported that stronger teams tend to maintain more
consistent technical performance across match location.

For the final objective, binary logistic regression was conducted to determine the metrics that had a
statistically significant impact on winning. Among top-tier teams, Aerial Duel Won and Shot on Target were
identified to be the significant positive predictors. Per increase in these metrics, the odds of winning increased
by 37% and 65%, respectively, per event. The association between aerial duels and winning a match
coincides with previous studies (Liu et al., 2015a), though the result in the present study is particularly
noteworthy as the Mann-Whitney U test revealed that top-tier teams were less dominant in the air compared
to bottom-tier teams. Therefore, it is recommended that coaches of top-tier teams improve their team’s aerial
ability by implementing more heading exercises to maximize the chances of winning. The pronounced effect
of Shot on Target has also been reported in past studies (Bilek & Ulas, 2019; Castellano et al., 2012; Lago-
Penfas et al., 2010; Liu et al., 2015a; Liu et al., 2016; Mao et al., 2016; Stafylidis et al., 2024). However, Shot
did not significantly affect winning, reinforcing the notion that creating a shot with high quality (Shot on Target)
matters more than the sheer overall quantity of shots (Shot) in generating favourable results (Liu etal., 2015a;
Liu etal., 2016; Yue et al., 2014).

In the same model, Cross, Tackle Attacking 3rd, and Shot on Target Against appeared as negative predictors,
reducing the odds of winning by 30%, 43%, and 45%, respectively, per increase in metric. Previous studies
have similarly observed the detrimental effect of crossing, noting its unpredictability and risk of conceding
counterattacks (Fernandez-Navarro et al., 2016; Lago-Pefas et al., 2010; Liu et al., 2015a; Liu et al., 2016).
The substantial negative effect of Tackle Attacking 3rd is surprising given previous claims that acquiring
possession in advanced areas of the pitch—for example, through tackling—is advantageous despite the risks
of fouls (Almeida et al., 2014; Fernandez-Navarro et al., 2016; Gonzalez-Rodenas et al., 2020c; Jamil, 2019;
Liu et al., 2016). However, the findings of the present study suggest that, for top-tier teams, the risks involved
in tackling in the attacking third outweighed its benefits. The result of Shot on Target Against is consistent
with past research (Castellano et al., 2012), underscoring the critical need to limit high-quality shooting
opportunities for opponents.

Among bottom-tier teams, Clearance was the only significant positive factor, raising winning odds by 12%
per instance. This performance metric was not significant in the regression for top-tier teams, highlighting the
importance of effective ball clearing for weaker sides, who often face stronger opposition (Bilek & Ulas, 2019).
Again, Shot on Target Against was identified as a significant negative predictor, reducing the odds of winning
by 37% per increase in metric. This was the only variable to achieve statistical significance in both models,
emphasizing its pivotal influence on match success regardless of team quality.
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CONCLUSION

In summary, this study identified significant differences in technical performance between top- and bottom-
tier teams, highlighted the influence of match location, and uncovered the key performance indicators
significantly associated with winning. Future research can continue to incorporate the newly explored
metrics—Tackle Defensive 3rd, Tackle Attacking 3rd, Long Pass Completed % and Shot Distance—in a
similar context to enhance the understanding of team performance in football.
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ABSTRACT

The polarized training model (POL), with its unique training intensity distribution (TID), emerges as an effective
alternative to improve time trial performance. This study aimed to evaluate the effects of 13 weeks of training by
applying a POL model in trained and highly-trained triathletes, using a percentage of TID of 75/0/25 in zones 1,
2, and 3, respectively. To analyse training effects, the assessment was performed at the beginning and the end
of the study on time trials: 200m swimming (T200m), 4 minutes (T4min) and 20 minutes (T20min) cycling, and 6
minutes (T6min) running. Analysis of covariance (ANCOVA), supplemented with post hoc tests, revealed that
POL training did not produce significant changes: T200m (pre = 3.03 + 0.58, post = 2.90 + 0.53, p = .59), T4min
(pre =272.09 £ 55.91, post = 290 + 69.33, p = .50), T20min (pre = 204.91 + 51.3, post = 216.36 + 56.6, p = .62)
and Témin (pre = 15.71 £ 1.69, post = 15.86 + 1.54, p = .82). Even though training time in Z1 and Z3 is relevant,
our results suggest that optimal programs for trained and highly trained triathletes should not exclude training in
Z2. Furthermore, to optimize the effects of the POL model, it is essential to consider the athlete’s initial level of
performance and the duration of the program.

Keywords: Performance analysis, Performance framework, Training intensity distribution, Overtraining,
Physiological capacity.
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INTRODUCTION

In endurance sports, time-trial performance tests are considered one of the most effective methods of
evaluating the effects of a training program. In addition, they allow the classification of the athlete's
performance level in a sensitive and accessible form without using mathematical models or access to a
laboratory (Valenzuela et al., 2021). These tests are characterized by the assessment of the athlete's ability
to maintain maximum power or speed for a given period of time (Dolci et al., 2020), which makes it possible
to establish a direct relationship between the physiological adaptations induced by training and performance
in a specific sport discipline(Cerezuela-Espejo et al., 2018).

The polarized (POL) model has emerged as a highly effective alternative for the improvement and refinement
of this type of testing (Rosenblat et al., 2019). This strategy, with its exclusive training intensity distribution
(TID), is traditionally characterized by accumulating ~75-80 % of training volume in the low intensity zone
(Z1), ~0-5 % in the moderate-intensity zone (Z2), and the remaining ~15-20 % in the high-intensity zone
(Z3) (i.e., Z1>23>22) (Treff et al., 2019). In this regard, recent studies have demonstrated that POL training
has positive effects on modifying physiological responses related to performance enhancement in several
elite athletes, including rowers (Treff et al., 2017), runners (Ingham et al., 2012), swimmers (Pla et al., 2019)
and cyclists (Schneeweiss et al., 2022). Furthermore, research on the annual distribution employed by top
world-class endurance athletes has indicated a tendency to utilize POL models (Casado et al., 2022; Seiler,
2010).

Several hypotheses have been proposed to elucidate the physiological mechanisms responsible for the
effectiveness of the POL model in enhancing performance in endurance athletes. One of these is highlighted
by the enhancement of mitochondrial capacity, and involves two signalling pathways that converge on the
expression of peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a) (Casado et
al., 2023). The first pathway is based on mitochondrial protein synthesis through calcium signalling and is
related to low-intensity training at Z1, stimulated by high-volume steady-state sessions (Bishop et al., 2019).
The second pathway is activated by an increase in the intramuscular ATP:ADP/AMP ratio and cellular energy
depletion, leading to an accumulation of reactive molecules and energy intermediates that activate 5'-
adenosine monophosphate-activated protein kinase (AMPK). Activation of this protein stimulates PGC-1a
and thus generates mitochondrial biogenesis (Gibala et al., 2012). This signalling pathway is induced by Z3
training, which is carried out through intervallic sessions at intensities above the individual anaerobic
threshold (IAT) or close to maximal oxygen uptake (VO2max) (van der Zwaard et al., 2021). However, a high
volume of allocated training time in Z3 has been associated with negative cardiovascular, hormonal and
metabolic consequences, as well as a decrease in performance (Bellinger, 2020). For this reason, to balance
the positive and negative effects of high-intensity training, endurance athletes should consider combining Z3-
regulated sessions with high volumes of Z1 training in order to optimize mitochondrial adaptations,
physiological capacity and time trail and competition performance (Foster et al., 2022; van der Zwaard et al.,
2021).

Despite the physiological mechanisms that explain the beneficial effects of POL model, there are significant
inconsistencies and limitations in the evidence supporting the notion that this method is optimal (Burnley et
al., 2022). This is particularly evident in lower-level endurance athletes (Silva Oliveira et al., 2024). In this
sense, two recent studies conducted with trained endurance athletes (Festa et al., 2019; Réhrken et al.,
2020) failed to demonstrate superior physiological adaptations and time trial performance improvements
when comparing the effect of POL training with other TID models (pyramidal [PYR] and threshold [THR],
respectively). Furthermore, a longitudinal case study of an elite trail runner (Rivera-Kofler et al., 2024) found
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that the greatest physiological changes were reported during the period when the athlete increased training
volume in the Z2 (i.e., moderate intensity zone), which increased the internal training load with the measures
of total training impulse (TRIMPs) and consequently improved the athlete's physiological capacity. However,
the training volume reported in this study was significantly lower than that used by elite and world-class
endurance runners (Casado