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1. GENERALNTRODUCTION

1.1 Towards a Complex System Approach

Determining the causes of natural phenomena is a key goal of science [1]. Causal

knowledge provides the critical foundations on which informed and appropriate actions

can take place to alter a given outcome [2]. At the heart of this scientific tradition lies

the notion of determinism: the idea that iin a
happen next, and that its evolution is goverr
worldview has long dominated scientif ic thinking, both in the past and still today.

For centuries, most scientific thinking in the West has been shaped by a mechanistic

and reductionist perspective, the Omicroscopi
them down into smaller and smaller parts, to examine each part's role. This approach,

introduced by Aristotle and epitomized by Newton and Descartes, has been enormously

successful in explaining natural laws and describing the human body in fine detail. Yet,

while it enables precision, it also risks missing the bigger picture. We must be aware

that when we reduce a complex problem into its units, the relationships are  neglected,

and prediction may not be possible. This mechanistic view has deeply influenced the

way we think, including sport stheory, practice, and research. Human beings have often

been described as oOmachinesdé to be optimized,
(performance), and fixed feedback (adaptations, fatigue). Such linear models remain

central in many areas, but in the 20th century, they began to be challenged [3].

The rise of relativity and quantum physics (Einstein, Bohr, and others) replaced the
language of strict cause-and-effect with one of relationships, uncertainty, and
probability. Parallel developments in information theory, cybernetics, psychology, and
systems theory, among others, expanded this shift [3,4] . Complexity thinking emerged,
however, it took much of the century for these ideas to influence medicine and,
eventually, sports injury analysis.

Although complexity has gained traction as a scientific and philosophical concept, its

definition continues to be contested. At its core lies the question of what truly defines

complexity, and what does it mean to apply complex thinking to research. Comple  xity

is difficult to define precisely because it deals with continual, transformative change.

Definitions require stability, yet complexity invites us to see the world as dynamic,

always in flux; but a world that does have patterns to it, patterns that str  ucture and

bind through their interplay. Thinking complexly therefore asks us to shift our
perspective of world not in terms of oO0thingsé
from the science that study particles to the sciences of relations and interac  tions among

particles, events, and systems. In this view, cause deffect relationships are rarely linear



or singular. Instead, what looks like a single cause is often the combined effect of many
connected factors.

Yet, our onatural 6 way of interpreting change
Humans are inclined to think in terms of mono -causality, where the final visible event

(e.g., injury occurrence) is routinely interpreted as the unique cause of an outcome [5].

Such linear associations are most evident when the exposure is close in time to the

outcome, which strengthens their apparent effect. The concern, however, is that this

relationship reflects only a limited segment of the causal picture. When relevant

influences are more distant in time, or when multiple factors at different levels
(biomechanical, behavioral, physiological, contextual) interact, linear and si  ngular
explanations fail to capture the full process. This limitation is especially clear in
gradual-onset injuries, where the inciting event may be distant from the outcome. In

practice, however, dynamic systems such as the human body often fluctuate between

stability and instability, showing both order and chaos at the same time. This makes

long-term prediction impossible, while short -term forecasting remains probabilistic at

best. Prediction of complex problems, whether financial crises [4], disease spread [6],

athletic performance [7], or sports injuries [8], requires identifying and modelling a

complex network of interacting factors. At both the cellular and organic levels, reality

lies not in independent entities (Newtonds 0h
in their relations and cooperation.

1.1.2 Characteristics of a Complex System

Biology, and medicine in particular , recognizes that living organisms are dynamic, open
systems characterized by multiple interactions among units, recursive loops, self -
organization, non -linearity, and emergent properties. Such systems also operate under
some level of uncertainty, as the multiple scal es (spatial and temporal) of interacting
units are often unknown or not directly observable [3]. The key characteristics of
complex systems are outlined below.

Non-linearity occurs when the effects of interacting components are not proportional

to their causes. In linear systems, outputs change in direct proportion to inputs, and
the superposition principle applies , two causes acting together produce an additive
effect. However, linearity represents only a limited subset of complex behavior,
applicable under tightly controlled conditions and minimal interactions (e.g., a direct
muscle blow causing a proportional injur y). In contrast, non -linear systems produce
effects that cannot be predicted from individual causes: small changes may vyield large
consequences, and vice versa.

Emergent properties arise from the collective interactions of components, forming new
levels of organization. These properties may be multiply realizable, meaning different

10



arrangements of lower -level units can yield the same emergent function. For example,

similar coordination patterns may result from different muscle activation combinations.

Emergence supports hierarchical organization, where micro -level interactions shape

macro-level behaviors, which in turn influence lower levels through feedback. The

interaction creates something qualitativelynew ,0t he whol e i s greater t
its parts. o6 Thus, the systembs organization i

Complex systems can selforganize without external control, enhancing stability or
efficiency and distinguishing them from purely chaotic systems. In living organisms,
self-organization enables continuous adaptation to internal and external changes. This
relates to openness: open systems exchange energy, matter, and information with their
environment, whereas closed systems do not. Because most biological systems are open,
modeling and experimentation must account for exogenous influences, which can be
amplified over time by sensitivity to initial conditions.

Another key feature is the presence of feedback loops, where outputs are recycled as
new inputs. Feedback may be positive or negative and operates across levels: micro -
level interactions create macro -level patterns, which in turn influence the micro -level
in continuous loops. This circular causality sustains functionality across scales and
underlies coevolution, where components and their environment adapt mutually over
time [9].

Synergy refers to the systemds ability to mai:-
certain components lose efficiency, others adjust their contributions to preserve overall

function . In motor systems, synergy manifests as compensatory adaptations to pain,

injury, or fatigue, maintaining coordinated movement  [10].

Equifinality denotes that a system can reach the same end state from different initial
conditions or through multiple pathways. In sports, similar movement outcomes or
injury types may emerge from distinct combinations of biomechanical, physiological,

or environmental factors. Equifinality underscores the limitations of single -cause
explanations and supports a systems-level view.

Complex systems range along a continuum from near-equilibrium (homeostasis) to far -
from-equilibrium (allostasis). Near -equilibrium systems maintain stability, absorbing
change; far-from-equilibrium systems operate near the edge of chaos, where small
pertur bations can drive major effects i sometimes adaptive, sometimes pathological
(e.g., overload and injury). A complexity perspective challenges the assumption that
equilibrium is the normal state, emphasizing coexistence between stability and
transformative ch ange.

Finally, i n modernist thinking our tendency is to universalize, to declare as true that
which fits all, all the time. Probably the most challenging of all the characteristics of

11



thinking complexly is acceptance of and working with ambiguity and uncertainty. There

i's no single o0correct o s olinnacamplex world, arobabilityi t uat i ¢

replaces certainty, interpretation replaces prediction, and interactions matter more
than isolated parts. Paul Cilliers emphasizes that open systems thinking thrives on
contradictions, using them as forces that vitalize the system [11]. Similarly, Michel
Serres suggests that wisdom begins when
cultivate humility, and abandon the compulsion to dominate or oversimplify  [12].

1.1.3 Complex System and Sports Injur ies

Within applied sports science and medicine, numerous challenges hinder attempts to
develop detailed understandings of injury causation. Traditional research approaches
have been largely shaped by study designs in which it is assumed that the parts of a
sygem can be studied, summed up and used to represent the system as a whole [13].
In other words, the parts of the body and environment are reduced to parts of the
musculoskeletal system observed under various laboratory conditions and then
generalized back as if they represented the entire body in motion.

we

The simplipcation of complex problems into

to explain how these parts interact to lead to the observed phenomenon is the classical
science method of analysis within the reductionism paradigm [14]. Unless each part of
the body and its interactions are identical, a reductionistic approach is not likely to
provide a complete understanding of system behavior and may result in distorted
assumptions of how the parts work together to generate a movement [15]. This
approach has led to identif ication of isolated factors that are frequently assumed as

causes of injuries ordiseases.l n epi demi ol ogy, ©O6risk factord

characteristic or exposure of an individual that increases the likelihood of developing
an injury, and it is generally treated as a static variable with effects assumed to be
proportional and ad ditive fithat is, a simple, linear relationship is assumed between the
factor and the outcome proportional [16]. This has been successful in certain domains,
such as establishing clear linear associations between smoking and lung cancer.
However, reductionism risks oversimplifying the inherently dynamic nature of sport
injuries . While linear models assume stable, proportional relationships, most injuries in
reality emerge from nonlinear, context -dependent interactions that reductionist
methods cannot fully capture. Moreover, linear causeceffect reasoning is particularly
vulnerable to confounding factors, where a thi rd variable influences both the presumed
risk factor and the injury outcome, creating spurious or exaggerated associations. Bahr
and Holme [17] discussed the influence that the power of a study has on the
identification and evaluation of injury causation factors. Factors affecting the power

of an epidemiological study include the size of the effect being investigated, the
acceptable level of sign ificance and the sample size.

12
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A complex systems approach seeks to overcome these limitations by viewing injuries as
emergent outcomes of dynamic, synergistic interactions among multiple
interconnected risk factors [8,14,18&0]. However, as the risk factors themselves are
insufficient to cause injury, some inciting event (e.g., motor action, playing situation

or an opponentodés behavior) I's considered nec
Complex systems in sport (athletes, teams, games, etc.) consist of heterogeneous
components operating across different timescales (from milliseconds to decades) and
levels (biomechanical, physiological, psychological, and environmental) [21]. These
systems are adaptive, goal-directed, and continuously adjusting to chang e through self -
organization [22]. This property increases immensely their level of complexity and
provides a big challenge for understanding sports -related phenomena. To advance
injury research meaningfully, injuries therefore must be understood not as the result

of a single cause but as the product of dynamic, multilevel interactions  [6].

Newel | 8ds consinrle86 altealy disonduished between personal (e.g.,
physical capacity, fatigue, previous injuries), environmental (e.g., pitch surface,
weather conditions, match context), and task -related (e.g., speed of play, technical
and tactical demands) constraints, all of which interact dynam ically to influence injury
risk [22]. In relation to personal constraints, physiological, psychological, and
perceptual -cognitive -motor components interact with the environment and task
constraints to attempt successful achievement of the motor skill goal . The concept of
constraints or boundary conditions requires probabilistic rather than deterministic
reasoning: the same exposure may lead to injury in one athlete but not in another,
depending on the evolving configuration of constraints. In this respect, the concept of
constraint seems more suitable than that of risk factor, es pecially when considering
sports injuries [10]. Athletes are not &rozendin a given time instant, their susceptibility
to injury changes over time in response to shifting internal and external constraints.

Recently, several conceptual models have extended complex thinking to investigate
risk factors and athlete susceptibility in sports injuries etiology [8,19,20,24].
Bittencourt and coll eaguesd oweb of deter min
outcome of interacting risk factors, where multiple pathways may lead to similar injury
outcomes [8]. This implies that the same type of injury (e.g., anterior cruciate ligament
rupture) may arise through different pathways depending on context A for example,
between a soldier, an elite footballer, or an art performer. Bekker and Clark [25]
highlighted the role of context in shaping injury processes, showing that injuries cannot
be separated from the social, cultural, and environmental systems in which athletes
operate. Hulme and Finch [18] advocated embracing the complex nature of sports
injuries by shifting the focus from isolated risk factors (e.g., lack of sleep, nutrition
status, training surface, joint range of motion , tissue recovery state, training load) to
risk pattern recognition (risk profiles). Accordingly, we need to ask ourselves, without
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taking away the epidemiological importance of identifying risk factors and their
potenti al modi pability, whet her we are
relationships. In order to catch patterns and be able to prevent, we need to predict.
Thus, the best way to predict an injury is by understanding the interactions among the
web of determinants and not just the determinants themselves.

Sport is not only a social phenomenon of our world but a real bank of human behavior
experimentation. It provides a chance to effectively and efficiently study the effects

of intense perturbations in complex living systems at many levels (physiological,
psychological, social). The possibility of getting rapid empirical feedback in relation to
formal models makes modeling sport -related phenomena a field of special interest for
science and for complex systems theory [26&9]. In conclusion, the science of complex
dynamical systems can contribute to changing the prevalent mechanistic view in sports
injury and can make useful contributions to the understanding of complex systems. This
theoretical foundation frames the specific focus of this thesis: advancing knowledge of
hamstring injuries (HI) in football through a complex system perspective.

1.2 What is a Sport Injury?

Defining what constitutes a ©O6recordabl e
consideration that strongly influences the results of injury and illness surveillance
studies. Although numerous consensus statements have aimed to standardize
surveillance methodology [30833], definitions of sport injury still vary widely — [34]. A
single, universal definition may not be necessary, as definitions often depend on the
context, objectives, and resources of the surveillance system [35d7]. In fact,
underlying the choice of definition are a number of practical and theoretical issues,
including the duration and setting of surveillance, the available resources, the type of
injuries and illnesses of interest, how data are to be collected and wha t they are to be
used for.

|t has been well documented that variat:.i
signi pcant diBerences in the results and

injuries [35,38H2]. While consensus-based recommendations provide guidance for
standardized methodology, researchers must choose definitions that reflect the aims
and context of their study, carefully considering the strengths and limitations of each
approach. Any researcher planning a sports injury study needs to define the terms
'sports injury' and ‘injury severity' before it can be formally established and it is also
highly desirable that results are comparable between studies; both within and between
sports. Bahr and Holme [17] highlighted the influence of study power on identifying and
evaluating injury causation factors. Power depends on the effect size, significance level,
and sample size, underscoring the importance of rigorous methodological design in
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sports injury research. Above all, however, surveillance data must be valid as no single
definition is likely to suit all needs.

Conceptually, a sports injury can be described as the loss of body function or structural

integrity resulting from sports participation  [37]. Recent recommendations define

injury as oO0tissue damage or other der angemen
participation in sports, resulting from rapid
[30,31]. Injury epidemiology extends the classical triad of agent, host, and environment,

identifying kinetic energy as the agent of injury [37,43]. From a biomechanical

standpoint, injury occurs when mechanical stress or strain exceeds tissue tolerance,
meaning that | oading sur[gdsses the tissueds s

Understanding tissue damage requires consideration of mechanical principles such as
material fatigue and failure. Tissue stiffness and ultimate strength determine how the
body responds to loads and depend onits type, magnitude, frequency, and rate of load
application. Failure occurs when stress or strain exceeds material strength, either
through a single high-magnitude load, repeated submaximal loads, or a combination of
both. As biological tissues are materials, these principles apply, though within a
dynamic physiological environment that involves remodeling and recovery. This
framework conceptualizes injury as a continuum of energy exposures, integrating acute
and overuse injury onset. Biomechanical explanations should clarify either how loading
exceeded tissue tolerance or how tolerance was reduced, allowing otherwise nor mal
loads to cause damage [45].

Therefore, c onsensus statements suggest that no single definition of injury fits all
purposes. Instead, three alternative definitions are recommended for recordable
events: (1) all complaints, (2) medical attention, and (3) time loss  (see figure 1).

All Complaints

Medical Attention

Time Loss

Match
Time Loss
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Figure 1: Interactions between various definition s of injury and illness. Circle -size
represents the relative number of incidents likely to be registered (not to scale) [35].

These definitions form a hierarchy from broadest to narrowest, capturing different
numbers of incidents [46]. The time-loss definition is most commonly used in football
injury surveillance. It defines a recordable injury as one causing absence from training
or competition [33], is relatively simple to capture, and is suitable even when data
collectors are non -experts. Injury severity should be reported as the number of days
the athlete is unavailable, from onset to full return. Aggregated data can report total
time -loss days, with median and quartiles, while caution is advised when interpreting
means due to right -skewed distributions. Severity categories may use time bins such as
0, 167 days, 828 days, 2900 days, 918180 days and>180 days consistent with football -
specific ext ensions [31]. However, the reliance on time -loss definitions introduces
certain limitations, particularly in professional football. Athletes may continue training

or competing despite pain or dysfunction (e.g., sore hamstrings), leading to an
underestimation of injury occurrence and severity, while in other cases time -loss may
be prolonged for precautionary reasons rather than medical necessity, thereby
exaggerating severity. These distinctions are particularly relevant for video analysis
(VA) studies, where study design and data availability limit which injuries (e.g., acute
onset, official matches only) can be captured. Awareness of these limitations is
essential for accurate interpretation of findings.

1.3 Conceptual Models of Sports Injury

Large scale epidemiological studies continue to report the persistent nature of  sports
injuries, with injury rates remaining relatively stable over  time across various sports
[47]. Notably, some injury types, such as HlIs, have even increased in specific contexts
[48,49]. This persistence raises an important question: why, despite decades of
research, do injury rates remain unchanged? One possible explanation is that current
approaches may be targeting the wrong aspects of the problem, measuring variables
that are convenient rather than mea ningful, and developing component -driven
interventions that fail to address the complex, interacting nature of real  -world injur ies
[50]. Consequently, a persistent global burden of injury remains, apparently resistant
to conventional linear prevention models. Each sport carries a distinct level of risk,
influenced by its inherent characteristics, governing rules, and, in team sports, by the
conduct of participants toward one another. Many sports injuries are considered not
unavoidable oOaccidentsO [51] and their prevention should be a priority for sports
administrators [52], physicians and scientists [53]. Managing injury risk is therefore
central to maintaining athlete availability and optimizing performance. Despite this
optimistic outlook, the effectiveness of prevention efforts has remained disappointingly
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inconsistent, underscoring the need to better understand injury etiology and to
translate theoretical knowledge into effective practice

A fundamental step in sports injury prevention is to understand both risk and underlying
etiology. Since the early 1990s, several theoretical frameworks have guided clinicians
and researchers in conceptualizing injury causation and developing preventive
strategies. Across these frameworks, injuries are recognized as multifactorial and
individual susceptibility emerges from the ongoing interactions between intrinsic
(athlete -related) and extrinsic (environmental) factors [19,24,54] . Within this context,
the most influential conceptual frameworks can broadly be categorized into etiological
models, which seek to explain how and why injuries occur, and preventive models,
which translate this understanding into strategies aimed at reducin g injury risk. Two
models have been particularly influential in shaping the study of sports injury: the
epidemiological model of Meeuwisse [54] and the preventive framework of van
Mechelen et al. [55].

1.3.1 Etiological models

Meeuwi sseds or i g[bdh préoposedadnaltifactérial pedspertive in which

injuries arise from interactions between intrinsic factors , some modifiable (e.qg.,

flexibility) and others fixed (e.g., age) , and extrinsic factors such as surface, equipment,

or opponent behavior (Figure 2). Injury occurs when the mechanical load of an inciting

event exceeds the tissuebds tolerance, with thi
in the causal chain.

Exposure to
extrinsic risk factors

Age

Flexibility

Inciting

Intrinsic
n-lskl Predisposed Susceptible | event -
factors athlete athlete
Previous
injury
Somatotype
P Risk factors for injury Mechanism of injury
- (distant from outcome) (proximal to outcome)

Figure2:. Meeuwi sseds first multifactorif@]. etiol ogy

Later, Meeuwisse and colleagues [56] recognized that risk factors are interrelated and
proposed a dynamic, recursive model repl aci ng¢
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cyclical process. Athlete susceptibility varies with adaptation or maladaptation to
training and competition, such that similar exposures may lead to injury or continued
participation depending on context [19]. This model better reflected real sporting
environments, where repeated exposures and fluctuating preparedness influence injury
risk. It also underscored the need for longitudinal monitoring rather than static pre -
season screening to capture the evolving interaction between risk factors and outcomes.

Building on this foundation, Bahr and Krosshaug[16,24] proposed a comprehensive

model of injury causation, that integrates internal and external risk factors with the

biomechanical determinants of the inciting event (see figure 3). This model also
incorporated el ements from Mcl n{45]sphodiding® i omec h
more granular view of how external loads and tissue tolerance interact to produce

injury.

Risk factors for injury Mechanism of injury
(distant from outcome) (proximal to outcome)

A
. A
\

Y

Internal risk factors:

® Age (maturation, aging) \
® Sex = Sy

® Body composition (e.g. body ——
weight, fat mass, BMD,
anthropometry)

Predisposed
athlete

¢ Hedlth (e.g. history of previous
injury, joint instability)

o Physical fitness (e.g. muscle Exposure to external risk factors: Inciting event:
strength/power, maximal
O, uptake, joint ROM) e Sports factors (e.g. coaching, rules, Playi
referees) waying
¢ Anatomy (e.g. alignment, Saich
intercondylar notch width . i i
y ) Err)(i)':egcg\;erdi;]mpment (e.g. helmet, Player/onpononl
; ifi behaviour
o Skill level (e.g. sport specific
technique, postural stability) e Sports equipment (e.g. shoes, skis)
® Psychological factors (e.g. e Environment (e.g. weather, snow

competitiveness, motivation, and ice conditions, floor and turf - . -
perception of risk) type, maintenance) Delailed biomechanical
descriplion (joint)

Figure 3: Comprehensive model for injury causation . BMD, body mass density; ROM
range of motion [23].

Other models address workload and adaptation. Windt and Gabbett [57] in 2016
extended the classic fitness datigue model, describing the paradoxical role of workload :
repeated exposure may strengthen tissue and reduce risk through adaptation, or
increase risk through fatigue and maladaptation, depending on the context and
magnitude of stressors. Although participation in sport inherently predisposes athletes
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to injury, repeated exposure also modifies subsequent risk, highlighting the challenge
of balancing training and competition loads to encourage adaptation while minimizing
injury risk . The model and framework from Kalkhoven et al. (2020) [44] were created
to move injury research beyond purely identifying associations and reduce issues such
as HARKing (Hypothesizing After the Results are Krown), toward more thorough
mapping of causal-pathways. Their goal is to clarify how specific physiological and
mechanical risk factors interact over time and contribute to stress -, strain -, and overuse
injury onset.

This progression in understanding injury etiology reflects a shift toward complexity -
informed approaches, which are more ecological, integrative, and representative of
real-world sport environments [58]. Such models guide study design, inform appropriate
analytical methods, and identify key variables to consider. The continuous refinement
of these frameworks illustrates the importance of flexibility and openness to revising
theoretical models as new evid ence emerges [59].

1.3. 2 Preventive models

In 1992 van Mechelen and colleagues [55] introduced, t he O0sequence of pre
model which adapted principles from public health to the field of sports medicine  (see

figure 4a, left) . The model outlines a four -step process: (1) establishing the extent of

the injury problem; (2) identifying key risk factors and mechanisms; (3) implementing

preventive strategies to reduce risk; and (4) evaluating their effectiveness by repeating

step 1.

The first step typically involves epidemiological surveillance to quantify the problem in
terms of injury profile, incidence, prevalence, severity, time loss, and associated costs,
stratified by sport, sex, age, or competition level [60]. The second step focuses on
identifying the key risk factors and mechanisms underlying injury occurrence. In the
third step, preventive measures are designed on the basis of this knowledge, aiming to
reduce either the likelihood or severity of future inju ries. The final step requires
evaluation of these strategies, often through time -trend analysis or randomized
controlled trials, to assess the effectiveness of these measures[24].
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Figure 4. Conceptual models for sports injur ies. (a, left )
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to oversimplify causation by assuming direct, unidirectional relationships between risk
factors and outcomes [8,18,61] and may lack operational detall
nuance [63]. Furthermore, interventions developed under controlled conditions often
fail in applied environments, where athlete behavior, organizational culture, and
resource constraints play a major role [25]. Finch emphasized that research alone does
not prevent injuries , translation and adoption by athletes, coaches, and organizations
are essential. To address these gaps, Finch proposed the Translating Research into

Injury Prevention Practice (TRIPP) framework [58], which extends v a n

[62] or contextual

sequence model by adding steps focused on implementation context (personal,

environmental, societal, organizational) and evaluation in real

4b, right).

-world settings (Figure

Despite such advances, many frameworks still fell short of addressing the practical
envir of6dnent s.

needs of

developed the Team-sport

practitioners
Injury Prevention (TIP) cycle, a pragmatic model

in team

emphasizing applied implementation. The TIP cycle integrates

previous models [55,58] with the risk management approach of Fuller et al.

key concepts from
[42,61],

stressing that prevention strategies must be tailored to specific populations, contexts,
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and delivery systems [63]. Finally, Bolling et al. [66] proposed a context-driven
reinterpretation of vseafigiebt Useng qualitdtve nethafsi e nc e (
they aimed to refine Step 1 , defining and describing the injury problem , making it more

sensitive to contextual realities and better suited to practical application in sport

settings [41,64].

8
& ;
& Isolated risk Context-free Efficacy
.‘é factors intervention evaluation
S
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Problem Introducing Evaluating
description Injury aetiology preventive preventive
—_——— measure§ ———__  measures

Evaluation of
multiple
measures

Context-
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intervention

Contextual
determinants
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L
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Figure 5. Contemporary, context -dr i v en reinterpretation of
preventiond model pro@@phsed by Bolling et al

1.3. 3 Injury -Inciting Event and Mechanisms

Regardless of whether injury causation is approached from a biomechanical or
epidemiological perspective, a precise and context -specific description of the inciting
event - the circumstances during which injuries occur - is essential [56,65] . The
ultimate goal is to translate this knowledge into targeted preventive measures tailored
to the specific sport and injury type. However, the implementation and evaluation of
prevention strategies remain limited until inciting events and mechanisms  are
comprehensively described and understood.

Bahr and Krosshaug23] emphasized that defining the inciting event in detail is a crucial
step in understanding injury causation. They argued that traditional biomechanical
analyses, while valuable, are insufficient on their own to inform effective prevention.
Instead, a complete description should integrate the context (e.g., type of action,
phase of play, ball possession playing surface, pitch location etc.), player and
opponent behavior, and whole -body and joint biomechanics. Importantly, these
components interact dynamicall y: the characteristics of the playing situation and
athlete or opponent behavior influence both overall movement patterns and tissue -
specific loading. A reductionist focus on isolated joint or tissue mechanics therefore
risks overlooking essential contextu al determinants. Because behavior shapes both risk
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factors and mechanisms of injury, it is increasingly recognized as a central component
of prevention strategies [66].

Understanding the behavioral and contextual dimensions of injury occurrence thus
represents a key research priority. The sport -specific activities performed immediately
before and at the moment of injury are often referred to as injury mechanisms  [23,67].
However, as this terminology may be ambiguous, Aiello et al. [65] proposed
distinguishing between the (injury -)inciting activity, defined as the sport -specific action
during which the injury occurs, and the (injury -)inciting circumstance, defined as the
surrounding environmental and situational context. At this stage, v ideo analysis (VA)
becomes particularly valuable, providing detailed insights into both injury mechanisms
and situational patterns that can inform the design of more effective preventive
interventions (see Section 1.10).

1.4 Injury Classification

The development of the UEFA injury classification model in 2005 [45] laid the
groundwork for systematic epidemiological research in professional football. Shortly
after, the first consensus statement on injury definitions and data collection procedures
was published in 2006 [32]. This framework has since been continuously refined through
IOC updates[29] and football -specific extensions [30], reflecting the evolving needs of
injury surveillance in the sport. More recently, the Football Injury Inciting
Circumstances Classification System (FIICCS)[68] was developed to categorize the
specific circumstances leading to injuries, and we respond to their call by adopting and
implementing the framework within VA studies. Together, these initiatives have
provided a common language for researchers, standardized data collection, and
enabled the creation of comparable, high -quality datasets across studies.

Traditionally, health problems in sport are categorized as having sudden or gradual
onset. Sudden-onset injuries result from a clearly identifiable event, such as player
collision, whereas gradual -onset problems develop without a distinct precipitating
event, for example, tendinopathy from repetitive loading. The term overuse injury is
often applied to gradual -onset problems, although inconsistently in the literature, and
most surveillance systems lack a formal definition [69]. In practice, many health
problems exist along a continuum, involving both sudden and gradual mechanisms.

The mechanism of onset has typically been defined only in the context of sudden-onset
injuries. Sudden-onset injuries can result from contact and non-contact mechanisms
[70,71]. Contact injuries occur through direct contact, where external force is applied
immediately and locally to the injured area, or through indirect contact, where
external force is applied elsewhere but contributes to the chain of events leading to
injury. Non -contact injuries occur without any external force, arising instead from
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intrinsic biomechanical or physiological factors. Gradual -onsetinjuries, by their nature,
are considered non-contact.

Another important aspect of injury classification is determining whether a new injury
is related to a previous one. The IOC consensus statement (2020) [29] and its football -
specific extension [30] recommend a standardized framework for the classification of
subsequent injuries, which allows researchers to differentiate between injuries based
on anatomical location, tissue involvement, and the recovery status of the player.
According to this framework, a subsequent local injury affects the same anatomical site
as the index injury but involves different tissues i for example, a meniscal tear following
an anterior cruciate ligament rupture. In contrast, a subsequent new injury oc  curs ata
different anatomic al site and is therefore considered independent from the index injury
(see figure 6) . When the same location and tissue are involved, the injury is classified
as a recurrence. Recurrences can occur after full recovery or during an ongoing
rehabilitation process. If the athlete has fully recovered and returned to unrestricted
training or c ompetition, the subsequent event is defined as a reinjury. Reinjuries are
further categorized according to the time elapsed since the return to play  (RTP} early
recurrences occur within two months, late recurrences between two and twelve months,
and delayed recurrences after more than twelve months [32]. Conversely, if the index
injury has not yet fully healed and symptoms worsen, the event is defined as an
exacerbation. A player is considered fully recovered when is available for unrestricted
participation in training and competition, in line with the operational definition of
injury severity provided in the consensus statements [29].

23



First recordable
injury/illness?
S

Ye No

Index
injury/illness
Second recordable
injury/illness?
es o)

Y

N
Subsequent No second
injury/illness injury/illness
Same location or
system as index?
Yes No
Same type or Subsequent new
diagnosis as index? injury/illness
Yes No
Recurrent Subseq. local
injury/illness injury/illness
Healed/fully
recovered?
Yes No
Rem]ur.y/ Exacerbation
repeated illness

Figure 6: Classification tree for subsequent health problem. Definitions: (1) index
injury (illness)=the first recorded injury (illness), (2) subsequent injury (illness)=any
injury (illness) occurring after the index injury (illness) ((i) subsequent injury to a
different location than the index injury (subsequent iliness involving a different
system than the index illness); (ii) subsequent injury to the same location but of a
different tissue type than the index injury (subsequent illness of involving the same
system but of a different type/ other diagnosis) or (iii) subsequent recurrent injury
(illness)=subsequent injury to the same site and of the same type as the index injury
(subsequent illness involving the same system and type as the index illness). Third,
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fourth or more health problems should be assessed relative to the initial index health
problem and all other previous ones (eg, second and third health problem) [29].

To facilitate consistency across studies, the IOC football -specific extension
recommends classifying injuries across several hierarchical dimensions: body region
(e.g., lower limb) , body area (e.g., thigh, knee, ankle) , tissue type (e.g.,
muscle/tendon, bone, joint/ligament, skin) , injury type (e.g., strain, sprain, fracture,
dislocation), and diagnosis (e.g., hamstring muscle injury, anterior cruciate ligament
rupture) [30]. Accurate recording and reporting of injuries are essential for reliable
surveillance. Ideally, the diagnosis should be recorded in as much detail as possible,
depending on the available information and the expertise of the person responsible for
data colle ction [29]. When data are collected by athletes themselves or by non -medical
staff, reporting should generally be restricted to the affected body area, as their ability

to provide reliable information on tissue type or pathology is limited  [72].

Injury surveillance depends on several key epidemiological measures to characterize
the scale and impact of sport injury [29]. Prevalence refers to the proportion of athletes
affected by a health problem at a given point or over a defined period; incidence
denotes the number of new injuries occurring in a population at risk during a specified
time frame, often expressed relative to exposure (for example, injuries per 1000 hours
of play). Burden combines incidence and severity, often expressed as total time -lost
per unit exposure (e.g., days lost per 1000 hours), to indicate overall impact. 10C
football extension ¢ onsensus statement further recommends that exposure be recorded
in detail and separated into distinct categories.  Training exposure should be
distinguished as: (1) football -specific training, (2) pre match warm -up, (3) strength and
conditioning, and (4) other training (e.g., post-match cool-down), in addition to match
exposure [30]. Moreover, in agreement with the IOC consensus, exact player exposure
time should be recorded for each individual, rather than estimating team exposure from
the number and duration of training sessions and matches [30].

Beyond these core measures, examining the temporal and spatial distribution of injuries
provides additional insight into risk patterns. Temporal analyses may consider seasonal
timing, monthly trends, or within -match distribution to identify high -risk periods, such
as congested fixture schedules, early -season peaks, or the final 15 minutes of each half
[73,74]. Spatial analyses assess field location and playing position, as injury likelihood
varies across zones and roles [75]. Together, these standardized measures and
classifications support meaningful comparisons across studies and form the foundation
for targeted injury prevention strategies.
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1.5 Impact of Injuries in Football

Football is the most popular team sport gl obal | y acr oss andgouth s , wo n
participation [76], making the effective management of associated risks a critical
priority . Injuries remain a major concern for players, practitioners and sporting
organizations due to their widespread and lasting consequences They can have serious
short- and long-term health effects, including treatment costs, time lost from sport,
reduced career length [77] and a substantially increased risk of early osteoarthritis
cartilage degeneration, or tendinopathies [7830]. Injuries also negatively affect
individual performances and team success [81,82]. Teams that minimize injury
incidence and burden generally achieve better outcomes, as reflected in higher league
standings and improved performance in international rankings [81,83,84]. For example,
lower injury burden and higher match availability were both significantly associated
with a higher final league ranking and an increase in the UEFA Season Club Coefficient
[83]. Similar associations have been observed in elite rugby union, where injuries
negatively correlated with team success [85].

At the international level, players may face an elevated risk of injury and iliness due to
increased fixture congestion, variations in training load, and differing match demands
compared with club football [38]. The impact of injury extends beyond physiological
outcomes to include significant psychological consequences. Injured players could
experience anxiety, depression, and reduced self -confidence, which can interfere with
rehabilitation adherence and return -to-play readiness [86]. Fear of re-injury or
uncertainty about future performance can prolong recovery, reduce motivation, and
negatively influence overall athletic performance. Consequently, psychological support
and monitoring should be considered integral components of injury management
programs, alongside physical rehabilitation. In youth football, injuries can hinder skill
acquisition, limit progression to higher levels of competition, and increase dropout
rates from organized sport [87]. Early specialization and high training volumes may
exacerbate injury risk, emphasizing the need for age -appropriate training loads,
monitoring of growth -related vulnerabilities, and targeted injury prevention strategies
for young athletes [88,89].

Finally, i njuries represent a significant financial burden to football clubs  (see figure 7).

For instance, the average cost of a professional top -team player being unavailable for

one month has been estimat ed atr oa@aday®lmat el y
Given that a typical squad of 25 @8 players accumulates roughly 1,100 absence days per
season, the total cost of injuries d®Wn exce:e
Additionally, diminished on -field performance can indirectly lead to reduced revenue

for sporting organizations and governing bodies through lost ticket sales, broadcasting

rights, and sponsorships [91,92].
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Figure 7: The 10 most expensive injury types in the English Premier League during the
2022/23 season, based on injury count and total absence cost. Source: Analytics FC,
2023.

1.6 Injury Epidemiology in Football

The incidence of injuries in professional football (number of injuries per hours of
exposure) varies widely depending on context, competition level, and methodolog ical
approach [46,73,74,81,93] . More than a decade ago, Ekstrand et al. [46] reported that
a typical 25 -player squad could expect approximately 50 time -loss injuries per season,
with an average of 12% of players unavailable at any given time . Since 2001, overall
injury rates have remained relatively stable or slightly decreased, although the injury
landscape haschangedto some extent (Figure 8). Muscle injuries continue to represent
the predominant problem , with HI the most frequent injury sub -type, while ligament
injuries show a declining trend [96].
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Figure 8: Match (top) and training (bottom) injuries. Injury incidence rate for all
injuries, muscle injuries and ligament over 18 seasons From Ekstrand et al., 2021 [95]

A recent systematic review and meta -analysis estimated an overall injury incidence of
8.1 injuries per 1000 h of exposure, with match incidence (36.0) nearly ten times higher
than training incidence (3.7) [73]. A 2023 review reported comparable values (7.75 £
2.28 injuries/1000 h), with match injuries occurring about 7.7 times more often than
training injuries. Most injuries affected the lower extremities (83%), particularly the
thigh (26%) [96]. Roughly 65% were minor, 25% moderate, and 10% severe, with
muscle/tendon (40%) and joint/ligament (21%) injuries being most common [77].
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League-specific cohort studies provide further granularity . In the English Premier
League during the 2015dl6 season, the total injury incidence was 9.11/1000 h of
exposure, with match incidence substantially higher than training (24.29 vs. 6.84)  [74].
Moderate severity injuries (8 -28 days) were the most common (44.2%) and the highest
incidence occurred in December [74]. Similarly, a media-based prospective analysis of
Bundesliga players (2014/15&020/21) found match and training incidences of 25.9 and
3.4 /1000 h, respectively, with the thigh (24%), knee (15%), and ankle (13%)most
affected , and muscle/tendon injuries comprising nearly half of all cases (49% [97].

The UEFA Elite Club Injury Study, spanning 18 seasons (200d&019) and all UEFA
Champions League teams, reported an overall incidence of 6.6/1000 h, with match
injuries (23.8/1000 h) far exceeding training injuries (3.4/1000 h)  [95]. Over time,
overall rates decreased by ~3% per season, primarily due to fewer ligament injuries,
while muscle injury rates remained stable. Reinjury incidence fell by 5% per season,
mainly during matches. Despite these improvements, the overall injury bur den
remained unchanged, although squad availability increased modestly in both training
(+0.7% per season) and matches (+0.2%]95].

Using a similar design, the UEFA Wo mP8&.As

EIl it

typical 23-pl ayer womendés squad could expect 35 1inj

injury incidence of 6.7/1000 h and a fourfold higher rate during match play (18.4)
compared to training (4.8). Most injuries (85%) affected the lower extremities,
predominantly the thigh, knee, and ankle. Muscle injuries represented 39% of all
injuries, while ligament injuries accounted for 20%. Acute injuries constituted 53%, with
traumatic injuries more frequent during matches than training (63% vs 46%; p < 0.001),
and contact injuries were more common in match play (40% vs 20%; p < 0.001). Severe
injuries accounted for 21% of all injuries, with ACL, HI, and quadriceps being the most
frequent [98]. International football studies confirm similar patterns, with match injury
incidence substantially higher than trai

ni ng

h) and womends (27. 6 ©Y%.Matchlinjudy 6uddén alsg exceenlo t b a | |

training burden (mend6és: 454 vs 51 days;

Synthetizing lower limb injuries predominate across all cohorts in professional football
players, accounting for 61 ®0% of all injuries, with the thigh being the most commonly
affected region [46,74,1004L02]. The most common injury types include muscle/tendon
injuries, joint and ligament injuries, and contusions, with muscle strains representing
41.2% of all injuries [73]. Approximately two -thirds of traumatic injuries are contact -
related, whereas non -contact injuries account for 26 ®8% of total injuries. Contact
injuries predominate in matches, whereas training injuries are more frequently non -
contact or cumulative [73,99dl01]. This profile highlights the critical importance of
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monitoring and implementing injury prevention strategies tailored to the specific
demands of professional football.

1.6.1 Muscle Injuries in Football

Muscle injuries constitute a major problem in professional football, accounting for

nearly one-third of all time -loss injuries [103]. Most are strains rather than contusions

or lacerations [104]. A typical elite mends team (25 pl
injuries per season, leading to a mean absence of 223 days, 148 missed training sessions,

and 37 missed matches[103]. These figures highlight their substantial impact on both

performance and club success. About 92% of all muscle injuries affect the four main

lower-limb muscle groups: hamstrings (37%), adductors (23%), quadriceps (19%), and

calf (13%)[103]. I n el ite womends football, data show
injuries comprising 39% of all time -loss injuries, predominantly in the thigh region, with

hamstring (12%) and quadriceps (11%) injuries equally common[98].

The incidence of muscle injuries is markedly higher during match play compared with

training (8.70 vs 1.37/1000 hours) [46,103]. Notably, 66% of Hls occur during matches

[103]. Congested match schedules exacerbate the risk: when pl ayeB5dayshave C
between matches, muscle injury incidence increases by ~20%, likely due to

accumulated fatigue and incomplete recovery [105]. Seasonal spikesare also observed

at the start of the competitive season and after winter breaks, coinciding with

condensed fixture periods [47].

Frequently injured muscles are often bi -articular [106], have complex architecture
(e.g., adductor longus), undergo eccentric loading, and contain a high proportion of
type Il fibers [109d111]. Approximately 96% of muscle injuries occur in non-contact
situations, reflecting the physiological demands of high -intensity football actions [103].
Recurrent muscle injuries represent about 16% of cases and are associated with 30%
longer absences than index injuries [103]. Most are of moderate severity (8 28 days),
though thigh and calf injuries generally result in longer absences than hip/groin injuries
[103]. Age also influences risk: players over 22 years show significantly higher incidence
rates than younger athletes, while leg dominance has little effect, except for
quadriceps injuries, which occur more frequently in the dominant kicking leg (60%) [46].

1.6.2 Muscle Injury Diagnosis and Classification

Histologically, an acute muscle tear induces inflammation, edema, and sometimes
hemorrhage, with infiltration of inflammatory cells and fibroblasts within the first 24 o}
48 h [114]. Experimental models demonstrate that this destructive phase is followed by

a repair and remodeling phase, involving progenitor cell recruitment, scar formation,
and tissue reorganization [115].
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Diagnosis begins with a comprehensive history and physical examination, including
inspection, palpation, and functional testing of the injured muscle with and without
resistance [1164120]. While diagnosis is primarily clinical, imaging is routinely used to
determine the location and extent of injury and to provide prognostic information such

as recurrence risk and expected RTP timeline [121,122]. In elite sport, where rapid but
safe RTP is a priority, defining prognosis is central. If a football player sustains an injury,
one of the first questions from coaches and staff typically concerns when the player
will be able to compete again [109]. Given the economic and competitive implications
of player absences, RTP estimation holds great importance for both the individual and
the club [110]. Accurate prognosis allows medical and performance staff to plan
rehabilitation, future training, and team composition  [90]. However, these decisions
are often made under substantial pressure [110,111], and although a criteria -based
approach is recommended, consistent implementation remains challenging due to the
absence of validated, universally accepted criteria [112,113].time and performance
pressure [110,111].

Both ultrasound (US) and magnetic resonance imaging (MRI) play important roles in the
assessment of muscle injuries [110,123d125], with MRI regarded as the gold standard
due to its superior soft -tissue contrast and capacity to delineate injury extent [126].
Prognostic features reported on MRI include length of tear [127], OMRIgat
injuries [111], distance from the musculotendinous junction [128], oedema [110], and
tendon involvement [112]. Nevertheless, MRI alone cannot accurately determine
prognosis, management strategy, or RTP timeline in isolation. Instead, imaging findings
should complement ongoing clinical reasoning andfunctional assessment, both of which
are continuously adapted as the athlete progresses through rehabilitation. Prognosis
and management should therefore be determined by an integrative clinical process that
considers not only imaging results but also sport -specific demands, individual healing
responses and contextual factors [116,129]. Notably, up to 20 830% of clinically
diagnosed HI present as MRI negative, highlighting the limitations of imaging alone
[123,130,131].

A persistent limitation in muscle injury research has been the lack of standardized
classification. Classification refers to the categorization of injury type, location, or
mechanism, while grading denotes severity, often linked to expected recovery time
[112,132]. Early grading systems (Grade @Il tears) [130] lacked anatomical precision
and prognostic utility. Consequently, newer systems were developed to enhance
diagnostic accuracy and communication among clinicians [133], several of which have
been reviewed comprehensively [132,134d138]. More recent approaches also consider
anatomical tissue involvement [131] and the mechanism of injury [139].
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The Munich Consensus Statement (2013) was a major advance, distinguishing functional
muscle disorders (without structural damage) from structural injuries (partial or
complete tears) [130]. Building on this, the British Athletics Muscle Injury Classification
(BAMIC) system[131] gained popularity, first in track and field and later in football.
BAMIC classifies injuries by anatomical site (myofascial, musculotendinous junction,
intra -tendinous, or tendon), extent of involvement, and degree of tissue disruption,
and incorporatesa 0 Gr ade 06 c a t-regative ipjuriéso Cohavt Rtudies have
confirmed its prognostic validity and inter -rater reliability [140]. More recently, the
Barcelona/MLG-R cl assi ficati on, devel oped with FC
integrates anatomical detail, injury mechanism, and clinical presentation [139].
Although still under validation, it represents a shift toward muscle -specific, context -
sensitive classification.

Despite these advances, no single system adequately captures the heterogeneity of
muscle injuries [111,112,116,141]. Having a single classification system applicable to
all muscle injuries may not improve communication between clinicians, given the
variability in muscle anatomy and function [138]. Muscles differ in size, architecture,
tendon structure, and fiber arrangement [142,143], leading to distinct healing patterns,
rehabilitation demands, and reinjury risks [143,147]. For example, intratendinous
injuries typically require 2 & months for recovery and carry higher recurrence risk,
whereas myofascial injuries resolve in roughly 3 weeks [112,140,145,146]. Yet most
classification systems do not distinguish between proximal, distal, and intramuscular
tendon injuries, despite evidence that these variations affect management (Figure 9).
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Musculo-
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the largest volume.

* Sccondary lesions: defined
as the muscle lesion that has

Fascia 0.8% /
Distal /

Muscle 13.4%

P the second largest volume.
Semimembranosus  Semitendinosus Long Head Short Head
Biceps Femoris Biceps Femoris
Total lesions 13.1% 15.4% 69.8% 1.7%
Primary lesions 13.4% 8.6% 76.9% 1.1%
Secondary lesions 7.5% 74.2% 15.1% 3.2%

Figure 9: Location of hamstring injuries (HIs) based on 2761 injuries detailed in the
34 included studies from Grange et al., 2023 [150].

This lack of specificity is particularly evident in  HIs A HI is not a single entity but a
heterogeneous group with multifactorial etiology, and current systems remain
nonspecific for the individual muscle injured. The typical clinical triad following acute
HI, pain on stretch, pain on resistance testing, and localized pain on palpation [7] , can
present across a wide spectrum of anatomical and functional patterns. Some authors
argue that each hamstring muscle should be classified separately, reflecting diff erences
in connective tissue, fascia, and tendon architecture that influence healing time,
prognosis, and management [134,138]. Indeed, myotendinous junction (MTJ)
architecture and intramuscular connective tissue vary considerably among and within
individuals [147,148], as do the functional roles of each hamstring muscle during
movement [153,154]. Furthermore, HI inciting -activities , particularly stretching versus
running-type situational pattern, may produce distinct injur ies[128,151] [128,151], yet
remain underrepresented in most classification systems.
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Management should therefore consider the specific muscle involved, mechanism of
injury, and sporting demands (e.g., sprint- versus pivot-dominant sports). Clinicians
should consider these factors when prescribing rehabilitation as the management of an
injury with the same classification, within a different hamstring muscle, may require
individualized management to optimize outcome. In a recent Delphi study, experts
reported most frequent use of the British Athletics Muscle Injury Classification (BAMIC)
(58%), Munich (12%) and Barcelona (6%) cladstation systems for HI [152]. Issues
identified to advance imaging classifications systems include detailing individual
hamstring muscles, establishing optimal use of imaging in diagnosis and classification,
and testing the validity and reliability of classification systems. The consensus panel
recommended that future classification systems evolve to integrate imaging and clinical
parameters around individual muscles, injury mechanism, sporting demands, functional
criteria, and patient -reported outcome measures [152].

1.7 The Hamstring Muscle Complex

The term hamstrings originates from Old English, where ham referred to the back of
the thigh and string described the prominent tendons palpable behind the knee.
Historically, the expression was used to denote the tendinous structures at the knee
joint, be fore later being extended to encompass the three biarticular muscles of the
posterior thigh, biceps femoris (long head) (BFIh), semitendinosus (ST) and
semimembranosus (SM) as well as the monoarticular short head of biceps femoris
(BFsh)[150,157]. Although widely used, the collective term hamstrings is problematic,
as it implies a homogeneous muscle group. In reality, these muscles differ substantially
in their anatomical architecture, mechanical function, and neural control. They act
synergistically in many tasks but are not functionally interchange able, a distinction
critical for both research and clinical practice. Similarly, the commonly used expression
hamstring strain injury (HSI ) is both etymologically and clinically imprecise , as it
excludes injuries involving the free tendon. The broader term hamstring injury (HI)
should be preferred when the specific muscle or structure affected is unspecified . The
use of the term strain is discouraged, as it is a vague biomechanical descriptor applied
indiscriminately to anatomically distinct conditions. Since the Munich consensus
statement, the term tear has been recommended for structural injuries, graded as
(minor and moderate) partial tears and (sub )total tears [130].
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Figure 10: Posterolateral view of the hamstrings. (1) Conjoined tendon of the
semitendinosus and the long head of the BF; (2) ischial tuberosity; (3) proximal tendon
of the SM muscle; (4) SM muscle; (5) ST muscle; (6) long head of the BF muscle; (7)
short head of t he BF muscle; (8) conjoined tendon of the long and the short head of
the BF [158].

The long hamstring muscles (SM, ST, BFIh) (Figure 10) cross both the hip and knee joints,
contributing to hip extension, knee flexion, and tibial rotation  fiinternal for SM and ST,
external for BF. The monoarticular BFsh acts as a powerful knee flexor and ti bial
supinator [118]. The hamstrings are innervated predominantly by branches of the tibial
division of the sciatic nerve, with BFsh supplied by the common fibular nerve  [155].
Vascularization derives mainly from branches of the profunda femoris artery , with
venous drainage via the profunda femoris vein.

The hamstring tendons can be divided into (1) a free tendon, devoid of fascicle
insertions, and (2) the MTJ, where fascicles insert into the tendon. These parameters
show high interindividual variability, and differences in tendon length and architecture
are thought to influence injury susceptibility [156dL58]. Both proximal and distal MTJs
extend over a large portion of each muscle rather than being localized to either end.
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Muscle architecture determines maximal force output, shortening velocity, and injury
risk [159,160]. It includes (a) muscle size (cross -sectional area) and (b) fascicle
orientation and length. BFlh and SM are hemipennate, ST is fusiform and divided into
proximal and distal segments by a tendinous inscription, and BFsh is trapezoid -shaped
[153,161,162]. BFlh has relatively short fascicles, which may predispose it to injury,
whereas ST exhibits long fascicles and a unique tendon morphology. SM contributes
differently to hip extension and knee flexion moments compared with other
hamstrings. BFsh, originating from the femur, lacks a proximal free tendon. Variation
in tendon proportion, fascicle length, and pennation angle among muscles leads to
differences in force generation, contraction velocity, and injury susceptibility
[163,164].

The hamstring complex comprises muscle, tendon, aponeurosis, MTJ, and
myoaponeurotic junction, each with distinct mechanical and healing properties
[153,161,162]. Injury size (area, volume, length) also affects prognosis [151].
Anatomically, the majority of Hls occur in the BFlh, with ST and SM less frequently
injured sometimes with distinct mechanisms ; up to 25% of cases involve multiple
muscles, typically BFlh and ST, due to their anatomical proximity [154]. The BFI hods
biarticular nature, dual innervation, short fascicles, and intramuscular tendon
contribute to its high injury incidence and complex rehabilitation demands  [159,1660
168]. Therefore, HI should be viewed as a family of distinct injuries, each defined by
the specific muscle, tissue location, and structural involvement, each requiring

tailored prevention and rehabilitation strategies  [140,165].

1.7.1 Semimembranosus (SM)

The SM originates from the lateral facet of the ischial tuberosity  [158,1696172],
lateral and anterior to the conjoined tendon of BFlh and ST [169,173], and posterior
to quadratus femoris [158,174] (Figure 11a). Anatomical variants may present a
shared tendon with the conjoined tendon [171]. An additional tendinous component
from the inferior ischium connects with adductor magnus (AM) [158,169], likely aiding
force dissipation and explaining the lower injury incidence of SM relative to BFlh and
ST[169]. SM is typically innervated by a single branch of the tibial division of the
sciatic nerve, sometimes sharing a trunk with ST [148,155]. A secondary branch often
supplies the posteromedial portion of AM, which some authors consider part of the
hamstrings due to its shared origin, innervation, and role in hip extension [155].

The SM tendon, the longest of all hamstrings (~32 cm), spans ~75% of muscle length,
with fascicles arising distally and a large intramuscular tendinous component [172].
The proximal MTJ accounts for about two -thirds of total tendon length  [148,172].
Regarding fascicular architecture, SM can be divided into three distinct regions: the
proximal and middle segments are unipennate, while the distal portion is bipennate
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[148]. Distally, SM has the longest MTJ among the hamstrings (16519 cm) but a slightly
shorter free tendon. The distal insertion is at the posteromedial corner of the knee,
associated with the medial collateral ligament, posterior oblique ligament, and

posterior horn of the medial meniscus [175,176]. Functionally, SM resists valgus stress
in extension and external rotation in flexion [177]. Injuries typically involve the
proximal free tendon, often from stretch -type patterns [128,178].

b)
1

Anterior

S\— Semimembranosus
Posterior

@\
w /: Semitendinosus -
long head of biceps femoris
(conjoint tendon) 2

Adductor magnus -
ischiocondylar portion

N Adductor magnus -
pubofemoral portion

Figure 11. Anatomical representation of the hamstring muscle complex and its
proximal attachments on the ischial tuberosity. (a , left ) Posterior view of the pelvis
illustrating the origin sites of the hamstring muscles: the semimembranosus (green),
the conjoined tendon of the semitendinosus and long head of the biceps femoris (red),
and the ischial and pubofemoral portions of the adduct or magnus (blue) [182]. (b,
right ) Dissected view of the hamstring muscle complex showing: (1) proximal tendon
of the SM, (2) distal tendon of the SM, (3) conjoined tendon of the ST and BFlh, (4)
tendinous inscription (raphe) of the ST, (5) distal tendon of the ST, and (6) common
distal t endon of the BFIh and BFsh[158].

1.7.2 Semitendinosus (ST)

The ST arises from the conjoined tendon shared with BFlh, originating from the medial
facet of the ischial tuberosity (Figure 11a). The tendon is initially rounded with a
smaller cross sectional area than SM[148,170,172]. The free proximal tendon is short
(1& cm), and the proximal MTJ, the shortest among the hamstrings, measures
approximately 11312 cm, occupying about 28% oftotal muscle length) [148,172,179].
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A distinctive feature is the tendinous inscription (raphe) dividing the muscle into
proximal and distal segments (Figure 12b). Both contain parallel fascicles; the distal
portion has a greater pennation angle, contributing to long fascicles comparable to
sartorius and gracilis [184,185]. The distal tendon, the longest of all hamstrings
[148,157,184], begins at mid -thigh as a thin aponeurosis and lies superficially over SM
[148,179,183]. It passes superficial to the medial collateral ligament, inserting at the
pes anserinus along with sartorius and gracilis [185]. Within this insertion, sartorius is

the most proximal, gracilis intermediate, and ST the most distal [185,186].
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Figure 12: Hamstring complex muscles showing the distribution of connective tissue in
each muscle belly. a) Frontal view of the hamstrings (BFIh, biceps femoris long head;
ST, semitendinosus; BF: biceps femoris). b) Coronal section of the semitendinosus. ¢ )
Open lateral view of the biceps femoris (MTJ, myotendinous junction). d ) Axial section
of the distal part of the biceps femoris.  E) Coronal section of the semimembranosus
(MCJ, myoconnective junction) [182].

1.7.3 Biceps Femoris Long Head (BFIh)

The BFIh originates via a thick tendon from the lateral part of the medial facet of the

ischial tuberosity [148,169,170], often continuous with the sacrotuberous ligament
[158,169,183,185,1874189]. From a phylogenetic perspective, the sacrotuberous
ligament has been proposed to represent the upper, degenerated remnant of the BFlh
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tendon [183]. This anatomical continuity may facilitate force transmission across the
sacroiliac joint. A recently described retinaculum -like structure anchors the BFlh
tendon to the ischial tuberosity and establishes a strong interface with both the
sacrotuberous ligament and the epimysium of gluteus maximus [190]. Through this
structure, gluteus maximus is mechanically linked to BFIh, suggesting a synergistic role
in transmitting and stabilizing forces during hip extension.

CT(ft)

Figure 13. Anatomical representation of the hamstring muscle complex. (a) Three -
dimensional schematic illustration of the expanded hamstring muscles. BFIh  d long
head of the biceps femoris; BFsh & short head of the biceps femoris; ST &
semitendinosus; SMdsemimembranosus; SMTdsemimembranosus tendon; CTdcommon
tendon; CT(ft) o free-tendon part of the common tendon. The dotted line along the
femoral shaft indicates the linea aspera, the origin of the BFsh. IT  dischial tuberosity;
T d medial tibial surfa ce; BFt d distal biceps femoris tendon [191]. (b) Posterolateral
view of a dissected right posterior thigh. (1) Ischial tuberosity; (2) Conjoined tendon

of the semitendinosus and long head of the biceps femoris; (3) Sciatic nerve; (4)
Semitendinosus muscle; (5) Long head of the biceps femoris [162].

Muscle fibres originate from the lateral surface of the conjoined tendon
[148,158,183,192] (Figure 11a, left). About 9810 cm distal to the ischial tuberosity, BFlh
separates from ST[169,171,193]. The proximal tendon (~25 cm) occupies approximately
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60% of muscle length; the free tendon (~5 & cm) transitions into a long intramuscular
portion (~20 cm). Architecturally, BFlh is pennate, optimized for force production
rather than high -speed shortening, contrasting with the parallel -fibered ST [148]. The
distal tendon is the longest among hamstrings (~27 cm, ~60 5% of muscle length)
[148,157], forming a broad aponeurosis that partially covers BFsh [152,188]. The distal
MTJ extends ~18 cm (~40% of total muscle length) [152]. Distally, the BF tendon inserts
primarily onto the fibular head, with extensions to the lateral tibial condyle [198&200],
functioning as a dynamic stabilizer against anterolateral and anteromedial knee
instability [200,201].

1.7.4 Biceps Femoris Short Head (BFsh)

The BFsh originates from the posterior femur, approximately 15 cm distal to the ischial
tuberosity, below the distal insertion of gluteus maximus (GM) [152]. Its fibers arise
from three main sites: the linea aspera (between adductor magnus and vastus lateralis),
the upper two -thirds of the lateral supracondylar line, and the posterior portion of the
lateral intermuscular septum [152,188,202]. Unlike the other hamstrings, BFsh lacks a
broad proximal tendon, and its MTJis minimal. The fascicular architecture is variable,
with two distinct regions: the posterior portion typically displaying longer fascicles (10 0
14 cm) than the anterior [152]. Pennation angles range between 10416° [186].Distally,
BFsh has two main tendinous insertions: a direct arm inserting onto the fibular head
(medial to the fibular collateral ligament), and an anterior arm that passes deep to the
ligament, partly blending with the anterior tibiofibular ligament before attaching to
the tibia near Awadddiond fateral apgoreuratidc expansion connects
to the posteromedial aspect of the fibular collateral ligament  [201,203].

1.8 From Individual | solated -Muscle to Myofascial Chains

Life on this planet is built from cells, which organize into tissues, organs, and systems

A tissue is a collection of specific types of cells organized by structural and functional
characteristics to perform specificroles . A syst emds function is not
its parts but emerges from their integration. This principle also applies to human

movement: muscles, nerves, and connective tissues interact as networks rather than as

isolated elements.

Anatomy and biomechanics have traditionally been studied through a reductionist lens
Human biomechanics has long been framed using Newtonian mechanics, with geometry
reduced to levers, vectors, and inclined planes. Almost every anatomy text presents
muscle function by isolating an individual muscle on the skeleton, reducing function to
approximate origin and insertion, disconnected from neurological, vascular, and
regional relationships . This reductionist approach fails to capture the complexities of
human movement. According to Dischiavi et al. [204], movement is better understood
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through holism. Our understanding of anatomy has been shaped by dissection methods.

With a knife, muscles are easily separated from surrounding fascia, fostering the belief

that each acts independently. TheanientGreek er m 0 ¢
:2Wf Ok (anatomi3), literally meaning o0to cut u
In many anatomical references still in use today, fascia is removed to reveal muscles,

thereby discarding its integrative role. In contrast, if fascia were left intac t, the body

would appear as an intricate web enveloping every organ and structure, similar to

neural and vascular networks. A holistic lens, aligned with complex systems theory

introduced in Chapter 1, views muscles as embedded in connective tissue networks,

where function emerges from interdependence. Just as injury causation has shifted

from single to multifactorial models, anatomy too must move from isolated muscles to

myofascial chains.

The term myofascial meridian was introduced in 1997 by Tom Myers to explain how
fascia contributes to structure and function. Fascia is a continuous fibrous connective
tissue network that surrounds, supports, protects, and connects musculoskeletal and
visceral structures [205]. It is organized in specific lines of tension that distribute
mechanical strain, facilitate coordinated movement, and provide stability [206].
Beyond structure, fascia lubricates and nourishes tissues [207] and regulates tensiond
compression balance. In this view, muscles are components of an interconnected
network, with fascia as the linking element [208] (Figure 14). Thus, muscles operate
not as isolated units but as nodes within a body -wide myofascial network. The
connective tissue network forms a structural framework around myofibers, coordinating
the contraction of individual fibers into a  collaborative action, enabling efficient
movement. It means that the extracellular matrix plays a key role in muscle fiber force
conduction [209,210]. This concept aided practitioners to explore how dysfunction or
overload in one region can influence distant or seemingly unrelated structures.
Importantly, myofascial chain theory does not discard classical muscle -based analysis;
it situates it within a systemic, load -distributing model more consistent with biological
reality than a purely mechanical levermodel. Rat her than Descartesd 0:
the body can be seen as an autopoietic (self -forming) system governed by non-linear
dynamics.
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Figure 14: Schematic representation of the principal myofascial meridians described
by Myers in Anatomy Trains [211].

Among the many cell types present in connective tissue, fibroblasts play the central

role, producing the fibrous elements fiprimarily collagen, elastin, and reticulin fithat

provide strength, elasticity, and adaptability  (see figure 15). Fascia is not uniform: its
characteristics vary depending on location, showing differences in thickness, elastic

fiber content, adherence, and expansions into surrounding soft tissues [212]. These

structural variations are particularly relevant in transition zones, where fascia

integrates with tendinous, aponeurotic, and ligamentous tissues, as well as with the

deep fascia itself [213]. Importantly, fascia is dynamic and adaptable. It undergoes
continuous remodeling in response to mechanical stress [214,215], with strain
transmission dependent on specific patterns of muscular activation [216,217]. Through
mechano-transduction, the conversion of mechanical forces into cellular biochemical

signals, these loads can even influence fibroblast activity and gene expression,

ultimately remodeling the extracellular matrix ~ [214,218]. In this self-organizing system,
adaptation is neutral: it may be beneficial or detrimental, depending on stimuli.

Excessive or maladaptive remodeling may reduce strength, coordination [213,219], or
proprioception [220]. Such variability explains why joint shapes and connective tissue
properties differ among i ndi vi duChrically, thespi t e
implies that musculoskeletal assessment and treatment may need to include fascia -
targeted strategies, no[R2l]j Thesgtowingtinterestinfagcialr e d mu ¢
interventions in musculoskeletal practice reflects this shift  [222].
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Figure 15: (a) Schematic representation of connective tissue illustrating the variable

composition of cells, fibers, and interfibrillar ground substance (proteoglycans) that

determine its mechanical properties [211]. (b) Scanning electron micrograph of loose

connective tissue showing collagen, elastin, reticulin, and tropocollagen fibers, as well

as fibroblasts. Adapted from Young B, OdDowd
Histology: A Text and Colour Atlas. 6th e d. Philadelphia: Churchill
Livingstone/Elsevier; 2014.

1.8.1 Bio-tenseqgrity

A helpful analogy contrasts the body with a building. While we often imagine the body
as a stack of bricks or blocks supported by rigid foundations, it more closely resembles
a tensegrity structure. Coined by designer R. Buckminster Fuller ,t he ter m o0t enseg
(short for tensional integrity ) describes systems that maintain their stability through a
continuous balance of tensile forces rather than relying primarily on compressive
elements such as walls or columns. In these structures, strength and integrit y arise from
the global interaction of tension and compression rather than from isolated components
(see figure 16). Applied to the human body, this model illustrates that mechanical
forces are distributed across the system rather than localized, providing a more
accurate representation of how fascia and muscles operate in movement and injury
[223].

43



wings of ilium

sacrum ’

shaft of the femur

Figure 16: Example of a pelvis tensegrity modél (Ieft), ana a tensegrity -inépired chair
design (right).

The concept of tensegrity can guide someone who is attempting to understand the
fascia and its intricate system, in order to appreciate its complexity within an
apparently simple design. It is now clear that fascia distributes strain laterally to
neighboring myofascial structures; t hu s , a tendonds pull [
insertion but shared through adjacent tissues. The focus on isolating muscles has
blinded us to this phenomenon, which in retrospective represents an inefficient way to
conceptualize a stress-bearing system. The stability of a tensegrity structure differs
from that of a rigid compression -based structure: it is generally less stiff, but more

resilient. Wh e n one ocornero i s | oaded,

compensating small stresses across its network. However, if the load or its rate of
application becomes excessive, failure may occur, not necessarily at the point of
application, but at a distant weak spot where structural integrity is compromised.

In the human body, this means that an injury may manifest locally, but its origin can
often be traced to long -term strain, imbalance, or dysfunction in other communicating
regions. The actual site of breakdown reflects not only acute stress but also pre -existing
vulnerabilities or prior injuries.  From a clinical and sports perspective, this implies that
muscle injuries should not be viewed merely as local tissue failures but rather as organ -
level disturbances within a broader system [141]. For example, in football, asymmetries
in hip rotation, pelvic control, foot strike pattern, or temporal mandibular joint
mechanics [224] can propagate through fascial pathways, eventually overloading and
predisposing more distant and seemingly unrelated structures, such as the hamstrings,
to injury. Identifying and addressing these interconnected pathways is therefore
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fundamental for both understanding injury mechanisms and designing prevention
strategies.

1.8.2 Hamstring s Muscle Complex and Superficial Back Line (SBL)

The concept of myofascial meridians or myofascial chains has been investigated in
several studies [225&27]. The general principle is that strain, tension, trauma, and
movement are transmitted along these fascial pathways, linking distant body regions
through continuous connective tissue structures. A landmark systematic review by Wilke
et al. (2016a) [208], conducted according to PRISMA guidelines, evaluated over a
century of anatomical dissection studies (1900 ®014). Using the QUACS (Quality
Appraisal for Cadaveric Studies) tool, the authors classified the strength of evidence
for myofascial transitions as strong, moderate, limited, conflicting, or non -existent.
Their findings supported the existence of three myofascial chains described by Myers
[211], with robust evidence for transitions between the plantar fascia and
gastrocnemius, gastrocnemius and hamstrings, and hamstrings and lumbar
fascia/erector spinae.

Bony Stations Myofascial tracks

Frontal bone, supraorbital ridge 13

12 Galea aponeurotica/epicranical fascia

Occipital ridge 11

10 Sacrolumbar fascia/erector spinae

Sacrotuberous ligament

Ischial tuberosity

@ ~ | o w

Hamstrings

Condyle of femur

Gastrocnemius/Achilles tendon

Calcaneus

Plantar fascia and short toe flexors

= M| w ~ o

Plantar surface of toe phalanges

Figure 172 Super fici al Back Line myofascial o6track
stations. The shaded area shows where it affects and is affected by the more
superficial fasciae (dermis, adipose, and the deeper fascia profundis) [211].

Among these chains, particular attention is given to the Superficial Back Line (SBL),
where the hamstrings play a central role (Figure 17). The SBL extends continuously from
the plantar fascia at the feet to the scalp fascia at the skull, function  ing primarily to
support upright posture and counteracting flexion forces [211]. Structurally, this
requires a high proportion of slow -twitch, endurance fibers in the muscular portions
and dense, load-bearing fascial structures in the connective tissue portions. Key
examples include the Achilles tendon, hamstrings, sacrotuberous liga ment,
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thoracol umbar fasci a, erector spinae ocabl e:

Importantly, although referred to as a single line, there are two mirrored SBLs, right
and left, and asymmetries between them are often clinically relevant
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Figure 18. Representation of the Superficial

Anatomy Trains concept [211]. (A) Schematic visualization of the SBL illustrating its
continuous myofascial connection from the feetto the head . (B) The SBL dissected and
displayed as an integrated fascial chain, showing its main components. (C) The same
dissected specimen reassembled on a skeleton to demonstrate the topographical
continuity of the SBL along the posterior aspect of the body.

The hamstrings are particularly significant within the SBL due to their direct fascial
continuity with the sacrotuberous ligament (previously described) and their connection
to the gastrocnemius tendons distally. Fibers from the hamstring myofascia extend
beyond their bony attachment at the ischial tuberosity, integrating into the
sacrotuberous ligament and continuing toward the sacrum. Similarly, distal h amstring
tendons share continuity with the gastrocnemii, further reinforcing the functional
integration of the posterior chain  (Fgure 18). Clinically, common postural
compensation patterns associated with dysfunction in the SBL inclu de limited ankle
dorsiflexion, knee hyperextension, hamstring shortness, anterior pelvic shift, sacral
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nutation, lumbar hyperlordosis, thoracic extensor dominance, suboccipital tightness
leading to cervical hyperextension, anterior displacement of the occiput on the atlas,
and disrupted eye dspine coordination. A typical pattern observed is shortening of the
hamstrings and sacral stabilizers, pushing the pelvis anteriorly. This, in turn, causes
compensatory tightening of anterior hip muscles that attempt to resist the forward
drive from the posterior chain. Itis clinically essential to differentiate between  muscles
tense due to concentric overloading versus those tense due to eccentric strain, as
treatment strategies differ significantly . Compared to the medial hamstrings, the BFIh
also belongs to the spiral line, connecting via the sacrotuberous ligament and
contralateral latissimus dorsi through the thoracolumbar fascia. This linkage underlies
trunk dpelvis rotational force transmission d uring locomotion and football -specific tasks
such as kicking, changes of direction, and lateral lunges. Depending on foot dominance,
one spiral line may be preferentially recruited for stabilizing or rotational actions,
creating chronic asymmetry in myofascial tension. These additional contralateral
coordination demands may help explain why the BFIh is the most commonly injured
hamstring muscle.

Direct morphologic continuity between adjacent muscles provides a strong basis for
expanding diagnostic and therapeutic perspectives beyond isolated anatomical
structures [228]. For example, in patients with low back pain, interventions targeting
neighboring or even remote myofascial tissues vi a speci pc fasci al con
prove to be effective in reducing pain [229]. Consistently, individuals with low back
pain frequently present with reduced hamstring flexibility = [230,231], and evidence
suggests that releasing posterior thigh tension may help alleviate low back pain
[225,232]. Within the framework of the Superficial Back Line (SBL), such associations
are anatomically coherent, as both regions are part of the same fascial pathway
extending from head to toe. Similar to previously mentioned research, Labovitz et al.
(2011) and Bolivar et al. (2013) reported that limited extensibility of the gastrocnemius
and hamstrings may contribute to plantar fasciitis [233,234]. Since these structures,
gastrocnemius, hamstrings, and plantar aponeurosis, are all part of the SBL, they
represent potential shared therapeutic targets when one region is affected by trauma
or overuse.

Several randomized and controlled studies support non -local effects. Grieve et al.
(2015) [225] reported that a single session of self -myofascial release applied only to the
plantar surface significantly increased hamstring and lumbar spine flexibility in healthy
adults. A more recent single -blind RCT in 58 asymptomatic individuals with hamstring
ti ghtness found that remote myofascial release applied to either the suboccipital region
or the plantar fascia improved hamstring flexibility to a similar extent as direct
stretching of the hamstrings [235]. Fousekis et al. (2019) [236] further showed that
instrument -assisted soft tissue mobilization applied to either the upper or lower portion
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of the SBL improved hamstring flexibility equivalently across four weeks, regardless of
whether the application site was local or remote local or remote . While methodological
limitations warrant caution, these findings empirically support the idea that tension
and adaptation propagate along organized myofascial continuities.

1.8.3 Evolutionary and Functional Perspectives on Hamstring
Vulnerability

The hamstring muscle complex reflects an evolutionary compromise between efficiency
and stability in bipedal locomotion. The shift from quadrupedal to upright gait required
substantial modifications in pelvic tilt, lumbar lordosis, and lower limb alignment,
altering hamstring function as both hip extensors and knee flexors. The transition to
bipedalism shortened the ischial tuberosity lever arm, altering hamstring moment arms.
Compared to quadrupedal primates, humans possess longer hamstrings that operate
across two joints, enabling powerful hip extension and stride length while
simultaneously predisposing them to strain injuries [237]. Humans are evolutionarily
adapted to running, but primarily as endurance athletes. Compared with most animals,
our efficiency in long -distance locomotion is exceptional and likely provided survival
advantages during persistence hunting. Interestingly, humans are also among the
slowest species to master locomotion, reflecting the complexity of our neuromuscular
adaptations. Thus, while optimized for endurance, our musculoskeletal system faces a
mismatch when exposed to explosive, high -speed demandscharacteristics of football .

Functionally, hamstrings act not only as prime movers in sprinting but also asa link in
a chain that integrates force transmission between axial and appendicular skeleton ;
hubs where forces and compensations converge from both lower limb and lumbopelvic
regions. Clinical symptoms, such as hamstring tears, can therefore mislead practitioners
into focusing solely on the injured tissue, when in fact the hamstrings may represent
the victim rather than the source of dysfunction [113]. From this perspective, the
hamstrings muscle group should be understood within myofascial networks rather than
as isolated anatomical units. Their architecture is shaped by systemic function,
connective tissue interactions, and neural regulation. Injury prevention and
rehabilitation should therefore focus on the integrity of chains, lines, and asymmetries,
rather than the hamstring strength in isolation [238]. Applying a fundamental principle
of biology, function defines structure [237]: modifying hamstring activation patterns is
more effective than isolated strength work. Evidence from return -to-play studies
supports this view, with superior outcomes when rehabilitation targets the whole
kinetic chain instead of isolated muscle strengthening [163,196].

This approach aligns with contemporary use of the term neuromuscular function, which
refers to coordinated sensorimotor control across the full movement system. Optimal
performance requires predictive (o0feedfor war
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sensorydmotor loops between peripheral and central networks [239]. Prospective
studies in elite football and Australian rules football have shown that neuromuscular
coordination within the lumbopelvic &ip complex, and within the broader posterior
kinetic chain, is associated with HI risk  [240,241]. These findings suggest that protecting
the hamstrings requires restoring not only structural integrity and strength, but also
dynamic neuromuscular control across the entire chain.
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1.9 Hamstring Injuries in Football: State of the Art

Football has the highest incidence of hamstring injuries (HI) among team sports [242],
representing the most common injury in both male and female players [48,100,104].
The epidemiology of football injuries has been extensively documented, particularly
over the last two decades through the UEFA Elite Club Injury Study . HI account for
approximately 34% of all muscle injuries and 17&6%of all injuries sustained by football
players [48,243]. Despite ongoing prevention efforts by medical staff and scientific
community research, the prevalence of HI continues to rise, increasing approximately
2.3%per year in elite professional football [48]. In a large cohort of English professional
football players, HlIsrepresented the most frequent muscle group affected , responsible
for 39.5% of all muscle tears and 16.3% of all injuries [76]. Similar trends are seen in
womends f oo tHisadcount fomamoend £2% of all reported injuries, followed

by quadriceps injuries (11%) [100]. Si mi | ar results have been

football from Scandinavia [244,245], whereas a Spanish singleclub study found
guadriceps injuries to be slightly more prevalent [246]. Itis, therefore, likely that there

r

€

is a similar trend as seen in mends professior

over time [247], and an accompanying transition from ligament to muscle injuries  [97].

A male team with a 25 -player squad typically sustains five to six HIs per season,
resulting in approximately 80 days lost to injury [105]. Notably, average first -team
squad sizes have increased in recent years, from an average of 23 to 26 players, likely
reflecting a need for player rotation during congested match schedules, which are
known to increase injury risk and impair team performance [248,249]. Among non-
contact injuries, HIlsimpose also the greatest burden and highest recurrence rate , with
up to 13% of all His representing recurrences within two months of RTP [48,243,250].
Recurrence may affect more than half of players who have sustained a previous Hl, with

the highest risk occurring within the first two weeks after RTP  [251,252]. In wo men 0 s

football, recurrence rates are slightly lower but still significant, representing around
11% of all HIs[253]. Following injury, the BFIh often exhibits shorter fascicle length
[163], reduced eccentric strength [254], and increased muscledendon stiffness [255],
factors associated with reinjury risk. Preventing the initial injury is therefore
paramount. In elite European football, the average absence following a functional  Hlis
6 days (16% reinjury rate), compared to 18 days for structural injuries (17.5% reinjury
rate) [251]. Most His occur during matches rather than training, with 65% recorded in
match play versus 35% in training [48,243]. Furthermore, match injuries impose a
substantially greater burden than training injuries (88.5 vs 6.3 injury days lost per 1000
hours of exposure) [48].

According to the UEFA Elite Club Injury Study, the distribution of HIs by severity was:
minimal (10%), mild (21%), moderate (54%), and severe (15%)[48]. In the Norwegian
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womends pr emi e &021 sasgns)egraquai@nge0OHIs accounted for 53% of
allinjuries [253],a proportion notably higher t KH3dh
36%) [47,48]. Gradual-onset complaints have previously been described as more
frequent in female than in male football players  [244]. Moreover, MRI findings revealed
that up to 40% of injuries involved the SM muscle [253], contrasting with data from
me n 0 s f,wlete the BHIhaccounts for 69384% of cases and the SM for only 1#12%
[48,123,256]. Regarding BFIh, all cases occurred at the MTJ [253], consistent with
observations in male players, aregion highly susceptible to mechanical stress [257,258].
Conversely, SM injuries often involve d the proximal tendon, highlighting the need for
targeted preventive strategies in female players [253]. However, another study on

t hat

womends football reported that most 1 njuries

[100], underscoring variability across cohorts and the need for further investigation in

larger samples. Inarecentstudyon mends f oot bal | [259rkperted &% d

of injuries involving the BFlh, 12% the SM, and 4% the ST. No significant differences in
lay-off time were observed between muscles, although recurrence was higher for BFlh

injuries than for SM and ST combined (18% vs 2%)259]. Both hamstring muscle strains
and avulsions tend to occur proximally rather than distally [260], although the
underlying reasons and mechanisms for this proximal predominance remain unclear.
Because hamstring injuries may involve multiple sites and muscles simultaneously, a
comprehensive assessment along the entire length of the muscle group is essential,
rather than focusing solely on the region of pain [123,129,148].

1.9.1 Injury Mechanisms and Situational Patterns

A sudden-onset HI usually involves a moment that athletes can recall as a result of a
specific movement of the lower leg or pelvis. His typically present as sudden pain in
the posterior thigh, sometimes accompanied by an audible snap, leading to immediate
player impairment and inability to continue playing (although in some cases, the player
remains on the pitch, and the injury is reported after the match or the following day).
The unmistakable visible sign of the injured athlete is reaching for the affected region
with the ipsilateral hand.

et a

The mechani sm of H I onset i S of ten descri bed

contact 9, referring to the absence of a direct external impact (e.g., contusion after
collision with an opponent). However, VA allows a more nuanced classification into
contact (direct/indirect) and non -contact mechanisms [72,73,261&65], as detailed in
Section 1.3.3. While non -contact mechanisms predominate, indirect contact accounts
for 26 8B5% of cases in some studies[73,262,265,266], warranting closer attention.
Direct-contact Hls are rare but have been occasionally documented in specific match
contexts. Some studies further categorized indirect contacts by the involved body
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region (e.g., upper body, pelvis, injured leg) [72,261&63] and contact type (e.g.,
tackles, collisions) [72,73,263,266].

A meta-analysis on the prevalence of HlIs in professional football identified fast hip
flexion and knee extension movements under high eccentric load as the primary inciting
mechanisms [105]. Consequently, HIls occur when the muscle d&endon unit (MTU) is
exposed to a combination of (1) high forces, (2) lengthening action, (3) high velocity,
and (4) moderate-to-long muscle length [267&71]. These movements can be
categorized into run -type and stretch -type situational patterns, reflecting the action
performed at the moment of injury  [272]. In both running and overstretching actions,
the hamstrings function eccentrically to decelerate hip flexion and knee extension.
However, whereas run-type injuries occur within a normal range of motion (ROM),
stretch -type injuries occur at more extreme an d variable joint positions. Notably, most
His in football, both run - and stretch -type, biomechanically occur during rapid actions
involving hip flexion with knee extension, often exacerbated by concurrent  ankle
dorsiflexion and trunk flexion with the gaze fixed downward on the ball. This posture,
especially when the hamstrings are required to lengthen eccentrically while generating
high forces [273], stretches the entire posterior muscle chain, positioning the
hamstrings as a weak link within a chain that integrates force transmission between the
axial and appendicular skeleton .

1.9.1.1 Run-type Situational Pattern

The precise phase of the running cycle in which HIs occur during maximal or near -
maximal sprinting remains debated [131]. Most studies indicate that His in football are
most likely to occur during the late swing or the early stance phase of running, when
eccentric hamstring activation peaks. This coincides with anterior pelvic tilt and
maximal hamstring lengthening as the | ower limb decelerates in preparation for foot
ground contact [274,275]. During these phases, the hamstrings generate large active
torques to counteract the passive effects of leg inertia (in swing) and the external
ground reaction force (GRF) (in stance). Although distinct mechanical demands
characterize each phase, itis co nceptually useful to consider them together as a swing o
stance transition, given the continuous nature oflower -l i mb moti on and
dual role in hip extension and knee flexion throughout this interval  [72,73,2613864,266)].
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Figure 19. (A) During the late swing phase of running, the biceps femoris long head is

active while undergoing stretch (&L, change i
resulting in substantial energy absorption as it decelerates the swing limb. This

eccentric loading condition represents a critical phase associated with lengthening -

contraction injuries [276]. (B) Peak musculotendon stretch (top) remains relatively

constant across running speeds, whereas negative musculotendon work (bottom)

increases markedly as sprint speed approaches maximal effort, reflecting greater

eccentric demand on the hamstrings [277].

From a functional standpoint, the hamstrings act as primary contributors to horizontal
force production, accelerating the center of mass forward during sprinting  [278,279].
Modelling studies have demonstrated that the hamstrings, along with the triceps surae
and gluteus medius, serve as essential accelerators throughout the sprint, particularly
during the acceleration phase [279]. The hamstrings generate substantial hip extensor
torgues, contributing up to 15% of total propulsive impulse during sprint acceleration,
with peak muscle forces reaching 3 .2 times body weight (BW) during stance and up
to 8x BW during swing [279]. During maximal velocity sprinting, forces can reach 10x
BW at terminal swing [280].

The BFIh is consistently identified as the most vulnerable muscle due to its greater
length changes and smaller knee flexion moment arm compared with the ST and SM
[169] [274] [166,244,411] [170,273,411,412]. Peak strain and lengthening velocities
occur during late swing, when BFIh acts eccentrically to decelerate the limb and
stabilize the knee before foot strike [166,244]. Kinetic data also indicate that the
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hamstrings experience peak forces while transitioning from eccentric control during
swing to concentric propulsion during stance, with muscle &endon units lengthening by
approximately 10% across all hamstring heads [267,274]. This rapid eccentric 8
concentric switch has long been hypothesized to predispose the tissue to acute strain
injury [407] [408,409]. Intermuscular coordination also plays an important protective
role. Despite their biarticular function, individual hamstring muscles demonstrate
distinct neural innervation patterns and region -specific activity [152] [414] [415],
suggesting variability in load -sharing strategies between and within muscles. The ST,
for instance, shares a common proximal tendon with BFlh and has been proposed to act
as a load buffer, potentially mitigating stress on the BFIh during high -speed running.
Inefficient intermuscular coordination or asynchronous activation between these
synergists could therefore amplify localized mechanical strain.

During late swing, rapid hip flexion and knee extension drive large angular accelerations
of the shank, producing motion -driven torques that the hamstrings must resist
eccentrically [267,274,276] (see figure 19). Following ground contact, vertical GRF rises
abruptly, generating external hip flexor and knee extensor moments that must be
counteracted by the hamstrings to stabilize the limb and propel the body forward
[287,288]. Failure to resist these external moments may result in excessive hip flexion
and knee extension, further increasing active strain within the muscle &endon unit and
predisposing it to structural failure [288,289]. The transition between late swing and
early stance therefore represents a period of maximal mechanical demand, where high
eccentric loads, rapid lengthening velocities, and abrupt shifts in contraction mode
converge. The hamstrings are required to simultan eously control leg deceleration,
stabilize the pelvis, and generate propulsive force , a complex interplay that renders
the musculature particularly susceptible to overload.

Collectively, these findings highlight the multi -factorial biomechanical origin of HI

during sprinting. Injuries most commonly occur during the swing d&stance transition,

when high eccentric demands combine with unfavorable trunk or pelvic postures and
neuromuscular coordination errors. VA studies have further refined this understanding

by differentiating between linear and curved runs, changes of direction (C 0oD), and

running phases (acceleration, deceleration, high -speed running), suggesting that the
precisemechani sm may vary with the tFarthdrétediesspat i ot
should focus on running kinematics and ball interaction (e.g., ball conduction, receiving

a pass, etc.) .

1.9.1.2 Stretch -type Situational Pattern

Although His in football are traditionally described as sprint -related and have received
most of the research and preventive attention, VA evidence challenges this view,
highlighting the importance of mechanisms occurring beyond high -speed running. The
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stretch -type situational pattern encompasses movements such as twisting, lunging,
reaching, slide tackling, and kicking, all of which impose substantial eccentric demands

on the hamstrings and contribute meaningfully to injury risk. ~ While run-type His
represent the majority , but not the over whelming majority , in some cohorts (56%8%)
[100,262,266], other studies report comparable or even higher proportions of stretch -
type cases (52064%)[73,261], suggesting that non-running injuries are both common
and underrepresented. Taken together, current evidence suggests that non -running
injuries are both common and underrepresented, with HIs appearing almost evenly
distributed between run - and stretch-type mechanisms. This challenges the long-
standing assumption that sprinting rep resents the dominant pattern.

Stretch-type injuries arise from heterogeneous, context -dependent movements, often
involving ball interaction and opponent duels that complicates classification and may
have led to previous underestimation . As shown in figure 20, duel-type injuries
consistently occur during player dall interactions , whether pressing, protecting, or
intercepting , and often involve indirect contact s [265]. Accordingly, classification
based on ball possession and player behavior provides a more ecologically valid
framework [290]. Importantly, stretch -type His in football differ from those observed
in dancers [155], as they typically occur during dynamic movement rather than static
elongation. Because these mechanisms frequently overlap with running actions (e.g.,
lateral lunge after a 10 -meter run), some authors have proposed intermediate or
omi xeddé categories to bet[68266]capture their <co

While external load monitoring (e.g., Global Positioning System, GPS) offers useful
context, player velocity or running intensity at the time of injury provides an
incomplete indicator of mechanical load. In stretch -type injuries particularly, limb
swing velocity may be high, for example during a rapid lunge to intercep tthe ball, even
when overall running speed is moderate. Thus, GPS-derived metrics may underestimate
true eccentric load exposure. Emerging technologies, such as instrumented shin guards
incorporating GPS, gyroscopes, and accelerometers (e.g., Xseed, Soccerment srl ©
2024), could enable quantification of instantaneous lower -limb kinematics and loading
during match play, enhancing our understanding of real -time mechanical conditions at
injury.

The situational pattern of injury also influences both location and tissue involvement
[291]. Run-type His typically affect the BFlh near the MTJ reflecting high force
production demands. In contrast, stretch -type HIs more often involve the proximal SM
free tendon [131,181]. The affected tissue type and lesion site may influence healing
time and recurrence risk [155,171]. These mechanisms differ biomechanically and
clinically: stretch -type injuries often present with milder acute pain, proximity to the
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ischial tuberosity, multiple muscle involvement, and prolonged healing compared with
sprinting injuries [131,155,256].

Figure 20: Examples illustrating the variability of stretch -type hamstring injury
mechanisms within the football -specific duel -type subcategory. Frames progress from
left to right, showing (a) the push -off phase of the injured leg, (b) the transition
movement, and (c) the suspected injury frame. Yellow arrows indicate the injured leg.
Classification follows the method proposed by Pellegrini et al. [264]. Example 1 depicts

a defensive press, with the player lunging toward an opponent in possession. Example
2 shows an dfensive press, characterized by indirect contact during a lunge toward
the opponent. Examples 3 and 4 illustrate protect actions involving indirect contact
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while shielding the ball, performed in closed and open kinetic chains, respectively.
Example 5 represents an intercept action (open kinetic chain), where ball possession
is contested and the player performs a reaching movement toward the ball.

Given this variability, the term  HI should be understood as an umbrella category
encompassing diverse lesions characterized by specific combinations of muscle
involvement, tissue type, biomechanical context, and situational demands, each with
unique prognoses and recurrence profiles [157,158,165]. From an applied perspective,
developing ecologically valid preventive strategies requires moving beyond isolated,
linear sprint models to also include stretch -type and run-type injuries that do not occur
while sprinting ( acceleration and deceleration phases). Otherwise, prevention programs
will prepare athletes for only a subset of HIs. Targeting technical proficiency in high -
risk tasks such as lunging, tackling, and reaching, treating these as trainable motor
skills, may help reduce tensile overload, mirroring the progress made in sprint
mechanics training (see section 1.10.4). Coaches should emphasize joint control within
mid-range positions, enabling athletes to absorb contact forces without excessive
elongation and to maintain a margin of safety during dynamic duels. Addressing these
aspects is essential for the next generat ion of VA-based preventive strategies in football.

1.9.2 Hamstring Injury Risk Factors

Understanding the risk factors for hamstring injuries (HIs) is a cornerstone for effective
prevention and rehabilitation strategies in athletes [271]. Despite the substantial
research effort devoted to this topic, the evidence remains inconsistent, and the
relative contribution of each factor is still debated. = Hamstring injuries are recognized
as multifactorial in origin [292], with both intrinsic and extrinsic influences playing a
role [293]. Extrinsic risk factors are external to the individual and include variables such
as the type of sport, exposure level, training and match load, surface type, and playing
environment [55]. Intrinsic risk factors, in contrast, are personal and can be further
classified as modifiable or non -modifiable. Non -modifiable factors fisuch as previous
injury, age, sex, and ethnicity i cannot be altered but are crucial for identifying at  -risk
populations. Modifiable intrinsic factors include physical fithess characteristics (e.g.,
strength, flexibility, and neuromuscular control) that can be improved through training
and targeted interventions. Moreover, as discussed previously, the uniqgue anatomical
and functional features of the hamstring muscle group may themselves constitute an
intrinsic risk factor for injury

Several systematic reviews and meta-analyses have synthesized the evidence on
hamstring injury risk factors [196,294,295]. The most comprehensive meta-analysis
identified increased age, previous hamstring injury, and greater quadriceps strength as
significant risk factors [294], while other reviews have reported up to 21 potential risk
factors associated with injury occurrence [296]. However, the coexistence of
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conflicting results across studies underscores the complexity and multifactorial nature
of hamstring injuries [8,297]. The frequent tendency to examine variables in isolation
may further obscure interactions among biomechanical, physiological, and contextual
determinants, limiting our ability to understand and manage this multifaceted problem
effectively.

The continuing rise in hamstring injury incidence likely reflects multiple interrelated
factors, including the absence of consensus on RTP criteria following hamstring muscle
injury [298], high variability in recovery times [123,298], increasing physical demands
during matches [247], and the negative effects of match congestion on player health
and recovery [299]. Ultimately, the risk profile of each athlete must be interpreted
within the context of individual sporting demands, injury history, and dynamic workload
patterns, while also considering psychological and well -being factors and the inherent
limitations of existing risk-factor evidence.

1.9.3 Non-modif iable Intrinsic Factors

A wide range of non-modifiable and potentially modifiable intrinsic risk factors have
been examined and discussed in the literature (see figure 21).
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Figure 21: Intrinsic, non -modifiable risk factors for hamstring injury, levels of evidence,
and relationship to injury risk. The size of each circle in the figure reflects the volume
of research for each factor, while overlap across the midline indicates conflicting
evidence [177].

Limited

Age is a commonly reported risk factor for hamstring strain  [294,296], though the
underlying mechanisms remain unclear. Older athletes typically have greater
cumulative exposure to sport, increasing the likelihood of previous HI. Additionally,
age-related declines in strength [300,301], power [300,302], and running capacity [303]
may limit the ability to meet sport -specific demands, thereby increasing injury risk .

Previous Hl is consistently recognized as the strongest predictor of future injury  [294].
Athletes with a prior hamstring strain face an approximately threefold increased risk,
which rises to fivefold if the previous injury occurred in the same season [296]; some
studies report up to 11.6 -fold risk of recurrence in football [85]. The period of greatest
vulnerability is often within the first four weeks after return to sport [304]. Proposed
mechanisms for recurrence include muscle scarring, suboptimal muscle length, and
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neuromuscular inhibition, a reduction in force output in the hamstrings and synergistic
muscles due to decreased neural stimulation [177,305807] (see figure 22). Numerous
studies [305,308810] have demonstrated altered activation patterns in the hamstrings
and synergistic muscles controlling pelvic girdle position following  HI. While
neuromuscular inhibition initially protects the injured muscle, prolonged inhibition may
impair rehabilitation outcomes and muscle function post -RTP[177]. Techniques such as
surface electromyography, transcranial magnetic stimulation (TMS), and twitch
interpolation have been used to detect altered neuromuscular activation patterns
following HI [278] [279] [280] . The precise duration of heightened risk following injury
remains unknown and is likely to be individual -specific.

Hamstring strain injury

Early rehabilitation
(avoiding long muscle
l lengths)
Neuromuscular
inhibition #
—— Muscle fascicle
Lo, > shortening #
Preferential eccentric Shorter ‘optimum’
PR
weakness* muscle length

N Propensity for
muscle damage #

l N Re-injury risk ‘

Figure 22: Conceptual framework for the putative role of neuromuscular inhibition
following hamstring strain injury in the development of several maladaptations
associated with increased re -injury risk. Z = Particularly at long muscle lengths, # =
biceps femoris (BF) specific [307].

Prior joint injuries also influence hamstring injury risk. Moderate evidence suggests that
previous knee injury increases risk [311,312], and limited evidence supports a role for
ankle injury [313]. Conflicting evidence exists for the relationship between HI and
previous ACL injury or previous calf strain and no evidence for a relationship with
previous groin injury, quadriceps injury, or adductor strain [163,292,31408
316].Hamstring injury may also arise iatrogenically, such as following hamstring
autografts for ACL reconstruction.

Sex and ethnicity contribute to risk, though evidence is limited [196]. Male athletes are
approximately 64% more likely to sustain an acute HI than females [317], though recent
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studi es indicate rising HIs i n womenodos foothb
intensity [318]. Indigenous Australian [312] and Black African or Caribbean [170,319]

athletes have been suggested to be at higher risk, potentially due to differences in

muscle fiber composition and anterior pelvic tilt [170,312]. Although several
epidemi ol ogi cal studies have bd2dHh245c32088d2) ct ed |
there is currently limited data on female -specific Hl mechanisms, and caution is needed

when extrapolating f i ndi[323324]. fConsequenttye imjdns foot |
prevention programs may be less effective for female athletes, particularly if

developed from male -focused datasets [325].

Prognostic indicators at the time of injury may also reflect intrinsic risk. Athletes who
hear a popping sound or must stop playing within 5 minutes of injury tend to experience
longer recovery times [114,326], and the severity of pain at injury onset correlates with
prolonged rehabilitation [327]. In summary, among non-modifiable intrinsic factors,
older age and previous hamstring injury are the most consistent and strongest risk
factors for HI [296], while sex, ethnicity, and prior joint injuries may contribute variably
depending on individual and contextual circumstances.

1.9.3 Modifiable Intrinsic Factors

Within m odifiable intrinsic risk factors, poor muscle strength has long been considered
important for muscle injury [294]. Intuitively, if an activity requires loading beyond the
capacity of the MTU, it could result in structural damage. Research on strength as a risk
factor for HI is extensive, encompassing multiple lower -limb muscles, contraction
modes, speeds, athlete populations, and joint positions [294,328] (see figure 23).
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Figure 23: Intrinsic, modifiable risk factors for hamstring injury, levels of evidence,
and relationship to injury risk. The size of each circle reflects the volume of research
for each factor, while overlap across the midline indicates conflicting evidence [177].

Recently, attention has focused on eccentric hamstring strength, given persistent
deficits post -injury [309,329831] and the common mechanisms of injury [131,332].
Evidence indicates that targeted eccentric strengthening can reduce Hlincidence [333].
The Nordic Hamstring exercise (NHE)program has been widely promoted for prevention
[3348338]. Although using NHE to measure eccentric hamstring strength has also gained
popularity, some studies in football [339] and rugby union [314] found no relationship
between peak NH force and future injury risk. Nonetheless, increases in match intensity
over recent years may counteract preventive benefits. For example, Barnes etal. [247]
reported a 30% increase in high-intensity running distance and a 35% increase in
sprinting in the English Premier League from 2006/2007 to 2012/2013. Despite some
inconsistencies between studies, the overall evidence suggests eccentric hamstring
strength remains an important consideration for injury risk screening [328,340,341]. In
contrast, concentric and isometric strength measures generally show limited
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association with hamstring injury [328]. Importantly, r egular strength monitoring is
recommended for injury prevention [342], as reductions in isometric strength may
precede injury [343]. Regardless of the mode of contraction, s trength fluctuations occur
within a match cycle [344,345] and across a season[346], so serial monitoring can
identify abnormal deviations, signaling failed recovery and allowing early interventions
[342,347].

Between-limb strength asymmetries have traditionally been considered potential risk
factors, under the assumption that the weaker side may be more susceptible to injury
or re-injury [348,349]. While some asymmetry may be normal, substantial differences
may indicate reduced proficiency in coping with sport demands [350]. A study of 462
professional soccer players found low hamstring strength relative to quadriceps
strength associated with injury [351]. Over the past 15 years, hamstring -to-quadriceps
(H:Q) ratios and bilateral asymmetries have been extensively studied. Overall, when all
data and evidence are combined, these ratios show no consistent association with injury
risk [328]. Muscle imbalance may pose risk only when bilateral deficits exceed 10% or
H:Q ratios fall below 0.6 [351,352], but current evidence is weak [296,339,353].

Flexibility, mobility, and range of motion (ROM) have also been evaluated as potential
risk factors. Movements such as sprinting and kicking involve large stresses at
reasonably long MTU lengths [131,350], suggesting a minimum ROM requirement for
safe performance. However, most traditional tests do not predict hamstring injury risk,
including: (1) active or passive knee extension [85,240,354858], (2) straight leg raise
(active, passive) [355,357,359,360], (3) slump [355,358], and (4) lumbar flexion
(standing, seated) [240,355,357,358,361,362]. Isolated findings do show some tests are
associated with risk of injury to the hamstrings, although the association, albeit
significant, is best described as weak [363,364]. Hip extension ROM in the modified
Thomas test shows mixed evidence as a risk factor [240,355,358]. Reduced hip
extension may increase the risk profile due to alterations in the mechanical loading
conditions of the hamstrings during running, which are influenced by the lengthening
and activation characteristics of the iliopsoas [350]. Other hip ROM measures (flexion,
internal/external rotation) generally lack predictive value [240,355,358]. Reduced
ankle dorsiflexion ROM may also indicate risk of future hamstring injury, although
research findings are conflicting [311,355,358,363]. Adequate ankle dorsiflexion
mobility is necessary in football and decreased ankle mobility changes the touchdown
position of the f oot, reducing the horizontal force production [365]. As hamstring
muscle activity is highly correlated with increased horizontal force production [278],
limited ankle dorsiflexion mobility might lead to increased work required from the
hamstring muscle, predisposing itto injury [366]. Overall, ROM assessment is best suited
for periodic health evaluations and rehabilitation staging [115,254,342,344,345].
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Muscular fatigue, defined as a decline in muscle performance associated with muscle
activity [367], is a well-recognized risk factor. The absorption of energy before
structural failure is reduced in fatigued muscles [268]. Reduced hamstring strength-
endurance may predispose athletes to injury [345], particularly during match play and
high workloads [368]. Neuromuscular fatigue [369] induces altered biomechanics
[370,371] reduced eccentric strength, rate of force development (RFD), and decreased
activation of hamstrings in players subjected to soccer -specific exercise protocols
designed to simulate match -day fatigue levels [372d374]. Eccentric and isometric
hamstring deficits are greater than concentric deficits [371,374877], and hamstring
strength declines more than quadriceps post -match [378]. Fatigue also alters running
kinematics: reduced hip flexion and knee extension ROM, increased anterior pelvic tilt,
and decreased hamstring excursion [310,370]. Single and repeated sprint performances
are also impaired during and after match play [379], and players experience reduced
range of hip and knee motion [370], reduced BF activation [380], reduced passing and
shooting accuracy [381,382], and inferior jump performances after games [371]. All
these changes may overload the hamstrings, particularly late in games or during
congested schedules or high workloads, where the muscle does not have a chance to
return to its pre -fatigued functional state [342].

Recent evidence suggests that peripheral fatigue contributes more substantially than
central mechanisms to post-match fatigue, likely as a consequence of match -induced
muscle damage [369]. Central fatigue, defined as a reduced capacity of the central
nervous system to activate skeletal muscle [383], also plays a role, particularly in the
immediate aftermath of competition. In football, mental fatigue has been shown to

i mpair pl ay-eakmdabiltties durirsgimateh situations and to reduce physical
and technical performance following cognitiv ely demanding tasks [384] [385]. Central
fatigue tends to be most pronounced immediately after matches, with marked recovery
within 24 hours and complete restoration typically observed by 48 hours post -match. In
contrast, peripheral fatigue affecting the hamstring muscles can persist for several days.
Deficits in hamstring function are often evident acutely post -match and may remain
unresolved up to 72 hours after competition [368,369,386a8388]. Considering that
approximately one -third of matches in elite football are scheduled within a 72 -hour
interval [248], it is plausible that players often enter subsequent matches without full
physiological or psychological recovery, thereby increasing their vulnerability to
hamstring injury. Finally, load management encompasses both physiological and
psychological stressors[389]. Players with residual fatigue or impaired decision -making
are exposed to higher-risk situations, further increasing the likelihood of hamstring
injury.
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1.9.4 Modifiable Sprinting Kinematics Risk Factors

Beyond neuromuscular and strength-related parameters, movement technique itself
represents a modifiable intrinsic factor influencing hamstring  injury risk . As strain is
the primary mechanism of muscle injury, the kinematic and kinetic characteristics of
sprinting directly determine the magnitude of  stretching and loading on the hamstrings.
Current evidence indicates that no single biomechanical variable alone explains
hamstring strain; rather, it is the interaction between multiple kinematic and kinetic
features that contributes to injury risk.  Coaches and practitioners commonly identify
several technical parameters as important for HI prevention [390], including an
overstride running pattern, anterior pelvic tilt, poor lumbo -pelvic control, lumbar
extension, back-kicking of the trailing leg, and forward trunk lean. These factors alter
force transmission between the trunk, pelvis, and lower limbs, influ  encing hamstring
loading and strain. A widely accepted technical model of sprinting, known as front -side
mechanics, describes how movements occurring
are associated with better sprint performance and potentially lower  injury risk [391].
Speci pc a lsidggmechanicosedk to maximize leg motions occurring in front of
the vertical torso line while minimizing actions occurring behind that line throughout
the sprint cycle ( see figure 24). This model emphasizes maintaining an upright trunk
and neutral pelvic position, achieving higher knee lift, and striking the ground beneath
the body. These features reduce the touchdown distance (TDd) , the horizontal distance
between the center of mass and the foot at ground contact , resulting in lower braking
forces and higher vertical components of GRF [392,393]. The outcome is greater
stiffness, shorter stance duration, which have been associated with higher maximal
sprinting speeds [392].

Figure 24. Front -side (a) and back-side (b) mechanics schematic during the second step
stance phase of a maximal effort sprint. The red line indicates  whether the thigh
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segment is positioned in front of or behind the torso, representing front - or back-side
mechanics, respectively. Images generated using OpenSim 3.3 software [394].

In contrast, back -side mechanics involve excessive trailing leg extension at toe off,
Obakkckingo6 actions during swing, a n-thighl ar ge
angle) [391,395] (Figure 25). These movements occur behind the center of mass and

are thought to increase hamstring strain by promoting anterior pelvic tilt and

lengthening of the BFIh. Although few studies have directly linked back -side mechanics

to HI [395,396], the concept remains biomechanically plausible, supported by modeling

studies showing a mechanical coupling between the hip flexors and contralateral
hamstrings during sprinting. When the traild.@
iliopsoas) contract an d lengthen to accelerate the swing phase, they induce an anterior

rotation of the pelvis, which simultaneously increases anterior pelvic tilt and the

stretch of the contralateral BFIh [276,397,398]. This illustrates how back -side
mechanics, through excessive hip extension and contralateral hip flexor activity, can

amplify pelvic rotation and hamstring strain on the opposite limb.

T

Trailing Leg Extension Back-Kick Thigh-Separation

Figure 25: Pictorial representation of key features of back -side running mechanics
[399].

Excessive trailing leg extension (triple extension) at toe off is a common mechanical
feature during acceleration but may be detrimental during maximal -velocity sprinting
[390,391]. Because peak GRF occur during the first half of the stance phase [393],
continuing to extend the leg and push against the ground beyond this point, often
referred to as triple extension, is considered an inefficient force production strategy
[391]. Once the peak GRF has already passed, this late push-off no longer contributes
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meaningfully to propulsion and instead prolongs stance duration while shortening flight
time [391]. The reduced flight time limits the opportunity to reposition the limb for the
next stride, thereby increasing the demand for rapid leg recovery and swing. As a result,
athletes may adopt over -striding mechanics, a more forward -leaning trunk posture, and
exaggerated back-side leg movements, all of which can heighten mechanical stress on
the hamstrings. Although direct evidence linking trailing leg extension to injury is
limited, modeling work suggests that excessive knee extension at late stance may
create an additional peak of hamstring strain [400]. Therefore, minimizing trailing leg
extension is recommended for both performance and injury risk reduction.

Over-striding refers to a running pattern in which the foot strikes the ground in front of

the bodyds center of mas s . Ki nematical l hi
initial contact, a more extended knee, greater tibial and foot inclination angle s, and
reduced thigh and leg retraction during the late swing phase [401,402]. These
characteristics al ter t he runner ds i nteract

performance and injury risk. From a mechanical standpoint, over -striding shifts the
point of foot contact forward relative to the center of mass, which increases braking
forces and the braking impulse generated during early stance [401,403]. Since the
hamstrings play a major role in reaccelerating the center of mass horizontally [278,279],
greater braking requires proportionally higher hamstring activation to restore forward
momentum. Together, these factors expose the hamstrings to greater tensile loads in
an elongated position, increasing both the magnitude and rate of strain applied to  the
muscle-tendon unit [404]. When repeated across multiple sprinting efforts, this

increased workl oad can accelerate neuromuscul

ability to resist strain and increasing susceptibility to fatigue -induced microdamage or
tissue failure [405]. Therefore, whilst the contribution of over -stride mechanics to
hamstring tissue strain is plausible, there is a lack of data investigating the association
between the two [310,406].

The maximum hip flexion (MHF)angl e represents the thighos

swing and is a marker of effective sprint mechanics [391,407]. Greater MHF allows more
powerful leg retraction and greater GRFduring stance [393,402]. However, while higher
MHF enhances performance, it may also increase hamstring strain due to greater muscle
length and force during terminal swing. Findings across studies are mixed: some report
lower MHF in previously injured limbs [406,408], others higher [310]. This may reflect
post-injury adaptations, where athletes subconsciously limit MHF to reduce strain,
compensating for deficits in eccentric strength [406]. Consequently, MHF likely
represents a performance dnjury paradox, balancing improved speed with increased
tissue load.
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Figure 26: Current evidence linking kinematic variables with hamstring injury. Green
boxes: experimental and modeling evidence; yellow: modeling only; red: theoretical
association. ¥ increased, Z decreased, APT: anterior pelvic tilt, CoM: center of mass,
VGREF: vertical ground reaction force [399].

Lumbo-pelvic control refers to the ability to stabilize and coordinate movements of the
lumbar spine and pelvis during dynamic activities [409] (Figure 26). Given the
hamstringsd proximal insertion on the ischial
in modulating strain [297,317,348,390]. The pelvis acts as a functional lever between
the trunk and lower limbs; thus, any imbalance or delayed activation of muscles
spanning these regions can alter intersegmental coordination and increase hamstring
loading. Modeling studies have shown that the contralateral iliopsoas can increase BFIh
stretch by more than 25 mm by accelerating the pelvis into anterior rotation, while the
gluteus maximus, adductor magnus, and obliques counteract these forces [276].
Experimental evidence supports this link: athletes who later sustained a HI showed
altered trunk and pelvic muscle activity, including reduced activation of the gluteus
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maximus and obliques and delayed onset of gluteus maximus and erector spinae activity
[241,354,4108412]. These findings suggest that improving lumbo -pelvic control , also
with perturbation training, should be a key focus in injury prevention and rehabilitation
programs.

Anterior pelvic tilt is one of the most consistently reported kinematic features linked
to HI [370,413,414]. From a functional anatomy standpoint, anterior pelvic tilt causes
a rotation of the ischial tuberosity posteriorly and superiorly, resulting in a
disproportionate active lengthening and passive tension demand, especially for the
proximal region of the posterior thigh musculature [160,397]. This mechanical
relationship is supported by modeling and elastography studies showing that anterior
pelvic tilt increases hamstring tension by 13d2%, depending on the specific muscle
[415]. Prospective research shows mixed results: some studies found greater anterior
pelvic tilt in players who later sustained injuries [310,410], while others reported no
association [411]. However, recent intervention studies on football players demonstrate
that reducing anterior pelvic tilt by ~5° during late swing phase of sprinting through
targeted technique training can lower hamstring strain and potentially injury risk [416].
Thus, anterior pelvic tilt remains a modifiable mechanical factor that can be addressed
through movement retraining focused on pelvic control.

Deficits in trunk control, particularly in lateral flexion and rotation, are frequently
associated with poor lumbo -pelvic stability [390]. Excessive side flexion or rotation
alters trunk muscle length &ension relationships, impairs pelvic stabilization, and
disrupts sacroiliac joint force transfer [417], increasing hamstring tension [348,409].
Trunk muscle activity contributes to sacroiliac joint stiffness  [418], which directly
affects hamstring torque and load distribution [419,420]. Prospective studies have
shown that athletes who later sustained a HI exhibited greater trunk side flexion toward
the injured limb during late swing [410,411]. Reduced oblique activation during the
same phase [354] f urt her supports t his association.
attachments allow them to resist trunk motion while compressing and stabilizing the
pelvis, thereby reducing anterior pelvic tilt  [192,409]. Consequently, diminished
oblique function may reduce pelvic stability and increase proximal hamstring strain
[276,419].

Forward trunk lean during sprinting can markedly affect hamstring loading by altering
both kinematics and kinetics (Figure 27). Increasing trunk flexion shifts the center of
mass anteriorly and is accompanied by greater anterior pelvic tilt and hip flexion, which
together lengthen the hamstrings and elevate tissue strain  [404]. This anterior shift also
increases the external hip flexor moment, requiring greater activation of the hip
extensors to maintain propulsion [421]. Over repeated sprints, this heightened
mechanical demand may promote fatigue, microtrauma, and ultimately, injury
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development. Additionally, the forward displacement of the center of mass may induce

a compensatory over-stride, further amplifying hamstring strain  [422]. Although
coaches and clinicians often link excessive trunk lean to hamstring injury risk, empirical
evidence remains limited. Schache et al. [423] reported increased trunk flexion and
corresponding rises in GRF hip extensor moments, and hip power in a case of acute Hl,
while Kerin et al. [424] observed similar trunk positions in all sprint -related injuries
analyzed via 2D video. Collectively, these findings suggest that excessive forward trunk
lean may exacerbate hamstring strain, but more robust prospective studies are needed
to clarify its ca usal role in injury mechanisms.
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Figure 27: Biomechanical model illustrating the relationship between trunk flexion and
lower -limb kinetics. Greater trunk flexion increases over -stride and stride length while
decreasing stride frequency, elevating hip extension moments and braking force , rate
of loading (RoL) and impact transient peaks (IT) . Reducing trunk flexion has the
opposite effects on these parameters [421].

Despite the recognized role of sprinting in both performance and injury prevention, few
intervention studies using high -speed sprinting as a direct training method to reduce Hl
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risk [425]. This is noteworthy given that suboptimal sprinting kinematics [410,426], lack
of exposure to maximal velocity [427], and lower sprint performance [428] have all
been associated with increased risk of lower -limb and HI in team sports. Importantly,
hamstring activation during sprinting exceeds that observed in most traditional
strengthening exercises [429,430], supporting sprint training as a time -efficient, sport -
specific strategy to enhance both performance and injury resilience [431].

1.9.4 Extrinsic Risk Factors

Environmental and contextual conditions have been examined as potential contributors
to HI risk [432,433]. To date, however, there is no consistent evidence that match -day
temperature, wind speed, playing altitude, surface type, match time, or pre  -match
time zone change significantly influence future HI risk [43234]. Shoedsurface
interaction has been associated with an increased risk of overall lower -limb injury,
particularly through excessive rotational traction, although its specific effect on
hamstring injury remains unclear [435]. Interestingly, barefoot -style football boots
have recently gained popularity, though their implications for injury risk are yet to be
thoroughly evaluated.

Importantly, injury risk is not uniform across the pitch: positional demands correspond

to different exposures and injury patterns. Multiple studies have demonstrated that
injury frequency, type, burden, and mechanism differ markedly across positions [4360
438]. As expected, goalkeepers exhibit a lower risk of hamstring injury [98] [363], likely
due to their reduced exposure to match -related kicking volumes and velocities [440],
as well as lower overall running and high -speed running demands [441,442].
Nonetheless, isolated cases of punt-kickdelated hamstring injuries have been reported
[265]. Beyond positional factors, playing level, geographical, and contextual influences
also appear relevant. For instance, northern European teams show higher overall and
training -related injury incidence compared to southern European teams, suggesting
that c limate, training culture, and environmental conditions may modulate injury risk
[443].

Football has evolved substantially over recent decades, with greater match frequency
and increased physical demand. Objective data indicate that players now cover longer
distances and perform more frequent high -speed efforts than in the past [247].
Hamstring injury rates tend to increase during congested fixture periods [248],
particularly when two matches are separated by four or fewer days compared with six
or more [299,444]. Muscle injury rates are especially sensitive to short recovery
intervals [248].

Consequently, quantifying acute and chronic load exposure has become essential in
athlete monitoring and in assessing the dynamic evolution of injury risk throughout the
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season. Advances in sports performance science have enhanced understanding of how
acute workload, chronic training history, and match characteristics interact with injury
susceptibility [4453149]. The acute:chronic workload ratio (ACWR), along with 1 - to 4-
week load histories, is often evaluated to determine how fluctuations in training load
affect risk. A sudden, unaccustomed increase in high -speed running volume is thought
to heighten injury ris k, particularly in muscles critical for sprinting such as the
hamstrings [445049].

Empirical evidence supports this view. Duhig et al. [450] found the strongest association
between injury and the total high -speed running distance in the week preceding injury,
while Ruddy et al. [445] reported that both absolute high -speed running (>24 km/h)
and week-to-week changes in total high -speed running distance were most predictive
of injury. Similarly, Aiello et al.  [264] observed that most hamstring injuries occurred
when players exceeded 25 km-htd or at >80% of maximal sprint speed. Another study
found that hamstring injuries during matches were often preceded by five minutes of
unusually intense running (>21 km/h) compared with control matches [375].
Collectively, these findings suggest that brief periods of atypically high running
intensity can markedly increase hamstring injury risk. Additional extrinsic factors
include inadequate warm -up routines and preseason conditioning [352].

Recent evidence indicates that a substantial portion of HI risk is extrinsic, arising from
club-level and organizational factors rather than the player alone [376,377](see figure
28). For example, team communication quality has been correlated with injury rates,
training attendance, and match availability [88]. Other influential external factors
include the stability of coaching, medical, and managerial staff [66]. Teams
characterized by frequent staff turnover or inconsistent management structures may
inadvertently expose players to varying training methodologies, recovery strategies,
and performance expectations , conditions that collectively increase the likelihood of
hamstring injury.
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Figure 28: An example of multilevel system map with factors related to return to
sport decision in anterior cruciate ligament injury  [454].

1.9.5 Football -Specific Injury Profile

Performance in football relies on a combination of individual, technical, and tactical

skills, as well as the dynamic interaction between players within a team. It is a high -
intensity, intermittent sport  requiring players to repeatedly perform physically
demanding actions such as unipedal-dominant movements, sprints, accelerations ,
decelerations, ball -specific skills, jumping, and player -to-player duelsiiall while
simultaneously engaging in complex cognitive processes such as tactical decision-
making [378]. On average, professional players perform approximately 600 cutting

movements of 0°®0° per match [456] and more than 70 directdi

speeds exceeding 4 m/s [457]. | mportantly, changes of
sprints often precede decisive moments such as goal-scoring or assists [458]. At the
elite level, where players operate under extreme time and space constraints, speed
and mechanical efficiency are critical determinants of performance. Given these
requirements, it is unsurprising that professional football is characterized by a high
incidence of injury, with muscle injuries representing the most common injury type
[96].

Football is unigue among major sports in that it is played almost exclusively with the
lower limbs, with the upper limbs contributing only  to specific circumstances such as
goalkeeper interventions and throw -ins. By contrast, all other sports (e.g., basketball,
volleyball, tennis, handball, golf , etc.) rely on the upper limbs for ballistic, coordinated
actions, while the lower limbs primarily provide locomotion and stability. In football,
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however, the lower limbs have to simultaneously generate locomotor output and
perform precise technical actions ; this dual role places them under exceptional high -
risk situations. Football is also unique because it replaces the natural human pattern of
oculo-manual coordination (eye chand) with oculo -podalic coordination (eye doot),
requiring players to control and manipulate the ball using the lower limbs while
maintaining visual tracking and spatial awareness. From an anthropological perspective,
in fact, football posesan 0 andviol ut i on ar yanddhe dekignefrtige éduman
body illustrates these contrasts. Around six million years ago, humans began to walk
upright, shifting weight -bearing responsibilities to the lower limbs and freeing the
forelimbs for manipulation. Although arms and legs share a common structural blueprint,
with a ball -and-socket joint connecting to the axial skeleton and a hinge joint in the
middle, their functions diverged markedly. The leg is optimized for stability and
propulsion, while the arm evolved for mobility and precision. For instance, the bones
of the forearm rotate to permit wrist mobility, whereas the bon  es of the lower leg are
constrained for stability; the ankle is specialized for shock absorption and push -off,
while the shoulder evolved for high -mobility tasks such as throwing. Football challenges
these evolutionary adaptations by requiring the lower Ii mbs to fulfill both roles,
propulsion/ stability and skill execution / motor control , placing unique demand on the
musculoskeletal system.

Beyond these evolutionary and biomechanical constraints, the postural and positional

demands of the game introduce further complexity. Evidence suggests that hamstring

morphology and function may adapt to sport -specific loading patterns, with measurable

differences between athletes of different disciplines fifor example, sprinters versus

rugby playersfireflecting distinct muscular use profiles [459,460]. Within football ,

certain positions, such as defenders engaged in repeated one-versusone duels or

pressing actions, spend extended periods in a semi-squat posture. This stance facilitates

rapid reactivity but maintains the pelvis and hamstrings under sustained tension at sub -

optimal lengths, potentially shifting muscle activation toward the  quadriceps and

altering the H:Q strength ratio. Biomechanically, this posture embodies a trade -off

between readiness for explosive action and chronic disadvantage for the posterior chain.

These examples chall enge the conventional pur
In reality, no athlete conforms perfectly to textbook s of Anatomy. Each body represents

the cumulative result of personal motor history, injury background, and lifestyle,

continuously shaped by the repetitive mechanical demands of sport and training. From

a postural and performance standpoint, every player constitutes a unique adaptive

systemthat requires individualized assessment and training strategies. Conditioning and
rehabilitation should therefore aim to respec
and compensatory patterns rather than enforcing standardized corrective models at the

group level.
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Finally, football is remarkably odemocratico
sports such as basketball or volleyball , where height and limb proportions impose more

rigid selection pressures, football accommodates a wide variety of body types and

movement strategies. Anthropometric, biomechanical, and neuromuscular profiles vary

greatly among players, leading to substantial differences in optimal training methods,

recovery capacity, andinjury susceptibility. This divealsity e
and technical dimensions but also complicates injury prevention, as load distribution,

fatigue tolerance, and tissue resilience differ across individuals. Understanding and

integrating this variability is fundamental for developing personalized conditio  ning,

load management, and rehabilitation programs that minimize injury risk while

maximizing performance potential.

1.10 Video Analysis: A Window into Sports Injur ies

Understanding how injuries occur in sport requires multiple complementary approaches,
each offering a different perspective on the injury process. A comprehensive
understanding must integrate both the sequence of events leading to the injury and a
biomechanical description of the whole body and joint at and before the moment of
injury .[24]. This knowledge is critical for identifying targets for preventive
interventions [62,384]. Methods commonly used to describe injury mechanisms include
athlete interviews, clinical and in vivo studies, cadaveric testing, motion analysis of
non-injury situations, mathematical modeling, and video analysis (VA) . In rare cases,
injuries have even occurred during biomechanical experiments (Figure 29). Since no
single method can fully capture the multifactorial nature of sports injuries, these
approaches are best applied complementarily to address both mechanical and
contextual factors [69].
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Figure 29: Research approaches to describe the mechanism of injuries in sports [69].

Among these, VA stands out as a unique tool for linking biomechanic s and real-world
sport scenarios. The widespread broadcasting of elite competitions provides a rich and
largely untapped source of real -world injury footage , allowing researchers to study
actual injury events under natural, competitive conditions. Although the first VA study
dates back nearly 40 years (Silver & Gill, 1980s, on cervical spine injuries in rugby [462]),
systematic approaches have only gained traction in recent decades. In most team
settings, routine VA work falls within the coaching/performance department,  but its
application to medical and injury research has gained increasing recognition
[73,261,463].

Bi-dimensional (2D) VA involves systematic examination of injury footage to identify
key events, such as ground contact, push-off, or the suspected injury frame (IF), and
to describe both biomechanical and contextual features surrounding the incident  (e.g.,
opponent behavior, technical action with the ball, attacking or defending phase of play,
pitch location, etc.) [24]. This method provid es accessible, non-invasive, and cost-
effective insight into the interplay between the player, the task, and the environment.

The introduction of standardized evaluation tools such as the QA -SIVAS scald464] has
further strengthened the methodological rigor, enhancing reproducibility and reliability.
Therefore, 2D VA in sport represents a methodological bridge between biomechanics
and performance analysis, combining qualitative observation with measurables
parameters to improve objectivity and reduce observer bias [463,465].

From a conceptual perspective, VA is atool that fits perfectly with the complex -systems
model of sports injury (macroscopic lens), acknowledging that multiple mechanical,
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behavioral, and contextual factors converge in time and spaceto i nf |l uencse pl ay
injury constraint. In this sense, VA resonates with the way humans naturally perceive

and interpret physical phenomena, such as motion, in the real world . Vision, our

dominant and most refined sensory modality, enables us to understand not only what

happens but how it happens. VA applies this innate perceptual ability in a systematic

and analytical manner. Just as football players continuously scan their environment

during pl ay to anticipate opponentsao mo v e me
constraints, researchers use VA to retrospectively analyze these same interactions. The

key difference lies in the temporal dimension: athletes must interpret complex visual

information in fractions of a second under pressure, whereas analysts can slow, replay,

and view footage from multiple angles to dissect the sequence of events and reveal
biomechanical and contextual details invisible in real time.  In this way, VA provides a

structured extension of human visual cognition, transforming perception into data -
driven understanding. |t supports the second
model [69] by generating hypotheses about injury risk factors and guiding subsequent

guantitative research.

In football, VA has been successfully applied to study muscle dendon injuries such as
those involving the ACL [466,467], Achilles tendon [468,469], adductor longus [470],
rectus femoris [471], and HI [73,263,265,290]. A systematic approach to VA enables the
devel opment of an o0injury passportao, a multid
mechanism, inciting activities, inciting circumstances, and biomechanics of each injury.
This structured approach contributes to identifying the main pattern of events leading

to injury and allows for meaningful comparisons across players, teams, and
competitions. Beyond movement analysis, VA also provides insight into the cognitive
and emotional dimensions of injury. Careful frame -by-frame inspection allows
researchers to infer attentional focus, body language, and facial expressions . Arnason
etal. [472]r eported that in 93% of football i1 njury
away from the challenging opponent, suggesting that momentary lapses in situational
awareness may contribute to injury occurrence. Similarly, heightened aggressiveness
or frust ration can reduce cognitive inhibition and increase behavioral risk.  Facial pain
reactions captured within milliseconds after injury can also help approximate the
precise moment of tissue damage, aligning perceptual and mechanical indicators.
Moreover, recent findings highlight the role of neurocognitive mechanisms , such as
attentional control and motor -response inhibition, in the milliseconds preceding injury.
Many football injuries, particularly ACL injuries, are thought to stem from
neurocognitive prediction errors occurring approximately 250 ms before ground contact
[473]. Together, these insights reinforce that injuries are not purely mechanical
phenomena but the product of complex interactions between perception, cognition,
and movement. Integrating these perspectives within VA underscores the need for both
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hardware -based (biomechanical) and software -based (neurocognitive) approaches to
fully capture the perceptual and contextual demands of actual play [4743478].
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Figure 30: An example of video analysis (VA) application in describing injury context
at initial ground contact .

One of the major advantagesof VAlies in its ecological validity. Injury footage provides
real-world, non -invasive observations of players performing unconditioned and under
natural competitive stress. Laboratory analyses, while capable of quantifying forces
and joint angles with high precision, often fail to capture the behavioral, perceptual,

and tactical components that shape movement in real team sports. Movement cannot
be reduced to a series of numerical variables (e.g., GPS metrics, GREF joint angles) or
to a single time frame. Inju ries are inherently sport - and context -specific: for instance,
in football, ACL injuries tend to occur more frequently during defensive actions  [386],
whereas Hls are often sustained in attacking phase [73]. On the other hand, sports like
basketball and rugby tend to have a higher incidence of offensive ACL injuries [387,388].
A simple yet illustrative example is that His are often reported to occur in combination
with ball interaction or duels with opponents  [265,290]. These events take place when
the player is in an active phase of play and must simultaneously process environmental
cues, make rapid decisions, and execute precise motor actions, a scenario of
multitasking under time constraint and high cognitive demand. No current HI screening
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or clinical test reproduces these contextual factors, highlighting the unique value of VA
in bridging the gap between laboratory assessment and real -world injury mechanisms .

While 2D VA facilitates the identification of contextual variables and movement
patterns associated with football injuries , such as dynamic knee valgus, anterior pelvic
tilt, or heel -strike position, it remains limited in kinematic accuracy [464,481]. Player
video camera angles are rarely perfectly aligned with the planes of motion (frontal,
sagittal, transverse), making parallax error a significant concern when estimating
physical parameters from 2D footage. Moreover, simple visual inspection of video
sequences can introduce subjective interpretation errors, as it is unclear to what extent
segment orientations and joint angles in three planes can be reliably inferred.  To
address these limitations, advanced methods such as the Model-Based ImageMatching
(MBIM) technigue have been introduced [393d95]. MBIM reconstructs three-dimensional
movement from uncalibrated video footage, enabling time -based analyses of joint
kinematics and improving biomechanical precision [482,484].

From a methodological standpoint, the integration of systematic VA into injury
surveillance systems represents a critical step forward. Football authorities and video
producers should ensure that injury events are captured from multiple camera angles,
including replays, and should collaborate to develop a centralized, ope n-accessvideo
injury database. Making the technical specifications of broadcast cameras publicly
available would facilitate the combination of video data with other analytical tools,
such as positional tracking and wearable sensors. Long-term epidemiological programs,
such as the UEFA injury study, should include systematic VA components to capture
contextual and mechanical information otherwise inaccessible. Furthermore,
biomechanical studies must address the persistent issue of small sample sizes by
incorporating power analyses and robust statistical planning in future designs.

In conclusion, VA represents far more than a descriptive tool ; it is a bridge between
real-world sport behavior, biomechanics, and clinical application [485]. By combining
ecological validity with biomechanical insight, VA enhances our understanding of injury
causation and informs more sport -specific prevention, rehabilitation, and return -to-
play strategies. Integrating VA findings into clinical reasoning mark s a critical step
toward a modern, holistic model of football medicine.

1.10.1 Limitations of Video Analysis

A critical methodological aspect of VA is the clear description and definition of actions
and events to reduce bias and improve reliability [385]. However, concerns exist
regarding the objectivity, reliability, and validity of qualitative analysis due to strong
reliance on the observer s per s pl&Ff Usingwdeo
to observe body positions and actions is inherently challenging, and reliability across
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descriptors may vary [390]. To address these concerns, it has been suggested that
gualitative analysis protocols be developed systematically to increase objectivity and
limit dependence on observer knowledge or perspective [487]. The first step is to use
a valid and standardized framework for VA, which specifies the frames of interest (e.g.,
initial ground contact, suspected |IF) and the categorical and continuous variables to
include in the dataset (often in a structured Excel sheet or database).  This framework
acts as a checklist that ensures all raters assess the same phenomena in a consistent
and comparable way. At present, there is no research consensus on a comprehensive
checklist for HI VA in football, which would provide co nsistent and objective
observation forms across studies. Developing such a checklist is essential to promote
transparency, replicability, and comparability of findings across studies.

Once the variables are defined, reliability testing across raters becomes critical. Each
variable needs to be evaluated for intra -rater agreement (IRA) (consistency of a rater
over time) and inter -rater reliability (IRR) (consistency across raters) [481]. Without IRR
assessment, it is not possible to evaluate the reliability of the specific checklist
designed for the VA study, nor to understand how each variable is scored. This limits
the ability to refine the checklist and improve it s accuracy in future studies. Reliability
estimates depend on the type of variable assessed (continuous vs categorical), the
number of raters, number of trials, and whether the index is expressed in absolute or
relative terms. Recent guidelines clearly ask to state the number of video observers
and their background and experience within VA studies, the specific sport, and the type
of injury investigated [464]. To date, many VA studies have relied instead on mutual or
consensus agreement between raters rather than formal IRR measures. In this approach,
raters discuss each video clip and agree on the coding or identification of events, rather
than scoring independently. While this can be practical for small datasets (20 &0
injuries), it has several limitations [390]: it does not provide a quantitative measure of
reproducibility , prevents evaluation of each variable individually, and limits the ability

to refine the checklist for future studies . Therefore, achieving acceptable IRR should
be considered an iterative process: if reliability is insufficient on the first round, raters
should discuss discrepancies, clarify ambiguities, and repeat the scoring [390,391]. This
iterative reliability testing not only improves consistency across raters but also
enhances the methodological rigor and validity of VA studies.

Probably the main challenge is to determine the exact moment of the injury, the so -
called injury frame (IF). In other words, each observer should identify the same exact
IF (expressed in ms) from the video. It is in this fundamental variable that higher in  tra-
and inter -rater reliability is particularly important to obtain. Otherwise, that specific
injury case should be considered for exclusion from the study. This is also connected to
another obvious limitation of VA: the quality of the video recording, wh ich should be
adequately reported , for example, image resolution (pixels), sampling frequency
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(frames per second), and the number and perspectives of views available. For example,
injuries occur within a few milliseconds, and a low sampling frequency could fail to
capture the exact moment of the injury . The increased quality of modern football

broadcast footage partly explains the recent rise in VA studies on sports injuries.

Another limitation, which must be kept in mind when interpreting the results, is that
even with a systematic approach (identification of all injuries within the study period),

not all of the injuries reported by team medical personnel can be identified on video.
In fact, about half of all injuries in football can be found onvideo  [396]. The proportion
of identified incidents ranges from nearly all head injuries to about half of ankle and
knee injuries. Depending on the study design, it is possible to capture only a subset of
all HI, usually those resulting in match time loss; of which typically only about half are
available for VA. For injury types for which a significant proportion of cases cannot be
found on video, it is possible that the mechanisms of the missing injuries differ from
the recorded ones, a limitation that should always be considered. Also, even though
most VA studies on H declared a focus on acute or better sudden onset HI, it is
impossible to certain distinguish between gradual/mix/sudden onset HI from the video
only, unlessin direct contact with medical staff. = This means that studies based solely
on VA, without reliable medical information, must be interpreted with caution. Most
VA studies underestimating gradual or mixed -onset injuries and training -related HlI.
Thus, VA should be considered complementary but in herently less comprehensive than
epidemiological studies in defining injury prevalence. Moreover, unlike other injury
types, HI may be difficult to identify because they are mainly non-contact in nature.
They often result from movements involving rapid acc elerations such as sprinting,
lunging, or kicking, which may not always lead to immediate and obvious functional
impairment (e.g., the player might continue playing briefly before substitution) or may

occur outside the camer aipriesisatsod tgpicalydiscatidesd w .

in VA studies due to player obstruction issues

Most VA studies only describe events and situations leading to injury. Unless there is a
representative control sample of non -injury situations, it cannot be determined if the
characteristics of the injury situations are different from what normally takes place
without resulting in injury [381]. It is common for specific player actions , such as
tackling, landing, sprinting, kicking, to be associated with specific injuries. As these
actions are essential to football and performed thousands of times throughout a career,

it is crucial to understand what distinguishes the specific situations leading to injury
from similar ones that do not. A focus on high -risk situations may imp rove our ability to
conduct such comparative analyses and, in turn, to refine prevention strategies [397].
Assessing norinjury situations should ideally be done in a blinded fashion, although this
may be difficult in some cases, for example, for HI, where the player immediately after
clearly reaches the affected areas. Although not yet described as a non-linear

81

A

P cC



phenomenon, the literature reports that 60% of HI s in professional soccer are produced

by the 6samed inciting event or action (eg,
late swing or stance phase of the sprint) which has been performed thousands of times

without causing a muscle strain [405].

Finally, studies should ideally adopt a prospective cohort design to minimize recall bias,

a known issue in retrospective research. In sports injury research, a recurrent
methodological concern is HARKing. This occurs when researchers generate or present
hypotheses after examining data but report them as if predetermined. While often
unintentional, HARKing undermines transparency and inflates apparent evidence
strength by blurring the line between exploratory and confirmatory research. This issue
is particu larly relevant in retrospective VA studies, where hypotheses about injury
mechanisms or contextual factors may be inferred post hoc from observed patterns. To
enhance robustness and reproducibility, future VA research should prioritize
prospective designs, preregistered hypotheses, and standardized analytical frameworks
to reduce bias and promote clearer causal understanding of injury mechanisms.

In conclusion, analysis of video recordings of actual injuries can provide detailed,
ecologically valid insights into sports injuries. However, studies must be carefully
designed to obtain representative video samples, include rigorous reliability testing,

and acknowledge the limits of describing detailed joint biomechanics

1.10.2 Integration with Additional Data Sources

As the volume of objective physical demands data collected from diverse sources , such
as wearable sensors, GPS tracking, and motion capture technologies, continues to
expand, there is an increasing need for advanced analytical frameworks to effectively
interpret and integrate these datasets [398]. Traditional approaches to injury analysis
and prediction often rely on limited, manually coded data, which may fail to capture
subtle or emerging patterns preceding injury events [493]. Within conventional VA,
biomechanists typically (1) identify key events, (2) annotate joint centers, and (3)
compute spatiotemporal and kinematic parameters to generate performance and
injury -risk profiles for coaches and athletes. Recent advances in machine learning and
computer vision, together with the development of open -source pose estimation models
(PEMSs) trained on large-scale image datasets, have introduced new opportunities to
automate substantial components of this workflow. Such automation r educes labor-
intensive tasks, enhances processing efficiency, and allows experts to focus on data
interpretation, athlete feedback, and applied injury prevention. The integration of VA
with external data sources offers a powerful means to overcome these limitations by
combining contextual, kinematic, and physiological information within a unified
analytical framework.
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Prospective cohort studies that track player exposures can reveal associations between
injury incidence and potential risk factors within a population, highlighting the value

of combining multiple data modalities to achieve more valid and accurate insights . For
example, Aiello etal. [264] combined VA with GPSderived workload metrics to examine
the physical demands preceding injury , such as peak acceleration, high-speed running,
and deceleration loads, providing a more complete description of the injury event than
either dataset alone. From a biomechanical perspective, advances in markerless motion
analysis and video-based modeling tools offer promising pathways for low -cost,
automated biomechanical assessment [494396]. While most biomechanical studies
have focused on kinematics (e.g., joint angles, segment velocities), few have examined
joint kinetics or underlying forces. Emerging video -based force estimation technologies
(e.g., Forceteck systems) may soon enable the estimation of internal loading patterns
directly from 2D footage, providing deeper insight into the mechanical contributors to
injury.

The validity of VA findings can also be strengthened by integrating qualitative,
surveillance, and clinical data. For instance, Olsen et al. [399] combined player
interviews with VA in handball to validate visual interpretations and enhance analytical
dept h. Similarly, i ncor pthrough post-ipjunaintdmviewstoe s 6 nar
guestionnaires, can clarify ambiguous footage and provide valuable information on
perceptual and sensorimotor aspects such as pain onset, awareness, or fatigue. Linking
VA to injury surveillance databases from the same population and period (e.g., club,
league, or nationa | team) allows systematic cross -validation between video -detected
and epidemiologically recorded injuries. This process improves the accuracy and
representativeness of VA samples, quantifies the video capture rate (the proportion of
visible and analyzable injuries), and helps identify biases such as missing training or
off -camera events.

Equally important is the diagnostic accuracy of the medical dataset itself. VA studies
should specify how injury data were collected and verified fiwhether diagnoses were
made by medical professionals, confirmed by imaging (MRI, ultrasound), or obtained
through self-report or media sources. Detailed diagnostic data are critical for linking
the specific football action performed at the time of injury (e.g., tackling, kicking,
sprinting) to the characteristics of the HI (e.g., muscle involved, tissue affected, lesion
grade). Such distinctions are essential for prognosis and rehabilitation, given the
heterogeneity of HIs For example, a semitendinosus proximal free tendon injury in
open kinetic chain (OKC) while stretching to reach the ball requires a different
rehabilitation approach than a biceps femoris long head injury at the musculotendinous
junction (MTJ) in closed kinetic chain (CKC) during heel strike after contact with an
opponent. Adherence to consensusbased definitions of injury reporting, classificati on,
and severity (e.g., the Football Injury Inciting Circumstances Classification System [70],
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the 10C consensus statement[29] and its football -specific extension [30]) is therefore

essential in VA study design to ensure consistency across studies. Additionally, p| ay er &8s

demographics, leg dominance, playing position, age at the injury event, and history of
previous HI and other severe lower limbs injuries are relevant factors to include in the
overall risk assessment By combining video-derived movement patterns with
contextual, clinical, and workload data, researchers can build multidimensional
representations of injury events that are more ecologically valid, reproducible, and
actionable for prevention and rehabilita tion strategies. Such multimodal approaches
enable triangulation of information filinking what happened (context from video), how
it happened (biomechanical characteristics), and under what conditions (workload and
exposure metrics).

Beyond biomechanical and contextual parameters, future developments in injury
monitoring should aim to integrate a broader spectrum of physiological, behavioral, and
psychol ogi cal data to build a truly indi
would represent the evolution from multimodal datasets to holistic, player -specific
health profiles. For instance, incorporating metrics such as sleep quality and duration,
heart rate variability (HRV), perceived exertion (RPE), nutritional status, = menstrual
cycle phase, and biochemical markers (e.g., from blood or saliva samples) would enable
continuous tracking of recovery, fatigue, and stress responses. Psychological profiling
through validated questionnaires could further provide insight into emotional regulation,
fear of injury, motivation, or stress tolerance, factors known to influence both
performance and injury susceptibility. While such multidimensional integration
currently remains feasible only within elite environments equipped with the necessary
resources and governance structures, it represents the next frontier in building
comprehensive models of injury risk and recovery that extend well beyond the current
scope of VA.

1.10.3 Much More Than Injury Analysis

Given the importance of neuromuscular coordination and motor control in injury
prevention, VA can serve as a valuable feedback tool to enhance movement efficiency
and technical execution [498]. Traditionally employed in football for tactical ~ purposes
VA can be equally powerful in helping athletes identify and correct biomechanical flaws
or risky movement behaviors, thereby reducing injury risk while optimizing
performance [383]. Motor learning theory emphasizes the central role of observational
feedback in skill acquisition [500]: observing others perform a movement facilitates

i mitation and refi nement, wher eas observi

stronger feedback through self -recognition mechanisms. Integrating VA into regular

training sessions can therefore accelerate at hl et esd awar eness of

patterns and facilitate self -regulated technique correction [501]. In practice, VA
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enables athletes and coaches to analyze both minor technical adjustments and major
mechanical or strategic deviations, fostering a deeper understanding of movement
quality through visual feedback and informed discussion. From a dynamical systems
perspective, VA can also be used to study the complex and time -dependent interactions
between players and their environment [382,400]. This includes examining how spatial d
temporal coordination emerges within and between teams, how perceptual coupling
guides player movement, and how attentional focus influences the likelihood of
exposure to contact or non -contact injury. Because athlete behavior directly affects
both risk factors and injury mechanisms [25,66], effective prevention strategies must
be built around behavior , not merely imposed from external control. In this sense, VA
represents a tool not only for the second step of the prevention model (identifying
mechanisms and risk factors) but also for the third step, helping to introduce
interventions that reduce injury risk or severity and to develop sport -specific, task -
relevant screening protocols for His and other lower -limb injuries (see figure 30).

Screen
movement
quality

Tdentify
abnormal/
high-risk
movement
mechanics

| relative
risk of
injury

Prescribe
interventions
to address
specific
deficits

‘Injury-risk

profile’

Figure 30: Screening movement quality process [503].

In addition to tactical review, footage showing typical injury patterns could be
incorporated into coach and athlete education programs. Such material can help
players recognize and anticipate high -risk situations associated with hamstring or other
lower-limb injuries, considering contextual elements such as playing position,
movement style, and environmental constraints. Education and awareness play a
central role in injury prevention: if athletes are unaware of the relevance of specific
countermeasures for their own safety, there is little motivation to adopt them. VA -

85



based feedback fosters self-monitoring and self -awareness, encouraging players to
regulate their workloads and to participate actively in injury  -risk reduction strategies.

Injuries themselves can also be reframed as opportunities to improve bodily awareness
and preventive behavior. Athletes should be educated to recognize early warning signs
such as fatigue, discomfort, or mild pain, thereby promoting a culture of  listening to
the body. Although full recovery between matches is often unrealistic in professional
sport., i mproving athletesd capacity to detec
prevent recurrent or chronic overload injuries. This educational component
complements the biomec hanical focus of VA, linking physical performance with
cognitive and emotional self -regulation. Effective injury prevention therefore requir es
a multidisciplinary approach that integrates biomechanical, clinical, behavioral, and
motivational perspectives [58]. Within this framework, VA provides a visual and
objective foundation for communication between coaches, performance analysts, and
medical staff, bridging the traditional gap between performance analysis and injury -
risk management. Immediate visual feedback allows athletes to see, in real time or
shortly after a session, what movements place them at higher risk and how specific
technique modifications can reduce those risks. Over time, longitudinal video
monitoring across a season can reveal evolving movement patterns or early -warning
signs of fatigue or maladaptation, opening new opportunities for proactive surveillance
and individualized intervention. Within this framework, VA represents a central
element of a continuous feedback loop: footage from training and match play informs
technical and behavioral corrections, which are implemented and re -evaluated through
subsequent VA sessions. This cyclical pocess supports both skill optimization and injury
risk mitigation.

1.10.4 2D Field-Based Video Analysis

As practitioners i mplement traninskhd@ medkamwieng
essential that their effectiveness can be monitored using valid and reliable screening

tools. The increasing accessibility of 2D VA tools, particularly open -source software

such as Kinovea has transformed VAfrom a purely observational research method into

a practical screening and feedback instrument for technical skill evaluation. These

systems enable frame-by-frame, slow -motion analysis of movement patterns using low -

cost cameras or smartphones, making the m ideal for field -based assessments of sport

specific motor tasks.

Although 3D motion capture remains the gold standard for biomechanical analysis [504],

it is complex, time -consuming, and expensive, limiting its use to laboratory settings.

This has created a growing need for field -based, video-supported screening methods

t hat can i-rdiemkd fmeodmdni cs under realist-ic con
and time -efficient alternative for evaluating kinematic variables linked to both
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performance and injury risk. Parallel to these developments, the increasing accuracy
of markerless motion capture systems, such as OpenCap, now enables the
reconstruction of 3D kinematics from 2D videos recorded on the field [494]. These tools
use computer vision and machine learning algorithms to estimate joint kinematics,
kinetics, and muscle forces with increasing accuracy, allowing practitioners to capture
and analyze complex movements in their natural environment [5053609]. Screening
tools that simultaneously assess performance and injury -risk outcomes are particularly
valuable in contemporary football, as they reduce false positives and ensure that
preventive interventions remain functionally relevant  [414]. Furthermore, repeated
testing throughout the season is essential [296,363], si nce pl ayers® neuro
physical status fluctuate over time [510,511].

Qualitative movement screening using 2D VA hasled to the development of assessment
tools such as the Landing Error Scoring System (LESS)512], the Cutting Movement
Assessment Score (CMAGb13], the Sprint Mechanics Assessment Score (SMAS)[514],
and single-leg loading evaluations [515]. These systems have demonstrated good
reliability and ecological validity, making them increasingly popular for practical
application in football. They allow practitioners to identify deficits in movement quality ,
such as excessive trunk lean, knee valgus, or asymmetrical loading , that may predispose
athletes to injury. Altogether, these findings illustrate a paradigm shift: from static or
strength-based screening toward dynamic, sport-specific assessments of movement
quality .

The CMAS, for example, is a validated field -based VAscreening tool for identifying high -
risk postures associated with non-contact ACL injuries during side-step cutting. It uses
Kinovea softwareandc or r el at e &.8(Q, § < 001D agéirst 3D motion analysis
with peak knee abduction moments (KAM), a key biomechanical variable related to knee
joint loading [516]. High CMAS scores indicating poor technique , reflect risk factors
such as wide lateral foot plant distance, limited knee flexion, and excessive knee valgus,
trunk lean, or hip internal rotation [517,518]. Importantly, these postures not only
elevate injury risk but also fail to provide performance advantages [518]. Therefore,
technique -modification training (i.e., coaching cues and feedback to reduce postures
associated with increased knee joint loads) , guided by VA feedback, can reduce
hazardous joint loading while maintaining or even improving cutting efficiency  [5189
520].

Similarly, t he SMAS is a 12item qualitative movement screening tool assessing the

over al l movement qguality of an individuwal ds
motion video on software Kinovea, sprint running trials were segmented into  key phases

of the gait cycle. Movement kinematic features (e.g., hip position, trunk alignment,

kick-back) were then evaluated and rated for the presence (1 point) or absence (0
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point) of select kinematic features. Lower scores indicate more efficient sprint
mechanics and reduced mechanical strain on the hamstrings (see figure 31). A recent
study identi fied an association between sprint running kinematics and prospective
sprint-related HI in elite male football players [521]. Sprint running mechanics assessed
using the SSMAS were associated with both past and future HSIs, with a 33% increase in
the risk of a new HSI with every one -point increase in S-MAS.

Toe Off MVP Late Swing Touch-Down Midstance
= n g p—— ]

= N

Figure 31: lllustrative example of S -MAS scoring for an injured player (A) and uninjured
player (B). Using S-MAS criteria, player A would score a total of 7 points out of 12,
with 1 point awarded for each of the following criteria: trailing leg extension, lumbo -
pelvic rotation, thigh separation at late swing, thigh separation at touch  -down, shin
angle and foot v centre of mass position at touch -down and vertical collapse at
midstance. Player B would score 0 out of 12 points. MVP, maximal vertical projection;
SMAS, Spint Mechanics Assessment Score[521].

A particularly innovative example of VA -driven screening and feedback is the Football
Hamstring Screening (FHS) protocol[414]. This multifactorial, football -specific protocol
integrates clinical strength, ROM, and sprint -mechanics tests into an efficient 30 -
minute battery, using affordable equipment (~3000 USD). Its four screening categories
posterior -chain strength, lumbopelvic control, range of motion, and sprint mechanical
output, reflect the multifactorial nature of HI risk  [414]. A percentile method within
each team is used in all categories to define
or negative. Preliminary intra -rater reliability studies have shown promising consistency
within football cohorts [522]. Importantly, the FHS includes a sprint -based test of
sagittal -plane kinematics to evaluate lumbo -pelvic control , using 2D high-speed video
(240 fps) analyzed with Kinovea software . This test aims to indirectly assess suboptimal
sagittal plane lumbo -pelvic movement in sprinting by focusing on the hip and knee
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angles at touchdown and toe-off (see figure 32b). Excess rotational work being
compl eted by the | ower céniernobnsasspibassbdiatediwiththee b o dy i
O kirbcakc k 8 me.chani sm
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Figure 32. Football Hamstring Screening (FHS lumbopelvic control tests. (a, left) The
Walk Test assesses lumbopelvic control based on a composite score derived from the
sagittal and frontal plane kinematic range of pelvic motion during walking. (b, right )
The Kick-back Mechanism is quantified using a composite angle score calculated from
the contralateral thigh angle at touchdown and the ipsilateral thigh angle at toe -off
within the sprint stride. Joint angles were determined after manual digitization of hip
and knee joint centers. Examples of less optimal (A) and more optimal (B) movement
patterns. The foot trajectory during the sprint stride is shown to illustrate these

di fferences i n movement coordinati orack Wit hi
mechanisms are classified as positive if ranked at or below the 33rd percentile,
corresponding to increased lumbo-pelvic loading and training demands [414].

Recently a prospective cohort study has applied the FHS to analyze the potential
association with the occurrence of HI during the season [396]. The study identified that
1) no single screening test was sufficient to identify players at risk of HI within the
entire season, while 2) low horizontal force production was associated with increased
risk of HI when occurring closer to the moment of scre ening.

Recent work by Mendiguchia et al. [416] and Astrella et al. [523] further demonstrates
the potential of combining VA with targeted training interventions. Their six  -week
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multimodal program , integrating lumbopelvic control and running technique exercises
inducedsi gni pcant changes in the sagittal and fr ¢
maximal speed and discussed the implications for hamstring injury management (see

figure 33). This resulted in a lower anterior pe lvic tilt during the late swing phase and

a higher pelvic obliquity on the free leg side during the early swing phase. Similarly,

the kinematics of the | ower extremitntaside wer e
mechanics principles, resulting in an increase in the maximum height reached by the

knee, followed by an increase in the thigh angular retraction velocity, as well as a

decrease in the distance between knees at initial contact, along with a shorter landing

distance and contact time. These biomechanical modifications were accompanied by

improved sprint performance and potentially lower hamstring strain during late swing

phase, suggesting that technique re-education can simultaneously enhance
performance and reduce injury risk.

l THIGH SWING ' KNLE HEIGHT l ANTERIOR PELVIC TILY l KNLL TO KNEE DISTANCE

¥4 57
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Figure 33: Visual representation of the identified changes between PRE and POST for
the intervention group. MVP: Maximal vertical projection; MKVD: Maximal knee
vertical displacement [416].

Although musculoskeletal screening protocols capable of accurately predicting HI risk
are still in theirinfancy [347,524], the growing body of 2D VA applications demonstrates
its practicality, reliability, and ecological validity for assessing and enhancing
movement quality in football. By integrating such screening into continuous feedback
loops, coaches and medical staff can track adaptations, refine preventive strategies,
and translate biomechanical insights directly into on -field practice [504,525,526].
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1.11 Future Perspectives

1.11.1 Individualized Approach and Applied Implications

Recent perspectives in sports science have emphasized the importance of moving
beyond traditional, one -size-fits-all approaches toward individualized and context -
specific frameworks for assessing injury risk and optimizing performance [63]. Within a
team environment, each athlete possesses unique physical, biomechanical, and
psychological characteristics that modulate susceptibility to injury. Consequently,
implementing generic prevention protocols or clustering players solely on shared
variables may be insufficient if individual -specific constraints are overlooked (see figure
35). Although ecological dynamics and constraints theory predicts performance based
upon the individual, sports science researchers have focused upon group designs, rather
than sub-groupings (e.g., playing position) or analyses that can reveal individual
differences [527]. Groups of participants who can differ in characteristics such as age,
skill level, gender, posture undertake performance tests or training programs, and the
results are compared. Although some group-based initiatives have been shown to be
effective itis possible that injury risk management may be enhanced with personalized
interventions [416].

GROUP APPROACH: CLUSTER APPROACH: INDIVIDUALIZED APPROACH:
SAME INTERVENTION(S) FOR MODIFIED FOR +/- FACTORS MODIFIED BASED ON INDIVIDUAL
ALL ATHLETES FACTORS

Figure 35: Strategic approaches to injury risk management [63].

Applying a complexity lens encourages researchers and practitioners to consider not
only whether an intervention works, but how, for whom, under what conditions, and
why it may be effective. This perspective acknowledges that interventions interact with
multiple components, physiological, biomechanical, behavioral, and environmental,
producing variable outcomes across athletes and contexts. Importantly, it has been
argued that interdisciplinary research should investigate how individuals exploit task
and environmental constraints to achieve a goal [529], and that the tasks undertaken
in research should be representative of the actual game setting [530]. According to the
principle of representative task design, the properties and constraints of performance
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tests should mirror those of the competition environment to which the findings are

intended to generalize [502]. Therefore, an individual level of analysis can provide
information of individualized solutions and/or deficiencies to achieve the task goal at

either the ecological or execution scales [529]. Investigation of individual differences
has important practical implications, as coaches are interested in the strengths,

deficiencies, and development of individual athletes, so that interventions can be

tailored [531].

1.11.2 Transdisciplinary Approach

Sports performance is inherently complex, as elite competition depends on the dynamic
interaction of multiple factors, including physiological fithess, psychological
preparedness, physical development, and perceptual -cognitive motor skills [530].
Understanding such interactions requires the integration of knowledge across domains;
however, sports science research has historically remained monodisciplinary, often
confined within distinct subfields [465]. Traditional studies on sports injury typically
adopt a single-disciplinary lens, for example, biomechanics, physiology, or psychology,
each applying its own assumptions, tools, and analytical paradigms in isolation.
Biomedical researchers, for instance, often conceptualize injury as the outcome of
identifiable physical or biological factors and apply quantitative methods to examine
relationships between strength, previous injury, or maturation and injury risk
[305,421,422]. In contrast, sport sociologists may frame injury as a socially constructed
phenomenon, exploring the cultural and organizational factors influencing athlete
behavior through qualitative inquiry [423,424]. Sport psychology scholars frequently
address the emotional and cognitive dimensions of injury experiences, using
guantitative, qualitative, or mixed -methods approaches. While each discipline offers
valuable insights, this fragmented approach fails to cap ture the nonlinear, context -
dependent interactions that characterize injury emergence. Consequently, preventive
strategies often become component -based, isolating strength, flexibility, or
proprioception, without sufficiently reflecting the dynamic and foo  tball -specific
demands that underpin real injury mechanisms. Embracing a complex -systems
perspective therefore requires moving beyond traditional disciplinary boundaries.

The call for interdisciplinary research in sport injury was first articulated by Burwitz et

al. in the early 1990s [417]. Since then, several scholars have argued that safeguarding
athlete health and wellbeing demands holistic, multidimensional inquiry  [418,419].
Interdisciplinarity refers to a process through which complex problems, unsolvable
within a single discipline, are addressed collaboratively by integrating distinct
perspectives and methodological toolkits [7,17,23,425]. The different disciplinary
insights foster an integrated understanding of sport injuries in relation to individual

~
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True integration, however, cannot follow an algorithm; rather, it is an iterative and
complex process which requires analytical reasoning, creative thinking, and iterative
collaboration across professional silos. Working beyond professional silos promotes
better research questions, more appropriate study design and more rigorous statistical
analysis [420]. Importantly, interdisciplinarity should not be limited to sub  -disciplines
within sports science. Disciplines that may appear distant, such as architecture
(tensegrity) and mathematics (dynamic models), can also contribute valuable insights
into the study of complex phenomena like sport injuries. A transdisciplinary approach
goes even further, seeking to transcend disciplinary boundaries by creating shared
conceptual models that link biological, psychological, social, and environmental
dimensions. It combines quantitative and qualitative traditions into mixed -method
frameworks, enabling researchers to move from isolated risk factors toward the
identification of dynamic risk patterns. In doing so, transdisciplinarity does not merely
integrate data and method s, it merges epistemologies and knowledge systems,
producing a more comprehensive understanding of injury etiology and, ultimately, more
effective, context -sensitive prevention strategies.

1.11. 3 Statistical analysis and qualitative methods

Applying systems-based principles to sports injury research has important analytical
implications. Traditional epidemiological and statistical models, such as correlation - or
regression-based analyses, tend to be reductionist, focusing on isolated relation ships
between variables rather than on the interacting network of factors that contribute to
injury risk [13]. Such approaches are well suited for identifying linear associations but
are limited in their ability to represent causal webs, feedback loops, and conditional
dependencies inherent to complex systems [540]. Injury etiology, including that of HI,

is inherently multifactorial. Consequently, the effect of any single variable may not
reach conventional statistical significance (e.g., p < 0.05) when examined
independently, yet it may be highly relevant when cons idered as part of a multivariate
or nonlinear model. This limitation likely explains why screening tools designed to
predict injury risk have shown poor validity: traditional models are not designed to
address class imbalance problems, where the number of injured athletes (minority
class) is much smaller than non-injured athletes (majority class) [541,542]. This
imbalance biases regressiontbased analyses toward the majority class, increasing
misclassification of the very cases, injured players, that matter most.

To overcome these issues, machine learning and data mining techniques (e.g.,
ensemble, cost-sensitive, and class-balance learning algorithms) have been developed
to model nonlinear, high -dimensional, and imbalanced datasets [430,431]. These
approaches can process large numbers of interdependent variables and capture
dynamic interactions between intrinsic and extrinsic risk factors, potentially yielding
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more robust predictive models. In addition, dynamic systems methods, such as Bayesian
probability models, stochastic time -series analyses, agentbased models, and network
analyses, enable researchers to explore time -varying relationships and multilevel cau sal
mechanisms that underlie injury emergence [9,26]. These methods allow simultaneous
examination of interactions within and between hierarchical levels (individual, team,
environment), offering a more realistic understanding of injury development and
resilience. Importantly, adopting a complex systems per spective does not necessitate
abandoning reductionist approaches altogether. Instead, system -driven analyses can
complement traditional methods, integrating insights from both linear statistics and
dynamic modeling [544]. While the predictive accuracy of any model depends on data
guality and assumptions, complex systems approach expandsthe methodological toolkit
available to sports medicine and can advance causal thinking in injury epidemiology.

Beyond quantitative modeling, qualitative methods offer additional means to capture
the contextual and behavioral dimensions of sports injuries. Injuries arise within
complex sport environments that involve movement variability, decision -making, and
player interactions, which are difficult to quantify precisely. Qualitative analyses, long
used in human movement, ergonomics, and clinical research [545] can uncover the
nuanced interplay between technical execution, situational context, and player
behavior. These methods are especially valuable because they require minimal
equipment, preserve ecological validity, and can complement quantitative data by
providing rich contextual insights [546]. Embracing complexity therefore requires
expanding the evidence base beyond purely quantitative paradigms to include mixed -
methods approaches. Qualitative analyses can help explain why certain injury
mechanisms occur, how athletes perceive and adapt to co nstraints, and which
contextual factors modulate injury risk, insights often missed by traditional statistical
models [27]. By integrating quantitative modeling, machine learning, and qualitative
analysis, researchers can build a holistic and context -sensitive understanding of injury
mechanisms, ultimately informing more individualized and effective prevention
strategies [426,427].
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Abstract
Objective: To investigate the occurrence and inciting events of hamstring injuries
(HSI s) in elite womends football through vid

situational patterns, and biomechanics of the sport -specific activities performed before
and at the t ime of injury.

Methods: A descriptive observational study was conducted using video analysis of HSIs

from top national and international womends fc
(2017/18 to 2023/24). Three raters independently categorized HSIs following the

Football Inj ury Inciting Circumstances Classification System (FIICCS) and analyzed joint

and trunk kinematics.

Results: Among 109 identified HSIs, 57 (52%) were eligible for analysis. Most injuries
(74%) were non-contact, with 51% occurring during running and 49% during stretch -type
movements, including kicking and dueling. These patterns involved ball interaction in
68% aml duels in 51% of cases. Injuries predominantly occurred in offensive situations
(72%), with moderate to high horizontal speed and minimal vertical movement.
Biomechanical analysis indicated frequent knee extension and hip flexion.

Conclusion: HSlI s i n womends football predominantl y o
eccentric demand of the hamstring muscles, with non -contact mechanisms being most
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common. HSIs are not solely linked to high -speed running but can also occur during
propulsion and braking phases, or overstretching activities with an open or closed
kinetic chain. HSIs often resulted from complex movements involving multiple tasks
simultaneously under high physical and mental demands, in unpredictable and evolving
scenarios.

Keywords: football, women, hamstrings, muscle injury, video analysis

Summary Box
What is already known on this topic

1 Hamstring injuries are the most common type of injury in football, typically
require weeks for recovery, and exhibit a high recurrence rate.

1 These injuries are predominantly non -contact or result from indirect contact,
often occurring during running or stretch movements.

1 While different video analysis studies have described hamstring injuries in male
football, female players remain largely underrepresented. This gap limits our
understanding of potential sex -specific differences in injury mechanisms and
situational patterns .

What this study adds

1 This study is the first to use video analysis to explore HSIs in elite female
footballers, filling knowledge gaps compared to male counterparts.

T We introduced a new classification for the type of mechanical perturbation,
di stinguishing them as either ohold/ pulléd
shoul der , shirt pul |l i ng) o +o-sbonldet, hapduos h 6 t y p
forearm push, body ch eck while pressing).

1 A football -specific classification of HSIs was developed, detailing three main
situational patterns: run -type, kick -type, and duel -type.

1 The study highlights that HSIs in match scenarios were often accompanied by
technical (ball handling) and/or coordinative (opponent interaction and contact)
challenges.

How this study might affect research, practice or policy

1 Future research and practice strategies may benefit from combining hamstring
strength training within drills that also replicate the technical and coordinative
demands of real injury scenarios. This involves integrating specific situational

97



patterns (run - and stretch -type), mechanical perturbations (hold - and push-type
contacts), and contextual factors (e.g., ball interaction, tactical positioning, and
decision-making under time constraints) into dynamic and unpredictable training
tasks.

Future research and practice strategies may benefit from combining hamstring
strength training within drills that also replicate the technical and coordinative
demands of real injury scenarios. This involves integrating specific situational
patterns (run - and stretch -type), mechanical perturbations (hold - and push-type
contacts), and contextual factors (e.g., ball interaction, tactical positioning, and
decision-making under time constraints) into dynamic and unpredictable training
tasks.

In addition to tactical video analysis, footage of typical injury patterns should be
integrated into trainer education programs to help players recognize and
navigate high-risk situations for hamstring injuries, considering individual
characteristics like playing position.
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Introduction

Sports injuries result from complex interactions of factors (biomechanical, behavioral,
and physiological, and more) which influence each other over time [20]. In football,
this dynamic interplay places players at potential risk  [2,8,25] , with hamstring injuries
(HSIs) being among the most common injuries in female players [244,245,322], resulting
in significant performance and economic burden [101], potentially affecting career
longevity, as observed in male counterpart [271]. Despite efforts from medical staff
and the scientific community, HSIs now account for 12% of all time -loss injuries in
womends f[100].tAiheugh these injuries generally result in shorter lay -off
periods, they impose a notable burden, with approximately 20 days lost per 1000 hours

of exposure [549]. Additionally, 11% of players who suffer an HSI experience a

recurrence [253], a rate comparable tothe 12 81 6 % obser ved i n[48mends

Comparative studies showed that male players are about twice as likely as female

players to sustain HSIs, especially during match play [246]. However, as

football rapidly evolves, elite players now face significantly greater physical demands
than in the last decade, particularly in terms of high -speed distance covered and
number of sprints [318]. This escalating match play demands may have heightened the
susceptibility to muscle -tendon injuries among female footballers [322,550].

Developing effective injury prevention programs requires understanding the nature and
mechanisms of specific injuries [491]. However, there is currently a significant
scientific gender gap in hamstring injury research, with much of the available data

w O

f

n

derived from studies on men [551]. Appl ying findings from meno:

may not translate effectively, as sex -based differences in biomechanical properties,
hormone profiles, and sporting environments can alter injury risks and patterns  [324].
To be effective, preventive measures should be sport -specific and consider sex, level
of competition and injury profile  [325].

A more precise description of injury -inciting events would be of great help to improve
risk mitigation strategies by more accurately targeting the specific injury mechanisms
[68]. Video analysis is a commonly adopted technique to describe the injury context
and t he pl ayerso acti viti e d$23],aatlowing loboth thé e
biomechanical analysis and the assessment of technical and cognitive demands. In
football, video analysis has been used in previous studies to investigate HSIs mechanism
(non-contact vs indirect contact) and situational patterns (sprint -related vs stretch -
related), as well as joint and trunk kinematics [73,261,263,264]. Despite sufficient
description of HSIs events in male football, only one comparative video analysis study
[262] provided some evidence on HSIs in female players.

99

i me



Thus, this study aims to fill this gap by investigating the inciting events of HSIs through
video analysis, describing the mechanism, situational pattern, and biomechanics of the
sport-specific activities performed before and at the time of injury.

Methods

This study was a descriptive observational video analysis of HSIs in top national and
international women's football competitions, at both club and national team levels. The
competitions were selected based on their FIFA ranking, and included a total of th  irteen
club matches from the USA, eight from ltaly, eight from Spain, eight from England, six
from France, and three from Germany, covering both domestic (n=30) and international
(n=6) league and cup (n=10) competitions. Additionally, we analyzed eleven ma tches
from national team competitions. Data collection covered seven seasons from 2017/18
to 2023/24. The study design used the Quality Appraisal for Sports Injury Video Analysis
Studies (QASIVAS) scale [464] and the Football Injury Inciting Circumstances
Classification System (FIICCS]70].

Injury identification and video extraction

The reports of each HSI case were identified through online database searches.
Subsequently, the corresponding full -match video was retrieved to confirm and identify
the injury event. Player data, including baseline characteristics and injury details, were
collected from FBref.com (Sports Reference LLC, Philadelphia, USA) and supplemented
with a Google search [name of player AND (hamstring OR semitendinosus OR
semimembranosus OR biceps femoris) * AND injury]. It is not uncommon for players
experiencing muscular injuries to continue playing and report the incident afterward,;
consequently, injuries were included only if the player was forced to leave the pitch
and be substituted, ensuring precise identification of the injury frame (IF). Videos were
obtained fr om YouTube and Wyscout platforms. Each video clip included approximately
one minute before and 30 seconds after the suspected IF.

Video assessment

Three reviewers with documented experience in video analysis studies fia sports

medicine physician, a biomechanics professor and professional UEFA A licensed coach,

and a PhD candidate and sport scientistii evaluated all injury videos in real -time, slow

motion, and frame -by-frame to identify key injury details. Each reviewer independently

classified the injury mechanism, situational patterns and biomechanical characteristics,

blinded to each otherods assessments. Di screpa
meeting with the research team, which al so in
basketball player with expertise in video analysis and a medical doctor and professor

with experience in injury -related research. During this meeting, the videos were
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critically reviewed again until agreement was reached following established
methodologies [73,261].

A predetermined checklist, developed from existing observation forms, was used to
ensure consistent and objective analysis. This checklist included the following
categories: (I) anthropometric data; (II) match conditions and characteristics; (Il1)
injury d istribution; (IV) diagnosis and potential risk factors; (V) injury mechanism; (VI)
situational pattern; and (VII) biomechanics. The use of this standardized form ensured
consistency and comprehensiveness in the analysis. The software Kinovea (version
0.9.5) was used for video analysis; the number and resolution of camera views were
registered.

Two injury mechanism categories were identified: (1) non -contact and (2) indirect
contact, defined as an injury resulting from an external force applied to the player, but

not directly to the muscle injured. Indirect contact mechanisms were further classif  ied
into hold -type and push-type contacts, based on the direction and intent of the applied

force.Inhold-t ype contact s, the opponent applies fo
movement direction, aiming to slow him down or restrict forward motion. In pus  h-type
contacts, the force is applied in the same di

disrupt balance by accelerating the player unexpectedly. The situational patterns were
classified as run-type or stretch -type, based on previous literature [73]. The stretch -
type pattern was further divided into duel, kick and other types. The run  -type pattern
was classified based on the playerdés velocit)
video analysis. Three phases were identified for injury occurrence: accel eration, high -
speed, and deceleration. The acceleration phase occurs when the player rapidly
increases speed in the first few meters (0 -10 meters) after a standing or jogging start,
often exhibiting a forward lean. The high -speed phase refers to the player reaching a
high to near-maximal speed, typically associated with high - or very-high-speed running
and sprinting over longer distances. The deceleration phase begins when the player
reduces speed, often in preparation for a change in direction, to avoid a tackle, or to
stop after a high -velocity action. Kick -type injuries occurred during the preparation,
execution, or balance recovery phases of a kick, while duel -type injuries involved the
attempts to change/maintain possession of the ball. This includes si tuations where a
player presses to steal the ball from an opponent, intercepts to gain control of a
contended/dead ball, and protects/attacks to retain possession. This situational
pattern involves football -specific actions such as lunging, breaking, slidi ng, shielding,
landing, and regaining balance. Additional injury context information included: duels,
ball interactions, number of opponents near the injured player, opposing team, game
result, pitch size and surface, home/away/neutral stadium, kick -off ti me, weather,
attendance. When available, diagnostic information (including injury location, level,
and type) and a history of previous severe lower limb injuries (defined as injuries
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occurring at the hip, groin, thigh, knee, lower leg, ankle, or foot, involving
muscles/tendons, ligaments/joint capsules, and cartilage/synovium/bursa, with alay -
off of more than 28 days) were collected from official injury reports, in accordance
with the Football-specific extension of the IOC consensus statement [30].

Joint and trunk kinematics were analyzed using videos with at least one clear quasi -
sagittal plane view (Figure 1). Due to parallax distortion and the limitations of 2D video
analysis, angles were reported in ranges of 30°, with flexion as positive and ext ension
as negative values. The kinematic analyses included the hip and knee angles of the
injured leg, the inter -limb angle (the angle between the thigh segments in the sagittal
plane), and the trunk position (forward, neutral £10°, or backward, with the e arth
vertical as a reference).

Figure 1. Example of kinematic analysis using Kinovea software. A) knee angle B) hip
angle C) inter -limb angle D) trunk tilt.

Seasonal, match and field distribution

Seasonal, match and field distribution were ol
position, including: 1) the competition period and month of the injury, 2) the phase of

the game (minute and half), 3) the minutes played by the injured athlete and 4) the
field | ocation at injury, 5) playerds positio

Patient and public involvement

All the videos we accessed are publicly available and no personal player information
was accessed. Therefore, ethical permission and patient consent for publication were
not required. The study's findings are expected to be shared through publicly accessib le
platforms (newspaper articles, television interviews, podcasts, blogs) to educate the
community on how hamstring injuries occur and how this knowledge may inform future
prevention strategies.

Equity, diversity, and inclusion statemen t

We responded to the growing call for more re
aiming to bridge the gap in knowledge compared to their male counterparts. Our study
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included womends professional football

from medicine, sports science, and biomechanics, including both female and male
researchers from high-income countries, fostering diversity in expertise. This study is
an important step in addressing gender imbalances in football research.

Statistical analysis

Categorical data were presented as absolute and relative frequencies. To compare
variable frequency distributions, we used the Chi -squared (..2) test. The significance
threshold was set at alpha=0.05. Ef f ewcdt
with interpretations as follows: w &0.00-0.10 (little to no association), w &0.10-0.30
(weak association), w &0.30-0.50 (moderate association), and w &>0.50 (strong
association). Statistical analyses of this study are consistent with the CHecklist for
statistic al Assessment of Medical Papers (CHAMP statement]552].
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Results

A total of 109 HSIs were identified as match injuries, with 57 (52%) videos eligible for
analysis involving 50 players (7 recurrences). Reasons for exclusion included cases
where the video was available but the injury was not captured or the IF was unclear
(n=28), where the match reportage was available but no video (n=12), where the video
was available but the license did not cover the competition or league (n=8), and where
the match was absent from the WyScout archive (n=4). Of the eligible videos, three had
four camera views, seven had three, 24 had two, and 23 had one. The camera angles
comprised semi-frontal anterior (n=14), semi -frontal posterior (n=26), semi -sagittal
right (n=36), and semi -sagittal left (n=26) views. Injuries occurred during national club
competitions (n=40), the Champions League (n=6), and national team competitions
(n=11). Video resolution (pixels) was 640x360 (n=1), 1280x720 (n=24), and 1920x1080
(n=32). The sampling frequency (frames per second) was 25 (n=12), 30 (n=29), 50 (n=7),
and 60 (n=9).

The players (age: 28+4 years; height: 1.68+0.05 m; weight: 6015 kg; right -footed n=43)
were goalkeepers (4%), center-backs (14%), full-backs (9%), midfielders (28%), wingers
(12%), and strikers (33%). The lay off time was 76193 days, significantly increase d by
four surgical cases and one career-ending recurrence. Excluding these, the lay -off was
53+37 days. Injuries were severe (>28 days) in 74% of cases, moderate (828 days) in
21%, and mild (4-7 days) in 5%. Thirty-one cases (54%) involved the dominant leg (21
right leg). Recurrent HSIs made up 30% (mostly delayed >12 months), and 42% of players
had a history of severe lower limb injuries. Injury location was reported in only 23% of
cases, with the biceps femoris most affected (12 out of 13). Other diagnos tic details,
such as injury level and type, were often incomplete.

Injury mechanism analysis

Of the total injuries, 74% were classified as non -contact ( p<0.001, v &0.47) and 26%
indirect contact (Table 1). Among the indirect contacts, the upper body was the most
affected area (60%), followed by the lower body (27% uninjured leg and 13% injured
leg). Contact occurred 407+256 milliseconds before the injury. Contact ty pe was

classified as hold/ pull (40%) , where force

running direction and hit/push (60%), where force was applied in the same direction
(Figure 2).
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Figure 2. Examples of the two common mechanical perturbations observed in indirect
contact cases: A) hold/pull and B) hit/push. The yellow arrow indicates the injured leg
in the subsequent frames.

In 72% of cases p<0.01, v &0.44), at least one opponent was within the player's action
area (3.14 m2). Among these, 51% involved direct duels, predominantly side -by-side
rather than frontal 1vsl. Ball interaction was observed in 68% of cases, indicating the
injured player was attem pting to engage with the ball, with or without direct contact.
Further details are in Table 1.

Table 1- Distribution of injury mechanisms categorized based on a predefined checklist.
The table presents the absolute number (n) and percentage (%) of each category, along
with chi -square (..2) values, p -values, and effect size ( wc). Contact characteristics
include the body region involved and the type of contact. The presence of an opponent,
involvement in a duel, and ball interaction are also reported.

VARIABLE Category n % .2 p-value Uc

MECHANISM Non-contact 42 74 12.789 <0.001 0.47
Indirect 15 26

CONTACT Injuredleg 2 13 5.2 0.074 0.21
Uninjured 4 27
leg
Upper body 9 60

TYPE OF CONTACTHIt/Push 9 60 0.6 0.439 0.10
Hold/Pull 6 40

OPPONENT(S) Yes 41 72 10.97 0.001 0.44
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No 16 28

DUEL Yes 29 51 0.018 0.895 0.02
No 28 49

BALL INTERACTIONes 39 68 7.737 0.005 0.37
No 18 32

Situational pattern and inciting activities

Two main situational patterns were identified for non -contact and indirect contact
HSIs: runtype (n=29, 51%) and stretch-type (n=28, 49%). The stretch-type injuries were
further divided into kick -type (26%) and duel-type (28%). Additionally, two cases
(landing from a wall jump) were categorized as stretch -type but did not fit into the

aforementioned subcategories (Figure 3).

» Level 1: Mechanism
11%

. Non-contact Indirect

Level 2: Situational Pattern

7% 9%
. Run-type Stretch-type

18%
o Level 3: Sport-specific
49%
Run-type: Acc . Dec . HSR/sprint
Kick-type: Shot Pass . Cross/clear
Ball duel-type: Protect Press . Intercept
11%
4%
Other

Figure 3. Classification of hamstring injury mechanisms (level 1  dinner circle),
situational patterns (level 2 dmiddle circle), and sport -specific for football (level 3 &
outer circle).

Injuries occurred more frequently in offensive, compared to defensive situations (72%,
p<0.0001, v &0.44). Inciting activities are detailed in Table 2.

Table 2- Situational patterns and inciting activities performed at the injury frame. The
table details the playing phase and biomechanical variables such as kinetic chain,
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loading leg, foot strike pattern, and speed (horizontal and vertical). Absolute numbers

(n), percentages (%), chi-square (. 2) values, p -values, and effect size ( wc) are reported

for each variable.

VARIABLE CATEGORY n % 2 p-value Uc
SITUATIONAL Run-type 29 51 0.018 0.895 0.02
PATTERN
Stretch-type 28 49
FOOTBALLSPECIFIC Run 29 51 26.158 < 0.0001 0.39
Kick 14 25
Duel 12 21
Other 2 4
PLAYING PHASE Attack 41 72 10.965 < 0.0001 0.44
Defend 16 28
KINETIC CHAIN Open 15 26 3.895 0.143 0.18
Closed 26 46
Unsure 16 28
LOADING LEG Injured 24 42 30.632 <0.0001 0.37
Uninjured 11 19
None 3 5
Both 2 4
Unsure 17 30
FOOT STRIKE Fore 6 23 5.385 0.145 0.26
Mid 8 31
Heel 10 38
N/A 2 8
HORIZONTAL SPEED Very low 4 7 19 <0.001 0.33
Low 19 33
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Moderate 25 44

High 9 16

VERTICAL SPEED Very low 18 32 47,772 <0.001 0.53
Low 34 60
Moderate 3 5
High 2 4

PHASE Acceleration 32 56 0.86 0.354 0.12
Deceleration 25 44

Run-type

Run-type HSIs, accounting for 51% of all injuries, were analyzed in detail (Table S2 and
S3). Among these, 41% started from a standing position and half while jogging. Curved
runs accounted for 52%, while the remainder were linear. Injuries were classified by
run phase: acceleration (21%), high-speed (59%), and deceleration (21%). Only seven
(24%) occurred in typical running scenarios without ball interaction, opponents, or duels.
The majority (72%) occurred while attacking, with strikers most affected (34% ). The
estimated run distance was 19+12 meters, with a duration of 2.9£1.8 s and 13+7 steps.

Kick-type

Most of the kick -type injuries occurred while passing (43%) and crossing/clearing (43%),
and 14% while shooting. Injuries occurred while attacking in 79% of the cases, with
midfielders most affected (43%). No injuries were reported during free kicks, corne r
kicks, or other dead -ball situations; all occurred with the ball in motion. One case
involved a goalkeeper's punt kick. Kick -type injuries were evenly split between the
loading (43%) and the kicking leg (57%) (See table S4).

Duel-type

Forty-three percent of these injuries occurred during ball interceptions, 29% while
pressing, and 14% while protecting possession. This pattern showed a high incidence of
duels (83%), with 58% involving indirect contact. Strikers were most affected (58%).
Injuries involved the dominant leg in 83% of cases and occurred in a closed kinetic chain
(CKC) scenario in 75%. Most injuries (83%) occurred while decelerating rather than
accelerating (See details in table S5).
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Joint and Trunk Kinematics

Biomechanical analysis was available for 39 videos (excluding 14 run-type, two kick -
type, and the two wall jump cases; see Table S6). For knee joint movement, a specific
injury pattern was observed in most cases, involving knee extension (59%) at an angle
of less than 30° at the IF. The hip joint was frequently (39%) involved in flexion. For
inter -limb angle detection (n=26), the range was typically between 60° and 90°. Trunk
position was recorded as flexion in 16 cases, neutral in 18 cases, and extension i n 5
cases. Hip extension (0-30°) was primarily observed in run -type injuries (7/8), while
other patterns mostly involved hip flexion. The trunk was mostly neutral but showed
extension and flexion roles in kicking injuries.

Table S6 d Sagittal plane kinematics of total HSIs (h=39) categorized by situational
pattern.

Variable Category Run Kick Duel Total
flex/ext n % n n % % n %
Hip range (0-30) 2 5 3 11 (28 8 6 15
(30-60) 4 10 W4 10 |6 10 P 5
(60-90) 0 0 3 5 13 8 2 5
ext (0-30) 7 18 0 8 21 O 1 3
N/A 2 5 2 5 13 5 1 3
Knee range (0-30) 8 21 6 23 (B9 15 9 23
(30-60) 2 5 1 4 10 3 1 3
(60-90) 3 8 3 7 18 8 1 3
N/A 2 5 2 5 13 5 1 3
Inter -limb (0-30) o o 0o 2 B 0 P 5
angle
(30-60) 2 5 4 6 15 10 [0 0
(60-90) 6 15 2 12 31 5 4 10
(90-120) 3 8 1 6 15 3 2 5
N/A 4 10 S 13 (33 13 4 10
Trunk flexion  Extended O 0 3 5 13 8 2 5
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Neutral 8 21 2 18 46 5 8 21
Flexed 7 18 7 16 41 18 2 5

Seasonal Match and Pitch Injury Distribution

March had the highest injury incidence (25%). Injuries were most common during the
secone30(116128 %) armsad ,f i2f1t%) (méaltich periods (Figu
half of the injuries occurred in the offensive third of the pitch (goal area and left

corridor), one -third in the midfield zone, and the remainder in the defensive third

(Figure 4).

Figure 4: Injury pitch distribution. Red: offensive phase injury. Blue: defensive phase
injury. The continuous line indicates the linear sprints and the dashed line the

curved sprints. Circles represent the kick -type, crosses the duel -type, and triangles
the other -type injuries.
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Discussion

The key finding of this study was that hamstring injuries in elite women's football
primarily followed run -type and stretch -type situational patterns [73,261,263]. These
patterns often involve rapid movements with high eccentric demands on the posterior
thigh along with hip flexion and knee extension. Both injury types are strains, with
stretch -type occurring at long muscle lengths, while run -type occurs withinthe muscle's
normal working range [268]. In addition to situational patterns, external factors such
as ball interaction, opponent pressure, physical contact, and space constraints, force
players to rapidly adapt movements increasing injury risk.

Injury context

Only 52% of the injury videos were eligible for analysis, meaning this study represents
asubsection of HSIs in womend6és football match
likely skewed the sample toward more acute onset and severe injuries, potentiall vy
underrepresenting less severe cases, as reflected in the high injury severity observed.
While this represents an inherent limitation of observational studies, it warrants
consideration when interpreting the findings. It is important to note that video an  alysis
studies aim to describe injury mechanisms and situational patterns, rather than
providing a complete epidemiological overview. This focus is especially relevant for
HSIs, where players can often complete the game despite the injury, unlike ligament
or tendon injuries which typically force players to stop immediately. Additionally, the

|l imited media coverage of womends football ma
severe injuries, which are more likely to be reported, potentially contributing to a
selection bias that affects the representation of injury severity. HSIs were more
common in offensive situations (72%), whereas the opposite trend was observed for ACL
ruptures [467,553]. Most injuries in this study occurred during the middle quarter of
both halves. The timing of ACL injuries is often linked to higher -intensity demands or
early onset of fatigue, which can impair neuromuscular control and decision -making
[473]. Similarly, HSIs are suggested to be preceded by a short period of higher running
demands in professional football players [451]. This suggests that the mechanisms
underlying injuries are often more complex than a single triggering event, indicating
non-linear causality. Injuries may result from the dynamic interaction of multiple
factors that evolve across different timescales [8]. This complexity arises from the
interplay between intrinsic factors, such as fatigue and pre -existing conditions, and
extrinsic factors, including environmental and contextual conditions (see Table S1),
which may increase the probability that a movement typically considered safe becomes
more likely to result in injury. Future video analysis studies should include a control
group with comparable situations and/or biomechanics not resulting in injury (item 10
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of the QA-SIVAS scale) to better establish causal relationships and mitigate
misinterpretation of findings.

Injury mechanisms

All injuries were classified as either non -contact (74%) or indirect contact (26%). These
results align with Gronwald et al. findings on professional male soccer [73], but the
proportion of indirect contact injuries doubled that reported by Della Villa et al [261].
Indirect contact injuries, primarily associated with upper body perturbations, were
twice as likely to involve stretch -type compared to run -type injuries. These contacts
were categorized into hold/pull and hit/push types, as players must manage distinct
perturbations that challenge their biomechanical strategies. In hold/pull contacts,
sudden deceleration potentially increases the eccentric load on lower limbs, as they
counteract the force and maintain balance [554]. This effect is further intensified by
trunk tilt, which puts additional stress on the posterior muscle chain  [555]. In hit/push
situations, an acceleration force increases the injured player's velocity, shifting the
center-of-mass forward and likely reducing the time to stabilize joints before ground
contact [556]. Hold/pull -type contacts seemed to be associated with greater injury
severity (122+104 days) compared to hit/push -type contacts (7371 days), suggesting
that different types of perturbation may influence not only injury risk but also its nature

and in tur n recovery time. Further research is warranted to better understand the
relationship between perturbation type and injury severity. Contact in football can
involve multiple areas (upper and lower body), multiple players, can be prolonged (e.g.,
shirt pulli ng) and vary in intensity. Our analysis suggests that midfielders, especially
when interacting with the ball, are at higher risk of indirect contacts and should receive
targeted training. Given that most indirect contacts (60%) occur at the upper body leve |,
these interactions likely increased trunk perturbations and, consequently, influenced
pelvic stability. The biarticular nature of hamstring muscles and its myofascial
connection to the erector spinae via the sacrotuberous ligament emphasize the pelvis's
role in hamstring strain regulation [222]. For instance, increased anterior pelvic tilt has
been shown to lead to a significant, non -uniform increase in tissue elongation across all
regions of the hamstrings, with greater elongation in the proximal region  [557]. Athletes
with a history of HSI often show reduced neuromuscular coordination of the lumbopelvic
muscles when responding to unanticipated trunk movements [412]. Perturbation
training has been shown to improve neuromuscular control and reduce the risk of ACL
injuries, particularly in female athletes with quadriceps dominance deficits, by
enhancing hamstring activation and knee flexion angles [558]. Given the importance of
neuromuscular coordination in injury prevention, video analysis could serve as a
valuable feedback tool for enhancing movement efficiency and technique refinement.
Commonly used in football for tactical preparation, video analysis could similarly help
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athletes identify and correct technique flaws and behaviors, potentially reducing injury
risk while optimizing performance [499].

Situational pattern

HSIs were equally distributed between run and stretch -types (see Figure 3). All stretch -
type injuries (excluding two landings from a wall jump) involved an interaction with
the ball. Stretch -type injuries often occurred with excessive hamstring lengthening
with the hip flexed and the knee extended. Most kick -type injuries occurred during
passing and crossing rather than shooting. Nearly half of the cases (43%) involved the
loading leg, suggesting that rotational forces, extreme ROM in unusual positions, an d
anticipation movements influence HSIs more than peak force alone [270]. However, 2D
video analysis, due to its intrinsic limitations, does not allow for such detailed analysis.
There is ongoing debate about whether run -type injuries occur during the early stance
or swing phase of running [275]. Based on our visual inspection of joint kinematics on
the sagittal plane, the rapid transition from knee flexion to extension in the middle
swing phase could also be critical, particularly when combined with overstriding. Most
run-type injuries occurred at high speeds, but about 40% during acceleration or
deceleration. The distance covered during these runs was 19+12 m. This highlights the
need to incorporate match demands into sprint training, such as linear and curved
progressions, varied run lengths, b all interactions, opponent engagement, and cognitive
demands (e.g., decision-making). Moreover, skilled footballers often manipulate their
opponents' perceptions by, for example, hiding their true intentions (e.g., feints)
through motor inhibition [559]. These training features should be tailored to individual
pl ayersd positions, characteristics, and team

An important aspect of designing effective injury prevention programs is the
identification, analysis, and replication of influential risk factors and sport  -specific
movements, beyond just sprinting, recognized as high -risk situations. Without this
comprehensive approach, prevention efforts may remain incomplete, leaving players
more vulnerable. In addition to improving hamstring flexibility and strength, training
strategies should emphasize technique, coordination, balance, and control fikey skills
for effic ient movement execution that ensure both movement quantity and quality.
This is particularly relevant in football, where the lower limbs play a dual role in both
locomotion and ball -handling demands [560], a distinction that sets this sport apart
from all others. This unique characteristic may partly explain why football is the sport
with the highest incidence of HSIs.

Clinical implications

Understanding the situational patterns and biomechanical characteristics of HSIs
provides evidence-based information for developing targeted injury risk reduction
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strategies [23]. Injury prevention programs may improve by targeting sport -specific
injury patterns including running, kicking, and dueling. Incorporating varied exercises
and real on-field scenarios into training can better prepare the hamstring muscles for
game demands potentially reducing the risk of injury. While there is growing evidence
supporting the role of targeted training in injury prevention, the causal relationship
between targeting specific injury mechanisms and reducing injury incidence remains an
area of ongoing investigation, and further studies are required to definitively establish
this link.

Limitations

Limted footage in womends football due
injuries challenging. To collect enough cases, the study covered seven seasons across
six different championships, which hinders findings generalization. Differences in
playing style, fitness level, match frequency, climate, together with other factors may
influence injury patterns and mechanisms. An official injury video database would
enhance research in this field by overcoming limitations such as small sample sizes and
time -consuming searches, providing more reliable results and supporting future data -
driven applications. A major limitation in video -based analysis of hamstring strain
injuries (HSIs) is the challenge in identifying the precise injury frame (IF), which is less
clear than in ACL ruptures or tendon injuries. This is especially problematic in "run" and
"open kinetic chain stretch" patterns, where injury mechanisms involve rapid, complex
movements that make it difficult to isolate the exact moment of injury onset. T o]
enhance the accuracy of identifying the
their injury experiences could provide valuable insights. For instance, using
guestionnaires or interviews to gather players' accounts of their movements, symptoms,
and perceptions at the time of injury could help corroborate or refine video -based

observations. The injured | ocation was often

only 23% specifying the exact muscle involved. Further details on injury level and type
were usually unavailable and no MRI imaging was collected. Enhanced diagnostic
precision in future studies could support analysis of potential associations between
situational patterns and injury types as existing evidence suggests that biceps femoris
long head is frequently linked to run -type HSI, while semitendinosus and
semimembranosus are more common in stretch-type patterns [150,561]. The absence
of match play and exposure data further limited the study. Addressing these limitations

in future research may contribute to a deeper understanding of the situational and
biomechanical factors underlying distinct hamstring injury types.
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Conclusion

This study analyzed 57 HSIs in elite women's football, revealing that HSIs primarily
followed run -type and stretch -type patterns, with non -contact mechanisms being the
most common. However, a subset of injuries involved indirect contact mechanisms,
such as push or pull perturbations from an opponent, which may have contributed to
the loss of balance or altered movement execution preceding injury, particularly in the
duel-type subcategory. HSIs often took place during offensive play, particularly while
sprinting or engaging in ball -related actions, with additional factors such as opponent
pressure and cognitive demand influencing the injury risk. Our findings highlight the
importance of replicating match conditions in injury prevention programs,
incorporating vari ed sprint distances, ball I nteract
prepare players for the dynamic and changing circumstances identified in HSI scenarios.
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Supplemental Material

Table S1- Match Condition and Characteristics.

Variable

Competition

Surface

Weather

Kick-Off

Game State

Ground

Category
National
International
Grass
Hybrid
Artificial
Clear/Sunny
Cloudy
Rainy
Lunch-time
Evening
Night-time
Win

Draw

Lose

Home
Neutral

Away

n

40
17
39
11
.

44

15
14

24
20
13
17

%
66
34
68
19
12
77
19
4
26
25
49
42
35
23
30
16
54

9.281

32

51.47

6.421

3.263

13.05

p-value

0.002

<0.001

<0.001

0.040

0.195

0.001

Ue

0.40

0.53

0.67

0.24

0.17

0.34
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Table S2- Run-type situational pattern description.

Variable Category n % 2 p-value Uc

Start standing 12 41 9.586 0.008 0.41
jogging 15 52
N/A 2 7

Direction linear 14 48 0.034 0.853 0.03
curved 15 52

Range (0-10m) 6 21 9.759 0.021 0.33
(10-20m) 12 41
>20m 10 34
N/A 1 3

Running phase at IF Acceleration 6 21 8.345 0.015 0.38
HSR/sprint 17 59
Deceleration 6 21

Mechanism Indirect 5 17 12.448 <0.001 0.66
non-contact 24 83

Ball interaction yes 13 45 0.31 0.577 0.10
no 16 55

Duel yes 13 45 0.31 0.577 0.10
no 16 55

Playing phase attack 21 72 5828 0.016 0.45
defend 8 28

Kinetic chain open 6 21 3.379 0.185 0.24
closed 9 31
unsure 14 48

Table S3dRun-type duration, distance, and number of steps.
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Variable

Duration (s)

Distance (m)

Steps (n)

SD
1.8
12

Table S4- Kick-type (Stretch -type subcategory) situational pattern description.

Variable

Type

Injured limb

Ball

Mechanism

Duel

Playing phase

Kinetic chain

Category
pass
Cross
shot
kicking
loading
moving
standing
indirect
non-contact
yes

no

attack
defend
open
closed

unsure

n

D 00 N OO O

N OO OO W

%
43
43
14
57
43
100

93
36
64
79
21
43
43
14

.2 p-value
2.286 0.319
0.286  0.593
14 <0.001
10.286 0.001
1.143 0.285
4571 0.033
2.286 0.319

Uc

0.29

0.14

1.00

0.86

0.29

0.57

0.29

118



Table S50dDuel-type (Stretch -type subcategory) situational pattern description.

Variable Category n % .2 p-value Uc

Type protect 2 17 2.000 0.368 0.29
press 4 33
intercept 6 50

Mechanism indirect 7 58 0.167 0.683 0.12
non-contact 5 42

Duel yes 10 83 5333 0.021 0.67
no 2 17

Playing phase attack 8 67 1.333 0.248 0.33
defend 4 33

Dominance yes 10 83 5333 0.021 0.67
no 2 17

Kinetic chain open 3 25 3.000 0.083 0.50
closed 9 75

Phase acceleration 2 17 5333 0.021 0.67
deceleration 10 83
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Table S6 ¢ Sagittal plane kinematics of total HSIs (n=39) categorized by situational
pattern.

Variable Category Run Kick Duel Total
flex/ext n % n n % % n %
Hip range (0-30) 2 5 3 11 28 8 6 15
(30-60) 4 10 [ 10 6 10 P2 5
(60-90) 0 0 3 5 13 8 2 5
ext (0-30) 7 18 0 8 21 O 1 3
N/A 2 5 2 5 13 5 1 3
Knee range (0-30) 8 21 6 23 B9 15 P9 23
(30-60) 2 5 1 4 10 3 1 3
(60-90) 3 8 3 7 18 8 1 3
N/A 2 5 2 5 13 5 1 3
Inter -limb angle (0-30) 0 0 0 2 5 0 2 5
(30-60) 2 5 4 6 15 10 P 0
(60-90) 6 15 P2 12 31 5 4 10
(90-120) 3 8 1 6 15 3 2 5
N/A 4 10 5 13 (33 13 4 10
Trunk flexion Extended O 0 3 5 13 8 2 5
Neutral 8 21 2 18 46 5 3 21
Flexed 7 18 7 16 41 18 2 5
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Abstract

Purpose: Hamstring injuries (HSIs) are common in football and are often associated
with high-speed running. However, non-sprinting actions, such as stretch -type
movements, also contribute substantially to overall injury burden. Detailed
biomechanical insights into these distinct situational patterns remain limited. The aim

of this case report was to reconstruct the three -dimensional (3D) joint kinematics of
one run-type and one stretch -type HSI in professional football using the model -based
image matching (MBIM) technique.

Methods: Two video-confirmed HSIs sustained during official football matches were
analyzed. MBIM was applied to reconstruct 3D full -body kinematics from broadcast
footage, focusing on joint angles and movement patterns in the time window preceding
and including t he injury frame. Injury -inciting activities and contextual circumstances
were also described.

Results: The stretch-type injury occurred during a multiplanar, lunge -like action
involving trunk tilt and rotation toward the non  -injured side, combined with rapid hip
abduction and internal rotation. The run -type injury occurred during high -speed running,
characterized by predominantly sagittal -plane motion and higher linear velocity.
Although similar joint configurations were observed at the injury frame (hip flexion,
knee extension, trunk flexion), the kinematic patterns leading to injury differed
substantially between cases.

Conclusions: The MBIM technique enabled detailed 3D reconstruction of movement
patterns preceding HSIs in real-game scenarios. These findings highlight the potential

122



of integrating video analysis with 3D biomechanical reconstruction to better capture
the diversity of injury -inciting activities underlying HSlIs in football.

Keywords: video analysis; hamstring injury; injury prevention; football (soccer);
biomechanics
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Introduction

Video analysis of broadcast footage has become an established method for investigating
injury events in sport, with recognized value in both clinical and scientific contexts
[69,463,485]. In football, two -dimensional (2D) video analysis has been widely used to
examine a range of injuries, including HSIs, enabling the description of injury -inciting
activities and their surrounding circumstances in real -game [72,73,261366,290]. This
approach has contributed to a more ecologically valid understanding of how injuries
occur and has supported the development of context -specific prevention strategies
[2,64,70].

HSIs predominantly occur via a non-contact mechanism during rapid, high -intensity
movements, when the hamstrings activate to decelerate the swinging leg and resist
excessive knee extension and hip flexion, exposing the muscle &endon unit (MTU) to a
combination of eccentric loading, high velocity, and moderate -to-long length that may
exceed tissue tolerance [268&71]. Traditionally, running -based actions have been
considered the predominant situational pattern of HSIs and have received the greatest
attention in both research and practice [275,399,426,562].

However, recent video analysis studies have highlighted that HSIs also frequently occur
during non-sprinting actions, such as stretch -type movements, which may account for
a substantial proportion of cases [73,261]. These findings suggest that HSIs can arise
from different sport -specific tasks characterized by distinct movement demands. Such
variability reflects the anatomical and functional complexity of the biarticular
hamstring muscle group, which operates across multiple joints and planes of motion
during dynamic football -specific actions [151,196,563].

In addition to movement -related factors, contextual elements such as ball interaction,
opponent pressure, and task constraints can further influence injury risk by disrupting
movement coordination and stability [564&66]. Football performance unfolds in a
dynamic and interactive environment in which players continuously adapt their actions
to evolving spatial and temporal constraints. This highlights the importance of adopting

a comprehensive perspective when analyzing injury events, accounting for the
interaction between multiple influencing factors. While 2D video analysis provides
valuable qualitative insights into these real -world scenarios, its ability to quantify joint
kinematics remains limited by factors such as pa rallax distortion, subjective
interpretation, and reliance on visual estimation [464,481].

A more advanced, yet seldom adopted, method for quantitative kinematic estimation
is the Model-Based ImageMatching (MBIM) technique, which enables 3D reconstruction

of the injured playerdés movement from uncalib
based analysis of joint angles [482,484]. However, despite its successful application in
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the study of other sports injuries, its use in the investigation of HSIs in football remains
unexplored.

The aim of this case report was to reconstruct the 3D joint kinematics of one run  -type
and one stretch-type HSI in professional male football using the MBIM technique. In
addition, injury -inciting activities, contextual circumstances, and relevant player
information were described to provide a more comprehensive understanding of injury
occurrence, informing future research on injury prevention strategies.
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Methods

Two cases of biceps femoris strain injuries sustained during official Serie A matches in
the 2023/24 season were analyzed. Both injuries occurred within the same team, at
their home stadium (natural grass), under similar weather conditions and with the sam e
match result (draw: 0 80).

Player A, a 26-year-old right full -back (height 1.90 m; body mass 82 kg), sustained a

type 3b biceps femoris injury at the musculotendinous junction in the proximal middle

third of his dominant right thigh, resulting in a 34 -day layoff, with no prior repor ted

history of HSI according to the Transfermarkt database. Player B, a 23 -year-old right

winger (height 1.84 m, body mass 76 kg), sustained a type 3b biceps femoris injury in

the proximal middle third of his dominant right thigh, leading to a 50  -day layoff, also
without a previous HSI history. Al clinical
medical staff, and the diagnosis of Player B was confirmed by magnetic resonance

imaging (MRI) examination (Figure 1), while MRI for Player A was not available.

STIR TSE STIR TSE

FS: 1.5 FS:1 1.5
TR: 4139.9 TE: 60.0 |WL: 224 WW: 390 [D] TR: 3109.8 TE: 60.0
26/12/2023 11:16:20 |T: 4.0mm L: 87.8mm 26/12/2023 11:10:05

Fig. 1Biceps femoris injury confirmation through MRI scans in axial (left) and coronal (right) views
at Short Tau Inversion Recovery sequence (Player B)

A set of predefined variables was used to characterize each injury, following an
established methodological approach [265]. Each video was independently reviewed by
two analysts to reduce intra - and inter -operator variability [464].

Both videos had a resolution of 1920 x 1080 pixels and a sampling frequency of 25 frames
per second. Pl ayer Ads video incl ude-sagittawo c a me
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left view from the main camera and a replay showing a semi -frontal anterior
perspective. Pl ayer B0s video included-1three
sagittal left view from the main camera, along with two replay angles showing semi -

sagittal right a nd semi-frontal anterior perspectives.

As described by Zago et al. [484], the MBIM technique was applied following these steps:

(i) multi -view, non-coaxial video images were inspected using Kinovea (v. 0.9.5,

Ki noveal nk) to identify the oO0injury frameodo (
approximately 100 ms intervals from 400 ms before IF to 110 ms after IF; (iii) a size -

matched pitch was created in Blender (v. 3.3, Blender Foundation) and used for camera

calibration by matching reference points in the images; (iv) a 3D skeletal model

consisting of 39 skeletal segments connected by 30 rotational joints was fitted to the

pl ayerdds pose in each frame from each view; ()
and (vi) Euler joint angles of the trunk and lower limbs (injured and contralateral) were

extracted.

The video footage analyzed in this study was publicly available broadcast material. All
data were anonymized and handled confidentially, in line with previous similar
investigations.
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Results

Injury -inciting activities and contextual features

The injury to Player A occurred in the sixth minute of the match during a duel in the
lateral defensive half of the pitch. After receiving the ball, the player performed an
initial controlled touch, followed by a technical error during the subsequent touch while
advancing with the ball, covering approximately 8 m from the first contact to the IF.
The playerds gaze was directed at the
contact mechanism within a stretch -type situational pattern. Three distinct co ntacts
were identified within 240 ms before and at the IF: lateral upper -body contact, contact
at the ankle of the uninjured leg, and contact to the upper -body back. These were
classified as hold-type for the first two and push -type for the latter. The foo tball -
specific pattern was categorized as duel -type, involving a shielding movement with a
lunge to protect ball possession, performed with the injured leg in a closed kinetic
chain and a heel-strike ground contact.

The injury to Player B occurred in the 42nd minute of the first half during an offensive
play in the right lateral corridor of the attacking half, near the sideline. The injury was
also classified as an indirect contact mechanism, occurring within arun -ty pe situational
pattern. A single but prolonged push -type contact to the lateral upper body on the
uninjured side was observed within 241 ms preceding and up to the IF. The sport -
specific injury pattern involved high -speed running following an approximately 37 m
curved run with ball conduction, initiated from a steady start position over 5.6 seconds.

At ground contact, the injured leg was in a closed kinetic chain with a forefoot  -strike
pattern, and the gaze was directed at the ball. The foot position relati  ve to the center
of mass suggested an overstride pattern at ground contact.

Kinematic analysis dPlayer A (stretch -type)

Kinematic analysis of Player A (Figures 2 and 3) revealed a coordinated lunge -like
movement involving combined trunk and lower limb adjustments. In the sagittal plane,
the hip transitioned from extension to peak flexion approximately 300 ms before IF,
foll owed by a progressive decrease in flexion as ground contact approached. This was
accompanied by knee extension from a flexed position, reaching approximately 32° at
IF, and ankle plantarflexion of approximately 21°. The trunk showed a rapid increase
in fle xion prior to IF, consistent with the push -type contact on the upper -body back. In
the frontal plane, an initial trunk tilt toward the injured side was followed by a rapid
shift toward the wuninjured side. The hip simultaneously transitioned from
approximately 30° of adduction to an abducted position within less than 100 ms. In the
transverse plane, the hip moved rapidly from 35° external rotation to 9° internal
rotation, while the trunk rotated from
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the injured side. These changes reflected a rapid reorientation of the body in response
to the duel and contact conditions.

Kinematic analysis dPlayer B (run -type)

The movement pattern of Player B (Figures 2 and 3) reflected a running strategy
characterized by relatively continuous motion and smaller angular variations despite
the prolonged push-type contact. In the sagittal plane, the hip extended and then
flexed to approximately 25° at IF, while the knee transitioned from approximately 75°
of flexion 160 ms before IF to around 50° at IF. The trunk maintained a relatively stable
flexion posture (approximately T20A), with mi
increase afterward. In the frontal plane, the hip moved from an abducted to a more
neutral position approximately 200 ms before IF, while the knee showed a brief
adduction peak of approximately 14° before stabilizing. The trunk initially tilted toward
the uninj ured side, peaked at approximately 12°, and then gradually shifted toward
the injured side around 50 ms before IF. In the transverse plane, the hip rotated from
approximately 10° internal rotation to 16° external rotation before returning toward
internal r otation near IF. The trunk showed a similar pattern, rotating first toward the
uninjured side, then toward the injured side, and finally reversing again. The knee
showed small oscillations between internal and external rotation, reaching
approximately 3° i nternal rotation at IF.

The kinematic profiles and joint configurations at the IF are summarized in Figures 2
and 3.
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Discussion

This study represents the first application of MBIM to HSI in football, enabling a more
comprehensive examination of movement patterns associated with injury events. We
analyzed two representative HSI cases: one stretch -type and one run-type, to capture
th e diversity of inciting activities typically observed in football [73,467].

The stretch-type injury occurred during a multiplanar, less sagittal -dominant
movement, whereas the run -type injury involved higher linear velocity. Despite
differences in movement patterns, both injuries occurred during active play situations
that require d simultaneous management of multiple task demands, including decision -
making, ball interaction, and dueling with an opponent under time constraints. These
shared contextual features suggest that the emergence of HSIs may not be solely
explained by biomechanical factors but also involves perceptual -cognitive demands
inherent to football performance [567,568].

Injury prevention strategies may benefit from incorporating more representative, task -
specific scenarios that reflect the complexity of real -game situations. Training
approaches that extend beyond isolated drills, integrating technical, tactical, and
perceptual demands alongside physical loading may better prepare players for high -risk
situations. Additionally, considering contextual factors such as playing position, tactical
role, and phase of play (e.g., offense, defense, transition) may contribute to mor e
individualized and ecologically valid preventive interventions.

Indirect contacts

In both cases, the players experienced indirect contact through side -by-side duels with
opponents. These contacts differed in terms of location, type (push vs hold), intensity,
and timing relative to the IF. In such situations, players are required to rapi  dly adapt
to external perturbations, which may challenge coordination, stabilization, and
reaction time, potentially increasing injury susceptibility. From a practical perspective,
players who are frequently exposed to duels may benefit from additional per turbation
training (e.g., reaction to contacts) aimed at improving neuromuscular control under
different unanticipated external forces [558,569]. Special emphasis should be placed
on pelvic and trunk stability, given their proposed association with hamstring strain risk
[396,412,413,557].

Kinematic analysis

Although both players exhibited similar joint configurations at the injury frame
characterized by hip flexion, knee extension, and trunk flexion, consistent with
previous literature i the movement patterns preceding the injury differed substantially.
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Player A, injured during a lunge -like action, exhibited greater hip (~100°) and knee
(~120°) flexion prior to the injury, reflecting deeper loading of the lower limb. In
contrast, Player B displayed a more linear, forward -oriented strategy typical of
sprinting, with a rapid transition from hip extension to flexion and a lower peak knee
flexion (~80°). In the frontal plane, Player A showed a marked hip excursion from
adduction to abduction shortly before the IF, whereas Player B exhibited more
controlled fro ntal-plane motion. In the transverse plane, both players demonstrated
trunk rotation, although in different directions, possibly reflecting adjustments to
maintain balance following upper -body contact.

Player A was characterized by rapid, large -amplitude changes in hip rotation (from
external to internal rotation), combined with trunk rotation toward the injured side,
suggesting a highly dynamic and coordinated response to a perturbation. Conversely,
Player B exhibited a more continuous movement pattern with smoother kinematic
transitions and smaller angular variations, consistent with high -speed running demands
without sudden acceleration / deceleration or change of direction.

Overall, these observations suggest that different movement strategies may expose the
hamstring MTUto distinct mechanical demands. Despite these differences, both cases
resulted in injury to the biceps femoris, suggesting that multiple interacting pathways
may converge toward a similar injury outcome.

Clinical implications

Each injury-inciting activity may impose distinct biomechanical and neuromuscular
demands, supporting the concept that HSIs are multifactorial and heterogeneous in
nature [297]. Research evidence indicates that mechanical loads and muscle activation
profiles vary depending on the specific movement performed, potentially affecting
distinct regions and components of the hamstring MTU [285,570672].

This variability suggests that HSIs may not be adequately addressed by a one-size-fits -
all approach. Instead, rehabilitation and return -to-play strategies may benefit from
being tailored to the specific movement demands and contextual characteristics
assocated with reported injury events. For example, interventions targeting long
muscle-length loading, multiplanar control, and perturbation management may be
particularly relevant for stretch -type patterns, while high -speed running mechanics
may be more rele vant for sprint -related injuries. Importantly, the presence of different
injury patterns should not be interpreted as contradictory, but rather as consistent with

the complex functional role of the hamstrings across diverse sport -specific tasks [293].

To advance rehabilitation and return -to-play strategies, interventions should be
individualized, targeting the specific demands and vulnerabilities including previous
injury history, rather than being generalized or limited to restoring sprinting
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performance alone. Monitoring players over time may further support this approach by
capturing fluctuations in injury susceptibility

Future directions

Although the combination of video analysis and MBIM provides detailed biomechanical
insights, it remains time -consuming and limited to small sample sizes. Future
developments in automated motion analysis and computer vision may facilitate larger -
scale applications of this approach. Integrating 3D kinematic data with additional
information sources, such as MRI findings, external load monitoring, and contextual
variables, may further enhance the understanding of underlying injury etiology. Future
research shauld also explore muscle activation patterns and inter -muscular
coordination during football -specific tasks that replicate common HSI scenarios. Such
approaches may help identify modifiable risk factors, ultimately supporting the
development of more represe ntative screening tools and return -to-play assessments in
football.

Limitations

This study has some limitations that should be acknowledged. First, the analysis is based
on two cases only, which limits the generalizability of the findings. Second, although
the MBIM technique allows detailed 3D reconstruction, it relies on manual fitti ng
procedures and assumptions related to camera calibration, which may introduce
estimation errors. Third, MRI confirmation was available for only one of the two cases,
limiting the integration between biomechanical and clinical data. Finally, the approach

is time -consuming and currently not feasible for large -scale analyses, restricting its
application to selected cases rather than broader epidemiological investigations.
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Perspective

Recent video analysis studies in football have shown that HSIs occur across a range of
sport-specific actions, extending beyond high -speed running to include stretch -type
situational patterns, often in combination with external perturbations and ball -relat ed
actions. While these studies have improved the ecological understanding of injury -
inciting activities, they remain largely descriptive and limited in their ability to quantify

joint -level biomechanics.

The present study extends this line of research by integrating video analysis with 3D
biomechanical reconstruction using the MBIM technique. This approach enables a more
detailed and time -resolved characterization of movement patterns preceding injury,
providing complementary insights to existing video -based frameworks.

From a broader sports medicine perspective, these findings contribute to bridging the
gap between qualitative descriptions of injury events and quantitative biomechanical
analysis. This integration may support the development of more comprehensive models
of injury occurrence that account for the interaction between contextual, task  -related,
and mechanical factors. As such, the combined use of video analysis and 3D
reconstruction represents a promising direction for advancing injury research in football
and other team sports .

137



Paper 3

Methodological Approaches in Video Analysis
Studies of Hamstring Injuries in Football: A

Systematic Review
A. Pellegrini , F. Della Villa 2, M. Zago!

Department of Biomedical Sciences for Health, Universita degli Studi di Milano, Via
Colombo 71, 20133, Milano, Italy.

2Education and Research Department, Isokinetic Medical Group, Via Casteldebole, 8/4,
40132, Bologna, Italy.

Under revision in the journal of Science and Medicine in Football.

Abstract

This systematic review examined how video analysis has been applied to study
hamstring injuries (HSIs) in football, with a focus on methodological procedures,
reporting practices, and classification systems. A comprehensive search was conducted

in PubMed, Scopus, Web of Science, and Google Scholar (last search: 12 December 2024).
Observational studies of professional players of either sex that used video footage to
analyze HSIs were eligible. Two reviewers independently screened records and
extracted data. Risk of bias was assessed using the JBI Critical Appraisal Checklist for
Analytical Cross-Sectional Studies and the QA-SIVAS tool. Data were synthesized
narratively according to methodological domains and descriptive variables.

Out of 215 records, 11 studies met inclusion criteria, encompassing 399 HSIs in total.
All studies involved professional players, with only one including female athletes. Six
studies investigated HSIs exclusively, while five included multiple injury types.
Methodological quality varied, with frequent limitations in observer training, coding
procedures, inter/intra -rater reliability, diagnostic confirmation, and study design
clarity. Statistical analyses were mostly descriptive. Injury mechanism (non -contact or
indirect contact) was most consistently reported, whereas injury -inciting activities
were heterogeneously defined, particularly at the situational pattern level (run - and
stretch -type) and their football -specific subcategories. Biomechanics and context ual
factors were inconsistently addressed.

The lack of standardized procedures limits comparability and generalizability across
studies and may restrict the ability to derive clinically meaningful conclusions. This
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review highlights the need for more rigorous and uniform practice in video -based
research on HSIs in football and proposes a structured methodological guide for future
research. PROSPERO registration: CRD42025629162.

Keywords

hamstrings; football; athletic injuries; video analysis; biomechanics; risk factors
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Introduction

Football (soccer) has the highest incidence of hamstring strain injuries (HSIs) among
team sports [242], and HSIs represent the most common injury in football [48,104].
Despite generally resulting in short lay -off periods [123], their high recurrence rate
leads to significant long -term performance and economic burdens [101], ultimately
affecting team success and career longevity [271]. While the rise in high -intensity
demands of modern football likely contributes to this trend, a prior HSI remains the
strongest predictor of future re -injury [296]. Despite extensive research, HSI incidence
continues to rise [49], suggesting that current strategies may not adequately address
their multifactorial nature or translate into effective prevention [268,573].

Injuries arise from complex and dynamic interactions among biomechanical,
physiological, and behavioral factors, rather than isolated events. In such systems,
injuries do not result from a single point of failure but from evolving interactions and
feedback loops among multiple components [8,21]. Identifying and describing the
specific activities and circumstances surrounding injuries is therefore a critical
component for prevention models [24,68]. This broader perspective, extending beyond
the injured player to include situational and environmental features, can help uncover
underlying mechanisms and modifiable risk factors, ultimately informing targeted and
testable prevention strategies.

Video analysis of sports injuries has become an increasingly adopted method in the
football medicine community, with growing recognition of its scientific and clinical
value. Over the past decades, it has been applied to various injury types, including
anterior cruciate ligament (ACL) tears, Achilles tendon ruptures, and adductor strains
[77,468,470]. While video analysis provides valuable insights into real -world injury
scenarios, it remains limited by factors such as video quality, reviewer(s) experience,
subjective interpretation, and the lack of standardized procedures. In the absence of
an ideal method for evaluating on -field injuries, efforts should focus on standardizing
the video analysis process to mitigate biases and improve the reliability and validity of
findings. Despite the growing body of video analysis research, heterogeneity in
classification systems has led to inconsistencies in reporting HSIs injury -inciting
activities , particularly at the situational pattern and football  -specific action levels .
Such inconsistencies risk oversimplifying diverse injury scenarios (run vs. stretch -type)
and may lead to prevention strategies that fail to appropriately target the underlying
causes|[64]. Accurate and consistent reporting of how injuries occur is key to comparing,
combining, and generalizing results across studies and improving knowledge translation
to practitioners [16,574].

Although football -specific guidelines for injury reporting [31] and injury -inciting
circumstances [70] exist, and the QA-SIVAS tool provides quality assessment of video
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analysis studies [464], practical methodological guidance remains limited for
conducting and reporting video analysis studies tailored to a specific injury type within

a given sport. Given that video analysis study design, coding priorities, and relevant
variables vary by injury type and sport context, a key aim of this systematic review was
to provide a football - and HStspecific synthesis of commonly reported methods and
variables, while highlighting gaps and inconsistencies in the literature.
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Methods

This systematic review adhered to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 statemen{575]. The protocol was registered with
PROSPERO (CRD42025629162).

Eligibility criteria

Studies were included if focused on professional male and/or female football players
who sustained a HSI confirmed directly by diagnostic methods (e.g., MRI, clinical
examination) or reported by media or official databases. We use the term hamstring
injury (HSI) to describe any injury affecting the hamst ring muscle-tendon unit,
regardless of the specific mechanism or structural involvement. This term is more
inclusive and anatomically accurate, as it covers muscle tears, tendon injuries, and
avulsions. The phenomenon of interest was the description of injury -inciting activities,
defined as the action performed in the moments leading to and at the time of injury,
and injury -inciting circumstances, referring to the environmental and contextual
factors surrounding the injury [ 70]. Only observational studies using video analysis were
included. Studies lacking an explicitly stated design were classified based on their
methods. Eligible studies had to report at least one of the following: methodological
approaches, classification systems, or key biomechanical and situational variables. Only
peer-reviewed articles in English were considered; conference abstracts and
unpublished manuscripts were excluded. Studies were also excluded if they did not use
video analysis, did not analyze HSIs in football, or lacked sufficient methodological
details.

Information sources

Searches were conducted across PubMed (via NCBI), Scopus (via Elsevier), and Web of
Science (via Clarivate). Additional sources were identified through Google Scholar and
PROSPERO register. In addition to database search, backward and forward citation
trac king and manual reference list screening were performed to identify further eligible
studies. There were no restrictions on publication year. The last search was performed

on 12/12/2024.

Search strategy

The search strategy was developed using the SPIDER frameworK576] (Table S1 and S2)
combining free -text keywords and controlled vocabulary (e.g., MeSH, Emtree) related
to HSIs, video analysis, and football. The search strategy was iteratively refined and
peer reviewed to ensure comprehensive coverage. The search syntax was tailored to
each database utilizing Boolean operators (AND/OR), adjacency operators, and
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truncation where appropriate. Complete search strategies and query strings are
provided in supplementary materials (Table S3).

Selection process

Two reviewers (AP, MZ) independently screened titles and abstracts, with
disagreements resolved by a third reviewer (FDV). Reasons for exclusion at the full -text
stage are documented (Table S4). The same two reviewers then independently screened
the full t ext. No automation tools or machine -learning classifiers were used. The
selection process is illustrated in the PRISMA flowchart (Figure 1).

Data collection process

Data were extracted independently and in duplicate by two reviewers (AP, MZ) using a
custom-designed Microsoft Excel spreadsheet. Discrepancies were resolved through
discussion or consultation with a third reviewer (FDV). When relevant information was
missing or unclear, authors were contacted for clarification. No automation tools were
used.

Data items

The primary outcomes included methodological and classification approaches. These
included how video analysis was applied to describe injury mechanisms, injury -inciting
activities, biomechanical characteristics, and injury -inciting circumstances of HSIs.
Injury mechanisms were categorized as non-contact, indirect contact, or direct contact
based on the presence or absence of contact at the suspected injury frame (IF) [30].
Injury -inciting activities were coded as the overall action performed in the moments
leading to and at the suspected IF and were extracted at multiple levels of detail: (i)
the situational pattern (general, sport -agnostic classification as run-type or stretch -
type), (i) football -specific category (sport-specific activity category within t he
situational pattern), (iii) player action (more detailed description of the football -
specific categories), and (iv) additional information (descriptors providing further detail
extracted from video analysis). Injury -inciting circumstances encompassed contextual
and environmental elements surrounding the injury event, and biomechanical
characteristics included joint angles and qualitative movement features at and around
the IF.

All relevant data within these domains were extracted, regardless of the number of
measures, time points, or analytical methods used. Additional variables were recorded
to contextualize the methods used: study characteristics (publication year and study
design), participant demographics (age, sex, and competition level), injury verification
methods (imaging confirmation, clinical diagnosis, or media reports), video analysis
details (source of video footage, type of analysis, and coding procedures), observer
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training and reliability, any reported risk factors, and information on injury distribution
(e.g., game minute, pitch location). In cases of missing or unclear information, no
assumptions were made, and only data explicitly reported in the original studies  were
considered.

Risk of bias assessment

Risk of bias was assessed using the JBI Critical Appraisal Checklist for Analytical Cross
Sectional Studies [577], evaluating domains such as sample representativeness,
exposure and outcome measurement, statistical analysis, and the management of
confounding factors. Additionally, the QA -SIVAS scalg464] was used to assess videe
specific methodological rigor, including footage quality, consistency and transparency
of coding procedures, observer reliability, and injury classification accuracy. Two
reviewers independently assessed the risk of bias, with disc repancies resolved with a
third reviewer. Assessment tools were used as published, without modification or
automation.

Effect measures

Descriptive statistics were reported using frequencies and percentages for categorical
variables and mean * standard deviation (SD) for continuous variables. No formal meta -
analysis or effect size calculations were performed due to heterogeneity in study
designs and data reporting. Data were reported in their original form, and no
transformation of effect measures was applied.

Synthesis methods

A narrative synthesis was performed due to methodological heterogeneity. Variables
reported using different terminology were grouped into common categories for
comparability. Findings were synthesized using structured tables and graphical formats,
organizing studies by population and competition characteristics, study design and
statistical approaches, injury information and risk factors, injury  -inciting activity and
circumstances, and biomechanical data. No sensitivity or subgroup analyses were
conducted; however, methodological variability was considered when interpreting
findings, ensuring transparency in the review process.
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Results

Study selection

Database searches identified 213 records: 59 from PubMed, 68 from Scopus, 86 from
Web of Science, and two from PROSPERO register. After removing 104 duplicates, 111

studies were screened by title and abstract. Of these, 13 underwent full

-text review,

and eight [72,73,261864,266,578] were included. A separate Google Scholar search
identified 30 studies, of which 16 were retrieved and three met eligibility criteria

[443,451,579]. In total 11 studies were included (Figure 1).

~

Figure 1 PRISMA 2020 flow diagramillustrating the process of study identification,
screening, eligibility assessment, and inclusion in the review
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Study characteristics

The included studies, published between 2021 and 2024 (with no restriction on
publication year), involved professional football players. Six focused exclusively on HSIs
[73,262,263,266,451,578], while five investigated broader injury types
[72,261,264,443,579]. Only one study included female footballers [262], and one
comprised multiple sports [578]. The number of HSIs analyzed through videos ranged
from 8 to 61, but only five studies [73,261,262,264,266] reported the total number of
HSIs occurred during the study period.

Risk of Bias in studies

The JBI Critical Appraisal Checklist for Analytical Cross -Sectional Studies revealed
varying bias levels (Table S6), with critical weaknesses in inter - and intra-rater
reliability (item 3) assessed in only two studies [72,578]. Diagnostic imaging (MRI)
confirmed injuries in three studies [73,263,451] and clinical examination in one [266].
The rest relied on medical records, online databases, or reports. Only two studies
[443,579] explicitly addressed confounding factors , mainly in the context of subgroup
comparisons; however, most studies were primarily descriptive and did not aim to
estimate exposure effects. Statistical analysis was mainly descriptive, often limited to
absolute and percentage distributions. The QA -SIVAS scale ratings ranged from 9 to 14
out of 18 (Table S7), with key concerns in video quality, as no study met all
requirements. Injury details were often incomplete, and only one study [451] included
a non-injured control group (item 10). While three studies [73,263,578] provided
guantitative biomechanics, none used a validated methodology (item 11).

Population characteristics and injury distribution

Demographic data were reported inconsistently (Table S8). Age was reported in eight
studies [262164,266,443,451,578,579], as mean + SD or categorized into age groups.
Only three studies provided anthropometrics [264,266,451], and four assessed player
laterality [261,262,443,579]. Playing position was reported in eight studies [72,2610
263,266,443,451,579], generally grouped as goalkeepers, defenders, midfielders, and
forwards. Seven studies did not specify the source of player information; the others
relied on official databases (e.g., Lega Serie A) and publicly available sources (e.g.,
kicker.de, transfer markt.de, Fbref.com).

Most studies focused on official matches, with three also considering friendlies and
training [262464]. Four studies covered domestic leagues [266,443,451,579], while
others included national cups and/or international tournaments  [72,73,261,262,264],
or did not specify . The number of seasons covered ranged from 1 to 7, between 2013
and 2023. Match result was reported in two studies [264,451], venue in three
[264,451,579] (Table S9).
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Six studies reported injury distribution based on field location, using seven [266] to 14
distinct areas [72]. Five assessed injury time distribution: two reported the season and
month [261,262], three the match number of the season (e.g., 4 out of 34)
[443,451,579]. Eight studies documented injury timing within the match, using quarters
[73,264], halves and quarters [261,262], or halves, quarters and extra time
[266,443,451,579]. Only two specified the exact minutes played before injury  [262,264]
(Table S10).

Study design and statistical approach

Six studies explicitly stated their design as cross -sectional observational [73,261],
retrospective descriptive [264], single-centre observational cohort [266], or nomothetic
follow -up observational [443,579]; five did not. Regarding injury severity, four studies
included moderate -to-severe HSIs[72,73,264,451], two severe-only [261,262], while
the remaining did not define inclusion based on lay -off criteria. Two studies [443,579]
used the inability to continue the match and being forced to leave the pitch as inclusion
criteria. Seven studies systematically registered injuries [72,73,261,264,266,443,579].
Data collection methods included observation sheets and checklists based on previous
research [30,72,463,467,470,5808%83], the FIICCS[70], software LINCE v.1.4 [584], and
OIINJURIES-OOTBALL observational instrument[585].

Statistical analysis tool included Microsoft Excel (2016 and 2018 versions) [73,261,263],

IBM SPSS (versions 237) [72,266,443,451,578,579], Stata V.12 [261], Python statistical

libraries [262], while one study [264] did not report any statistical software. Statistical

approaches ranged from descriptive (absolute numbers, percentages, means, medians,

interquartile ranges) [73,263,264,266] to inferential analyses, includingchi -s qu a e ( w
tests, Fish¢/e]lpsSteudedstfdy,stPear sonds correlatio
[443], and pattern analysis techniques such as T-patterns and polar coordinates

[443,579]. Rel i ability was g35&asnddCos[e2hfgrsteb-ei ss o
and intra -rater agreement, while the intraclass correlation coefficient (ICC) evaluated

observer consistency [578]. Full details are in Table S11.

Diagnosis and injury characteristics

Five studies reported injury side (left/right) but only two specified whether it was the
dominant leg. The specific hamstring muscle involved was reported in only two studies
[73,263]. Injury severity was reported in four studies, with data presentation varying
across studies; some used mean + SD, while others reported median and range. MRI was
used as direct diagnostic method in three studies, clinical examination in one; others
relie d on secondary sources (e.g., official medical records, insurance databases, online
platforms) (see Table S12). One study explicitly defined injury, referring to Aspetar
Injury and Iliness Surveillance Programme [266]. Most studies cited Fuller etal. [33] for
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injury recording and classification, while two studies cited Bahr et al. [30] and two
referred to the UEFA model [46]. Seven studies involved team physicians and/or players
in injury assessment [72,73,261,263,264,266,451], one provided a narrative description
[263]. Data on subsequent injury (recurrence) were reported in one study [451]. One
study [263] reported injury level (proximal/central/distal), and another [264] the mode
of onset (sudden/gradual/mixed). Injury incidence was available in just one study  [451].
Two studies included external workload data before injury, using GPS [264] and
Mediacoach [451].

Video analysis assessment

The methodological approach to video analysis assessment varied across the included
studies (Table S13). Rater training or experience in video analysis was mentioned in
three studies [72,261,266], and five detailed backgrounds [261363,266,578]. Ten
studies explicitly stated the number of raters involved, which ranged from two to nine,
but only two studies assessed inter/intra -rater reliability [72,578]. Video sources
included broadcasting platforms (e.g., Sky, InStat, Wyscout), social media platforms,
and personal/team archives. Most studies used software tools for video processing. Four
studies [72,73,263,451] reported the number of camera views and video resolution
(pixel quality), and only one [451] reported the sampling frequency (fps/Hz). One study
[263] included video examples in supplementary material alongside screenshots/video
frames of the injury in the main text, as required by item 15 of the QA  -SIVAS scale.

Injury mechanisms and injury -inciting activities

Eight studies categorized injury mechanisms as contact (direct/indirect) or non -contact

(Table 1). Four studies classified contact by the body area involved (e.g., upper body,

pelvis, injured leg); four specified contact type (e.g., tackles, collisions). Regarding

injury -inciting activities, s even studies identified distinct situational patterns, with
sprint- and stretch-r el ated i njuries most common, althoug
or omi xeddé pattern.
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Table 1 - Summary of injury mechanisms and injury -inciting activities reported across included studies.

collision, push (with arms), other, unclear

Authors Mechanisms Area of contact Type of contact Sguatlonal
atterns
1) Sprint-
Gronwald et non-contact collision with ball, collision with opponent, kick of related
. no opponent, hit/push of opponent, other interaction 2) Stretch-
al. 2022 indirect .
with opponent, pull/hold of opponent related
3) Other
1) Running
Della Villa et non-contact upper body, pelvis, o 2) Stretching
al. 2023 indirect injured leg, un -injured leg 3) Kicking
4) Others
Ye_s direct GEMEE D Who: tackling other player, tackled by other 1) Sprint-
injured leg, indirect )
player, both players tackling related
Jokela et al. non-contact contact to trunk/ A :
. . Movement: sliding (one foot/both feet), upright 2) Stretch-
2023 indirect shoulder/ uninjured leg foot/should lated
No: opponent close <2m / o {ieaiE ou & re ElE
' Direction : from side/ front/ back 3) Mixed-type
>2m away
Aiello et al. non-contact o o 1) Running
2023 2) Jumping
head, neck, shoulder, a) Collision with opponent, teammate, ball, other
upper arm, elbow, lower collision, hit/push of opponent, pull/hold of
Klein et al. non-contact  arm, wrist, hand/finger, opponent, kick of opponent, other interaction 1) Running
2021 indirect trunk (chest, abdomen, with opponent 2) Lunging
back), hip, thigh, knee, b) Fall, ankle twist, knee twist, slip, overuse,
lower leg, ankle, foot other
1) Running,
Della Villa et non-contact upper body, pelvis, o 2) Stretching
al. 2024 indirect injured leg 3) Kicking
4) Others
Indirect contact: intentional contact by injured
Vermeulen et non-contact player, |nten_t|onal_contact by opponent, 1) Runnlng
al. 2024 indirect no unlnte_n'_uonal contact 2) Stretching
' Type of contact: sliding tackle, shoulder tackle, 3) Others
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Prieto -Lage

et al. 2021 no no no no
Moreno-

Perez et al. non-contact no no no
2024

Argibay -

Gonzalez et no no no no
al. 2022

Yiice et al. non-contact

2022 indirect no no no
Total

(Out of 11) 8 4 4 !
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HSIs situational patterns and football -specific actions

Table 2 summarizes situational patterns identified across studies. Seven studies
analyzed running-related HSIs, considering linear or curved runs, changes of direction
(COD), acceleration, deceleration, high -speed running [72,73,261864,266]. Two
studies categorized CODs by angle (@5°, 4530°, >90°), type (e.g., side -step,
crossover), and movement direction relative to the injured leg (toward/away) [263,266].

Stretch-related HSIs have been reported in seven studies, involving both open kinetic
chain (OKC)and closed kinetic chain (CKC)movements such as kicking, lunging, braking,
reaching and shielding [72,73,261864,266]. Four studies specifically examined kicking,
noting the injured leg's role (kicking/supporting), type of kick  (e.g., pass, cross, shot),
and ball impact zone [72,263,266]. Other less frequent actions included jumping,

goalkeeping, heading, heel-kicking, and rabona.

Two studies estimated pre -injury distance (m) covered in running-type pattern : one via
video analysis [266], the other via GPS, which also provided acceleration, peak speed,
and % max speed[264]. Studies covering broader injury types reported more general,
rather than HSI-specific patterns.
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Table 2 Classification of football

-specific actions linked to hamstring injuries across the included studies.

Authors Running pattern Stretching pattern Kicking injury Other
acceleration, high -  open chain: kicking,
speed running, other closed chain:
Gronwald deceleration, braking, stopping . . :
et al. 2022 curved high-speed  (landing); braking, MGt ) S A [ S no
running, exclusion stopping (lunging);
with reason other
Della Villa acceleration and open kinetic chain, only when the injured lower limb reatc\:l\fl}lsr;?n, Jugﬁg‘ﬁé gizl vifl'ﬁill(éng’
etal. 2023  high-speed running closed kinetic chain was the kicking one stung, ral
kicking without the ball
kicking with injured/ uninjured tacklln_g, heading, d.”.bblmg’
leg, type: pass (short/ long) controlling ball, receiving pass
acceleration, in shielding, reaching cross, shot on goal, clearing (stan_dmg/ runnl_ng),_scree_nmg,
i O blocking, pressing (intention to
Jokela et speed, for ball (with direction : forwards, backwards, : .
; . . tackle/no intention to tackle),
al. 2023 deceleration, injured leg), to the side oal keening. collision. reachin
change of direction jumping (landing) ball impact : side-foot, outside - gf b ”p .gh e ’d I 9
foot, instep, toe kick, heel, _orba (W't. uninjurec eg),.
volley, half volley jumping (taking -off/being mid -
' air), sliding, stretching
linear and curved ,
. i : controlling the ball
Aiello et run; accelerating, ) .
in the air after a no no
al. 2023 steady speed, .
; jump
decelerating
starting, running up
: (to ball or - " . heading, tackling, sliding tackle,
el sl opponent) or lunging receving, _drlbbllng, passing, shielding (ball/opponent),
2021 g ) clearing, shooting :
sprinting, stopping, ' ’ blocking (shot)
change of direction
linear and change
. of direction, S . . : , . N
Della Villa constant speed open kinetic chain, only when the injured lower limb jumping, heel kicking and rabona
et al. 2024 Speed, closed kinetic chain was the kicking one kick
acceleration and
decelerating
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Vermeulen
et al. 2024

Prieto -
Lage et al.
2021

Moreno-
Perez et
al. 2024

Argibay -
Gonzalez
et al. 2022

Yice et al.
2022

Total
(out of 11)

linear and curved;
acceleration, at
speed,
deceleration, and
unclear; turning
from injured leg,
turning towards
injured leg, and
unclear; speed:
fast, moderate,
slow, and unclear

no

no

no

no

change of
direction, kicking,
jumping, receiving
the ball, reaching,

heading screening,

blocking and
pressing

no

no

no

no

leg: kicking, supporting, unclear
type of kick : pass, long pass,

cross, shot on goal, clearing,
unclear

direction : forwards, backwards,

to the side (side of the injured
leg), to the side (side of the

uninjured leg), diagonal, unclear
ball impact : side-foot, instep, toe

kick, heel kick, volley, half -
volley, unclear

no

no

no

no

receiving the ball,
reaching, heading, screening,
blocking, pressing

how the injury took place :
ALONE (sprint, turn, shooting,
ball control) RIVAL (jump,
collision, received tackle,
performed tackle, hit by ball,
goalkeeper's save)

no

causative agent of the injury :
alone, opponent, partner

how the injury is caused : sprint,
dribbling, sliding, turning,
tackled by other, shooting,

falling, hit by ball, tackling other

player, stretching, collision,
kicked by other, unknown
stopping/turning, descent from
jump, jump, collision, sprint
(fast running), fall

7
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HSIs mechanisms and situational patterns distribution

Six studies clearly reported injury mechanisms and situational patterns, enabling
comparisons (Figure 2). Only the female cohort from Della Villa et al. (2024) was
included, as the male cohort overlapped with Della Villa et al. (2023). One case in
Vermeulen et al. (2024) was classified as unclear. Aiello et al. (2023) included only
non-contact injuries. For consistency, similar terms were grouped into shared
categories (Table S14).

Figure 2A shows total number of HSIs per study (range: 143) by injury mechanism.

Non-contact was predominant, but indirect contact accounted for 27 &5% in some

studies [73,262,266]. Figure 2B shows distribution according to the situational

pattern, categorized as run - and stretch -type or other situations. Run -type ranged

from 21% to 94%, being most frequent in three studies. Conversely, stretch -type

together accounted for over half of the cases in Gronwald et al. (2022) and Della

Villa et al. (2023), highlightingnon -r unni ng patternso® relevance
were uncommon, peaking 43% in Jokela et al. (2023), reflecting classification

differences.
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Figure 2 Bar chart showing the total number of HSIs reported in six studies and
their distribution by (a) injury mechanism: non -contact (light green), indirect

contact (yellow), and unclear (dark green); and (b) situational pattern: run

-type

(blue), stretch -type (plum), and other (orange). The total number of injuries per
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study is indicated by the height of each bar, with proportional percentages of each
injury mechanism displayed within the colored segments.

Injury -Inciting Circumstances

Table S15 summarizes injury contextual factors. Three studies examined concurrent
movements (e.g., standing, jogging, sprinting, jumping) alongside the primary
action during injury onset [72,263,266]. Ball possession (injured player, teammate,
opponent, or loose ball) was analyzed in three studies [72,264,266], and interactions
or duels with other players in four [72,263,443,579]. Additionally, five studies
classified the playing phase preceding the injury, identifying offensive, defensive,
and set-play situations (e.g., throw -ins, free kicks, corners, penalties, and goal
kicks) [72,261,262,264,266].

Biomechanics

A subset of studies analyzed biomechanics (Table 3). Three studies reported sagittal
hip and knee angles (in ranges of 45°), with one also assessing trunk tilt and rotation.
Two studies classified movement direction (forward, lateral, backward, non -
horizontal). Player velocity at IF was reported in five studies: three estimated
intensity levels via video analysis (zero, low, moderate, or high), while two used
direct measurements. Finally, three studies classified HSIs based on injured limb
involvement in ei ther open or closed kinetic chain (OKC or CKC), or unclear cases
(e.g., run -type patterns occurring at the transition between late swing and early
stance phase) due to the difficulty in determining ground contact from video footage.
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Table 3 - Overview of biomechanical variables assessed in each study.

. . Movement Movement Kinetic
Authors Kinematics ) . . .
direction velocity Chain
Gronwald et injured hip and knee, trunk no no no
al. 2022 (45° range)
horizontal and onen
Della Villa et o o vertical (zero, clgsed
al. 2023 low, moderate unsuré
and high)
3 injured and uninjured hip and forward, horl_zontal Ao open,
okela et al. K vertical (zero,
nee, trunk lateral, non - closed,
A0S (45° range) horizontal lawWsmoaeraie unsure
and high)
Aiello et al. no no directly measured no
2023 with GPS
forward,
Klein et al. no lateral, no no
2021 backward, not
horizontal
horizontal and onen
Della Villa et o o vertical (zero, clgsea
al. 2024 low, moderate unsuré
and high)
Vermeulen no no o no
et al. 2024
Prieto -Lage no no
etal. 2021
Moreno- directly
Perez et al. no no measured with no
2024 Mediacoach
Argibay -
Gonzalez et no no no no
al. 2022
injured thigh, knee, foot ankle
and trunk (flexion, extension,
Yice et al. neutral) no no no
2022 trunk tilt and rotation
(ipsilateral, contralateral,
neutral)
Total
(out of 11) 3 2 S 3
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Discussion

This systematic review provides a comprehensive overview of the methodologies
used in 11 video analysis studies investigating HSIs in football (2021 6 2024),
identifying consistent patterns, key strengths and limitations, and research gaps.
While video analysis is a valuable tool, its application to HSI research in football
appears relatively recent, as reflected by the publication years of eligible studies,
and currently lacks standardized guidance specific to this context, limiting reliabil ity
and comparability. To advance the field, robust quality assessment tools,
methodological standards, and consensus on terminology are needed. Future sports
injury research would also benefit from integrating video analysis assessments with
complementary quantitative d ata for a more comprehensive understanding of injury
occurrence [547] [586]. In this context, w e propose a methodological guide for HSI
video-analysis research in football. Although extensive, this guide is intended as a
structure synthesis and reporting aid rather than a validated framework; future work
may refine and expand it according to specifi ¢ research aims and emerging
advancements in the field.

Study characteristics and methodological approaches

Most studies included in this review focused on male professional football players;
only one study involved female players, and none examined youth or amateur
populations, highlighting a significant gap in the current literature. The number of
hamstring injuries analyzed per study ranged from 8 to 61, indicating considerable
variability in sample sizes. Creating an official video injury database would
substantially strengthen future research by reducing current limitations (e.g., small
samples and time-consuming data collection) and enabling data -driven applications.
However, implementation would require addressing practical and ethical barriers,
including privacy and informed consent, proprietary ownership and access
restrictions on match/training footage, and constraints on data sharing and long-
term storage. According to item 2 of the QA -SIVAS checklist, video analysis studies
should report both (i) the total number of injuries recorded during the study period
and (i) the number of cases for which video f ootage was available and analyzed.
However, only five studies met this criterion. The lack of this information limits the
ability to assess whether the analyzed sample is representative of the overall injury
count, potentially introducing selection bias. S eparately, from an epidemiological
reporting perspective, athletes may sustain more than one health problem during
the surveillance period; therefore, descriptive data should distinguish between the
number of health problems (events) and the number of athl etes affected [ 43].

Itis also important to distinguish between video analysis studies and epidemiological
studies. Video analysis is particularly suited to exploring the context and
circumstances surrounding injuries, whereas epidemiological studies are more
effective in systematically tracking injury incidence and trends over time. This
distinction is especially relevant for muscle injuries such as hamstring injuries, which
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may not always be observable or documented in video footage. This is crucial given
the limitations of video -based methods, which may miss injuries that occur off -
camera, are obscured by other players, or do not immediately result in visible
impairment or p layer substitution. In the case of hamstring injuries, players often
complete the match and only report symptoms or receive a diagnosis in the days
following the game, making it difficult to precisely identify the IF in video footage.

The type and depth of analysis achievable in observational video analysis studies
largely depend on the study design. Single-club studies, such as Aiello et al. (2023),
enabled more detailed injury reconstruction using direct data. In contrast, multiple
team or league studies relied on public sources, which may offer less detail but
better generalizability to a broader football population. Both approaches are valid
and should be selected according to research aims and available resources.

Risk of bias was high for some studies, requiring cautious interpretation. Only two
assessed inter and intra-rater reliability [72,578]. Best practice recommends at
least two experienced/trained raters, blinded to each other, reporting agreement

for each variable [481]. Achieving an acceptable level of reliability initially can be
challenging, but it should be considered an iterative process, where discrepancies
are resolved through discussion and consensusbuilding [467,582,587]. Although
study designs varied, all used retrospective observational methods. Future research
should implement prospective video tracking to monitor players over time,  enabling
better identification of predisposing risk factors  and providing a more dynamic and
longitudinal perspective on injury development

Statistical analyses

The statistical approaches used were predominantly descriptive and univariate, with

only a few studies applying inferential an
St ude nttedsst st, ANOVA, odds ratios) and correl
correlatio n), and occasional pattern -analysis techniques (e.g., T -patterns and polar
coordinates) (Table S11). Although these approaches may identify basic associations,

they are generally inadequate for capturing the complex and multifactorial nature

of sports inju ries, which often involve nonlinear interactions and dynamic feedback

loops, leading to oversimplified interpretation [2,19,20]. There is growing

recognition of the need for interdisciplinary collaborations to develop innovative

statistical and computational methods for studying sports injuries, particularly in

the context of team sports [588]. To advance the field, future research may benefit

from exploring computational and system -oriented approaches to better capture the

contextual and dynamic nature of injuries [26].

In practical terms, computational modelling approaches may support data -driven
identification of recurring mechanism d&circumstance profiles across injuries and,
where appropriate, systems -oriented methods such as agent-based modelling could
be used to explor e owhHat scenarios by simulating how
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(player dopponent interactions, task demands, match context) may influence the
distribution of injury situations. Machine learning dassisted video processing may also
support more scalable and standardized extraction of key events and kinematic
surrogates (e.g., injury frame, foot strike, joint/segment orientation), reducing
operator dependence and supporting replicable biomechanical procedures.

Player, injury, and competition characteristics

Sample characteristics reporting was inconsistent. While age was often included,
variables like anthropometrics, dominant foot, and playing position were often
missing. Seven studies did not specify player data sources, raising concerns about
accuracy and reliability. Injuries were mostly from matches, with a minimal focus
on training, potentially overlooking mechanisms that occur outside competitive play.
While many studies classified injuries by season, month, or game segments, only two
reported exact mat ch timing, limiting insights into player status (starter/substitute)

or minutes played before injury. Furthermore, contextual data such as competition
type, venue, result, weather, and pitch surface were often underreported. Including
such information woul d enrich risk factor analysis [589].

Injury verification and  contextual injury/player profiling

Injury verification methods varied. Only a few studies confirmed diagnoses directly ;
most relied on secondary sources whose reliability is unclear, risking
misclassification. Ideally, confirmation should involve direct communication with
medical staff or injured players.

The term "hamstring injury"”, while commonly used, is overly generic, and o nly two
studies have specified the muscle involved . Other clinically relevant details, such as
dominance, severity, recurrence, onset mode, injury level (proximal/central/distal),
and type (myofascial/ musculo-tendinous/intratendinous ) were largely missing,
limiting the depth and precision of analysis . No study included prior injury history,
despite being a well -established risk factor [590,591]. Pairing video observations
with key clinical and player -level descriptors is important to contextualize the event
and enable stratified analyses across clinically meaningful subtypes. These
descriptors do not necessarily explain the visual injury mechanism per se, but they
can improve interpretability for prevention and rehabilitation. To improve
standardization, we recommend frameworks such as: FIICCS [70], STROBESIIS[30]
and its football -specific extension [31], QA-SIVAS [464], and the London
International Consensus and Delphi study on hamstring injuries part 1: classification
[156]. Additional data collection tools (e.g., custom observation sheet or checklist)
should be explicitly defined and shared. Finally, player load and exposure data were
rarely integrated with video -based descriptions, despite the potential relevance of
fatigue -related mechanisms in HSIs [592]. In line with a complex -systems view,
injury determinants may emerge from interactions among constraints across short -
(match) and long-term (weeks/season) timescales. Where tracking systems were
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used (GPS or Mediacoach), they were primarily leveraged to estimate running speed
at (or immediately before) the injury event rather than to quantify broader match
load. Where feasible, future studies should report basic contextual exposure
descriptors fro m video footage (e.g., minute of injury, minutes played before injury)
and acute match -load indicators from additional data sources (e.g., meters covered
at high-speed, sprint counts, number of high -intensity accelerations/decelerations),
and link these to longer-term exposure metrics (e.g., recent match congestion,
seasonal exposure). Importantly, the achievable depth of such information, as well
as the inclusion of other established risk -related measures, will necessarily depend
on the aim, data availabil ity, and setting of the study.

Injury mechanisms and injury -inciting activities

Studies generally agreed on injury mechanism classification. Non -contact injuries
predominated, with fewer indirect contact and no direct contact cases. However,
within injury -inciting activities, greater heterogeneity emerged at the situational
pattern level (e.g. run -type, sprint -type, stretch -type, mixed, other patterns) and
at its football -specific action level (e.g., running, kicking, dueling, other). While
running is a generally recognizable pattern, stretching -related injuries exhibit
greater variabi lity, leading to inconsistent classification. They often involve rapid
hip flexion and knee extension movements with high eccentric loading of the
hamstrings, typically at longer muscle lengths and during less sagittal-dominant
movement than run-type injuries [63,64]. Some studies differentiated between OKC
and CKC movements, emphasizing actions like braking, stopping, lunging, reaching,
and shielding. Kicking was either grouped with stretch -type injuries or analyzed
separately, providing valuable insights into whether the injured limb functions as
the kicking or supporting leg, as well as the type of kick executed . To enhance
consistency in future research, we propose a multi -level reporting structure for
injury -inciting activities consistent with our data extraction (Methods 2.6) and
summarized in Figure 3E.

As shown in Figure 2B, norrrunning activities together accounted for most HSIs in
three of six studies, indicating that prevention efforts overly focused on sprinting
may overlook stretch -type patterns. Although progress has been made in analyzing
running mechanics for performance and injury prevention [399,416,425,514,593],
stretch -type patterns deserve equal attention in football. Even within the run  -type
pattern, recent findings indicate that HSIs are more frequently associated with
acceleration rather than peak sprint speed [266], challenging traditional beliefs.
Although running in all its variations (acceleration, change of direction, high -speed
running, sprinting, deceleration) is indispensable for success in football and should
receive significant attention, the lower limbs, p articularly the hamstring muscle
complex, are often required to reach extreme ranges of motion during less
predictable, sagittal -dominant movements when interacting with the ball and/or
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opponent. Further MRI-based studies are needed to clarify associations between
situational patterns and specific injury diagnoses.

Injury -inciting circumstances

Reporting of injury -inciting circumstances was limited and heterogeneous across the
included studies. Only three studies reported ball possession status at injury onset,
four evaluated player dpponent interactions/duels, and five classified the phase of
play preceding the injury (e.g., offensive/defensive/set  -play situations). In addition,
only three studies described concurrent tasks performed alongside the primary
action. Collectively, these findings suggest that contextual descriptors beyond the
injury -inciting activity are inconsistently captured, despite their potential relevance

for interpreting injury situations within the match environment. From a complex -
systems perspective, HSIs likely emerge from interactions among multiple
constraints (e.g., ball interaction, opponent pressure, concurrent tasks) that shape
player behavior and susceptibility in the moments leading to injury  [573]. In the
studies that reported contextual factors, injuries were reported during active play,
that often involve multitasking demands (neuromuscular and cognitive load),
tactical constraints, and decision -making under pressure, which could collectively
contribute to injury risk [594]. These findings support context -driven prevention
programs that replicate real -game high-risk situations. While research has focused
largely on biomechanical and neuromuscular factors, emerging studies link cognitive
functions to football performance and in jury susceptibility [567,568,595]. For
example, impairments in working memory and inhibitory control have been linked
to ACL injury risk [473]. In a recent cognitive framework for football performance
[596], video analysis has emerged as a valuable tool for assessing onfield cognitive
functions, such as scanning and decision-making. Further research should investigate
whether stronger cognitive skills can mitigate injury risk by allowing players to
better ant icipate and adapt to unfolding game situations.

Video analysis quality and biomechanics

Broadcast footage remains the most used source for video -based injury analyses even
though it may lack the technical specifications for accurate kinematic evaluation.
Frame rate determines the temporal precision for identifying the suspected injury
frame and rapid joint events; spatial resolution/zoom and the availability of
multiple camera views affect landmark visibility, occlusion, and the feasibility of
multi -planar assessment. However, many studies did not report these key features
(frame rate, resolut ion, number and type of camera views as per the QA -SIVAS item
4), limiting appraisal of measurement uncertainty and comparability across studies.

Since injury events unfold within milliseconds and involve a brief latency between

the athleteds react i ®BI], geterchinihghhe IFavithtahsaute i nj ur y
accuracy remains a key challenge, especially for muscle injuries, which are less

visually distinct than ligament tears. This uncertainty can propagate to downstream
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classifications and to kinematic surrogates extracted at the IF. To mitigate this
limitation, future studies should use independent, blinded multi -rater IF
identification with a predefined tolerance (e.g., £1 & frames, depending on frame
rate) and report i nter-/intra -rater agreement. Minor discrepancies within tolerance
may be resolved through collegial consensus, whereas larger discrepancies should
be flagged as uncertain and, where appropriate, excluded from video analysis.
Where feasible, IF identificati on may be supported through triangulation with
complementary sources (e.g., player and/or medical staff narratives) [ 68].

Although few studies performed biomechanical analysis, some described common
kinematic features such as hip flexion and knee extension at IF. Trunk tilt and
rotation have also been analyzed, reinforcing the role of whole -body coordination
in injury occurre nce [412]. Velocity, with distinctions between horizontal and
vertical components, as well as movement direction (forward, backward, lateral)
and phase (acceleration/deceleration) were described, as both directional force and
movement speed may influence injury ris k. However, these insights remain
constrained by the subjective nature of visual interpretation rather than objective
guantification, leading to inter -rater variability. Indeed, none of the included
studies satisfied QA-SIVAS item 11, reflecting the lack o f validated, standardized
methods to address issues such as parallax errors and motion quantification. Future
integration of automated motion analysis tools may help improve objectivity and
accuracy [495] [598] [496]. Finally, the absence of control groups (i.e., similar
movements performed without injury) limits the ability to draw causal relationships
and may lead to misinterpretation of the findings.

A methodological guide for video analysis studies of HSI in football

Video analysis is uniquely positioned to capture ecologically valid information about
the injury event in its natural competitive context and represents an important step
within the injury prevention cycle [ 24]. However, the present review identified
substantial methodological, taxonomic, and operational heterogeneity across
studies, which limits reproducibility, comparability, and interpretation of findings.

To address these gaps, we developed a practical meth odological guide to support
more consistent dat a extraction and reporting in future video -analysis studies of HSIs
in football (Figure 3A &G). A detailed user manual with operational definitions for
each item is provided in the Supplementary Material to support consistent
interpretation and application of Figure 3.

Development of the guide followed three steps: (i) extracting the methodological
procedures and variables reported in the included HSI football video -analysis studies
(as summarized in the manuscript and supplementary tables), (i) mapping these
elements onto established reporting and quality guidance for injury surveillance and
video-analysis methodology [30,31,70,464], and (ii)) incorporating HSI -specific
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consensus terminology and imaging-based descriptors [156,131]. The guide is
intended as a structured synthesis and reporting aid rather than a decision algorithm.
Importantly, it is not presented as a validated framework or classification system
and has not undergone formal consensus development or validation testi ng. Future
work should evaluate feasibility and reproducibility (e.g., inter -/intra -rater
agreement for key coded items) and may refine the guide through formal expert
consensus methods. Conceptudly, the guide aligns with constraints -led and
complex-systems principles [8,21]: video -derived descriptors operationalize task
demands and situational/environmental conditions through injury mechanism,
injury -inciting activities, and injury -inciting circumstances, while biomechanics
represents the organism-level movement output. In addition, player history and
exposure indicators reflect multi -timescale dynamics and individualized
susceptibility. Researchers may report a minimal set of core items or extend
reporting to additional subdomains when available. Core items should be prioritized,
unavailable items should be reported as limitations, and relevant additional
contextual data integrated.
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