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ABSTRACT

Injuries are a complex trait that can stem from the interaction of
several genes. The aim of this research was to examine the rela-
tionship between muscle performance-related genes and over-
use injury risk in elite endurance athletes, and to examine the
feasibility of determining a total genotype score that significant-
ly correlates with injury. A cohort of 100 elite endurance athletes
(50 male and 50 female) was selected. AMPD1 (rs17602729), ACE
(rs4646994), ACTN3 (rs1815739), CKM (rs8111989) and MLCK
([rs2849757] and [rs2700352]) polymorphisms were genotyped
by using real-time polymerase chain reaction (real time-PCR).
Injury characteristics during the athletic season were classified
following the Consensus Statement for injuries evaluation. The
mean total genotype score (TGS) in non-injured athletes
(68.263 £13.197 arbitrary units [a.u.]) was different from that of
injured athletes (50.037+17.293 a.u., p<0.001). The distribution
of allelic frequencies in the AMPD1 polymorphism was also differ-
ent between non-injured and injured athletes (p<0.001). There
was a TGS cut-off point (59.085 a.u.) to discriminate non-injured
from injured athletes with an odds ratio of 7.400 (95 % Cl 2.548-
21.495, p<0.001). TGS analysis appears to correlate with elite
endurance athletes at higher risk for injury. Further study may
help to develop this as one potential tool to help predict injury
risk in this population.

Introduction

The increased ability to perform endurance exercise is strongly sup-
ported by enhanced mitochondrial function as suggested by in-
creased mitochondrial gene expression, mitochondrial desoxyrib-
onucleic acid (DNA), and mitochondrial enzyme activity [1]. Ge-
netic and epigenetic factors may modulate adaptive responses to
exercise through different mechanisms. Studies on genetic variants
influencing aerobic endurance performance in elite athletes have
shown that numerous types of genes may imply an improvement
in endurance performance due to greater metabolic efficiency and
decreased oxidative stress [2-4]. Although genotype is frequently
associated with performance in sport, these same genes may also
confer added risk for injury [5], and the implication of particular

genes in a human phenotype like athletic performance or injury
susceptibility requires an unbiased population data set [6].
Several genes have been related to muscle performance [7].
Adenosine monophosphate deaminase isoform 1 (AMPDT)
¢.34C>T(rs17602729) is an important regulator of skeletal mus-
cle energy metabolism during exercise and leads to some related
metabolic muscle diseases in subjects with the TT genotype [8].
This genotype causes metabolic myopathy with exercise-induced
muscle symptoms such as early fatigue, cramps, and/or myalgia,
which are related to the risk of injury [9] especially in football [10].
In angiotensin-converting enzyme (ACE) I/D (rs4646994), the | al-
lele is associated with the resistance phenotype and the D allele
with speed and power phenotypes [11]. The Il genotype is associ-
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ated in the susceptibility to developing muscle injuries among foot-
ball players [12]. a-actinin-3 (ACTN3) polymorphism c.1729C>T
(rs1815739) increased susceptibility to eccentric muscle damage
[13]. The CC genotype (RR variant) could improve power perfor-
mance in strength related physical exercise, while the beneficial in-
fluence of TT genotype (XX variant) is more related to endurance
exercise performance [14]. Several studies have shown the involve-
ment of the T allele in lesions, however the effect of heterozygosi-
ty for the ACTN3 T allele is not well documented or understood in
human muscle performance [15]. Muscle-specific creatine kinase
(CKM) plays a vital role in the energy homeostasis of muscle cells
[7,16]. The G allele of the c. *800A>G (rs8111989) polymorphism
reduced activity of the skeletal muscle in endurance athletes
[17,18]. Myosin light chain kinase (MLCK) polymorphisms
€.37885C>A(rs28497577) and c.49 C>T (rs2700352) might alter
regulatory light chain phosphorylation, thereby decreasing the abil-
ity to resist strain during voluntary muscle contractions, showing
that the C allele of the c.37885 C>A (rs28497577) polymorphism
[19] and T allele of the c.49C>T (rs2700352) polymorphism [20]
could predispose an athlete to higher values of muscle damage dur-
ing endurance competitions.

Hence, the aim of this study was to examine for the first time
the relationship between muscle performance-related genes and
the risk of overuse injuries in elite endurance athletes, and to ex-
amine the feasibility of determining a total genotype score that
significantly correlates with injury.

Materials and Methods

Participants

We used a longitudinal cohort design with a sample of 100 elite
athletes (50 male and 50 female). The inclusion criteria were
marked by the following cut-off points. In the male category: 3,000
meters personal best in 8:30 minutes; 10,000 meters in 29:30; the
half-marathon in 1 hour 04 minutes; and marathon in 2 hours
13 minutes. In the female category the cut-off points were: 3,000
meters personal best in 9:30 minutes; 10,000 meters in 33:00 min-
utes; the half-marathon in 1 hour 13 minutes; and marathon in
2 hours 40 minutes. All the participants had to be top-level athletes

listed in the Official State Gazette, which implies having competed
at the international level and been a finalist in official competitions.

Written informed consent was obtained from all participants.
The protocol of the study was approved by the Ethics Committee
of the Francisco de Vitoria University (33/2019) and followed the
Declaration of Helsinki for Human Research of 1964 (last modified
in2013).

Age, anthropometric characteristics, career experience, train-
ing, and competitions of the athletes are shown in » Table 1.

Sample collection and genotyping

Genomic DNA was obtained from swab-extracted buccal mucosa
samples, which were kept refrigerated until shipment to VIVOLabs,
S.L., Madrid, Spain, where the extraction and genotyping were car-
ried out.

The extraction of genomic DNA from the oral mucosa samples
was carried out by automatic extraction in QIACube equipment
(QIAGEN, Venlo, Netherlands). They had a DNA concentration of
25-40ng/ml and were kept in solution in a volume of 100 ug/ml at
-20°C until genotyped.

All polymorphisms were genotyped using single nucleotide
primer extension (SNPE) with the SNaPshot Multiplex Kit (Thermo
Fisher Scientific, Waltham, MA, USA). The reaction result was per-
formed by capillary electrophoresis fragment analysis in ABI3500
equipment (Applied Biosystems, Waltham, MA, USA) with bioin-
formatic analysis carried out by GeneMapper 5.0 software (Applied
Biosystems).

Injury collection

The injuries were recorded prospectively throughout the 2019 sea-
son by clinical athletic staff according to the methodology includ-
ed in the Consensus Statement for the evaluation of injuries in ath-
letes [21]. Only those that prevented the athlete from participat-
ing in endurance race training or a competition the day after the
incident (i. e., lost time injuries) were recorded. All traumatic inju-
ries, defined as a condition caused by a single identifiable external
transfer of energy, such as those caused by a fall or by contact with
an obstacle or another athlete, were ruled out.

The questionnaire included all characteristics previously de-
scribed by Timpka et al. [21] following baseline information, injury

> Table 1 Demographic characteristics of the elite endurance athletes. Data are presented as means (standard deviation).

Elite endurance athletes (n=100) Male (n=50) Female (n=50)
Age (years) 25.67 (4.08) 24.78 (3.78) 26.56 (4.20)
Weight (kg) 58.28 (5.82) 62.33 (4.40) 54.23 (3.96)
Height (cm) 167.38 (6.78) 172.66 (4.62) 162.10 (3.82)
BMI (kg/m2) 17.37(1.16) 18.04 (0.93) 16.71 (0.98)
Experience (years) 11.56 (3.39) 10.98 (3.80) 12.14 (2.83)
Training volume (km/week) 105.36 (16.25) 110.90 (15.96) 99.83(9.97)
Training sessions (week) 10.03 (1.35) 10.24 (1.50) 9.82(1.15)
Training volume (h/year) 1498.39 (417.11) 1570.34 (531.70) 1426.44 (260.45)
Year competitions 15.55 (6.74) 15.90 (8.24) 15.20 (4.86)
BMI, body mass index; kg: kilogram; km: kilometer; cm, centimeter; h, hours.
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conditions, injury severity, body location and injury type, season,
and possible cause of injury.

A clear definition of the injury was specified, and it was request-
ed whether the injury was sustained during a training routine or
competition. The injury rate per 1,000 hours of endurance running
was calculated by numbers of injuries divided by the number of
training hours in the year [21]. The onset of each injury was classi-
fied as sudden-onset when the disability developed during minutes
or seconds, or as a gradual-onset injury when the disability devel-
oped during hours, days, or more.

The assessment of severity started on the day following the dis-
ability until full recovery was determined by expert medical opin-
ion, and it was classified as slight (0-3 days), mild (4-7 days), mode-
rate (8-28 days), or severe (>28 days) [21].

Body location of the injury was classified in the lower limb as hip/
groin, thigh, knee, lower leg, ankle, foot/toe, and Achilles tendon.
The type of injury was classified as strain/muscle injuries, tendino-
sis/tendinopathies, bone injuries, sprain/ligament injuries, and
nerve injuries. Concussions, traumatic fractures, dislocation/sub-
luxations, contusions, skin lesions, and dental injuries were not in-
cluded as injury type as they were related to traumatic injuries [21].

The time of the injury was classified by season as pre-season
when the injury occurred in the period immediately before the start
of a new season, orin-season when it occurred during the training
period for a specific competition. Also, the time of injury was clas-
sified by summer, autumn, winter, and spring [21].

To determine the possible cause for the development of the in-
jury, the questionnaire included a section to indicate if the injury
coincided with an abrupt increase in training volume or intensity
(i. e., excessive load), a change of training surface, a change of run-
ning shoes, aspects related to biomechanics (e. g., new orthoticin-
soles) or if the cause was unknown [21].

Polygenic potential for muscle performance and
injury risk

The combined influence of the six polymorphisms studied was cal-
culated using a total genotype score (TGS) following the Williams
and Folland procedure [22]. A genotype score (GS) of 2 or 1 was as-
signed to the “protective” genotype for musculoskeletal injuries,
while a GS of 0 was assigned to the “worst” genotype [23]. The GS
scores for the six polymorphisms are shown in » Table 2. Then the
GSs of all genotypes were added up, and finally the score was trans-
formed to a 0-100 arbitrary units (a.u) scale to facilitate interpre-
tation, namely the total genotype score (TGS), as follows:

TGS = (GSAMPD1 + GSACE + GSACTN3 + GSCKM +
GSMLCKC37885A + GSMLCKC49T) x 100/12

As previously indicated [22], a TGS of 100 a.u. represents a “per-
fect” profile and a TGS of 0 a.u. should be the “worst” possible pro-
file for muscle performance when all GSs have a score of 0 a.u. Fi-
nally, the TGS distribution between non-injured and injured was
assessed.

> Table 2 Genotypic distribution of polymorphisms studied among ath-
letes in the non-injuries and injuries groups. Data are shown in n (%).

Gene Geno- Non-injury Injury P value
symbol type (n=45) (n=55)
score
AMPD1 (rs17602729)
CcC 2=CC 39 (86.7) 24 (43.6)
cT 1=CT 6(13.3) 26 (47.3) <0.001
T 0=TT 0(0.0) 5(9.1)
ACE (rs4646994)
DD 2=DD 18 (40.0) 23(41.8)
ID 1=ID 16 (35.6) 19 (34.5) 0.983
1l 0=l 11(24.4) 13(23.6)
ACTNS3 (rs1815739)
cC 2=CC 14 (31.1) 25 (45.5)
cT 1=CT 23(51.1) 26 (47.3) 0.161
TT 0=TT 8(17.8) 4(7.3)
CKM (rs8111989)
AA 2=AA 19 (42.2) 26 (47.3)
GA 1=CA 14 (31.1) 18 (32.7) 0.218
GG 0=GG 12 (26.7) 11 (20.0)
MLCK (rs28497577)
AA 2=AA 0(0.0) 0(0.0)
CA 1=CA 22 (48.9) 18 (32.7) 0.101
CC 0=CC 23(51.1) 37 (67.3)
MLCK (rs2700352)
T 2=TT 2(4.4) 3(5.5)
TC 1=TC 21 (46.7) 25 (45.5) 0.971
CC 0=CC 22 (48.9) 27 (49.0)

Statistical analysis

Statistical Package for the Social Sciences (SPSS), v.21.0 for Win-
dows (IBM Corp., Armonk, NY, USA) was used for statistical analy-
sis.

Compliance of Hardy-Weinberg Equilibrium (HWE) in each SNP
was tested using X2 tests. The probability of having an optimal en-
durance genotype for these polymorphisms between injured and
non-injured was calculated using the x2 test with a fixed a error of
0.05. The genotypic frequencies of all polymorphisms were com-
pared between injured and non-injured, using a x2 test with a fixed
aerror of 0.05.

The ability of the TGS to correctly distinguish potential injuries
from non-injuries (0 =non-injury, 1=injury) in the athletes was as-
sessed using receiver operating characteristic (ROC) curves [24].
With that purpose, the area under the ROC curve (AUC) was calcu-
lated with confidence intervals of 95% (95 % Cl). Finally, a binary
logistic regression model was used to study the relationship be-
tween the TGS and injuries in all athletes and both sexes.

Data on the incidence of injuries were transferred from the ques-
tionnaire to an ad hoc database designed for this investigation. For
continuous variables, comparisons between groups (injury vs. non-
injury) were made using a t-test analysis. The odds ratio (OR) and
95 % Cl of injury were calculated for the cut-off point by TGS in all
genes presented.
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Results

All the polymorphisms analyzed met the HWE. The mean value of
the TGS was lower in the athletes with injuries (50.037 +17.293
a.u.) than in the non-injuries group (68.263 +13.197 a.u.,
p<0.001). The distributions of frequency of injured and non-in-
jured athletes according to their TGSs are represented in > Fig. 1.

Fifty-five athletes (55.0 %) reported at least one injury during a
season (a total of 99 injuries, range 1-4 injuries/year). The overall
incidence of injuries was 1.23 per 1,000 h/training. A total of 28
male (56 %) and 27 female athletes (54 %) were injured during the
season, and 22 male (44 %) and 23 female athletes (46 %) were non-
injured.

The genotypic distribution in the AMPD1 polymorphism in the
non-injuries group showed a higher frequency in the optimal gen-
otype (CC 86.7 %) compared with the injuries group (CC 43.6 %,
p<0.001). Inany case, there were no statistically significant differ-
ences in the genotypic distribution between the non-injuries and
injuries groups in the other polymorphisms (> Table 2). Among the
polymorphisms studied, differences were found only in the geno-
typic distribution between male and female athletes in the ACTN3
polymorphism (p=0.046) (> Table 3), whereas for the other poly-
morphisms studied, no differences were found in the distribution
of genotypes between the two genders.

ROC analysis showed significant discriminatory accuracy of the
TGSs in the identification of injuries in athletes (AUC=0.740,95%
C10.642-0.828, p<0.001) with a sensitivity of 0.733 and a speci-
ficity of 0.309 (> Fig. 2) with a corresponding TGS value at this point
of 59.085 a.u. Using binary logistic regression, athletes with a TGS
lower than 59.085 a.u. presented an OR 7.400 (95 % Cl 2.548-
21.495, p<0.001) for sports injuries.

This discrimination was statistically significant both in male and
female athletes, showing in females a cut-off point of TGS with a
value of OR 8.197,95% Cl 1.954-19.421, p=0.006, and in males
an OR 7.925,95% C1 2.042-20.214, p=0.004.

No differences were shown in the conditions, severity, onset,
season, and time of year in which the injuries occurred. However,
differences were found in body location between injuries and non-
injuries groups (p=0.013), asin type of injury (p=0.001) and in the
possible causes of injury (p=0.038) (> Table 4).

The percentage of the victories of the athletes in the national/
international competitions in which they participated in 2019 was
analyzed, showing that athletes with a favorable TGS for muscular
performance presented a higher percentage (23.24 %) than the
athletes with<59.085 a.u. (14.23 %) (p<0.001). This percentage
of victories in male athletes was 22.86 % in the>59.085 a.u. group
and 12.62 % in the <59.085 a.u. group (p<0.001), and in the
female “s group a percentage of victories in competitions of 23.60 %
in the athletes with>59.085 a.u. compared to 15.71% in
the<59.085 a.u. group (p=0.001).

Discussion

The purpose of this research was to study the association between
SNPs involved in muscle performance and injuries in elite endur-
ance athletes. The main findings in this study are the correlation
between TGS scores and injury rates, and the AMPD T polymorphism
suggests some type of injury-related benefit to the C allele.

40% —o— Non-injury
*

35% —o— Injury

30%

Frequency
- o NN
o wu o wu
@ @ R X

w
S

0%
18.18 27.27 3636 4545 5454 63.63 7272 81.81 90.9
Total Genotype Score (a.u.)

> Fig. 1 Distribution of individuals according to their TGS in non-
injured and injured athletes. * The distribution is different from the
distribution of injuries at p<0.001.

> Table 3 Genotypic distribution of polymorphisms studied among male
and female athletes. Data are shown in n (%).

Gene Male athletes Female athletes P value
symbol (n=50) (n=50)

AMPD1 (rs17602729)

CC 32(64.0) 31(62.0)

CcT 16 (32.0) 12 (24.0) 0.312
T 2(4.0) 3(6.0)

ACE (rs4646994)

DD 22 (44.0) 19 (38.0)

ID 17 (34.0) 18(36.0) 0.813
Il 11(22.0) 13 (26.0)

ACTN3 (rs1815739)

cC 22 (44.0) 17 (34.0)

cT 26 (52.0) 23 (46.0) 0.046
TT 2(4.0) 10 (20.0)

CKM (rs8111989)

AA 12 (24.0) 11(22.0)

GA 17 (34.0) 15 (30.0) 0.832
GG 21 (42.0) 24 (48.0)

MLCK (rs28497577)

AA 0(0.0) 0(0.0)

CA 19 (38.0) 21 (42.0) 0.683
cC 31(62.0) 29 (58.0)

MLCK (rs2700352)

TT 4(8.0) 1(2.0)

TC 22 (44.0) 24 (48.0) 0.385
cC 24 (48.0) 25 (50.0)

Although excellent muscle performance in endurance sports is
facilitated by an optimal polygenic profile in several key polymor-
phisms by muscle fibers, elasticity, and metabolism [23,25-27],
this analysis indicates that the influence of the five genes is strong
enough to discriminate this profile and the risk of sports injuries.
Previous research has improved the understanding of several genes
and their expression influencing the response to physical training
and predisposition to sports-related injuries [28]. All biological pro-
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> Fig. 2 Receiver operating characteristic curve (ROC) summarizing
the ability of the weighted total genotype score to distinguish po-
tential injuries from non-injuries. AUC: area under the curve.

cesses associated with high sports performance, including energy
metabolism, are influenced by genetics [29]. Identification of ge-
netic markers associated with the regulation of energy metabolism
in skeletal muscles can help sports physicians and coaches develop
personalized strategies for talent selection for endurance, strength,
and speed sports and to adapting the training protocols in function
of the athletes’ genetic profile. However, the multifactorial aspect
of sport performances, including impact of genetics, epigenetics,
environment (training, etc.), is important for personalized strate-
gies for talent identification and for best expression, in safety, the
potential of each athlete [30].

Subjects with the TT genotype in the .34 C>T AMPD1 gene have
diminished exercise capacity and cardiorespiratory responses to
exercise [27,31]. Moreover, carriers of the T allele have a limited
training response of ventilatory phenotypes during maximal exer-
cise [31-33] and a reduced submaximal aerobic capacity [33, 34].
This study shows that the AMPD1 gene is the most relevant for
sports injuries in endurance athletes, suggesting that optimal mus-
cle metabolism has an influence on injuries in professional athletes.
These results are valuable for future studies to demonstrate a cause
of muscle performance that could lead to knowledge on sportsin-
juries.

Endurance running is one of the most popular physical activi-
ties in the world, but there is a prevalence of injuries ranging from
18.2-92.4 %, depending on the type and definition of the injury
[35]. In this research, 55 of the 100 endurance runners (55 %) re-
ported at least one injury during the athletic season with an OR that
was 7.400 in those athletes in the TGS>59.085 a.u. group in com-
parison with those in the <59.085 a.u. group.

Although nowadays controversy exists, there is some evidence
that genetic variation in the ACE gene might be associated with
many heritable traits, including physical, physiological, and skill

parameters and physical performance [36,37], showing an in-
creased frequency of the ACE | allele in elite endurance athletes [38-
40], whereas the ACE D allele has been associated with elite sprint
performance [38,41]. The | allele may influence endurance perfor-
mance through improvements in substrate delivery and the effi-
ciency of skeletal muscle, with subsequent conservation of energy
stores [7,36,39].

The ACTN3 gene is a highly conserved component of the con-
tractile machinery in fast skeletal muscle fibersin mammals [7, 11].
The ACTN3 RR variant is nearly always present among elite power
athletes, whereas the XX variant, associated with complete ACTN3
deficiency, is more prevalent among elite endurance athletes, such
as marathon runners and cyclists [42-44]. Detailed analysis of the
ACTN3 XX variant shows a reduced fast-fiber diameter, increased
activity of multiple enzymes in the aerobic metabolic pathway, al-
tered contractile properties, and enhanced recovery from fatigue
[45]. Independent studies, however, failed to demonstrate a sig-
nificant association between the XX variant and extreme endur-
ance performance [46-48]. Finally, this study does not demon-
strate the influence of the ACE and ACTN3 genes on the risk of inju-
ry in athletes.

Studies of CKM gene sequence variation are related to increased
cardiorespiratory endurance as indexed by maximal oxygen uptake
[49], peak performance, and less decline in force generation [50].
The G allele of c. * 800 A>G polymorphism (rs8111989) contrib-
utes to individual running economy responses to endurance train-
ing [16-18], in this research showing non-allelic differences be-
tween injured and non-injured (> Table 2) by a higher frequency
of the A allele in injured athletes (47.3 %) regarding non-injured
athletes (42.2%).

MLCK plays a critical role in the regulation of smooth muscle con-
traction [19]. Two polymorphisms in this gene are associated with
post-exercise strength loss 19,51, 52], showing that heterozygotes
CA for c.37885 C>A might present higher exercise-induced muscle
damage after an endurance competition than CC counterparts [20],
data that do not coincide with those of our study because the injured
CA athletes did not show a greater frequency of this genotype
(32.7 %) than non-injured athletes (48.9 %) (> Table 2).

The likelihood of sustaining an injury in elite endurance athletes
was higherin TGS <59.085 a.u. group than in their>59.085 a.u.
counterparts. In this sense, the results found for body location show
that athletes with TGS <59.085 had a higher frequency of thigh in-
juries, being a predictor of injury using this gene pool, showing this
TGS value association with higher risk of strain injury type and ten-
dinosis/tendinopathies. This research completes and adds infor-
mation to previous studies in which only the c.1729C>T ACTN3
polymorphism was studied and no association was found in the lo-
cation and type of injury in a cohort of amateur marathon runners
[53] and elite endurance runners [54]. The study of a single poly-
morphism with an injury phenotype should be avoided in the field
of genetics in the future, and studies such as the one presented in
this investigation using TGS should be implemented [30]. The de-
sign of specific programs to prevent muscle damage and injury in
athletes using this genetic profile merits further investigation.

This model presents some limitations: 1) the sample size of the
group of elite endurance athletes was limited because in Spain
there are not enough elite endurance athletes with these charac-
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> Table 4 Injury factors for elite endurance athletes. Data are shown in n (%).

All TGS a.u. p value
<59.085 >59.085

Injury conditions Training 39(70.7) 20 (69.0) 19(73.1) 0.737
Competition 16 (29.3) 9(31.0) 7(26.9)

Mode of onset Sudden 34 (61.8) 17 (58.6) 17 (65.4) 0.606
Gradual 21(38.3) 12 (41.4) 9 (34.6)

Injury severity Minar 23 (41.8) 9(31.0) 14 (53.8)
Moderate 23 (41.8) 14 (48.3) 9(34.6) 0.221
Severe 9(16.4) 6(20.7) 3(11.6)

Body location Hip/groin 4(7.3) 2(6.9) 2(7.7)
Thigh 12(21.8) 10 (34.5) * 2(7.7)*
Knee 12(21.8) 1(3.4)* 11(42.3)*
Lower leg 14 (25.5) 9(31.0) 5(19.2) 0.013
Ankle 8 (14.5) 5(17.2) 3(11.5)
Foot/toe 4(7.3) 2(6.9) 2(7.7)
Achilles tendon 1(1.8) 0(0.0) 1(3.8)

Injury type Strain 27 (49.1) 22 (75.9)* 5(19.2) "
Tendinosis/tendinopathies 13(23.6) 11(42.3) " 2(6.9)*
Bone injury 6(10.9) 1(3.4) 5(19.2) 0.001
Sprains/ligament injury 7(12.7) 3(10.3) 4(15.4)
Nerve injury 2(3.6) 1(3.4) 1(3.8)

Season Pre-season 22 (40.3) 11 (37.9) 11 (42.3) 0.741
In-season 33(59.7) 18 (62.1) 15(57.7)

Time of year Summer 13 (23.6) 8 (27.6) 5(19.2)
Autumn 19 (34.5) 9(31.0) 10 (38.5) 0.875
Winter 14 (25.5) 7(24.1) 7 (26.9)
Spring 9(16.4) 5(17.2) 4(15.4)

Possible cause Cumulative overload 19 (34.5) 14 (48.3) " 5(19.2)"
Surface 16 (29.3) 12 (46.2)* 4(13.8)*
Shoe 10(18.2) 5(17.2) 5(19.2) 0.038
Biomechanics 8(14.5) 4(13.8) 4(15.4)
Unknown 2(3.6) 2(6.9) 0(0.0)

" Different from expected at p<0.05; TGS a.u.: Total Genotype Score (arbitrary units).

teristics, a representative sample is presented in the current study;
2) numerous genetic variants that have not been included in the
model are likely to appear in the foreseeable future that can also
explain individual variations in the potential for attaining elite en-
durance athletic performance and injuries; and 3) more longitudi-
nal studies of large cohorts of elite athletes are necessary before
the evidence linking the genetics and epidemiology of injuries can
be established, and it is still premature to use genetic testing
among elite long-distance runners to effectively predict the risk of
injury.

This study is the first to demonstrate that injury incidence in
elite endurance athletes was affected by the TGS in genes involved
in muscle performance. TGS appears to correlate with elite endur-
ance athletes at higherrisk for injury. Further study may help to de-
velop this as one potential tool to help predict injury risk in this pop-
ulation. In fact, the only gene with a positive association with mus-
cle performance and protection against injuries was the AMPD1

polymorphism. Lastly, the current investigation raises the need to
include epigenetics and environmental aspects in the analysis of
the factors associated with elite athlete performance according to
muscle metabolism, improving the understanding of the links be-
tween genetics and exercise performance [55].
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