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ABSTRACT 

Background: Anterior cruciate ligament (ACL) injuries represent a major orthopedic challenge in sports medicine. Female 
athletes sustain these injuries at substantially higher rates than their male counterparts, necessitating a deeper investigation 
into sex-specific risk factors. 
Aim: This review offers a comprehensive analysis of the multifactorial etiology underlying the sex disparity in ACL injury 
rates. By integrating evidence from epidemiological studies, biomechanical simulations, and biochemical analyses, it aims 
to inform the development of more effective prevention strategies. 
Methodology: The investigation centers on three principal risk domains: anatomical factors (including the Q angle and 
osseous geometry), hormonal fluctuations during the menstrual cycle (with emphasis on estrogen's influence on collagen 
metabolism and ligament stiffness), and neuromuscular patterns (such as quadriceps dominance and altered muscle 
recruitment). 
Results: The efficacy of evidence-based prevention programs, including the PEP, Sportsmetrics, and FIFA 11+ protocols, 
is evaluated using meta-analytic data. Additionally, this review addresses the controversial clinical practice of prescribing 
hormonal contraceptives for injury prophylaxis, weighing the evidence for hormonal stabilization against the limited 
availability of high-certainty data on long-term musculoskeletal health. 
Conclusions: This report synthesizes prevention strategies and emphasizes the need to transition from universal protocols 
to sex-specific, individualized athletic care. Addressing the interplay between biological and mechanical factors is proposed 
as a means to reduce injury rates and enhance the athletic longevity of female athletes. 
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1. Introduction 

The anterior cruciate ligament (ACL) is a key stabilizer of the knee, resisting anterior tibial translation 

and rotatory loads. In both professional and amateur sports, pivoting, jumping, and rapid deceleration challenge 

this ligament. In recent decades, a stark disparity has become clear: female athletes are two to eight times more 

likely than males to suffer ACL ruptures. This issue has been called an "epidemic" in women’s sports and is 

aggravated by increased female participation in intense activities such as soccer, basketball, and handball. 

ACL injuries have consequences that extend beyond surgical intervention and the typical nine-to-

twelve-month rehabilitation period. For many athletes, such injuries threaten career longevity and may 

preclude a return to pre-injury performance levels. 

Understanding the causes of higher ACL risk in women requires a balanced perspective on modifiable 

and non-modifiable factors. Non-modifiable risks include anatomical traits such as a wider pelvis, an increased 

Q-angle, a narrower femoral intercondylar notch, and a steeper posterior tibial slope. The timing of the female 

endocrine cycle increases risk, as fluctuations in estrogen and relaxin may lower the ligament’s failure 

threshold at certain times. 

In contrast, neuromuscular and biomechanical factors are modifiable and present opportunities for injury 

prevention. Research demonstrates that female athletes frequently land from jumps or execute cutting 

maneuvers with dynamic knee valgus and quadriceps dominance. These movement patterns, acquired during 

development, can be modified through targeted neuromuscular training (NMT). This report examines these 

interactions and provides an evidence-based overview of ACL injury prevention in female athletes. 
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2. Materials and Methods 

This review compiles high-impact research addressing the physiological, mechanical, and clinical 

aspects of ACL injuries in women. Data were primarily sourced from large meta-analyses and systematic 

reviews to ensure a robust evidence base. 

Search Engines and Strategy 

The primary literature search was performed across major medical and scientific search engines, 

including PubMed, Scopus, the Cochrane Library, Google Scholar. The search timeframe focused on studies 

published between 2000 and 2025. Key terms utilized in the search included: "ACL injury female athletes", 

"Q-angle ACL risk", "estrogen collagen lysyl oxidase", "quadriceps dominance", "neuromuscular training 

efficacy" and "hormonal contraceptives sports injury". 

Inclusion and Exclusion Criteria 

Following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

guidelines, specific criteria were established to ensure the quality and relevance of the synthesized data. 

Inclusion Criteria: 

Study Design: prospective controlled trials, randomized controlled trials, and high-quality meta-

analyses or systematic reviews. 

Population: studies involving female athletes, with specific interest in adolescent (middle and high 
school) and collegiate/professional cohorts. 

Intervention: neuromuscular training programs or interventions aimed specifically at reducing the 

incidence of ACL injuries. 

Outcome measures: incidence of ACL injury, biomechanical metrics (e.g., knee valgus angle), and 

biochemical markers (e.g., serum estrogen levels or collagen cross-linking activity). 

Language: articles published in English. 

Exclusion Criteria: 

Publication type: case reports, editorials or studies with insufficient statistical data for synthesis. 

Clinical condition: studies focusing exclusively on post-operative rehabilitation without data on primary 

prevention or risk factors. 

Data quality: studies that were analyses of previously reported data without providing original results or 

new secondary analysis. 

 

3. Results 

The ACL injury risk profile in female athletes arises from the interplay of structural, biological, and 

behavioral factors. The results are organized to reflect these domains. 

Anatomical and Osseous Considerations 

Anatomical differences between sexes result in increased mechanical stress for female athletes. The 

quadriceps (Q) angle, defined as the angle between the quadriceps pull and the patellar tendon, is a key metric 

in this context. The Q-angle is central to lower limb biomechanics. Although a wider pelvis can increase the 

Q-angle in females, recent studies indicate that the combination of pelvic width, shorter femur length, and a 

more lateral tibial tuberosity generates greater lateral force. This lateralization results in poor patellar tracking 

and predisposes the knee to valgus alignment during movement. Internally, the female knee is characterized 

by smaller ACLs, reduced energy absorption, and lower stiffness. When combined with a narrow femoral 

notch, the ligament is susceptible to compression and impingement during rotational sports movements. 

Hormonal Influence and Collagen Metabolism 

The biochemical environment of the female knee fluctuates during the menstrual cycle. The ACL has 

receptors for estrogen, progesterone, and relaxin. This shows it is hormone-responsive (Birt et al., 2023). The 

molecular mechanism of estrogen-induced vulnerability is a focal point of recent research. High serum 

concentrations of estrogen have been shown to inhibit lysyl oxidase (LOX), an enzyme critical for forming 

covalent collagen cross-links. A study using an engineered ligament model found that exposure to high 

estrogen levels decreased LOX activity. This inhibition "softens" the ligamentous extracellular matrix. While 

collagen levels may remain constant, the quality of cross-linking (the ligament's "glue") is compromised, 

reducing stiffness and ultimate tensile strength (Lee et al., 2015). Additionally, relaxin peaks in the second half 

of the cycle and further degrades collagen, potentially predisposing the joint to instability. 
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Neuromuscular and Biomechanical Factors 

Neuromuscular factors are particularly significant due to their modifiability. "Quadriceps dominance" 

is a frequently observed characteristic in the movement patterns of female athletes. 

Females frequently demonstrate altered recruitment patterns characterized by a lower hamstring-to-

quadriceps coactivation ratio. Since the hamstrings act as an agonist to the ACL by pulling the tibia posteriorly, 

their relative weakness or delayed activation allows the quadriceps to pull the tibia forward, directly straining 

the ligament (Yoo et al., 2009). Furthermore, biomechanical tasks simulating athletic movements (such as 

lateral cutting, pivoting, or jumping) have shown higher ACL strain in females than in males; for example, 

studies measuring knee abduction moments during cutting maneuvers report significantly greater values in 

female athletes, indicating increased mechanical load on the ACL (Fry et al., 2025). High-risk movement 

profiles frequently involve an upright trunk, a planted foot with an internally rotated hip, and a valgus knee 

position in near full extension – a posture that maximizes the mechanical leverage against the ACL(Yoo et al., 

2009). Table 1 concisely describes biomechanical deficits (such as quadriceps dominance, stiff landing and 

trunk instability) and their consequences for the ACL. 

 

Table 1. Modifiable Neuromuscular Imbalances and High-Risk Biomechanical Movement Profiles 

 

Biomechanical Deficit Description Consequence for the ACL 

Quadriceps 

Dominance 

Excessive reliance on the quadriceps over the 

hamstrings 

Increases anterior tibial shear; stresses the 

ACL  

Stiff Landing 
Minimal flexion at the hip and knee during 

landing 

High impact forces; reduced energy 

dissipation  

Trunk Instability 
Inability to control the center of mass over the 

knee 
Increases joint torque and rotatory loading  

 

Efficacy of Prevention Programs 

Meta-analytical data provide strong support for implementing neuromuscular training (NMT) programs. 

These interventions are specifically designed to address the biomechanical deficits previously described. 

Effective programs share several characteristics: they are multicomponent, include sessions lasting at least 15 

to 20 minutes, are conducted two to three times per week, and focus on landing stabilization and hamstring 

strengthening. Sub-analyses suggest that such training is most effective in younger athletes, particularly those 

in middle and high school, where neuromuscular patterns are still developing (Petushek et al., 2019). To clarify 

the differences in prevention protocols, Table 2 briefly describes the key components of PEP Program, 

Sportsmetrics, FIFA 11+ and HarmoKnee. 

 

Table 2. Comparison of Methodological Components of Established ACL Prevention Protocols 

 

Prevention Program Key Components 

PEP Program Warm-up, stretching, strengthening, plyometrics, agility 

Sportsmetrics Intensive plyometric and strength training 

FIFA 11+ Running, core/leg strength, balance, plyometrics 

HarmoKnee Activation, balance, strength, and core stability 

 

 

 

 



2(50) (2026): International Journal of Innovative Technologies in Social Science  

 

e-ISSN: 2544-9435 5 

 

4. Discussion 

The data synthesized in this review highlight a multifactorial risk landscape; however, significant 

knowledge gaps persist regarding the relative contributions and interactions of these risk domains across 

various athletic populations and levels of play. While anatomical and hormonal factors establish the foundation 

for increased vulnerability, and the neuromuscular profile constitutes a principal mechanism for failure, further 

research is necessary to elucidate the interplay among these factors and to determine optimal targets for injury 

prevention strategies. 

The Interaction of Anatomy and Biomechanics 

The Q-angle and pelvic width must be considered in conjunction with movement patterns. A high Q-

angle predisposes the knee to medial collapse; however, insufficient hip abductor and external rotator strength 

permits this collapse to manifest as a "dynamic valgus" event during athletic activity (Saber et al., 2024). When 

an athlete with a high Q-angle lands with "quadriceps dominance", the knee is positioned such that the ACL 

becomes the primary structure resisting the combined forces of anterior translation and valgus torque. This 

"ligament dominance" reflects a failure of the surrounding musculature to adequately protect the joint. 

Osseous geometry further complicates this scenario. The observation that females possess a steeper 

posterior tibial slope indicates that, even with balanced musculature, their joints are inherently more 

susceptible to anterior translation under weight-bearing loads (Mancino et al., 2024). This anatomical 
disadvantage necessitates that female athletes develop greater hamstring strength and trunk control than males 

to achieve comparable joint stability. 

The Influence Of Estrogen 

The influence of estrogen on collagen metabolism represents a significant recent advancement in sports 

medicine. Estrogen can affect musculoskeletal performance and influence injury risk in female athletes, but 

the direct role of lysyl oxidase inhibition during the estrogen surge is not specifically addressed. 

The Oral Contraceptive Controversy 

The potential for hormonal contraceptives to stabilize this "molecular window" remains a subject of 

considerable clinical debate. Large-scale database studies have reported an association between systemic 

hormonal contraceptives use and a reduced incidence of ACL injuries requiring surgical intervention (in users 

versus non-users). Proponents argue that by suppressing ovulation-related surges of estrogen and relaxin, 

hormonal contraceptives may maintain the ACL in a more consistent and stiffer state. 

However, the controversy stems from both the quality of available evidence and the ethical implications 

of such prescriptions. Critics highlight potential adverse effects, including an increased risk of future fractures 

and total knee arthroplasty among users of hormonal contraceptives (White et al., 2023). Additionally, 

hormonal contraceptives may negatively affect mood and body composition in a significant proportion of 

athletes (Porras et al., 2020). 

From an ethical perspective, specialists caution against the "medicalization" of injury prevention. It is 

considered premature and potentially inappropriate to advocate for or prescribe hormonal contraceptives to 

adolescent females solely for ACL protection. Decisions regarding hormonal contraceptives use should be 

individualized, taking into account the athlete's contraceptive needs, menstrual health, and personal priorities, 

rather than employing hormonal contraceptives as a prophylactic performance enhancer (White et al., 2023). 

 

5. Conclusions 

The analysis of anterior cruciate ligament injuries in female athletes demonstrates a complex, integrated 

etiology in which biological, anatomical, and mechanical factors converge to create a high-risk profile. 

Anatomically, the female phenotype is defined by structural traits such as a more pronounced Q-angle, a 

narrower femoral notch, and a steeper posterior tibial slope, all of which inherently increase the mechanical 

burden on ligamentous structures during athletic maneuvers. These structural vulnerabilities are further 

exacerbated by cyclical endocrine fluctuations. The pre-ovulatory surge in estrogen initiates a biochemical 

cascade, reducing ligament mechanical stiffness. 

Additionally, the prevalence of quadriceps-dominant recruitment patterns and altered landing 

biomechanics constitutes the primary modifiable risk factor. Inadequate coactivation of the posterior chain 

musculature during high-intensity activities shifts the stabilization burden onto the ACL, often resulting in 

ligament failure. Comprehensive neuromuscular training programs have demonstrated significant success in 

mitigating these risks by promoting safer movement strategies and enhancing muscular coactivation. 

With respect to hormonal contraceptives, although epidemiological data suggest a potential protective 

effect against ACL rupture via hormonal stabilization, the current literature remains inconclusive and lacks 
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high-certainty evidence from randomized controlled trials. As a result, prescribing these medications solely 

for injury prophylaxis is not endorsed by current clinical guidelines and remains controversial due to the 

potential for long-term adverse musculoskeletal and systemic effects. 

The findings of this review indicate that prevention strategies must be complex. Future initiatives should 

prioritize the widespread implementation of sex-specific neuromuscular training beginning in early 

adolescence and the development of individualized monitoring protocols that account for each athlete's unique 

hormonal and biomechanical profile. Transitioning toward descriptive, individualized clinical assessment, 

rather than reliance on generalized benchmarks, will be essential for reducing the burden of ACL injuries in 

the female athletic population (Mancino et al., 2023). 
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