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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Anterior cruciate ligament (ACL) rupture is 

a prevalent and debilitating injury, particularly among active 
individuals. Morphological characteristics of the femoral 
intercondylar fossa have been hypothesized to influence 
susceptibility to ACL injury, with specific shapes such as the 
Type A (narrow, steep-sided) notch potentially predisposing the 
ligament to mechanical impingement and rupture.

Purpose: To evaluate the association between intercondylar 
fossa morphology and the presence of ACL rupture using MRI-
based morphometric assessment.

Methods: This retrospective cross-sectional study included 80 
participants (40 with confirmed ACL rupture and 40 controls 
with intact ACL) who underwent knee MRI at the University 
Clinical Center of Kosovo. Intercondylar fossa shape was 
classified into three types—A, U, and W—based on standardized 
coronal and axial MRI views analyzed using Mimics software. 
Statistical analysis was conducted using SPSS, including chi-
square testing, logistic regression, and ROC curve analysis.

Results: Type A fossa morphology was significantly more 
prevalent among ACL-ruptured patients (p < .001). Binary 
logistic regression revealed that individuals with a Type A 
fossa had an 8.76-fold increased risk of ACL rupture (OR = 
8.76; p < .001). ROC curve analysis demonstrated acceptable 
discriminative ability (AUC = 0.738), with 82.5% sensitivity 
and 65% specificity for predicting ACL rupture based on fossa 
shape.

Conclusion: The morphology of the intercondylar fossa, 
particularly Type A configuration, is significantly associated 
with increased ACL rupture risk. These findings underscore the 
potential utility of morphological MRI assessments in screening 
high-risk individuals and guiding preventative strategies.

Key words. Anterior Cruciate Ligament (ACL), intercondylar 
fossa morphology, MRI morphometry, knee anatomy, ACL 
injury.
Introduction.

The anterior cruciate ligament (ACL) is a critical stabilizing 
structure within the knee joint, playing a central role in maintaining 
anteroposterior and rotational stability. Functionally, the ACL 
restrains anterior translation of the tibia relative to the femur 
and limits internal rotation, particularly during high-demand 
activities such as pivoting, jumping, and sudden directional 
changes [1,2]. Given its biomechanical importance, injury to the 
ACL not only compromises knee function but also predisposes 
individuals to long-term consequences, including meniscal 
damage, chondral injury, and early-onset osteoarthritis [3].

ACL rupture is one of the most common and debilitating injuries 

in both athletic and general populations. Epidemiologically, it is 
particularly prevalent among young, active individuals, with an 
estimated incidence ranging from 68.6 to 80 per 100,000 person-
years [4]. Female athletes have shown a disproportionately 
higher risk compared to males in similar sporting contexts, 
suggesting a multifactorial etiology involving hormonal, 
neuromuscular, and anatomical factors [4,5].

A growing body of evidence has highlighted various risk 
factors contributing to ACL injury, including extrinsic elements 
such as playing surface and footwear, as well as intrinsic factors 
like ligament laxity, neuromuscular control, and lower limb 
alignment. Among these, anatomical morphology—particularly 
of the intercondylar notch—has emerged as a potentially 
significant predictor of injury [6]. Morphometric parameters 
such as notch width, notch shape, and notch width index have 
been associated with ACL injury risk, with narrower notches and 
certain notch shapes (notably the A-shaped notch) postulated to 
predispose the ligament to impingement and subsequent rupture 
[6-9]. Despite these associations, the relationship between 
intercondylar notch morphology and ACL injury remains 
controversial, partly due to heterogeneity in measurement 
techniques and classification systems across studies [7,10].

As summarized in Table 1, previous meta-analyses by Zeng 
et al. (2013) demonstrated a clear link between narrow notch 
dimensions and ACL rupture, whereas Andrade et al. (2016) 
reported similar associations but emphasized inconsistencies in 
measurement techniques across studies, underscoring the need 
for standardized methods employed in the current study [5-7,9].

A key strength of this study is its use of standardized 3D MRI-
based methods (as described by Park et al. and van Eck et al.), 
which directly address the inconsistencies in measurement 
techniques noted in previous research.

The primary aim of this study is to investigate the morphological 
characteristics of the intercondylar notch, with a specific focus 
on evaluating whether the A-shaped intercondylar fossa is an 
independent risk factor for ACL rupture. This hypothesis is 
grounded in the premise that specific notch configurations 
may contribute to mechanical impingement or reduced spatial 
accommodation for the ACL, thereby increasing susceptibility 
to injury. By refining the understanding of anatomical risk 
factors, this study seeks to contribute to injury prevention 
strategies and improve clinical assessment of ACL injury risk.
Materials and Methodology.

This retrospective cross-sectional study was conducted at the 
University Clinical Center of Kosovo and included a total of 80 
participants who underwent knee magnetic resonance imaging 
(MRI) between 2022 and 2023. Participants were divided into 
two equal groups: 40 patients diagnosed with anterior cruciate 
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ligament (ACL) rupture (ACL group) and 40 individuals with 
no evidence of ACL injury (control group). All participants 
underwent MRI imaging using a 1.5 Tesla Philips Intera 
(Philips Medical Systems, Eindhoven, The Netherlands) for 
precise diagnostic assessment. The MRIs were sourced from the 
Department of Orthopedics and the Department of Radiology 
at the University Clinical Center. Inclusion criteria were: (1) 
patients aged between 15 and 45 years, (2) availability of high-
quality sagittal, frontal and axial MRI images, and (3) no history 
of prior knee surgery or multi-ligamentous injury. Exclusion 
criteria included low-resolution imaging, previous knee surgery, 
or comorbid osseous deformities.
MRI Acquisition and Morphological Analysis:

MRI evaluations were performed using standardized 
clinical imaging protocols. Intercondylar fossa morphology 
was analyzed using Mimics software (Materialise, Leuven, 
Belgium), a specialized 3D image processing platform. MRI 
DICOM files were imported into Mimics, where segmentation 
and multiplanar reconstruction enabled accurate assessment of 
femoral intercondylar notch morphology. Each participant’s 
intercondylar fossa was classified into one of three morphotypes:

Type A: Characterized by a narrow intercondylar space with 
steep, converging walls, forming a sharply pointed, triangular 
configuration.

Type U: Defined by moderate concavity with gently sloping 
walls and a relatively flattened base, producing a U-shaped 
appearance.

Type W: Distinguished by a broader intercondylar notch 
with widely spaced walls and a flat or slightly concave floor, 
resulting in a widened W-like contour.

These classifications were based on sagittal and axial 
visualizations, consistent with previously established 
morphologic criteria. To ensure standardized measurement, the 

methodology described by Park et al. was adopted (Figure 1 
2D and 3D reconstructed MRI). Specifically, on T1-weighted 
coronal MRI views, a baseline was drawn along the most inferior 
aspects of the femoral condyles. A second line was drawn 
parallel to this reference at the level where the popliteal grooves 
were clearly visible—typically at the intermediate coronal slice 
among the acquired images [11]. Morphometric measurements, 
including notch width and notch shape classification, were 
recorded at this level to ensure consistency and comparability 
across participants.

Figure 1 Sagittal and axial 2D and 3D MRI reconstructions 
demonstrating intercondylar notch morphology types: Type 
A (narrow, triangular) classified according to established 
morphologic criteria and measured using the methodology of 
Park et al.

The inclusion age range of 15 to 45 years was chosen to ensure 
skeletal maturity, as the distal femoral physis typically closes by 
age 14–16, eliminating confounding from open growth plates 
that could affect notch morphology. The upper limit of 45 was 
selected to minimize the influence of age-related degenerative 
changes, such as osteophyte formation, which could distort 
intercondylar fossa measurements or affect ACL integrity. The 
ACL rupture and control groups were frequency-matched for 
age and exhibited similar gender distributions (82.5% vs. 72.5% 
male, respectively), supporting approximate demographic 
balance between groups. Consequently, age and gender were 
excluded as covariates from logistic regression to avoid 
overfitting, as their inclusion would not add predictive value in 
the context of matched groups and could introduce collinearity 
into the mode.

Intercondylar fossa morphology was independently 
classified by two observers—one orthopedic surgeon and one 
musculoskeletal radiologist—who categorized all 80 MRI cases 

Study (Year) Type Sample & Methods Key Findings Agreement / Discrepancies

Zeng et al. (2015) Meta-analysis
23 studies, n ≈ 3,452; 
assessed ICN width, NWI, 
tibial slopes

ACL-injured group had 
significantly narrower notch 
width, lower notch width index, 
and steeper tibial slopes.

Supports narrow notch → higher 
ACL risk.

Andrade et al. 
(2016)

Systematic review + meta-
analysis

23 studies; analysed ICN 
width, NWI, notch shape, 
tibial slope

Narrow ICN widths, smaller 
NWI, and steeper tibial slopes 
were associated with ACL 
rupture. Noted methodological 
heterogeneity.

Agrees overall but calls for 
standardization; heterogeneity 
noted.

Hamdy Abdel 
Reheem et al. 
(2025)

MRI case-control
187 knees; correlated NW, 
NWI, notch angle, shape 
(A-type)

Smaller NW/NWI and A‑shaped 
notch showed higher ACL rupture 
incidence.

Aligns with notch stenosis 
hypothesis.

Park et al. (2012) MRI comparative cohort 
study

150 ACL‑rupture vs. 150 
controls; used 3D MRI 
notch classification

Inlet‑and‑outlet stenosis notch 
type had smaller 3D volume and 
significantly higher ACL injury 
risk (P < 0.001) ().

Underscores value of 3D notch 
evaluation.

Chen et al. (2016)  MRI retrospective cohort >300 subjects; MRI 
volume-based assessments

Narrower notch width and smaller 
ACL volume correlated with ACL 
tears ().

Supports the 3D volume 
approach.

Jha et al. (2020) Meta-analysis Focus on notch volume and 
sex differences

Notch volume significantly 
smaller (men: –1.40 cm³; women: 
–0.38 cm³). Noted heterogeneity 
in 2D measures ().

Heterogeneity resolved via 
volume metrics.

Table 1. Summary of prior systematic reviews and meta-analyses on intercondylar notch morphology as a risk factor for ACL rupture.
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into Types A, U, or W using standardized imaging criteria. 
Inter-rater reliability was assessed by calculating Cohen’s 
kappa, which demonstrated near-perfect agreement (κ=0.976, 
p<0.001) across the dataset.
Data Management and Statistical Analysis:

Morphological data extracted from Mimics were compiled 
and exported to IBM SPSS Statistics version 23.0 (IBM Corp., 
Armonk, NY, USA) for statistical processing. Descriptive 
statistics were used to summarize participant demographics and 
distribution of intercondylar fossa types. Chi-square tests were 
applied to assess the association between fossa morphology 
and ACL rupture status. Pearson’s R and Spearman’s rho were 
used to determine correlation strength. To further evaluate the 
predictive capacity of fossa morphology—particularly Type A 
configuration—on ACL injury risk, binary logistic regression 
analysis was performed, calculating odds ratios (OR) and 95% 
confidence intervals (CI). Additionally, a receiver operating 
characteristic (ROC) curve analysis was conducted to assess 
diagnostic performance and determine sensitivity and specificity 
at a threshold probability of 0.50.

Results.
Participant Characteristics:

The study comprised 80 participants, equally divided between 
those diagnosed with anterior cruciate ligament (ACL) rupture 
(n = 40) and a control group with no rupture (n = 40). Participants 
were aged between 15 and 45 years and predominantly male 
(77.5%, n = 62). Laterality of the assessed knee showed a near-
even distribution: 52.5% right-sided (n = 42) and 47.5% left-
sided (n = 38). Intercondylar fossa shapes were categorized into 
three types based on MRI: Type A (58.8%, n = 47), Type U 
(36.3%, n = 29), and Type W (5%, n = 4). All descriptives are 
shown in Table 2.
Fossa Type and ACL Rupture Association:

A Pearson Chi-square test revealed a statistically significant 
association between fossa type and ACL rupture status (χ²(2) 
= 18.646, p < .001), indicating that the distribution of rupture 
risk differed by intercondylar notch shape. The linear-by-
linear association was also significant (χ²(1) = 15.616, p < 
.001), suggesting a gradient relationship across the fossa types. 
Symmetric measures confirmed this finding, with moderate 
negative correlations observed between fossa type and ACL 
rupture using Pearson’s R (r = -0.445, p < .001) and Spearman’s 
rho (ρ = -0.472, p < .001). These results indicate that as the fossa 
shape progresses from Type A to U and W, the incidence of 
ACL rupture decreases.
Logistic Regression Analysis:

To quantify the predictive strength of Type A fossa on ACL 
rupture risk, a binary logistic regression was performed. A 
dichotomous variable compared Type A (coded as 1) against 
Types U and W combined (coded as 0). The model was 
statistically significant (χ²(1) = 19.547, p < .001), accounting 
for 28.9% of the variance in ACL rupture status (Nagelkerke R² 
= 0.289). The model correctly classified 73.8% of cases, with 
a high sensitivity for detecting ruptures (82.5%) and moderate 
specificity (65.0%). Notably, the odds ratio for Type A fossa 
was 8.76 (B = 2.170, p < .001), indicating that individuals with 
a Type A fossa were nearly nine times more likely to sustain an 
ACL rupture compared to those with other fossa shapes.
Type A femoral fossa morphology significantly increases the 
likelihood of ACL rupture.

The effect size is substantial, and the model has solid predictive 
power.

“A multinomial logistic regression treating fossa type as a 
three-level categorical variable confirmed the trend of increased 
rupture risk associated with Type A morphology (OR = 0.141), 
though this did not reach statistical significance (p = .103), 
potentially due to the small number of Type W cases.”

To assess the discriminative ability of intercondylar fossa 
shape (Type A vs. U/W) in predicting ACL rupture, an 
ROC curve analysis was performed. The model achieved an 
area under the curve (AUC) of 0.738, indicating acceptable 
diagnostic accuracy and suggesting that fossa morphology can 
correctly distinguish between rupture and non-rupture cases 
approximately 74% of the time.

Figure 1. Sagittal and axial 2D and 3D MRI reconstructions 
demonstrating intercondylar notch morphology types.
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The optimal cutoff probability, determined using the Youden 
index, was 0.50, which provided the highest combined 
sensitivity (82.5%) and specificity (65.0%), corresponding 
to a Youden index of 0.475. This threshold offers a clinically 
relevant decision point for identifying individuals at elevated 
risk of ACL rupture based on intercondylar notch morphology, 
particularly the presence of a Type A configuration.
Discussion.

The current study investigated the association between 
intercondylar fossa morphology and anterior cruciate ligament 
(ACL) rupture, with findings revealing a statistically significant 
correlation. Specifically, Type A fossa was found to be 
disproportionately associated with ACL ruptures compared 
to Types U and W. Logistic regression analysis indicated 
that individuals with a Type A fossa were nearly nine times 
more likely to sustain an ACL rupture (OR = 8.76), strongly 
reinforcing the hypothesis that femoral morphology contributes 
significantly to ligament vulnerability.

These results are consistent with previous MRI-based 
morphometric investigations. Misbah et al. observed that a 
narrower, A-shaped femoral notch was significantly more 
common in patients with complex bicruciate injuries [12]. 
Likewise, Kacem et al. emphasized that reduced notch width 
index (NWI) and a more acute notch angle are reliable predictors 
of ACL rupture, suggesting biomechanical impingement within 
constricted femoral architecture [13]. Van Kuijk et al. further 
supported this premise by demonstrating that individuals with 
smaller intercondylar notches and ACL volumes exhibited 
increased rates of posterior cruciate ligament injuries, implying 
a broader anatomical susceptibility rooted in joint morphology 
[14].

Our results are consistent with prior MRI-based findings by 
Chen et al. (2016), who reported that narrowed intercondylar 
notch width and reduced notch volume are significantly 
associated with ACL rupture, and with the meta-analysis by 
Jha et al. (2021), which confirmed that smaller femoral notch 
volumes substantially increase the risk of ACL injury [15,16].

Similarly, recent MRI research by Hamdy Abdel Reheem et al. 
(2025) demonstrated that patients with A-shaped intercondylar 
notches and reduced notch width index had a significantly 
higher incidence of ACL rupture, further reinforcing the role of 
notch morphology as a key anatomical risk factor [17].

In our study, 59% of participants exhibited Type A morphology, 
compared to a prevalence of 35% in asymptomatic controls 
reported by Al-Saeed et al. and Cernat et al., suggesting our 
sample may overrepresent high-risk morphologies relative to 

the general population. However, consistent with our findings, 
Al-Saeed et al. demonstrated that individuals with Type A had 
a markedly higher ACL tear incidence (73%) than those with 
Type U/W (32%), reinforcing the strong association between 
Type A morphology and ACL rupture risk [18,19].

Pediatric data also mirror these trends. Pękala et al. and Silva 
et al. independently reported that narrowed notch shapes and 
reduced notch opening angles in immature skeletons were 
associated with increased ACL rupture rates [20,21]. These 
findings highlight the possibility that anatomical predispositions 
may begin early in musculoskeletal development.

Further anatomical validation is found in the work of Bouras 
et al. [8], who used MRI imaging to confirm that a stenotic Type 
A notch correlates with higher ACL injury incidence in young 
females [16]. Bayer et al. also emphasized the predictive value of 
intercondylar morphology in ACL injury risk, particularly when 
combined with other geometric indicators such as alpha angle 
and tibial slope [5]. Zeng et al. consolidated these associations 
in a meta-analysis, confirming that decreased notch width and 
volume significantly elevate rupture risk [7].

Moreover, Van Eck et al. conducted in vivo arthroscopic 
evaluations of notch shapes, noting that Type A notches were 
significantly more prevalent in ACL-deficient knees [9]. A large 
prospective cohort by Whitney et al. echoed this, identifying 
a correlation between femoral notch narrowing and first-time 
ACL rupture, particularly among female athletes [22].

Taken together, this growing body of evidence reinforces the 
anatomical theory that stenosis of the intercondylar notch—
whether through decreased width, altered angle, or A-type 
morphology—places the ACL at mechanical disadvantage, 
rendering it more susceptible to injury.

Despite the robustness of our findings, certain limitations must 
be acknowledged. The sample was predominantly male, which 
may limit generalizability to female and pediatric populations. 
The classification of intercondylar notch shapes (A, U, W) 
remains a qualitative system and could be further enhanced 
by 3D morphometric modelling and automated imaging 
segmentation in future studies. Additionally, future work should 
explore the interaction between static anatomical risk factors 
and dynamic neuromuscular control to develop comprehensive 
injury prediction models.
Conclusion.

This study provides compelling evidence that the morphology 
of the intercondylar femoral fossa significantly influences 
the likelihood of anterior cruciate ligament (ACL) rupture. 
Specifically, individuals with a Type A fossa were found to have 

Variable Category ACL Rupture 
Group (n=40)

Control Group 
(n=40) Total Count Total Percentage (%)

Laterality Left 21 17 38 47.5
Right 19 23 42 52.5
Type A 33 (82.5%) 14 (35.0%) 47 58.8

Intercondylar Fossa Type Type U 6 (15.0%) 23 (57.5%) 29 36.3
Type W 1 (2.5%) 3 (7.5%) 4 5.0

Gender Male 33 29 62 77.5
Female 7 11 18 22.5

Table 2. Participants characteristics depending on laterality, gender and the type of intercondylar fossa.
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a markedly higher risk of ACL injury compared to those with 
U or W-shaped fossae. The strong association was supported 
by multiple statistical methods, including chi-square analysis, 
binary and multinomial logistic regression, and ROC curve 
analysis, with the latter yielding an area under the curve (AUC) 
of 0.738—indicating acceptable diagnostic accuracy. These 
findings underscore the clinical relevance of incorporating fossa 
shape assessment into routine MRI evaluations, especially in 
athletic or high-risk populations. Early identification of high-risk 
anatomical patterns could enable targeted prevention strategies, 
such as neuromuscular training or activity modification, 
potentially reducing the burden of ACL injuries. However, 
despite the observed association, the moderate sensitivity (82.5%) 
and specificity (65.0%) of Type A morphology at the optimal 
threshold highlight the limitations of relying on this parameter 
alone as a screening tool. Given its substantial prevalence in the 
general population, sole dependence on Type A identification 
could lead to overdiagnosis and unnecessary interventions. 
Therefore, fossa morphology should be integrated into a 
comprehensive assessment that includes additional anatomical, 
biomechanical, and clinical factors to guide individualized 
ACL injury risk stratification. Future research with larger, more 
diverse cohorts is warranted to further validate these findings 
and explore underlying biomechanical mechanisms.
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