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A B S T R A C T

Objectives: This study investigated the association between alpha angles of the hip and tibial genu varum in a 
healthy population with equal male-to-female distribution. It also examined sex-based differences, explored the 
impact of sports participation, and assessed the interplay between these conditions.
Methods: Tibial, femoral, intra-articular knee deformities, and the alpha angle of the hip were analysed in 200 
healthy volunteers (400 legs) aged 20–27 years using weight-bearing radiographs. The Tegner score was 
retrospectively collected and used to distinguish between high and low sports activity. Generalized estimating 
equations were used to examine the association between lower limb malalignment and alpha angle, accounting 
for side and gender.
Results: Tibial alignment was associated with the alpha angle (β = − 0.02, P = 0.002); tibial genu varum was 
associated with a higher alpha angle. Other deformities and their interaction with sports activity had no asso-
ciation with the alpha angle. Males exhibited a higher alpha angle (β = 0.19, P < 0.001, Δ = 9.0 ◦ ) and more tibial 
genu varum (β = − 0.95, P = 0.002, Δ = 1.1 ◦ ) than females. High sports activity was associated with increased 
tibial genu varum (β = − 0.75, P = 0.02) compared to low sports activity.
Conclusion: This study found a significant association between alpha angle and tibial genu varum. Males 
exhibited higher alpha angles and more tibial genu varum than females. While higher sports activity was 
associated with tibial genu varum, no differences in alpha angle were seen across activity levels. These findings 
urge for future research to further explore mechanical load adjustments that prevent genu varum and primary 
cam morphology, reducing osteoarthritis risk.

1. Introduction

Cam morphology, characterized by an aspherical shape of the 
femoral head due to abnormal bone formation at the anterolateral head-
neck junction [1], significantly increases the risk of developing hip 
osteoarthritis [2–4]. Cam morphology mostly develops gradually during 
adolescence, particularly in young male athletes engaged in high impact 
sports and is then referred to as primary cam morphology [5,6]. This 
morphology is believed to emerge in response to repetitive mechanical 
loading, which redistributes stress and stimulates extra bone growth [7, 
8], and stabilizes after closure of the proximal femoral growth plate [7].

The same phenomenon is recognized in the tibia, where genu varum 

is more commonly observed in high impact athletes than in non-athletes 
[9–12]. Genu varum increases medial knee load and is a predictive 
factor for the development of knee osteoarthritis [13–15]. High sports 
participation during youth have been linked to the development of genu 
varum in the proximal tibia by the end of growth [10].

Cam morphology and genu varum appear to develop in response to 
mechanical loading during late skeletal growth, just before physeal 
closure [7,10]. Despite this expected shared developmental mechanism, 
the interplay between cam morphology and genu varum has not yet 
been investigated. Therefore, the primary objective of this study was to

* Corresponding author. Molewaterplein 40, 3015 GD Rotterdam, the Netherlands 
E-mail address: f.boel@erasmusmc.nl (F. Boel).

Contents lists available at ScienceDirect

Osteoarthritis and Cartilage Open

journal homepage: www.elsevier.com/journals/osteoarthritis-and-cartilage-open/2665-9131

https://doi.org/10.1016/j.ocarto.2026.100803
Received 5 September 2025; Accepted 16 April 2026
2665-9131/© 2026 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International (OARSI). This is an open access article under 
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Osteoarthritis and Cartilage Open 8 (2026) 100803

http://creativecommons.org/licenses/by/4.0/
mailto:f.boel@erasmusmc.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ocarto.2026.100803&domain=pdf
www.sciencedirect.com/science/journal/26659131
www.elsevier.com/journals/osteoarthritis-and-cartilage-open/2665-9131
https://doi.org/10.1016/j.ocarto.2026.100803
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ocarto.2026.100803


investigate the association between alpha angles of the hip and genu 
varum in a healthy population with equal male-to-female distribution. 
We hypothesize that alpha angle is associated with tibial genu varum, 
given their shared developmental mechanisms. The secondary objec-
tives were to examine sex-based differences in alpha angle and genu 
varum, and to explore the potential influence of sports participation on 
these variations. Clinically, both cam morphology and genu varum are 
associated with an increased risk of developing hip and knee osteoar-
thritis, respectively. Demonstrating a significant association between 
these conditions would provide important insights into possible shared 
developmental mechanisms and suggest that modifying mechanical load 
during skeletal growth could help prevent these structural changes [7, 
10]. This may ultimately contribute to the prevention of hip and knee 
joint pathologies, potentially through overlapping preventive strategies, 
which is increasingly important given the rising incidence and preva-
lence of osteoarthritis [16].

2. Methods

2.1. Participants

A total of 200 healthy young adults, aged between 20 and 27 years, 
participated in this cross-sectional study [10]. The study was conducted 
from October 2009 to March 2010. Participants were recruited as vol-
unteers from movie theatres, technical high school and university 
campuses, and job recruitment bureaus. Eligibility criteria required no 
prior history of orthopaedic issues or trauma. The study group consisted 
of 100 males and 100 females. Participants were retrospectively sur-
veyed regarding their sports activities during their growth period. All 
participants provided written informed consent, and the study protocol 
was reviewed and approved by the institutional ethics committee of the 
University of Leuven, Belgium (B32220097076) prior to 
commencement.

2.2. Radiographic imaging protocol

All participants underwent weight-bearing full-leg radiography 
following the protocol outlined by Paley [17]. Radiographs were ob-
tained with participants standing barefoot, feet together in the “stand at 
attention” position, and patellae facing forward. The X-ray beam was 
aligned with the knee, and the radiography tube was positioned 305 cm 

away. Radiographic parameters were set to 500 mA and 75 kV, with 
individual adjustments made when necessary.

2.3. Radiographic measurements

Radiological lower limb malalignment consists of three components: 
the mechanical medial proximal tibial angle (mMPTA), the mechanical 
lateral distal femoral angle (mLDFA), and the joint line convergence 
angle (JLCA) (Fig. 1). The mMPTA quantifies tibial plateau alignment 
and was defined as the angle between the mechanical axis of the tibia 
and the proximal tibial joint line [17] (Fig. 1). A neutral mMPTA ranges 
from 85 ◦ to 90 ◦ , with tibial genu varum alignment < 85 ◦ and tibial genu 
varum alignment as > 90 ◦ . The mLDFA measures femoral alignment and 
is defined as the angle between the mechanical axis of the femur and the 
distal femoral joint line [17] (Fig. 1). A neutral mLDFA ranges from 85 ◦ 
to 90 ◦ , with femoral genu varum alignment > 90 ◦ and femoral genu 
valgum alignment as < 85 ◦ .The JLCA evaluated knee joint congruity and 
was defined as the angle between the femoral and tibial joint lines [17] 
(Fig. 1). Normal JLCA values range between 0 ◦ and 2 ◦ , with values > 2 ◦ 
indicating an intra-articular genu varum alignment and values <
0 ◦ indicating an intra-articular genu valgum alignment. All radiographs 
were calibrated, and a blinded examiner conducted all measurements of 
lower limb alignment using the AGFA PACS software (Agfa-Gevaert). 

The alpha angle, quantifies femoral head sphericity (Fig. 1). It is 
defined by the intersection of the femoral head-neck axis and a line from

the femoral head center to the alpha point—the first deviation of the 
femoral head-neck junction from the best-fitting circle. The alpha angle 
was automatically determined on the weight-bearing full-leg radiograph 
using a validated method [18]. Primary cam morphology was quantified 
using an alpha angle ≥60 ◦ [19].

2.4. Athletic activity during adolescence

Participants were retrospectively surveyed about their sports activ-
ities during childhood and adolescence, categorized into three age 
groups. These age groups account for sex-specific growth stages: 10–12, 
13–14, and 15–17 years for males, and 8–10, 11–12, and 13–15 years for 
females. Sports activities were quantified using the Tegner activity scale 
[20], a validated instrument ranging from 0 (disability due to knee 
problems) to 10 (participation in competitive elite-level sports). Scores 
of 7 or higher were classified as high-activity athletes, whereas scores 
below 7 indicated low-activity athletes.

Fig. 1. - Measurements of tibial, femoral, and intra-articular knee deformities, 
along with the alpha angle of the knee, on weight-bearing full-leg radiographs.
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Participants were then grouped based on time-varying covariates 
[21], which is a method that accounts for changes in activity levels over 
time. They were categorized into four exposure patterns: high sport 
activity throughout childhood, low sport activity throughout childhood, 
high sport activity transitioning to low sport activity, and low sport 
activity transitioning to high sport activity. Additionally, participants 
were asked whether they played soccer. For this specific group of soccer 
players, radiographic measurements—including the mMPTA, mLDFA, 
JLCA, and alpha angle —were compared to those of non-soccer players 
and non-soccer players with high levels of sports activity.

2.5. Statistical analysis

All statistical analyses were performed using SPSS version 27.0 
(IBM, Armonk, NY) in accordance with the Checklist for Statistical 
Assessment of Medical Papers [22]. Variables were assed for normality 
using histograms. Descriptive statistics, including means and standard 
deviations for normally distributed data, and medians with inter-
quartile ranges for non-normally distributed data, were provided. A 
generalized estimating equation model with a gamma distribution was 
used to analyse the alpha angle (dependent variable), considering 
mMPTA, mLDFA, JLCA, gender, and sports activity as independent 
variables. Side was included in the model to adjust for correlations in 
within subject variables, using an unstructured working correlation 
matrix. Additionally, the effect of gender and sport activity on alpha 
angle and mMPTA was examined, with side included to account for 
correlations between repeated measurements. Statistical significance 
was defined as a p-value <0.05.

3. Results

3.1. Patient characteristics

The study included 100 males and 100 females. The mean BMI was 
22.1 ± 3.1 kg/m 2 . The median alpha angle was 46.1 ◦ (IQR 10.4 ◦ ). Of the 
participants, 54 legs (13.5%) had an alpha angle ≥60 ◦ (median alpha 
angle 67.2 ◦ , interquartile ranges 12.8 ◦ ). The mean mMPTA was 
84.1 ± 2.1 ◦ , mLDFA was 88.0 ± 1.8 ◦ , and JLCA was 0.3 ± 1.1 ◦ . Of the 
participants, 66 had tibial genu varum (mean mMPTA 83.8 ± 1.0 ◦ ), and 
26 legs had tibial genu valgum (mean mMPTA 91.0 ± 0.9 ◦ ). Femoral 
genu valgum was present in 19 legs (mean mLDFA 84.1 ± 0.7 ◦ ), while 
femoral genu varum was found in 42 legs (mean mLDFA 91.0 ± 1.6 ◦ ). 
Additionally, 21 legs showed intra-articular genu varum (mean JLCA 
2.5 ± 0.5 ◦ ), and 117 legs had intra-articular genu valgum (mean JLCA 
-1.1 ± 0.8 ◦ ).

3.2. Sport activity

Regarding sport activity levels, the mean Tegner score during the 
second decade of life was 6.3 ± 2.3 for males and 4.8 ± 1.8 for females. 
Of the participants, 92 participants (46.0%) had low sport activity, 68 
(34.2%) had high sport activity, 23 (11.6%) switched from high to low 

activity, and 17 (8.5%) increased their activity levels during childhood. 
Among male participants, 54 (54.0%) did not play soccer during 
childhood, with 12 males (12.0%) having high activity based on the

Tegner score. 31 males (31.0%) played soccer throughout this period, all 
with high activity, except for one. Ten males (10.0%) discontinued 
playing soccer during childhood, while five (5.0%) started. Soccer 
players showed a lower mMPTA, when compared to non-soccer players 
and male non-soccer players with a high level of sports activity during 
childhood (Table 1). Furthermore, soccer players exhibit a higher alpha 
angle of the hip than both non-soccer players and male non-soccer 
players with a high sports activity level during childhood (Table 1). 
Female soccer players were excluded from these analyses due to the 
limited sample size, as only two women had played soccer during 
childhood.

3.3. Association between gender, sport activity, and radiographic 
measurements

The generalized estimating equation analysis, accounting for side, 
revealed that the mMPTA had a significant association with alpha angle 
(β = − 0.02, 95% CI [− 0.03, − 0.01], P = 0.002) (Fig. 2A). This indicates 
that a lower mMPTA, representing increased tibial genu varum, was 
associated with a higher alpha angle. The same trend was observed 
when comparing the three tibia groups, with tibial genu varum mMPTA 
showing higher alpha angles than the neutral group (Fig. 2B). In 
contrast, neither the mLDFA (β = − 0.01, CI [− 0.02, 0.00], P = 0.21) nor 
the JLCA (β = 0.01, CI [− 0.01, 0.02], P = 0.48) showed a significant 
relationship with the alpha angle. Furthermore, the interaction terms 
between exposure patterns of sport activity and mMPTA, mLDFA, and 
JLCA were not statistically significant.

Males show a significantly lower mMPTA than females (β = − 0.95, 
CI [− 1.56, − 0.34], P = 0.002), accounting for side and sport activity 
(Fig. 3A). Males also have a significantly higher alpha angle than fe-
males (β = 0.19, CI [0.14, 0.23], P < 0.001) (Fig. 3B). High sports ac-
tivity was associated with a lower mMPTA compared to low sport 
activity (β = − 0.75, CI [− 1.37, − 0.13], P = 0.02), accounting for gender 
and side (Fig. 3C). No statistically significant difference in alpha angle 
and sports activity was found (β = − 0.01, CI [− 0.05, 0.04], P = 0.79) 
(Fig. 3D).

4. Discussion

This study investigated the association between hip alpha angles and 
tibial genu varum in a healthy population with an equal male-to-female 
distribution. The most important finding of this study was the significant 
association between alpha angle and tibial genu varum, with a lower 
mMPTA linked to a higher alpha angle. No statistically significant 
interaction with sport activity was detected, suggesting that mMPTA’s 
influence on alpha angle is not affected by activity level. Both primary 
cam morphology and tibial genu varum are associated with an increased 
risk of hip and knee osteoarthritis [2–4,13], respectively, indicating the 
potential clinical importance of their association. Additionally, males 
had significantly higher alpha angle values and lower mMPTA compared 
to females, reinforcing that primary cam morphology and tibial genu 
varum are more common in males [5,23–28].

Current literature highlights the association between primary cam 

morphology and high-impact sports, particularly soccer, likely due to 
the repetitive mechanical stress on the hip during adolescence [2,5,7,8,

Table 1
Radiological measurements for male soccer players (N = 31 (31%), 62 legs), male non-soccer players (N = 54 (54%), 108 legs), and male non-soccer players with a high 
sports activity level (N = 12 (12%), 24 legs). mMPTA, mLDFA, and JLCA are presented as mean ± SD. Alpha angle is presented as median (IQR).

mMPTA mLDFA JLCA Alpha Angle

Male soccer players 85.4 ◦ ± 2.2 ◦ 87.9 ◦ ± 1.8 ◦ 0.14 ◦ ± 1.2 ◦ 52.4 ◦ (16.0 ◦ )
Male non-soccer players 87.0 ◦ ± 1.7 ◦ 87.9 ◦ ± 2.2 ◦ 0.38 ◦ ± 1.1 ◦ 50.7 ◦ (9.3 ◦ )
Male non-soccer players
high sport activity level

86.7 ◦ ± 2.7 ◦ 88.3 ◦ ± 1.2 ◦ 0.3 ◦ ± 1.2 ◦ 49.1 ◦ (6.2 ◦ )

mMPTA, mechanical medial proximal tibial angle; mLDFA, mechanical lateral distal femoral angle; JLCA, joint line convergence angle.
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29]. Our study found no significant differences in alpha angle between 
high and low sport activity levels during childhood. However, male 
soccer players had a higher alpha angle compared to male non-soccer 
players and male non-soccer players with high sport activity levels. 
The literature further supports the association between involvement in 
sports, and greater tibial genu varum, emphasizing the role of physical 
activity in shaping lower leg alignment [9–12,15]. Notably, lower leg 
alignment has been widely acknowledged as a contributing factor to the 
risk of sports injuries [30]. Our study also showed that participants with 
high sport activity during childhood had a significantly lower mMPTA 
compared to those with low sport activity, while accounting for gender 
in a balanced male and female population. Male soccer players had a 
lower mMPTA compared to male non-soccer players and male 
non-soccer players with high sport activity. Despite these findings, the 
direct relationship between tibial genu varum and alpha angle has been 
underexplored. Our research addresses this gap by demonstrating a 
significant association between tibial genu varum and a cam shaped 
femoral head.

Our study demonstrates an association, not a causal relationship, 
between alpha angle and tibial genu varum. While causality implies 
direct cause-and-effect, our findings show a statistical connection 
without confirming direct causality. Klij et al. [31] suggested that there 
is no causal relationship between cam morphology and genu varum 

orientation, as these features appear to develop simultaneously at the 
last phase of growth. It has been suggested that children with bowlegs 
may have a functional advantage in sports like soccer, potentially due to 
natural selection [10]. Mechanical studies, for example Hue-
ter-Volkmann's law, explain how loading affects knee growth [32–35]. 
Primary cam morphology typically develops gradually during skeletal 
maturation in response to repetitive mechanical loading, stabilizing 
after the closure of the proximal femoral growth plate [5,7]. In young 
soccer players, the primary cam morphology becomes apparent once the 
growth plate closes [5], emphasizing the role of sport-specific loading. 
In addition, previous studies suggest that lower-limb alignment and hip 
morphology are interconnected within the kinetic chain. Frontal knee 
alignment has been associated with hip morphology and hip pain [36], 
and alterations in frontal knee alignment may also lead to changes in 
frontal hip alignment [37]. Furthermore, hip shape has been linked to 
knee osteoarthritis, and femoral morphology has been associated with 
the development of knee pain [38], highlighting the complex biome-
chanical relationship between hip structure and knee joint pathology

Fig. 2. Relationship between medial proximal tibial angle (mMPTA) and the alpha angle. A) Scatter plot showing the relationship between the mMPTA and the alpha 
angle, demonstrating a significant association. B) Boxplot of alpha angles for the three tibia groups: genu varum (66 lower limbs), neutral (308 lower limbs), and 
genu valgum (26 lower limbs).

Fig. 3. Differences in radiographic measurements between males and females, 
as well as between low and high sport activity groups. (A) mMPTA comparison 
between males and females. (B) Alpha angle comparison between males and 
females. (C) mMPTA comparison between low- and high-activity athletes (D) 
Alpha angle comparison between low- and high-activity athletes.
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[39]. Our findings suggest that both cam morphology and genu varum 

alignment may develop through similar adaptive mechanisms of the 
growth plates in response to mechanical loading. Consequently, the 
observed association may partly reflect shared developmental factors 
rather than a direct biological link. Clinically, both cam morphology and 
genu varum have been associated with increased risks of hip and knee 
osteoarthritis, respectively. Understanding their relationship may pro-
vide insight into these shared mechanisms and help guide strategies to 
modify mechanical load during growth, potentially reducing the risk of 
future joint pathology [16]. Further research is needed to explore how 

mechanical load adjustments during growth might prevent the devel-
opment of tibial genu varum and cam morphology, potentially reducing 
the future risk of osteoarthritis.

Primary cam morphology and tibial genu varum are associated with 
an increased risk of hip [2–4] and knee osteoarthritis [14,15,40,41], 
posing a significant threat to joint health. Osteoarthritis is a major global 
health burden with rising healthcare costs [16,42]. Aging and obesity, 
key risk factors [43,44], are increasing, with obesity expected to reach 
50% by 2030 [45,46] and the elderly population continuing to grow 

[47]. As a result, osteoarthritis prevalence will rise further [16]. Tar-
geted prevention strategies during skeletal growth could potentially 
reduce osteoarthritis incidence. Adjusting mechanical loads on the 
knees in males may help prevent tibial genu varum alignment and its 
associated structural changes [7,10]. Similarly, modifying athletic ac-
tivities during critical growth periods could influence the development 
of primary cam morphology [7], which may contribute to reducing 
osteoarthritis prevalence. Therefore, future research should investigate 
preventive strategies that may reduce the incidence of both hip and knee 
osteoarthritis in athletes, contributing to long-term joint health and 
reducing healthcare burdens.

This study has several limitations. Its retrospective design may have 
introduced recall bias, particularly regarding self-reported sports 
participation during adolescence. Furthermore, the radiographic as-
sessments of lower limb alignment were conducted by a single observer 
who was blinded to additional information. The accuracy of the observer 
may influence these measurements, potentially leading to systematic 
bias. However, previous studies have shown that both intra- and inter-
observer reliability are excellent, with reported values exceeding 0.85 
for these measurements [48,49]. The alpha angle measurement accu-
racy depends on accurate landmark placement. The automatic search 
model was trained on a different dataset consisting of primarily ante-
roposterior pelvic radiographs. However, the training set of the auto-
matic search model also contained long-limb radiographs like those used 
in the current study. Therefore, we think that the automated method 
could be used appropriately on the weight-bearing full-leg radiograph. 
Another limitation is the use of weight-bearing radiographs, where knee 
positioning may affect the reliability of the measurements [48,50,51]. 
We mitigated this by standardizing limb rotation to ensure forward 
facing patellae [17]. However, detection of primary cam morphology on 
weight-bearing full-leg radiographs is limited by projection: cam 

morphology is typically located anterolaterally on the femoral 
head-neck junction and is best visualized with the hip in slight internal 
rotation or on dedicated lateral views. Since weight-bearing full-leg 
radiographs are taken in a neutral position and no lateral hip views were 
available, the prevalence of primary cam morphology in this cohort is 
likely underestimated. In addition, the cross-sectional study design 
precludes any causal inference, and the study cohort consisted of 
healthy young adults, which may limit generalizability to symptomatic 
populations with femoroacetabular impingement. Finally, no power 
calculation was performed for the current study objectives.

In conclusion, this study investigated the association between lower 
limb malalignment and alpha angle in a healthy participant population 
with an equal male-to-female distribution. We found a significant as-
sociation between alpha angle and tibial genu varum, with genu varum 

linked to a higher alpha angle. Males exhibited higher alpha angles and 
more tibial genu varum than females. While higher sports activity was

associated with a tibial genu varum, alpha angle and femoral or intra-
articular knee deformities showed no difference across activity levels. 
Future research should focus on mechanical load adjustments in at-risk 
individuals to potentially prevent leg malalignment and cam 

morphology, which may help reduce the incidence of knee and hip 
osteoarthritis and improving long-term joint health.
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