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Abstract 

Background Anterior cruciate ligament rupture (ACL-R) is a com- 
mon sports injury influenced by biomechanical, anthropometric, 
environmental, and genetic factors. Collagen gene polymorphisms 
have been implicated in ACL-R, with a whole-genome sequencing 
twin study highlighting COL12A1 rs970547 C>T as a variant of 
interest. However, the additive impact of the anthropometric traits 
and COL12A1 on ACL-R susceptibility remains unexplored. 
Objectives To investigate the additive effect of anthropometric traits 
and COL12A1 rs970547 C>T on ACL-R susceptibility in an Aus- 
tralian and South African cohort with the a priori hypothesis that 
female T/T carriers were at an increased risk. 
Sample and Methods The study included ACL-R cases (Australia n = 
354; South Africa n = 252) and controls (Australia n = 84; South 
Africa n = 232). COL12A1 rs970547 C>T SNP was genotyped using 
TaqMan® assays. Anthropometric traits were sex-stratified/standard- 
ised. Logistic regression and principal component analyses were as- 
sessed. 
Results No significant genetic associations were found for COL12A1 
rs970547 C>T in the i) individual/combined and ii) male/female 
cohorts, 𝑝 > 0.05. PCA revealed clustering of anthropometrics in 
PC1–PC2, with PC3 being driven exclusively by rs970547 in each co- 
hort. 

Take-home message for students Consistent with previous findings, this study suggests that genetic 
or anthropometric factors alone do not fully explain ACL injury risk. More diverse studies with larger 
cohorts are needed to clarify the genetic basis of ACL injuries, including gene-gene interactions and 
their interplay with intrinsic and extrinsic risk factors. 
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Conclusion No associations were noted between 
the COL12A1 rs970547 T/T genotype and ACL-R 
risk. PCA, however, indicated that rs970547 may 
hold biological significance in ACL-R susceptibility, 
highlighting the complex interplay of genetic and 
anthropometric traits. 

Introduction 

The anterior cruciate ligament (ACL) is a 
key ligament of the knee joint, essential for 
maintaining stability and controlling in- 
ternal rotation (Domnick et al. 2016). The 
ligament originates from the femur (medial 
area) and inserts into the tibial plateau, and 
primarily prevents the anterior sliding of 
the tibia, thereby counteracting knee hyper- 
extension (Domnick et al. 2016). As a major 
player in knee biomechanics, the ACL can 
bear up to 80% of the anterior force ap- 
plied to the knee (Fujie 2016). Compared 
to other ligaments, the ACL is rather sus- 
ceptible to acute and chronic injuries, with 
ruptures being among the most frequent 
and debilitating injuries in pivoting sports. 
Affected individuals often experience joint 
effusion, muscle weakness, pain, instabil- 
ity, and functional impairment (Spindler 
and Wright 2008; Belozo et al. 2024). The 
injury is associated with prolonged rehabil- 
itation, reduced athletic performance and 
an increased risk of developing osteoarthri- 
tis (Evans et al. 2025). 
The incidence of ACL-R worldwide ranges 
from 60 to 80 per 100,000 individuals, with 
significantly higher rates reported amongst 
elite athletes and younger populations 
(Sanders et al. 2016). Females, in particu- 
lar, are reported to be three to six times 
more likely to sustain the injury compared 
to their male counterparts (Belozo et al. 
2024). In addition, reports show ACL-R 
reconstruction surgeries represent a sig- 
nificant economic burden, though data 
from the African continent remain limited 

(Filbay et al. 2022; Ross et al. 2023; Peter- 
son et al. 2025). The aetiology of ACL-R is 
multifactorial, involving the complex inter- 
actions of biomechanical, environmental 
and genetic risk factors, with non-contact 
mechanisms being particularly influenced 
by anthropometric traits and genetic pre- 
dispositions (Posch et al. 2023; Sun et al. 
2023; Seong et al. 2024; Borzemska et al. 
2024; Belkhelladi et al. 2025). 
Anthropometric traits such as body weight, 
height, anatomical alignments, and sex 
have been widely associated with suscepti- 
bility to ACL-R injury (Alsayed et al. 2023; 
Bowers et al. 2005). Notably, females are at 
increased risk due to varied hormonal pat- 
terns, neuromuscular control, and anatom- 
ical factors such as pelvic width and knee 
valgus angles (Mancino et al. 2024). For 
example, studies report that valgus knee 
alignment or excessive femoral anteversion 
can increase ACL strain during dynamic 
movements, particularly in individuals 
with genetic predispositions to weaker 
ligament structures (Tamura et al. 2017). 
Governed by height and weight, body mass 
index (BMI), lower limb alignment, and 
length, also has the potential to impact 
ACL-R susceptibility, as specific anatomi- 
cal configurations can affect load distribu- 
tion and increase stress on the ligament 
(Kamatsuki et al. 2024). Moreover, reports 
indicate anthropometric traits significantly 
correlate with graft size in ACL-R recon- 
struction, where smaller graft diameters 
are linked to a greater likelihood of graft 
failure (Salman et al. 2024). 
Emerging evidence supports that the ge- 
netic basis for ACL-R susceptibility, with 
more than 80 genetic loci implicated in 
biological pathways relating to ligament 
rupture, extracellular matrix remodelling 
and tissue repair (Beckley et al. 2022; Feld- 
mann et al. 2022; Feldmann et al. 2021; 
Rahim et al. 2022; Ribbans et al. 2022; 
Dlamini et al. 2023). Both candidate gene 
and genome-wide approaches have identi- 
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fied key contributors to ligament structure 
and integrity, particularly within the col- 
lagen gene family (Candela et al. 2024). 
Collagen is the primary structural pro- 
tein within ligaments; therefore, polymor- 
phisms within genes such as COL1A1, 
COL3A1, COL5A1, and COL12A1 have 
been of interest and repeatedly linked to 
ligament tensile strength and ECM organ- 
isation (Candela et al. 2024; September 
et al. 2007; Kaynak et al. 2017). Notably, 
COL12A1 encodes the α-1 chain of type 
XII collagen (Bulbul et al. 2023). This pro- 
tein is involved in regulating fibrillogenesis 
and the mechanical properties of the colla- 
gen fibril bundles (Candela et al. 2024). It 
is hypothesised that COL12A1 most likely 
influences the biomechanical properties of 
the ligament and dictates ligament flexibil- 
ity and resilience to injury (Candela et al. 
2024; Bulbul et al. 2023). The COL12A1 
rs970547 C>T polymorphism was associ- 
ated with increased ACL-R susceptibility 
(Posthumus et al. 2010; John et al. 2016; 
Ahmetov et al. 2022; Ginevičienė and 
Urnikytė 2022; Zhao et al. 2020). This poly- 
morphism is a non-synonymous single- 
nucleotide polymorphism (SNP) located in 
terminal exon 65 (position 3058), resulting 
in a glycine-to-serine substitution (Ahme- 
tov et al. 2022; Ginevičienė and Urnikytė 
2022). Following a whole-genome sequenc- 
ing approach of two families, each with 
twin pairs who had sustained an ACL- 
R, highlighted that all nine ACL-R pa- 
tients were homozygous for the COL12A1 
rs970547 T/T genotype. However, the find- 
ings of the previous studies across different 
cohorts remain inconsistent (Ginevičienė 
and Urnikytė 2022; John et al. 2016; Mas- 
sidda et al. 2023; Seong et al. 2024; Candela 
et al. 2024). Therefore, investigating this 
specific polymorphism remains important 
in the context of ACL-R susceptibility. 
ACL-R risk is thus both multifactorial and 
polygenic. However, improving our under- 
standing of ACL-R risk requires moving 

beyond single-factor models toward a mul- 
tifactorial framework that considers the 
interaction of several factors, for exam- 
ple, traits such as anthropometric, genetic, 
biomechanical, and environmental influ- 
ences. A review by Bittencourt et al. (Bit- 
tencourt et al. 2016) proposed a systems- 
based approach to injury risk, which high- 
lighted the importance of examining how 
multiple factors can contribute to injury 
susceptibility. Similarly, September et al. 
(September et al. 2007) also highlighted the 
importance of combining genetic, clinical 
and biomechanical data in musculoskele- 
tal soft tissue injury research, and the need 
to validate associations in other popula- 
tions (September et al. 2007; September 
et al. 2009). Reports of combined risk fac- 
tor approaches in ACL-R susceptibility are 
limited and remain to be explored (Hewett 
et al. 2010). Evidence from sports genomics 
suggests that genetic polymorphisms can 
influence anthropometric traits like height, 
body mass, and joint alignment, which 
may in turn influence biomechanical load- 
ing and injury risk (Chiquet et al. 2014; 
Belkhelladi et al. 2025; Ribas et al. 2023; 
Tucker and Collins 2012; Wang et al. 2014). 
Building on this framework, we evaluated 
an a priori hypothesis, suggesting that fe- 
male COL12A1 rs970547 C>T, T/T carriers 
are at an increased risk of reporting ACL- 
R. In addition, we aimed to assess the addi- 
tive impact of anthropometric and genetic 
factors in ACL-R injury risk in two distinct 
(Australia and South Africa) cohorts, and 
in a combined cohort (Australia+South 
Africa). The objectives of this study were 
to evaluate i) anthropometric factors (age, 
height, weight, and BMI) between control 
and ACL-R groups for each cohort, and ii) 
to determine the genotype frequency dis- 
tribution of the COL12A1 rs970547 C>T 
polymorphism within each cohort and the 
combined cohort. 
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Materials and Methods 

Study design 

The present study was a case-control study 
conducted following the STREGA report- 
ing recommendations for reporting genetic 
association studies (Little et al. 2009). 

Participants and settings 

The cohorts used in this study have previ- 
ously been described (Rahim et al. 2014; 
Feldmann et al. 2021). 

Australian participant recruitment 

A total of 287 individuals (Males [M] = 155, 
Females [F] = 132) aged between 14 and 
47 years, surgically diagnosed with ACL 
ruptures, were recruited from Epworth 
Hospital, Melbourne, Australia, forming 
the symptomatic AUS ACL group. Eligi- 
ble participants had no history of muscu- 
loskeletal or connective tissue disorders, 
chronic illnesses, or non-communicable 
diseases. Of these, 165 participants re- 
ported a non-contact mechanism of injury, 
meaning the injury occurred without di- 
rect external force or physical contact from 
another player or object, forming the NON- 
subgroup. Additionally, 84 male control 
participants, aged 18 – 47 years, were re- 
cruited from non-competitive sports back- 
grounds in Melbourne, forming the asymp- 
tomatic AUS CON group. Controls were 
unrelated, physically active males without 
a history of ligament or tendon injuries, 
chronic diseases, or major musculoskeletal 
issues, including ACL injuries. 

South African participant recruitment 

As an extension of the study conducted by 
Posthumus et al. (Posthumus et al. 2010), 
assessing n = 129 (38 female) ACL-R and 

n = 216 (83 female) controls, this study in- 
cluded additional samples (n = 123 ACL-R 
and n = 16 control), which were recruited 
between January 2012 and May 2016 as 
per the STREGA recommendations. A to- 
tal of 252 (M = 185, F = 67) individuals 
aged between 18 – 60 years, and surgi- 
cally diagnosed with ACL ruptures were 
recruited by convenience sampling from 
Sports Orthopaedic and Sports Medicine 
clinics in Cape Town, Western Cape, South 
Africa. Eligible candidates were consid- 
ered if they were surgically diagnosed with 
ACL ruptures with no history of muscu- 
loskeletal or connective tissue disorders. 
Candidates also had no history of chronic 
illness, or non-communicable diseases, 
self-reported Caucasian ancestry, and were 
otherwise healthy. Of the 252 ACL cases, 
164 participants reported a non-contact 
mechanism of injury, forming a subgroup 
for mechanism of injury (NON-subgroup). 
In addition, 232 control (M = 130, F = 102) 
asymptomatic participants aged 18–63 
years, were also recruited from sports 
clubs around Cape Town, South Africa. 
These participants were physically active, 
unrelated and sex-matched Caucasian par- 
ticipants without any self-reported history 
of ligament or tendon injuries. 
Ethical approval was obtained from the 
Human Ethics Research Committee at 
Victoria University (HRE13-223) and the 
Human Research Ethics Committee at the 
University of Cape Town (HREC 164/2006 
and 622/2015) for this study. 

Study outcomes 

DNA extraction 

Sampling for genomic DNA for the Aus- 
tralian cohort has previously been de- 
scribed (Alvarez-Romero et al. 2021). To 
summarise, DNA was isolated from venous 
blood (roughly 4.5ml) using the MagSep 
Blood gDNA kit (Eppendorf, Germany) 
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with the epMotion M5073 automated 
pipetting system (Eppendorf, Germany). 
A sampling of genomic DNA from the 
South African cohort has also been de- 
scribed elsewhere (Alvarez-Romero et al. 
2021). Genomic DNA was isolated from 
roughly 4.5ml of venous blood using a 
modified protocol first described by Lahiri 
and Nurnberger (Lahiri and Nurnberger 
1991). All DNA samples were stored at 
−20°C until further analysis, and freeze- 
thaw cycles were avoided. 

SNP selection and Genotyping 

The selection of polymorphism within the 
candidate gene COL12A1 was driven by the 
hypothesis that the polymorphisms may 
have a notable impact on the associated 
protein product (Ginevičienė and Urnikytė 
2022). Genotyping of the Australian and 
South African cohorts for the COL12A1 
rs970547 C>T SNP was performed using 
TaqMan® SNP Genotyping Assays (Ther- 
mofisher Scientific, Applied Biosystems, 
CA, USA), following the manufacturer’s 
protocol. Sample reactions were conducted 
using 96-well plates with each reaction con- 
sisted of 4µl of TaqMan® genotype master 
mix, 0.2µl of TaqMan® specific primer (1X 
final concentration), 2.8µl of dH2O and 
1µl of DNA template ([DNA] 1−10ng) to 
a final volume 8µl. Standard Polymerase 
Chain Reaction (PCR) conditions were ap- 
plied as previously described, following the 
manufacturer’s instructions, (Firfirey et al. 
2022). Each reaction plate included three 
technical replicates and three negative 
controls to ensure experimental integrity, 
while genotyping quality control was en- 
sured using a two-person call and check 
system. The Quant studio 3 Real-time PCR 
(Thermofisher Scientific, Applied Biosys- 
tems, CA, USA) system and ThermoFisher 
Cloud genotyping analysis Software Ver- 
sion 3.3.0-SR2-build 21 were used to con- 
duct the PCR reaction. Successful genotyp- 

ing was confirmed when all DNA samples 
were amplified for the SNP except for a few 
cases where amplification failed even after 
two repeated attempts. The study research 
was conducted at the Health through Phys- 
ical Activity, Lifestyle and Sport Research 
Centre (HPALS), within the Division of 
Physiological Sciences, Department of Hu- 
man Biology, The University of Cape Town, 
SA. 

Statistical analysis 

Sample size and Power Analysis 

Sample size calculations (Supplementary 
Table 1) were performed to determine the 
required (n) to detect associations between 
COL12A1 rs970547 C>T and ACL-R risk, 
under three genetic models (dominant, 
recessive, and log-additive). Calculations 
assumed a minor allele frequency (MAF) 
of 0.288 (as reported by the 1000 Genomes 
Project), 80% statistical power, and a sig- 
nificance level of 0.05. For an odds ratio 
(OR) of 1.5, the required sample sizes were: 
n = 368 (dominant), n = 1392 (recessive), 
and n = 248 (log-additive). For an OR of 
2.0, required sample sizes were n = 134 
(dominant), n = 504 (recessive), and n = 90 
(log-additive). At an OR of 2.5, sufficient 
power was achieved with n = 78 (dom- 
inant), n = 305 (recessive), and n = 55 
(log-additive). In addition, post hoc power 
analyses indicated that the available sam- 
ple sizes in both the Australian (N = 434) 
and South African (N = 484) cohorts pro- 
vided > 90% power to detect associations 
under dominant and log-additive models 
for ORs ranging from 2.0 to 2.5. For the re- 
cessive model, > 70% power was achieved 
at an OR of 2.5. 

Distribution and Group Comparisons 

The Shapiro–Wilk test was used to assess 
the normality of quantitative data (age 
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[yrs], height [cm], weight [kg], and BMI 
[kg/m²]) within each of the cohorts. Nor- 
mality testing was performed separately for 
each cohort and subgroup (Control [CON], 
ACL-R injury [ACL-R], and Non-contact 
injury [NON]). Most variables within the 
subgroups yielded p-values that were < 
0.05, indicating non-normal distributions. 
Non-parametric testing was therefore ap- 
plied for group comparisons. 
Quantitative data (age [yrs], height [cm], 
weight [kg], and BMI [kg/m²]) were first 
analysed separately for males and females 
(sex-stratified). Subsequent analyses also 
included sex-standardisation by calculat- 
ing z-scores to account for residual vari- 
ability. Quantitative data were compared 
using the Wilcoxon Rank-Sum test or the 
Kruskal–Wallis test, with corresponding 
effect sizes expressed as the correlation 
coefficient (r) and epsilon squared (ε²), re- 
spectively. Qualitative categorical variables 
were analysed using Pearson’s chi-square 
test or Fisher’s exact test (for expected cell 
counts < 10), with effect sizes reported 
as Cohen’s w. Quantitative results are ex- 
pressed as mean ± standard deviation 
(m ± sd) or median (interquartile range, 
[IQR]), and qualitative data as percentages 
(n count). Effect sizes were interpreted 
according to established thresholds: small 
(𝑟 ≈ 0.10, 𝑤 ≈ 0.10, 𝜀2 < 0.01), medium 
(𝑟 ≈ 0.30, 𝑤 ≈ 0.30, 𝜀2 ≈ 0.04–0.16), 
and large/strong (𝑟 ≥ 0.50, 𝑤 ≥ 0.50, 
𝜀2 ≥ 0.16). 

Anthropometric traits 

To account for sex-related variability, an- 
thropometric measures (age, height, weight, 
BMI) were i) sex-stratified and ii) sex- 
standardised within groups by Control 
(CON) and ACL-R, as well as by genotype 
(C/C, C/T and T/T) groups. Comparative 
analyses of sex-stratified and standardised 
data for each cohort were conducted using 
Wilcoxon rank-sum tests, with the respec- 

tive effect size (r). Furthermore, Bonferroni 
correction was applied to adjust the signif- 
icance threshold to account for multiple 
comparisons. 

Genotype Analyses 

Initial analyses were performed to com- 
pare genotype frequency distributions be- 
tween the (i) Australian and South African 
control groups, (ii) Australian and South 
African ACL-R groups, and (iii) combined 
(Australian + South African) controls ver- 
sus combined (Australian + South African) 
ACL-R cases. Comparisons were also per- 
formed to compare the genotype frequen- 
cies of the Australian and South African co- 
horts with those of the global reference pop- 
ulations obtained from the 1000 Genomes 
Project. 

Multivariate Analyses 

Logistic regression analysis was performed 
using the ”SNPassoc” (v2.0.2) package. 
Genotype/allele frequency distribution pat- 
terns were evaluated between the control, 
ACL-R and the NON-subgroups within 
each cohort, with data adjusted for sex. 
Genotype frequency distribution patterns 
were also evaluated for all male and all 
female groups in the South African and 
combined (Australia + South Africa) co- 
horts. Odds ratios [OR] and confidence 
intervals at 95% [95% CI] were recorded. 
Hardy-Weinberg equilibrium (HWE) prob- 
abilities were assessed using the ”genetics” 
(v1.3.8.1.3) packages (González et al. 2007). 
Given the focused evaluation of the a priori 
hypothesis using a single SNP, we did not 
correct for multiple testing. Principal Com- 
ponent Analysis (PCA) was performed to 
explore multivariate patterns using the 
“stats” and “ggplots”, “grid” packages. To 
account for sex imbalance, PCA was con- 
ducted on sex-stratified z-scores of age, 
height, weight, and BMI, as well as the 
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COL12A1 rs970547 C>T SNP using the 
prcomp() function in R. 

Software 

Sample size and study power calculation 
were performed using the QUANTO V1.2.3 
program. 
All statistical analyses were conducted us- 
ing the R language and programming envi- 
ronment (http://www.r-project.org), R Stu- 
dio V1.3.1056 running R V4.0.4. Statistical 
significance was accepted at 𝑝 < 0.05. 

Results 

Participants anthropometric traits 

The Shapiro-Wilk test revealed significant 
deviations from normality for most vari- 
ables across the Australian and South 
African cohorts (Supplementary Table 
2). In the Australian cohort, all variables 
demonstrated non-normal distribution 
patterns (p<0.05), except for the height 
and weight control groups. Similarly, in 
the South African cohort (Supplementary 
Table 2), all variables demonstrated non- 
normally distributed patterns within all 
groups except for the CON and NON-sub- 
groups in height and weight, respectively, 
p < 0.05 (Supplementary Table 2). 

Anthropometric trait distribution across 
control, ACL-R and NON-subgroups 

Australia: group comparisons when strat- 
ified by sex (Supplementary Table 3), 
showed Australian males were signifi- 
cantly younger in the ACL-R (25.4 [18.6 
– 29.3], 𝑝 < 0.001, adjusted 𝑝 < 0.001, 
𝑟 = 0.32) and the NON-subgroups (26.4 
[19.9 – 29.1], 𝑝 < 0.001, adjusted 𝑝 < 0.001, 
𝑟 = 0.31) compared to the CON (30.6 [25.0 

– 38.2]) group. No significant group differ- 
ences were noted for height, weight and 
BMI after correction, 𝑝 > 0.05. Australian 
females could not be compared between 
groups due to the absence of female con- 
trols. 
Comparison after sex-standardised analy- 
ses (Supplementary Table 4) showed that 
age remained significantly different be- 
tween the ACL-R (𝑝 < 0.001, adjusted 
𝑝 < 0.001, 𝑟 = –0.22) and the NON-sub- 
groups (𝑝 < 0.001, adjusted 𝑝 < 0.001, 
𝑟 = 0.25) compared to the CON group. 
Whereas the observed differences in un- 
adjusted height, weight, and BMI were no 
longer significant after Bonferroni correc- 
tion (adjusted p > 0.05), with small effect 
sizes < 0.15 noted. This could indicate that 
sex imbalances may partially drive the dif- 
ferences between CON and ACL-R groups. 
South Africa: group comparisons when 
stratified by sex (Supplementary Table 3) re- 
inforced that the differences observed were 
sex-driven. South African ACL-R (22.0 
[18.0 – 30.0], 𝑝 = 0.001, adjusted 𝑝 = 0.004, 
𝑟 = 0.20) and the NON-subgroup (23.0 
[19.0 – 31.0], 𝑝 = 0.012, adjusted 𝑝 = 0.048, 
𝑟 = 0.16) males were significantly younger 
than CON (24.0 [22.0 – 33.0]). ACL-R (ad- 
justed 𝑝 ≤ 0.004, 𝑟 = 0.22) and the NON- 
subgroup (adjusted 𝑝 ≤ 0.004, 𝑟 ≤ 0.23) 
males also had greater weight and BMI 
compared to the CON group. No signif- 
icant differences were further observed, 
while no significant differences were de- 
tected for height. No significant differences 
were further observed, adjusted 𝑝 > 0.05. 
Group comparisons using sex-standardised 
scores (Supplementary Table 4), showed 
age remained significantly different be- 
tween the CON, ACL-R (𝑝 < 0.001, ad- 
justed 𝑝 < 0.001, 𝑟 = –0.18) and the NON- 
subgroups (𝑝 = 0.003, adjusted 𝑝 = 0.014, 
𝑟 = 0.15), although effect sizes were small. 
BMI also differed significantly between 
the CON and ACL-R (𝑝 = 0.002, adjusted 
𝑝 = 0.007, 𝑟 = 0.14) groups. No signifi- 

http://www.r-project.org
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cant group differences were detected, and 
overall effect sizes remained small (< 0.2) 
across variables. 

Anthropometric trait distribution across 
COL12A1 rs970547 C>T genotype groups 

Australia: summarised in Supplementary 
Table 5, no significant differences in dis- 
tribution patterns were observed across 
the rs970547 C>T genotypes (C/C, C/T, 
and T/T) for age (𝑝 = 0.466, adjusted 
𝑝 = 0.476), height (𝑝 = 0.426, adjusted 
𝑝 = 0.330), weight (𝑝 = 0.656, adjusted 
𝑝 = 0.641), or BMI (𝑝 = 0.546, adjusted 
𝑝 = 0.548). Median (IQR) values for age 
were 22.7 (17.5 – 26.3) in C/C, 26.8 (19.0 – 
32.0) in C/T, and 25.9 (19.2 – 30.9) in T/T 
carriers. Height, weight and BMI showed 
similar distribution patterns across all 
three genotypes, 𝑝 > 0.05. Sex distribu- 
tion did not differ across genotypes (p = 
0.950) either, and effect sizes were negli- 
gible (≤ 0.02), suggesting no significant 
influence between genotype and sex in 
this cohort. Comparison of sex-stratified 
(Figure 8) and sex-standardised (Supple- 
mentary Table 6) distribution patterns of 
anthropometric traits, showed no signifi- 
cant differences across the C/C, C/T and 
T/T genotypes either, 𝑝 > 0.05, 𝜀2 ≤ 0.013. 
South Africa: no significant differences 
(Supplementary Table 5) in distribution 
patterns for age (𝑝 = 0.575, adjusted 
𝑝 = 0.500), height (𝑝 = 0.710, adjusted 
𝑝 = 0.456), weight (𝑝 = 0.493, adjusted 
𝑝 = 0.185), or BMI (𝑝 = 0.348, adjusted 
𝑝 = 0.195) were observed across the 
rs970547 C>T genotypes. Median (IQR) 
ages were 24.5 (19.5 – 31.5) in C/C, 24.0 
(22.0 – 33.5) in C/T, and 23.0 (21.0 – 34.0) 
in T/T carriers. Height, weight, and BMI 
distributions were similar between geno- 
types, 𝑝 > 0.05. Similarly, sex distribution 
did not differ across genotypes either (> 
0.05) and effect sizes were once more neg- 
ligible ( ≤ 0.05). In sex-stratified (Figure 9) 

comparisons, South African males showed 
a trend towards differences in BMI (p = 
0.042) distribution across the C/C, C/T 
and T/T genotypes, with small effect size 
(𝜀2 = 0.008). In the sex-standardised com- 
parisons, no significant genotype-related 
differences across anthropometric traits 
were further noted, 𝑝 > 0.05, 𝜀2 ≤ 0.003. 

Genetic Traits 

COL12A1 rs970547 C>T genotype and allele 
frequency distribution patterns of the 
Australian and South African cohorts 

Comparative analysis of the genotype 
distribution patterns shown in Figure 1 
showed more T/T genotype carriers in 
the South African ACL-R (64.7%) group 
compared to the Australian ACL-R (53.2%) 
group, 𝑝 = 0.011. No further significant 
associations were noted in the genotype 
distributions (CT and CC) between these 
two cohorts, 𝑝 < 0.05. 
Genotype frequency distribution patterns 
across cohorts are shown in Figure 2. Com- 
parison between the study cohorts revealed 
that T/T genotype carriers were marginally 
less frequent in the Australian cohort com- 
pared to the South African cohort, p = 
0.040. Still, there were more T/T genotype 
carriers in the Australian (54.5%) cohort 
(CON + ACL-R), compared to the African 
(46.4%), East Asian (46.8%) and South 
Asian (46.8%) reference populations, high- 
lighting a significant ancestral divergence 
for this allele, 𝑝 < 0.05. In South Africa 
(61.9%), there were also more T/T genotype 
carriers compared to the Global (51.4%), 
African (46.4%), American (60.2%), East 
Asian (46.8%), and South Asian (46.8%) 
populations (𝑝 < 0.05). Reinforcing an 
ancestral divergence of the T allele in the 
South African cohort relative to these pop- 
ulations. No significant associations were 
further noted, 𝑝 > 0.05. 
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Figure 1 Genotype Frequency Distribution of COL12A1 rs970547 C>T (T/T vs. C/T + C/C) across the Australian (AUS) and South African 
(SA) cohorts. Bar plots depict the percentage distribution of the T/T (grey) and combined C/T + C/C (white) genotypes between the i) 
Australian and South African controls (CON), ii) Australian and South African ACL-R groups and iii) Combined (Australian and South 
African) controls (CON) and ACL-R groups. 

Figure 2 Genotype Frequency Distribution of COL12A1 rs970547 C>T(T/T vs. C/T + C/C) between the Australian, South African, and 
the 1000 Genomes Project Global Population: Comparison by Cohort. Bar plot illustrating the distribution of the rs970547 T/T (grey), 
and C/T+C/C (white) genotypes in the Australian and South African cohorts compared to the Global populations from the 1000 Genomes 
Project. Including the five reference subpopulation groups: African: AFR, American: AMR, European: EUR, East Asian: EAS, South Asian: 
SAS. P-values represent the comparison between Australia and South Africa, and the 1000 Genomes Project Global Populations. 

The a priori hypothesis: COL12A1 rs970547 
C>T, TT genotype is associated with ACL-R risk 

No significant association was observed be- 
tween COL12A1 rs970547 C>T, and ACL- 
R risk in either of the Australian and South 
African cohorts. In the Australian cohort 
(Supplementary Table 6), the T/T, C/T, and 
C/C genotypes frequency distribution pat- 

terns were comparable across the CON, 
ACL-R (𝑝 = 0.218, sex-adjusted 𝑝 = 0.151), 
and the NON-subgroups (𝑝 = 0.504, sex- 
adjusted 𝑝 = 0.152). Similarly, there were 
no differences in the allele frequency dis- 
tributions between any of the groups, 
𝑝 > 0.05. No differences were noted in 
the genotype or allele frequencies between 
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Figure 3 Genotype frequency distributions of the COL12A1 rs970547 C>T polymorphism between control and ACL-R cases for male 
and female groups within the South African and the combined Australian and South African cohorts. Depicted are the T/T, C/T, C/C and 
C allele frequencies within the CON (black), ACL-R (grey) and NON-subgroups (white) for A) Australian Males, B) South African Males, C) 
South African Females, D) Combined (Australia and South Africa) Males and E) Combined (Australia and South Africa) Females. P-values 
represent the following comparisons between the controls (CON) vs a) ACL-R, and b) NON-subgroup, and the C Allele control vs c) ACL- 
R, and d) NON-subgroup. 

any of the cohorts (Supplementary Table 
6), 𝑝 > 0.05. 
Shown in Figure 3, no differences were 
noted when only males or only female 
participants were compared for Australia, 
South Africa or the combined (Australia 
and South Africa) cohorts, 𝑝 > 0.05. No lo- 
gistic regression analyses were performed 
for the Australian female cohort, as a cor- 
responding control group was not present. 
All groups (Supplementary Table 7) were 
in HWE for the COL12A1 rs970547 C>T 
SNP, except for the South African NON- 
subgroup, HWE (𝑝 = 0.030). 

Principal Component analyses 

Sex-standardised PCA included the an- 
thropometric traits, age, height, weight, 
BMI and the COL12A1 rs970547 C>T SNP 
and were evaluated for the Australian and 
South African cohorts. Analyses revealed 
five components, of which the first three 
components accounted for the total (83.4% 
and 83.3%) variability observed, respec- 
tively (Supplementary Table 8). 
PC1, which accounted for 41.7% and 39.5% 
of the total variability in the Australian 
and South African cohorts, respectively, 

was mostly influenced by anthropometric 
traits. For Australia (Figure 4), this PC was 
negatively influenced by weight (loading 
= -0.684) and BMI (loading = -0.610), with 
the negative direction implying that higher 
PC scores are associated with lower weight 
or BMI. In contrast, South Africa (Figure 6) 
was positively influenced by weight (load- 
ing = 0.704) and BMI (loading = 0.633), 
indicating that higher PC1 scores are asso- 
ciated with greater weight or BMI. 
PC2, which explained 21.6% and 23.9% of 
the variability, was influenced by height 
(loading = -0.693 and 0.689) and age (load- 
ing = 0.646 and -0.640), which reflected 
opposite trends in these traits for each 
of the Australian and South African co- 
horts, respectively. This suggests that the 
Australian participants were taller and 
younger, whereas the South African partic- 
ipants were shorter and older. No genetic 
effect on height was observed for the Aus- 
tralian and South African cohorts, and 
therefore, we hypothesised that differences 
were likely influenced by environmental 
factors not captured in this study. 
PC3, on the other hand (20.1% and 23.9%) 
was exclusively driven by the COL12A1 
rs970547 C>T genotype with strong but 
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Figure 4 Principal Component Analysis (PCA) biplot presenting PC1 and PC2 based on sex-standardised anthropometric variables (Age, 
Height, Weight, BMI) and genotype (COL12A1 rs970547 C>T) for the Australian cohort. Arrows indicate variable loadings, showing the 
direction and magnitude of each variable’s contribution to the principal components. Shown are individuals stratified by sex, males in 
red diamonds, and females in blue triangles. PC1 and PC2 explain 41.7% and 21.6% of the total variance for this cohort, respectively. 

Figure 5 Principal Component Analysis (PCA) biplot presenting PC3 and PC4 based on sex-standardised anthropometric variables (Age, 
Height, Weight, BMI) and genotype (COL12A1 rs970547 C>T) for the Australian cohort. Arrows indicate variable loadings, showing the 
direction and magnitude of each variable’s contribution to the principal components. Shown are individuals stratified by sex, males in 
red diamonds, and females in blue triangles. PC3 and PC4 explain 20.1% and 16.5% of the total variance, respectively. 

opposing loadings for each cohort seen in 
Figure 5 (Australia: -0.974) and Figure 7 
(South Africa: 0.933). This finding suggests 
that while genotypes do not associate di- 
rectly with anthropometric traits in a linear 
fashion, it does introduce an independent 

axis of variability. This separation implies 
genotype-defined clustering and possibly 
that the gene-environment influence is dif- 
ferent in the two cohorts. The absence of 
significant loadings from anthropometric 
traits on this component further empha- 
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Figure 6 Principal Component Analysis (PCA) biplot presenting PC1 and PC2 based on sex-standardised anthropometric variables (Age, 
Height, Weight, BMI) and genotype (COL12A1 rs970547 C>T)in the South African cohort. Arrows indicate variable loadings, showing 
the direction and magnitude of the contribution of each variable to the principal components. Shown are individuals stratified by sex, 
males in red diamonds, and females in blue triangles. PC1 and PC2 explain 39.4% and 23.9% of the total variance for the South African 
cohort, respectively. 

Figure 7 Principal Component Analysis (PCA) biplot presenting PC3 and PC4 based on sex-standardised anthropometric variables (Age, 
Height, Weight, BMI) and genotype (COL12A1 rs970547 C>T) for the South African cohort. Arrows indicate variable loadings, showing 
the direction and magnitude of each variable’s contribution to the principal components. Shown are individuals stratified by sex, males 
in red diamonds, and females in blue triangles. PC1 and PC2 explain 19.9% and 16.6% of the total variance, respectively. 

sised that the genetic variation captured by 
PC3 is distinct from physical traits such as 
body size or age. 

Discussion 

Overview of Key Findings 

This study investigated the combined role 
of anthropometric traits and the COL12A1 

rs970547 C>T polymorphism with ACL- 
R risk within an Australian and South 
African cohort. After correcting for cohort 
substructure, sex-standardised compar- 
isons of anthropometric traits between 
ACL-injured and control groups revealed 
no significant differences, except for age. 
However, after adjusting for age, the geno- 
type effects remained non-significant, and 
logistic regression analyses did not show 
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any significant associations with ACL-R 
risk. While no significant associations were 
noted between the COL12A1 rs970547 C>T 
polymorphism and anthropometric traits, 
principal component analysis (PCA) con- 
ducted on sex-standardised data revealed 
distinct clustering patterns, suggesting that 
a multivariate framework may capture un- 
derlying cumulative effects of the anthro- 
pometric and genetic traits. The results 
of this study did not support the a priori 
hypothesis that the T/T genotype would be 
associated with ACL-R risk in the cohorts. 
Furthermore, these findings highlighted 
the complex polygenic nature of ACL-R 
injury susceptibility and, in particular, the 
influence of gene-environmental consider- 
ations on risk. 

Cohort Heterogeneity 

Initial analyses revealed a non-normal dis- 
tribution of age, height, weight, BMI, and 
sex across most of the groups (CON, ACL- 
R, and NON-subgroups), and therefore, 
non-parametric group comparisons were 
applied. Median (IQR) statistics demon- 
strated significant differences in these an- 
thropometric traits across CON, ACL-R 
and the NON-subgroups, within Australia 
and South Africa. However, the absence 
of female controls in the Australian co- 
hort introduced a significant sex imbal- 
ance, which added inadequacies to the 
cohort comparisons. It is well established 
that males and females differ in anthropo- 
metric traits, in particular, height, weight, 
BMI, and muscle composition, differences 
that are most pronounced in athletics and 
sports-orientation populations (Carter- 
Thuillier et al. 2019). To address the imbal- 
ance, anthropometric traits were therefore 
standardised using z-scores, after which 
age remained a significant factor within 
both the Australian and South African co- 
horts. Consistent with previous findings, 
which suggested that younger athletes are 

at increased risk for ACL-R injuries largely 
due to high-volume training programs, 
which increase the likelihood of sustaining 
injury, a secondary event, as well as im- 
paired recovery (Wiggins et al. 2016). It is 
also important to note that South African 
ACL-R male participants weighed more 
than their control counterparts, which is 
consistent with the literature (Nakase et al. 
2020). This discrepancy reflects the sex- 
oriented anatomical differences within the 
mixed-gender groups, but could also be 
influenced by height differences, as ACL-R 
participants were shorter, which could ac- 
count for their lower weight/BMI. 

Genetic Heterogeneity of the Australian and 
South African Cohorts 

Exploration of the relationship between 
anthropometric traits and the COL12A1 
rs970547 C>T polymorphism within the 
Australian and South African cohorts re- 
vealed no significant differences. The find- 
ing proposes that COL12A1 does not influ- 
ence height, weight or BMI, which aligns 
with the gene’s primary role, which is in 
ligament strength and resilience, rather 
than the physical characteristics such as 
body size (Izu and Birk 2023). 
The genotype and allele frequency distri- 
bution analyses for the COL12A1 rs970547 
C>T polymorphism revealed no signifi- 
cant differences among the CON, ACL- 
R, and the NON-subgroups in either the 
Australian or South African cohorts. More- 
over, the lack of association remained after 
sex-adjustments and when only males or 
only females were compared. The find- 
ings, therefore, did not support the a priori 
hypothesis that the T/T genotype was asso- 
ciated with an increased ACL-R risk in ei- 
ther population, nor do they align with the 
findings of previous studies (Posthumus 
et al. 2010; Zhao et al. 2020; Ginevičienė 
and Urnikytė 2022). It is, however, impor- 
tant to note that there were differences 
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in the (i) ancestral backgrounds, (ii) the 
physical activity exposure levels, iii) the 
study sample sizes and (iii) the sex dis- 
tribution of the participants between our 
cohorts and the previous published studies 
(Posthumus et al. 2010; Zhao et al. 2020; 
Ginevičienė and Urnikytė 2022). For exam- 
ple, these studies were conducted in male- 
dominated groups of both elite and non- 
elite athletes, with Chinese and Lithuanian 
ancestry (Ginevičienė and Urnikytė 2022; 
Zhao et al. 2020). In comparison to the 
previous work presented by Posthumus 
et al. (Posthumus et al. 2010), our dataset 
included additional samples, and this high- 
lights why sample size is important. It is 
also important to evaluate genetic loci in 
diverse populations when attempting to 
identify biologically relevant susceptibility 
loci (September et al. 2009; September et al. 
2011). Susceptibility is non-linear and is 
driven by the net effect between several ge- 
netic and non-genetic factors, each having 
a different effect size potentially (Bitten- 
court et al. 2016). It is therefore reasonable 
to propose that recruitment strategies can 
also differ across studies and therefore, 
can introduce unknown biases (Neupane 
et al. 2012). Not understanding the effects 
of these subtle nuances in study designs 
can compound the ability to compare ge- 
netic association findings across the stud- 
ies exploring complex phenotypes such as 
ACL-R which highlights the importance of 
well-powered designs. 
It remains interesting to note, that there 
were more TT carriers in both the Aus- 
tralian and South African cohorts com- 
pared to the global populations. It was also 
noted that the C allele is the ancestral al- 
lele, but the T allele is the most frequently 
observed across the global populations 
(Ensemble.org). Furthermore, the whole 
genome sequencing analyses presented 
by Feldmann et al. (Feldmann et al. 2022) 
also highlighted the segregation of the 
TT genotype in all nine cases of the two 

families who presented with twins who 
had ruptured their ACL. Collectively, these 
observations point towards a potential bi- 
ological significance of this SNP on ACL 
risk susceptibility. 

Dimensional Reduction and Trait-Linked 
Genotypic Patterns 

The PCA revealed some interesting find- 
ings with the anthropometric traits, specifi- 
cally weight, BMI, height and age being the 
primary contributors to variance within 
the first and second components. This 
aligns with previous research indicating 
that these traits can influence loading pat- 
terns and the biomechanical properties 
of ligaments and tendons (Bowers et al. 
2005; Etzel et al. 2024). In particular, the 
evidence suggests that the combination of 
greater weight/BMI, increased knee com- 
pressive force, and greater lateral posterior 
tibial slope may therefore compound ACL 
strain and hereby increase ACL-R injury 
(Evans et al. 2011; Bojicic et al. 2017; Kızıl- 
göz et al. 2019). Furthermore, emerging 
data reports that older males who have 
reached their adult height may face an 
increased mechanical risk linked to a ten- 
dency towards riskier landing profiles, 
further contributing to ACL-R risk (Stef- 
fensmeier et al. 2020). 
It is noteworthy that the third principal 
component was exclusively driven by the 
COL12A1 rs970547 C>T polymorphism, 
contributing to variance in opposing di- 
rections between the Australian and South 
African cohorts. The unique genotype–phe- 
notype clustering observed between the 
cohorts suggests the presence of an under- 
lying population structure and potential 
ancestral divergence. This aligns with stud- 
ies showing that certain SNPs act as popula- 
tion-structure informative markers, which 
may indicate differences in haplotypes, 
linkage disequilibrium, or gene–environ- 
ment interactions (Paschou et al. 2007). 
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Such opposing loadings indicate that the 
SNP’s effect is context-dependent and can 
vary across populations. Importantly, the 
PCA captured these patterns without prior 
knowledge of ancestry, highlighting that 
rs970547 may contribute to ACL-R risk 
differently in each cohort and underscor- 
ing the need to account for ancestry in 
genetic association analyses (Tian et al. 
2008). These results support our study by 
showing that anthropometric traits and the 
COL12A1 rs970547 polymorphism each 
contribute to differences between the co- 
horts. This emphasises that genetic effects 
can depend on context and that multivari- 
ate analyses can assist in understanding 
the combined effects of the traits being 
measured on ACL-R risk. 
Although no independent association was 
observed for COL12A1, current perspec- 
tives on polygenic traits and complex disor- 
ders suggest that multiple genetic contribu- 
tors act in concert (Bittencourt et al. 2016). 
Moreover, evidence supporting the role 
of COL12A1 rs970547 is reflected in the 
bioinformatic exploration of rs970547 and 
its potential to impact protein function, as 
predicted from the in silico algorithms (e.g. 
SIFT) which classify the variant as possibly 
damaging or deleterious to protein struc- 
ture or activity (ensembl.org). It is therefore 
plausible that the role of COL12A1 may be- 
come more apparent when examined in 
combination with other key loci, such as 
COL5A1 and COL1A1, within a broader 
polygenic or pathway-based framework 
(Ahmetov et al. 2022; Kaynak et al. 2017; 
Rahim et al. 2022). We also recognise that 
biomechanical, hormonal, and neuromus- 
cular factors are important mediators of 
gene–environment interactions in ACL-R 
injury susceptibility. Future work should 
therefore also document all potential risk 
factors (population-specific, biological and 
environmental) towards identifying emerg- 
ing patterns of interactions between deter- 
minants of injury risk (Bittencourt et al. 

2016). These recognition patterns have the 
potential to shape strategies to reduce risk 
and inform therapeutic interventions. 

Limitations and Future Directions 

Despite these findings, several limitations 
of the study should be considered. The 
primary limitation of this study was the 
relatively small sample size, particularly 
within certain genotype groups, which 
may have reduced statistical power to de- 
tect associations between the COL12A1 
rs970547 C>T polymorphism and anthro- 
pometric characteristics. Additionally, the 
study only considered one genetic variant 
within COL12A1 as part of an a priori hy- 
pothesis, and there may be other genetic 
factors within this gene influencing ACL- 
R injury susceptibility. For this reason, no 
correction was applied for multiple testing. 
We accounted for sex differences between 
groups because the Australian cohort was 
biased towards males; however, the imbal- 
ance may still obscure sex-specific effects of 
COL12A1 and other contributing variables. 
In addition, given the well-established 
anatomical, hormonal, and neuromuscu- 
lar differences between males and females 
with ACL-R injury risk, future studies 
must implement sex-stratified analytical 
models and ensure more balanced sex rep- 
resentation. Such approaches will help 
uncover potentially masked genetic asso- 
ciations, particularly when the effect sizes 
are small. We emphasised this point in 
light of mounting evidence supporting sex- 
specific genetic and biomechanical con- 
tributions to ACL-R susceptibility, which 
reinforces the biological rationale for strat- 
ified genetic investigations (Wiggins et al. 
2016; Mancino et al. 2024; Chia et al. 2022). 
Differences in anthropometric features be- 
tween the two populations were also noted, 
likely reflecting expected random varia- 
tion, especially in small cohorts. Further- 
more, the study did not consider the role 
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of physical activity or sports participation 
in shaping anthropometric characteristics, 
both of which can significantly influence 
ACL-R injury risk (Chia et al. 2022). Future 
studies should examine larger cohorts with 
a broader range of genetic markers and 
explore their interactions with environ- 
mental and lifestyle factors. Incorporating 
these factors into future research will pro- 
vide a more comprehensive understanding 
of how genetics and lifestyle contribute to 
injury outcomes. 

Conclusion 

In conclusion, consistent with previous 
findings, this study found no significant 
association between COL12A1 rs970547 
and ACL-R injury in Australian and South 
African cohorts, suggesting that genetic 
or anthropometric factors alone are insuf- 
ficient to explain ACL-R risk. However, 
the distinct separation of the genetic fac- 
tor from anthropometric traits in the PCA 
highlights the complex, multidimensional 
nature of injury susceptibility. These find- 
ings emphasise the importance of multi- 
variate analyses and polygenic frameworks 
in future studies aiming to elucidate the 
genetic architecture of ACL-R risk across 
diverse populations. 
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Appendix 

Supplementary Figures 

Figure 8 Box plots showing anthropometric distribution across the COL12A1 
rs970547 C/C, C/T, and T/T genotypes stratified by sex for the Australian co- 
hort. Shown is the interquartile range (IQR: Q1–Q3) with the median line for A) 
Age yrs), B) Height (cm), C ) Weight (kg) and D) BMI. Kruskal-Wallis tests were 
applied (p-value) with significance accepted at p < 0.05 (as seen in bold). Effect 
sizes were calculated for group comparisons and interpreted as epsilon squared 
(𝜀2) for non-parametric tests, where 𝜀2 < 0.01 is negligible, 0.01–0.04 weak, 
0.04–0.16 moderate, 0.16–0.36 relatively strong, and > 0.36 very strong. 
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Figure 9 Box plots showing anthropometric distribution across the COL12A1 
rs970547 C/C, C/T, and T/T genotypes stratified by sex for the South African 
cohort. Shown is the interquartile range (IQR: Q1–Q3) with the median line for A) 
Age yrs), B) Height (cm), C ) Weight (kg) and D) BMI. Kruskal-Wallis tests were 
applied (p-value) with significance accepted at p < 0.05 (as seen in bold). Effect 
sizes were calculated for group comparisons and interpreted as epsilon squared 
(𝜀2) for non-parametric tests, where 𝜀2 < 0.01 is negligible, 0.01–0.04 weak, 
0.04–0.16 moderate, 0.16–0.36 relatively strong, and > 0.36 very strong. 



F. Firfirey et al. • Evaluating the role of anthropometric and genetic risk factors • HBPH 2025 Vol. 2 • pp. 1–29 23 

Supplementary Tables 

Table 1 Sample size and power calculations for the detection of genotype-phenotype associations in ACL-R risk across Australian and 
South African cohorts 

Odd Ratio 0,5 1 1,5 2 2,5 

Models Sample size (N) Required at 80% power 
Dominant 133 * 386 134 78 
Recessive 450 * 1392 504 305 
Log additive 86 * 248 90 55 

Power (%) 
Australia n = 287 ACL-R Dominant 98.1 * 67.7 98.4 100 
cases (1 control per 

case) Recessive 49.0 * 29.1 71.4 93.2 

Log additive 99.8 * 88.9 100 100 
South Africa n = 249 

ACL-R Dominant 97 * 61.5 96.9 99.9 

cases (1 control per 
case) Recessive 54.9 * 22 50.4 71.7 

Log additive 99.8 * 80.2 99.7 100 
*OR of 1.00: does not compute 

Table 2 Summary of normality testing for anthropometric data: Shapiro-Wilk test statistics for age, height, weight and BMI in the 
Australian and South African cohorts between control (CON) and anterior cruciate ligament rupture (ACL-R) and NON-subgroups (NON) 

Australia CON (n = 84) ACL-R (n = 287) NON  (n = 165) 

Age (yrs) 0.002 <0.001 <0.001 
Height (cm) 0.065 0.048 0.012 
Weight (kg) 0.116 <0.001 0.001 
BMI (kg/m2) 0.012 <0.001 <0.001 
South Africa CON (n = 232) ACL-R (n = 252) NON (n = 164) 
Age (yrs) <0.001 <0.001 <0.001 

Height (cm) 0.478 0.001 0.007 
Weight (kg) <0.001 0.031 0.057 
BMI (kg/m2) <0.001 <0.001 <0.001 
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