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ABSTRACT 
Participation in physical activity and sport confers numerous health benefits 
but is frequently associated with acute and chronic musculoskeletal injuries, 
including tendon, ligament, muscle, and bone injuries. While rare 
musculoskeletal conditions result from single-gene mutations, most sports 
injuries are multifactorial, arising from interactions between intrinsic and 
extrinsic factors. Increasing evidence suggests a polygenic component, with 
heritability contributing to individual variation in injury susceptibility. 
Research has explored genetic risk factors using candidate gene studies, 
genome-wide association studies, and next-generation sequencing. 
However, these approaches have limitations: associations are often not 
independently replicated, risk alleles may be rare or population-specific, 
and clinical sensitivity and specificity are generally inadequate. Non-
coding RNAs and epigenetic modifications further complicate the genetic 
architecture of injury susceptibility. Despite this, direct-to-consumer genetic 
tests claim to predict musculoskeletal injury risk and concussion 
susceptibility, yet scientific evidence does not support their clinical validity. 
Personalized medicine, however, is achievable without genetic testing, 
through individualized assessment and management of modifiable risk 
factors. Large, well-powered, and rigorously phenotyped studies with 
replication across diverse populations are required before genetic tests 
can be considered reliable predictors of injury risk. Until then, clinicians can 
implement precision strategies to reduce injury risk, highlighting that 
personalized injury prevention is feasible today, even in the absence of 
validated genetic markers. 
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Introduction 
Although physical activity offers numerous health 
benefits, participation is commonly associated with acute 
and chronic musculoskeletal injuries 1. Tendon and 
ligament injuries, for instance, have been reported to 
account for approximately 30 to 50% of all sports-
related injuries, while muscle injuries account for 
approximately 10 to 55% of acute injuries 2,3. While 
some rare musculoskeletal conditions result from single-
gene mutations 4-6, most sports injuries are multifactorial, 
arising from a combination of intrinsic and extrinsic risk 
factors 7. A growing body of evidence indicates that 
these injuries also have a polygenic component, with 
significant heritability contributing to the observed inter-
individual variation in injury susceptibility 8-11. For 
example, heritability estimates for anterior cruciate 
ligament (ACL) rupture have been reported to reach up 
to 69%, while estimates for tennis elbow are 40% 12,13. 
Traditionally, injury risk is considered to result from 
complex gene-gene interactions and the interplay 
between an individual’s genetic makeup and factors such 
as training load, nutrition, and other sport-specific 
variables, with the role of epigenetic modifications in this 
model briefly discussed in this perspective. Over the last 
two decades, research has begun to identify genetic risk 
factors associated with common tendon, ligament, bone, 
and muscle injuries 8-11. Progress, however, has been slow, 
and a complete genetic profile of injury risk remains 
elusive. Consequently, the specific genes that most 
strongly modulate injury susceptibility have yet to be 
determined. 
 
Despite limited scientific knowledge and the essential role 
of health care professionals in this process, several direct-
to-consumer (DTC) genetic testing companies have 
emerged claiming to assess susceptibility to sport- and 
exercise-related injuries. These claims range from broad 
non-specific statements, such as “soft tissue injury risk”, 
“injury predisposition” and “risk for inflamation and 
injury” to assertions about specific injuries, including “risk 
of stress fracture”, “Achilles injury risk,” and “ACL injury 
risk” 14. While numerous articles describe and warn 
against the growth of this industry, few critically examine 
the scientific validity of the genetic markers included in 
these commercial tests 15-17. Nevertheless, some authors 
have expressed support for the industry and there have 
been reports that a professional football club has used 
genentic testing for injury prevention 18,19. Although many 
companies do not disclose which markers they assess, a 
recent review evaluated the evidence for commonly used 
polymorphisms in DTC musculoskeletal injury tests. The 
authors concluded that it is currently premature to market 
any commercial genetic test as a reliable predictor of 
susceptibility to common musculoskeletal injuries. 14.  
 

Methodologies used to Identify Genetic 
Markers 
Two broad approaches have been used to identify 
genetic markers associated with sports injuries. To date, 
most studies have employed a hypothesis-driven 
candidate gene, case-control genetic association study 
approach, although genome-wide association study 
(GWAS) and next-generation sequencing (NGS) 
approaches have been used more recently.  

In the candidate gene approach, investigators select 
genes and polymorphisms based on known biological 
function and the hypothesis that the gene product is 
involved in the biological mechanisms underlying injury 
pathogenesis. For example, early studies reporting 
genetic associations with chronic Achilles tendinopathy 
and ACL rupture initially focused on collagen-encoding 
genes, specifically COL5A1 and COL1A1 20-23. These 

genes were selected because they encode the α1 chains 

of type V and type I collagen, respectively. Types I and 
V, as well as other collagen types, are key structural 
components of the collagen fibril, which is the basic 
building block of tendons, ligaments, and other 
musculoskeletal connective tissues 10. These genes were 
also considered strong candidates because mutations 
in COL5A1 and COL1A1 cause Mendelian connective 
tissue disorders, such as Ehlers-Danlos syndrome and 
osteogenesis imperfecta, respectively. It was therefore 
argued that, while rare mutations cause severe connective 
tissue disorders, common polymorphisms within the same 
genes may contribute to susceptibility to multifactorial 
connective tissue injuries 24. The polymorphisms selected 
in candidate gene studies are typically functional; for 
example, the polymorphisms investigated within  
COL1A1 and COL5A1 are located in regulatory regions 
of these genes 25,26. Even though several DTC companies 
include COL1A1 and COL5A1 polymorphisms as risk 
markers for susceptibility to musculoskeletal injuries, a 
recent review of the scientific evidence did not support 
their inclusion in these commercial tests 14.   
 

Since the initial focus on collagen-encoding genes, 
subsequent studies have examined a small number of 
other genes regulating tendon and ligament structure and 
function, including glycoproteins, proteoglycans, matrix-
degrading enzymes, cytokines, and proteins involved in 
apoptosis and angiogenesis 10. To date, only a limited 
number of genes have been associated with muscle 
injuries. These genes encode, among other things, 
structural components of skeletal muscle and the 
associated extracellular matrix, as well as regulators of 
muscle growth, development, regeneration, metabolism 
and perfusion 9.  
 

While the human genome contains approximately 
20,000 protein-coding genes, representing only 1 to 2% 
of the entire genome, as mentioned above, the 
association between a small subset of these genes and 
musculoskeletal injuries has been investigated primarily 
using candidate gene approaches. In addition, it is 
estimated that over 85% of the human genome is 
transcribed into non-coding RNAs (ncRNAs). Non-coding 
RNAs, such as microRNAs (miRNAs) and long non-coding 
RNAs (lncRNAs), also influence musculoskeletal 
development, injury, and repair, and polymorphisms in 
these genes can also affect injury susceptibility 11,27. 
However, candidate gene approaches to date have not 
focused on these genes. Because musculoskeletal injuries 
are polygenic and multifactorial, commercial tests that 
assess only a few protein-coding genes lack clinical value. 
 

In hypothesis-free GWAS and NGS approaches, entire 
genomes or targeted regions are sequenced, and millions 
of polymorphisms are analyzed across cases and controls 
to identify variants associated with injuries. Currently, 
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only a single company markets DTC tests using injury-
specific polymorphisms identified through GWAS. A 
recent review of the scientific evidence for tests related 
to rotator cuff injury, runner's knee, Achilles tendon injury, 
cruciate ligament injury, ankle injury, plantar fasciitis, 
iliotibial band syndrome, patellar tendinopathy, de 
Quervain's tenosynovitis, medial collateral ligament 
injury, and shoulder instability did not support their 
clinical validity 14. A major concern identified was that the 
associations of the polymorphisms had not been 
independently confirmed, and most of the risk alleles 
were rare or absent in several non-European populations. 
In addition, the sensitivity of many markers was low and 
not clinically relevant.  
 
Sport-Related Concussion 
In addition to musculoskeletal injuries, athletes 
participating in combat and collision sports are at a high 
risk of sports-related concussion. These injuries are 
potentially serious and there is evidence to suggest a 
genetic contribution to concussion susceptibility and 
recovery 11,28,29. However, the genetic literature in this 
area remains limited and is dominated by candidate 
gene studies, many of which examine polymorphisms in 
genes related to concussion risk, personality traits, injury 
severity, neural plasticity and repair, and post-concussion 
cognitive and behavioural outcomes 11,28. Although two 
genetic markers - rs144663795 (G>C) in the SPATA5 
gene and rs117985931 (A>G) in the PLXNA4 gene - 
have been identified using a GWAS approach 30, their 
clinical relevance remains unclear. Specifically, the 
effective rs144663795 C allele is rare and is present 
only in 0.8% of the European and 0.4% of the South 
Asian populations, while the effective rs117985931 G 
allele is also rare and is present only in the 0.1% of the 
European population, 0.1% of one African 
subpopulation, and 0.3 % of the one American sub-
population (www.ensembl.org, accessed 10 February 
2026). Despite this, these markers are reportedly 
incorporated into a direct-to-consumer commercial 
genetic test marketed for concussion risk assessment 
(www.axgen.us/science; www.axgen.us/what-you-get; 
accessed 4 February 2026). The prevailing consensus 
within the literature is that genetic testing for sports-
related concussion is premature, and that substantial 
further research, including large, well-powered, and 
independently replicated studies, is required before 
genetic markers can be meaningfully applied to 
concussion risk stratification or management 11,28,29,31-33. 
 

Reproducibility, Specificity, Sensitivity and Other 
Considerations 
The inclusion of genetic markers in sport injury tests is only 
warranted if there is strong, reproducible, reliable, and 
independent scientific evidence supporting the 
association. Markers also need to have been tested in 
multiple population groups and shown to be universally 
applicable. Unfortunately, this is currently not the case, as 
many published candidate gene studies are limited by 
small sample sizes, often using predominantly European 
populations, and have frequently failed to be consistently 
reproduced in subsequent studies 14. Similarly, as 
previously mentioned, the GWAS approach also has 
limitations: larger sample sizes are often achieved at the 
expense of clinically well-defined, homogeneous cases 

and controls 14. This is illustrated by GWAS findings in 
which three polymorphisms were associated with anterior 
and posterior cruciate ligament injuries 34. Although the 
cruciate ligament injury cases were heterogeneous, two 
of the polymorphisms were included in a DTC test to 
assess anterior and posterior cruciate ligament injury risk 
14. We recently showed that none of the three 
polymorphisms were associated with injury in multiple 
clinically well-characterised cohorts of 906 participants 
with ACL rupture 35. In addition, when more than one 
GWAS has been published, different polymorphisms 
have been identified for the same injury, highlighting the 
importance of confirming associations in clinically well-
characterized cases 34,36. To my knowledge none of the 
other injury tests using GWAS findings have been 
idependently confirmed. 
 
Many of the effective alleles or genotypes included as 
injury markers in several DTC tests are rare in a limited 
number of populations and/or absent in some population 
groups 14. For example, the functional COL1A1 
rs1800012 TT genotype, which has been associated with 
a reduced risk of ACL rupture in some studies, is absent 
in the East Asian population (www.ensembl.org, accessed 
10 February 2026) 37. Although the TT genotype is rare 
in European populations, only 4.4%, it is even rarer in 
American, only 2.3%, South Asian, only 1.2%, and 
African, only 0.5%, populations (www.ensembl.org, 
accessed 10 February 2026). This limited distribution 
likely explains why the TT genotype has only been 
associated with a reduced risk of ACL rupture in 
European populations 37. Any genetic marker included in 
a clinical test should be informative across all population 
groups. 
 
Although rare effective alleles and genotypes can be 
highly specific, they typically have low sensitivity, leading 
to false negatives - that is, they fail to identify the 
majority of individuals at risk. For example, the specificity 
of the COL1A1 polymorphism has been estimated at 
approximately 97%, while its sensitivity is less than 1% 
14. Genetic tests are most reliable when based on 
polymorphisms with high sensitivity and specificity >90%, 
which minimize false negatives and false positives. 
Polymorphisms with lower accuracy of <80% are 
unreliable and should not guide risk assessment or 
preventive measures 38. 
 

Although there can be some similarities, the pathogenesis 
of different musculoskeletal injuries is complex and not 
identical 39. Therefore, any test claiming that a limited 
number of genetic markers can determine “soft tissue 
injury risk” or “injury predisposition” lacks scientific merit. 
It is essential to evaluate both what the test claims to 
measure and which markers are being used to determine 
susceptibility. 
 

Epigenetic Modifications and Injury 
This perspective has primarily focused on the important 
role of inherited polymorphisms in protein-coding and 
non-coding genes. Although not its main focus, this 
perspective would be incomplete without consideration of 
the effects of inherited and transient epigenetic changes 
in response to sport-related injuries 40. Epigenetics was 
defined by the Centers for Disease Control and 
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Prevention (CDC) as follows: “Epigenetics is the study of 
how your behaviours and environment can cause changes 
that affect the way your genes work. Unlike genetic 
changes, epigenetic changes are reversible and do not 
change your DNA sequence, but they can change how 
your body reads a DNA sequence”  
(www.cdc.gov/genomics/disease/epigenetics.htm, 
access on 3 May 2023). During injury and repair, gene 
expression in skeletal muscle, tendon, bone, brain, and 

other tissues is regulated by three main epigenetic 
mechanisms: (i) DNA methylation, (ii) histone modification 
and (iii) miRNA expression 40. As illustrated in Figure 1, 
epigenetic changes add an additional layer of 
complexity to susceptibility to sports injuries, further 
calling into question the validity of using a small number 
of inherited genetic polymorphisms as clinically relevant 
markers of injury susceptibility 41. 

 
 

 
Figure 1: The schematic diagram illustrates the complex relationship between intrinsic and extrinsic risk factors, as well 
as the role of the inciting event in the etiology of multifactorial sporting injuries (white boxes represents the classical 
model) 42. For acute injuries, the inciting event is the macro-traumatic event that directly causes the injury, whereas for 
chronic (overuse) injuries, it represents the point at which accumulated micro-traumatic damage to the tissue becomes 
symptomatic. Each injury has a unique set of intrinsic and extrinsic risk factors. Only a previous injury - which is common 
to many injuries - is specifically shown as an intrinsic risk factor. Many individual intrinsic risk factors are themselves also 
multifactorial phenotypes, determined by their own unique sets of extrinsic and intrinsic factors 43. These are represented 
by as two grey boxes: (i) extrinsic and non-genentic intrinsic factors and (ii) inherited genentic and epigenetic intrinsic 
factors. The inherited genetic and epigenentic factors consist of (i) polymorphisms in protein coding genes (grey boxes), 
(ii) polymorphisms in non-coding genes/DNA (grey boxes) and (iii) inherited epigenentic modifications (black boxes with 
solid arrows). In the revised model, transient non-inherited epigenetic modifications, such as histone modifcations, (black 
boxes with solid arrows) are proposed to directly influence susceptibility to injury and the individual intrinsic risk factors. 
The model also highlightes the possibility complex relationship of extrinsic and non-genentic intrinsic factors with inherited 
and transcient epigenentic modifications (black box with dashed arrows) 41. 
 
Inherited Disorders and Exercise 
While this perspective has focused on common 
multifactorial injuries in which genetic polymorphisms 
modulate susceptibility but do not directly cause injury, it 
is important to acknowledge the existence of rare 
inherited musculoskeletal, cardiac, and other conditions. 
In these cases, participation in exercise and sport requires 
careful clinical management, and genetic diagnostic 
testing may be appropriately recommended by a 
clinician 44,45. 

Personalized Medicine Already a Reality 
Even though I personally believe that there is currently no 
scientific evidence to support the use of specific genetic 
markers to determine susceptibility to exercise- and 
sport-related injuries, the following example illustrates 
why I believe personalized medicine is possible without a 
genetic test. 
 

A professional athlete has a history of multiple tendon 
ruptures. During his most recent rupture, he was not taking 

http://www.cdc.gov/genomics/disease/epigenetics.htm
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any quinolone antibiotics and has no previous history of 
using this type of medication. The question asked was: 
“Do you think he carries a genetic risk factor and can you 
perhaps guide us on how to reduce the risk in the future?” 
 

A typical answer might be: 

1. It is reasonable to conclude that the athlete is 
predisposed to tendon ruptures once the possible 
involvement of all non-genetic risk factors has been 
considered and excluded.  

2. Currently, it is not possible to identify the exact 
predisposing factor, as this is a multifactorial injury, 
likely resulting from a combination of inherited and 
non-inherited factors. 

3. Prescribe supervised prehabilitation exercises to 
reduce the risk of tendon ruptures and other common 
acute injuries associated with the sport. 

 

Conclusion 
As highlighted throughout this perspective and a recent 
review, there is currently no robust scientific evidence to 

support the use of commercial genetic tests for predicting 
susceptibility to common multifactorial exercise- and 
sports-related injuries 14. The limitations are clear: most 
studies focus on a small number of candidate genes, 
findings are often not reproducible across independent 
cohorts, risk alleles are frequently rare or population-
specific, and the clinical sensitivity and specificity of 
reported markers are generally inadequate. Large, well-
powered, and rigorously phenotyped studies with 
replication across diverse populations are urgently 
needed before any genetic test can be considered 
clinically valid. Importantly, personalized medicine in 
sports injury prevention does not depend on genetic 
testing. Clinicians can already apply individualized 
strategies to reduce injury risk by assessing and 
managing established modifiable factors such as training 
load and biomechanics. In this way, precision care can be 
achieved today, while future research may eventually 
clarify the role of genetics and epigenetics in injury 
susceptibility. 
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