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Abstract Physical fitness is a complex phenotype influ-
enced by a myriad of environmental and genetic factors,
and variation in human physical performance and ath-
letic ability has long been recognised as having a strong
heritable component. Recently, the development of
technology for rapid DNA sequencing and genotyping
has allowed the identification of some of the individual
genetic variations that contribute to athletic perfor-
mance. This review will examine the evidence that has
accumulated over the last three decades for a strong
genetic influence on human physical performance, with
an emphasis on two sets of physical traits, viz. cardio-
respiratory and skeletal muscle function, which are
particularly important for performance in a variety of
sports. We will then review recent studies that have
identified individual genetic variants associated with
variation in these traits and the polymorphisms that
have been directly associated with elite athlete status.
Finally, we explore the scientific implications of our
rapidly growing understanding of the genetic basis of
variation in performance.

Introduction

Elite athletes, viz. athletes who have competed at a na-
tional or international level in their chosen sport, rep-

resent a rare convergence of genetic potential and
environmental factors (Myburgh 2003). There is no
question that environmental factors such as training and
nutrition are essential for the development of an elite
athlete. However, these factors alone are not sufficient;
most of us could never achieve elite athlete status,
however hard we trained. Just as genetic predisposition
plays a major role in determining one’s susceptibility to
multifactorial diseases such as diabetes and cancer, elite
athletic performance is a complex fitness phenotype
substantially determined by genetic potential.

Heritability of performance-related traits

The first strong evidence for a genetic influence on
physical performance came from studies that compared
closely related individuals (twin pairs and nuclear fam-
ilies) with unrelated subjects to estimate the heritability
(a composite measure of genetic and shared environ-
mental factors) of variation for many aerobic fitness-
related and cardiac performance-related traits (reviewed
by Bouchard et al. 1997). Much of this data comes from
the HERITAGE (health, risk factors, exercise training
and genetics) Family Study of 130 two-generation fam-
ilies who were assessed in the sedentary state and in
response to a standardised 20-week aerobic exercise-
training program (Bouchard et al. 1995). Heritability
ranged from 20% to 75% for a number of factors,
including maximal oxygen uptake in the sedentary state
(Bouchard et al. 1998) and in response to training
(Bouchard et al. 1999), oxygen consumption and power
output during submaximal exercise (Pérusse et al. 2001),
oxygen uptake at the ventilatory threshold (Gaskill et al.
2001), stroke volume and cardiac output during sub-
maximal exercise (An et al. 2000) and the exercise heart
rate response to training (An et al. 2003c).

Significant genetic influences have also been identified
for measures of skeletal muscle strength and perfor-
mance, including the response of oxoglutarate dehy-
drogenase activity to training (Thibault et al. 1986),
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muscle adaptation to endurance exercise (Hamel et al.
1986), vertical jump height as a measure of explosive
power (Maes et al. 1996), various measures of muscle
strength and their response to training (Thomis et al.
1998), anaerobic capacity and explosive power (Calvo
et al. 2002), average size of type I (slow oxidative) fibres
in the sedentary state and maximal activity of energy
production enzymes both in the sedentary state and in
response to training (Rico-Sanz et al. 2003b). The ge-
netic contribution to variation in the relative propor-
tions of skeletal muscle fibre types is estimated as lying
between 40% and 50% (Simoneau and Bouchard 1995).

Studies by segregation analysis, which involves fol-
lowing the inheritance pattern of specific phenotypes in
nuclear families, suggest that single major genes con-
tribute to a substantial fraction of phenotypic variance
in at least some performance-related traits. For example,
single genes are reported to account for more than 40%
of the variance in oxygen uptake at the ventilatory
threshold (Feitosa et al. 2002), for 30% of baseline
exercise heart rate and for 27% of the variance in the
exercise heart rate response to training (An et al. 2003a).
These findings have encouraged attempts to identify
genetic loci and specific polymorphisms that impact
human physical performance.

Cardiorespiratory and skeletal muscle performance
genes

Genome-wide linkage analyses

Genome-wide linkage analysis has proved invaluable in
the identification of causative genes in a vast array of
human diseases and other traits (Baron 2001) and have
recently been used to identify a number of genetic re-
gions showing significant associations with variation in
human physical performance traits. Studies utilising the
HERITAGE family cohort (Bouchard et al. 1995) have
identified suggestive linkage peaks associated with vari-
ation in maximal oxygen uptake (Bouchard et al. 2000;
Rico-Sanz et al. 2004), maximal power output (Rico-
Sanz et al. 2004), exercise stroke volume and cardiac
output (Rankinen et al. 2002a) and blood pressure both
in resting subjects (Rice et al. 2002b) and following
exercise (Rankinen et al. 2001a). Other studies have
identified linkage peaks associated with body composi-
tion and fat distribution (Chagnon et al. 2001; Rice et al.
2002a) and glucose and insulin metabolism-related traits
(An et al. 2003b).

Genetic associations with performance-related traits

Genetic association studies are commonly used to test
the influence of variation at a candidate locus on specific
performance traits. Association studies fall into two
major categories: case-control studies involving com-
parisons of genotype frequencies in cohorts of sedentary

controls and elite athletes (discussed in the next section)
and cross-sectional association studies, which examine
differences in performance-related phenotypic measure-
ments between individuals with different genotypes. The
process of identifying and genotyping candidate genetic
variations for performance-related traits has accelerated
over the last 5 years and the results are catalogued in the
2001, 2002, 2003 and 2004 releases of the human gene
map for performance and health-related fitness pheno-
types (Pérusse et al. 2003; Rankinen et al. 2001b, 2002b,
2004; Fig.1).

Genetic association studies must always be inter-
preted with caution (Lewis 2002; Romero et al. 2002).
As with any statistical analysis, there is a non-trivial
possibility of a false positive result attributable to
chance, particularly in studies involving multiple gene-
trait analyses or the splitting of cohorts into separately
analysed sub-groups (Ioannidis 2003). In addition,
studies that have not been carefully controlled for ethnic
background and other potential confounding factors
carry an additional risk of false positive results (Lewis
2002). Finally, a substantial possibility always exists that
the actual causative variant is not the genotyped poly-
morphism but some other variant in strong linkage
disequilibrium. Therefore, all reported genetic associa-
tions should remain tentative until there is (1) a bio-
logically plausible and well-supported mechanism by
which the variant could influence the trait in question
and (2) replication of the association in other indepen-
dent cohorts. We will restrict discussion in this section to
those genes for which there has been independent rep-
lication of the finding of a positive genetic association.

Three candidate genes have been reported to be
associated with cardiorespiratory function in multiple
independent studies. The first of these is the CKMM
gene, which encodes the cytosolic muscle isoform of
creatine kinase, an enzyme responsible for the rapid
regeneration of ATP during intensive muscle contrac-
tion (Echegaray and Rivera 2001). A positive associa-
tion between muscle creatine kinase protein variants and
exercise performance was first reported by Bouchard

Fig. 1 Cumulative number of candidate genes associated with
health or physical fitness phenotypes each year from 1997 to 2003,
as reported by Rankinen et al. (2004). All loci reported to have a
significant association with one or more performance or health-
related fitness traits (excluding exercise intolerance) are grouped
under the year in which the first significant association study was
published
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et al. (1989). The same group later demonstrated a
highly significant association between a restriction
fragment length polymorphism (RFLP) in CKMM and
the response of maximal oxygen uptake to a 20-week
endurance training program in 240 unrelated members
of the HERITAGE family cohort (Rivera et al. 1997a)
and subsequently showed strong evidence of genetic
linkage between CKMM and the training response of
VO2max in 495 individuals from 98 nuclear families
(Rivera et al. 1999). However, it is interesting to note
that no association was found between the same varia-
tions and elite endurance athlete status in another study
by the same group (Rivera et al. 1997b).

The M235T missense polymorphism in the angio-
tensinogen gene AGT showed a positive association with
several measures of cardiorespiratory performance in 61
healthy postmenopausal women, including 24 elite
endurance athletes (McCole et al. 2002), and with left
ventricular mass (LVM) in two separate studies on elite
endurance athletes: a highly significant association in a
cohort of 50 male and 30 female athletes (Karjalainen
et al. 1999) and a weak association in a combined
analysis with genotype at the ACE I/D polymorphism in
83 male athletes (Diet et al. 2001). No evidence of an
association was identified in two cohorts of untrained
individuals (Linhart et al. 2000; Kauma et al. 1998).
Similarly to CKMM, the AGT M235T variant was not
found to be significantly associated with elite endurance
athlete status in a case-control study of 60 elite endur-
ance athletes and 400 healthy controls (Alvarez et al.
2000).

Three recent studies have identified associations be-
tween missense polymorphisms in the ADRB2 gene,
which encodes the b2-adrenergic receptor, and cardio-
respiratory performance traits. Analysis of a cohort of
19 sedentary, 20 active and 24 elite endurance athletic
postmenopausal women demonstrated significantly
lower maximal O2 consumption in women homozygous
for the Glu27 allele than in carriers of the Gln27 allele
(Moore et al. 2001). Two later studies examined the
phenotypic effects of another polymorphism, Arg16Gly:
in a study of 267 normotensive adults, Gly16 homo-
zygotes demonstrated higher performance than Arg16
carriers in a number of measures of cardiac left ven-
tricular function (Tang et al. 2003), whereas in a group
of 31 healthy adults, Gly16 homozygotes had a signifi-
cantly greater heart rate response to exercise than Arg16
homozygotes (Eisenach et al. 2004).

Significant genetic associations with variation in
cardiorespiratory function have been reported in single
studies for several other polymorphisms. These include
RFLPs in several mitochondrial genes (Dionne et al.
1991), specific alleles at the HLA-A locus (Rodas et al.
1997), RFLP haplotypes of the Na+ –K+ -ATPase a2
gene ATP1A2 (Rankinen et al. 2000b), common mis-
sense variants of the apolipoprotein E gene APOE
(Thompson et al. 2004) and the common Gly482Ser
missense polymorphism in the peroxisome proliferator-
activated receptor c coactivator 1 (PGC-1a) gene

PPARGC1 (Franks et al. 2003). For cardiac perfor-
mance traits, significant associations have been reported
for an intronic polymorphism in the peroxisome prolif-
erator-activated receptor a gene PPARA (Jamshidi et al.
2002), and for a common nonsense polymorphism in the
adenosine monophosphate deaminase 1 gene AMPD1
(Rico-Sanz et al. 2003a).

To date, only one gene has shown statistically sig-
nificant associations with skeletal muscle function in
multiple independent studies: the vitamin D receptor
gene VDR. A BsmI RFLP corresponding to a single-
nucleotide polymorphism (SNP) in the final intron of the
VDR gene was significantly associated with quadriceps
and grip strength in 307 non-obese women aged over
70 years (Geusens et al. 1997). The same RFLP and a
closely linked length polymorphism in a poly-A repeat
were analysed in a cohort of 175 healthy women aged
20–39 years, with a weakly significant association with
hamstring strength being identified (Grundberg et al.
2004). However, this study failed to replicate the asso-
ciation of the BsmI RFLP with quadriceps and grip
strength reported by Geusens et al. (1997).

Several other genetic variations linked to skeletal
muscle function have been identified in cohorts of el-
derly individuals. These variations include a null allele in
the CNTF gene encoding ciliary neurotrophic factor
(Roth et al. 2001), a SNP in the 3¢-untranslated region of
the CNTF-specific a-receptor subunit gene CNTFR
(Roth et al. 2003), an ApaI RFLP in the IGF2 gene
encoding insulin-like growth factor II (Sayer et al. 2002),
the K153R amino acid polymorphism in the myostatin
gene GDF-8 (Seibert et al. 2001) and a SNP in the pro-
moter region of the COL1A1 gene encoding the type I
collagen a1 chain (van Pottelbergh et al. 2001).

Case-control studies of candidate genes in elite athletes

ACE I/D polymorphism

A common polymorphism in the angiotensin converting
enzyme I gene (the ACE I/D variant) represents one of
the first characterised, and certainly the most widely
studied, genetic variant in the context of elite athlete
status and performance-related traits. The features and
known biological functions of ACE have been sum-
marised in a recent review (Coates 2003). The human
ACE gene has two alleles differing in the presence
(insertion or I allele) or absence (deletion or D allele) of
a 287-bp Alu repeat element in intron 16 (Rieder et al.
1999). The I allele is associated with lower ACE activity
in both serum (Rigat et al. 1990) and tissue (Danser et al.
1995) compared with the D allele. The health implica-
tions of this polymorphism have been intensively ex-
plored in more than 100 separate studies; the
homozygous DD genotype has been associated with
disorders as diverse as heart disease (Danser et al. 1995),
systemic lupus erythematosus (Pullmann Jr et al. 1999),
obstetric cholestasis (Heiskanen et al. 2001), affective
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disorders (Arinami et al. 1996), the pathological out-
comes of immunoglobulin A nephropathy (Chen et al.
1997) and meningococcal disease in children (Harding
et al. 2002).

Several case-control studies have shown a significant
association between ACE genotype and elite athlete
status. The first such study reported an increased fre-
quency of the I allele in 25 British high-altitude moun-
taineers compared with 1,906 sedentary controls
(Montgomery et al. 1998) and, concurrently, similar
results were reported in 64 Australian endurance rowers
compared with 114 healthy controls (Gayagay et al.
1998). Conversely, an increased frequency of the D allele
was found in 35 elite short-distance ( £ 400 m) swim-
mers (Woods et al. 2001), suggesting that the two alleles
at the ACE I/D polymorphism have differing effects on
athletic performance, with the I allele favouring endur-
ance ability and the D allele improving performance in
sprint or power events. Two further studies have sup-
ported this interpretation. A cohort of 91 British
Olympic-standard runners displayed a significant linear
trend between ACE genotype and length of specialist
event, with a skew towards the D allele for events of
£ 200 m and a skew towards the I allele for events of
‡5,000 m (Myerson et al. 1999). A later study of 141 elite
Russian athletes, divided into three groups according to
the average duration of their specialist event, showed a
significant excess of the D allele in 30 short-distance
athletes (events lasting less than 1 min) and a similar
excess of the I allele in 35 middle-distance athletes
(events lasting 1–20 min; Nazarov et al. 2001). Surpris-
ingly, a relatively large group of 76 long-distance ath-
letes had genotype frequencies indistinguishable from
controls, rather than the expected skew towards the in-
creased frequency of the I allele. This puzzling result
may be partly attributable to each group containing
athletes from multiple different sporting disciplines,
thereby introducing heterogeneity that may have ob-
scured an association.

Whereas the presence of so many positive association
studies suggests that there is an influence of ACE
genotype on athletic performance, it should be noted
that all of the studies described above consisted of
comparatively small cohorts and that two sizeable
studies have found no evidence for the association. An
early study by Taylor et al. (1999) compared 120 mixed
elite athletes with 685 healthy controls and found no
difference in ACE genotype frequencies between the two
groups. This study was compromised, however, by the
sheer heterogeneity of the athlete cohort, which included
hockey players, cyclists, skiers, track and field athletes,
swimmers, rowers, gymnasts and ‘‘others,’’ many of
whom did not clearly fall into either pure sprint or
endurance categories. Given the apparently opposing
directions of effect of the D and I alleles on performance
in sprint and endurance events, it is not surprising that
such a mixed cohort failed to reveal an association. A
larger and better-controlled study was carried out by
Rankinen et al. (2000c) who examined genotype fre-

quencies in 192 males elite endurance athletes with a
maximal oxygen uptake of ‡75 mL/kg per minute
compared with 189 sedentary controls and found no
difference in genotype frequencies between the two
groups. However, despite the careful selection of athletes
competing in endurance events, the athlete cohort was
still drawn from a heterogeneous range of sporting dis-
ciplines, including cross-country skiing, biathlon, long-
distance and middle-distance running and road cycling.

These case-control studies, although conflicting in
their conclusions, fit into a general pattern: the studies
that obtained a positive association were generally rel-
atively small studies on well-defined athlete cohorts,
whereas the negative studies were larger in size but
contained more heterogeneous athlete groups. Whereas
the balance of evidence appears to favour the notion
that some association exists between ACE genotype and
elite athlete status, the methodological differences be-
tween the positive and negative studies make it difficult
to draw firm conclusions.

A number of mechanism(s) exists by which ACE
expression might influence athletic performance. Ini-
tially, the influence was proposed to act on cardiore-
spiratory function, a hypothesis supported by a study in
postmenopausal women suggesting that ACE genotype
influenced maximal oxygen uptake (Hagberg et al.
1998), which is a reasonable predictor of endurance
athlete performance (Bassett and Howley 2000; My-
burgh 2003). However, in a study of 476 sedentary
Caucasian subjects there was no evidence for an asso-
ciation between ACE genotype and any of 54 measures
of pre-training cardiorespiratory function (Rankinen
et al. 2000a). A later study (Woods et al. 2002) found no
link between the ACE I/D polymorphism and the car-
diorespiratory response to training in 58 army recruits.
A number of studies have linked the ACE I/D poly-
morphism with various cardiac diseases, although many
of these associations remain contentious (for reviews, see
Crisan and Carr 2000; van Berlo and Pinto 2003). The
association between ACE genotype and left ventricular
growth in response to exercise, both in diseased patients
and in elite athletes, is slightly better established (van
Berlo and Pinto 2003). Significant associations between
the D allele of ACE and LVM have been reported in
several studies of athletes (Fatini et al. 2000; Hernández
et al. 2003; Nagashima et al. 2000; Rizzo et al. 2003) and
individuals exposed to physical training (Montgomery
et al. 1997), although, in other athlete cohorts, the
association between the ACE D allele and LVM was
only significant in combination with other genetic vari-
ants (Diet et al. 2001) or was not identified at all
(Karjalainen et al. 1999). The association does not ap-
pear to be present in untrained healthy controls (Kauma
et al. 1998; Linhart et al. 2000) suggesting that any
influence of ACE genotype on cardiac function involves
an interaction between genotype and training.

The ACE I/D polymorphism could also influence
athletic performance via local effects on skeletal muscle
function (Jones and Woods 2003). The I allele has been

334



associated with significantly greater improvements in
muscle endurance (Montgomery et al. 1998) and effi-
ciency of muscle contraction (Williams et al. 2000) in
response to training, and with an increased proportion
of type I (slow) fibres in the vastus lateralis muscle in
untrained individuals (Zhang et al. 2003). In contrast,
the D allele has been associated with a greater increase in
quadriceps strength in response to a 9-week isometric
strength-training program (Folland et al. 2000). Jones
and Woods (2003) suggest that the I allele boosts
endurance performance through an increase in skeletal
muscle efficiency, perhaps in part because of effects on
fibre type proportions (Zhang et al. 2003), whereas the D
allele may enhance sprint/power activity through an
increase in muscle strength, potentially via the muscle
hypertrophic effects of increased angiotensin II (Jones
and Woods 2003).

Other variants linked to elite athlete status

Several studies have been carried out on associations
between elite athlete status and genes for adrenergic
receptors. A weak association (0.05>P>0.01) between
an RFLP in the a2a-adrenoceptor gene (ADRA2A) and
elite endurance athlete status was identified in a cohort
of 148 Caucasian male elite endurance athletes and 148
Caucasian sedentary male controls (Wolfarth et al.
2000). The same study found no evidence for an asso-
ciation between athlete status and an RFLP in the b2-
adrenoceptor gene ADRB2, whereas a later study of a
missense polymorphism (Gln27Glu) in the ADRB2 gene
showed slightly different genotype frequencies between a
cohort of 39 sedentary and active postmenopausal wo-
men and a group of 24 postmenopausal female elite
endurance athletes (Moore et al. 2001). Although Moore
et al. (2001) did not explicitly compare genotype fre-
quencies between the two groups, their data demon-
strated a small but significant difference (exact Pearson’s
v2 test, P = 0.036). The Glu/Glu genotype was less
common in the athlete group and was weakly associated
with lower maximal oxygen uptake and higher body
mass index values (Moore et al. 2001).

More recently, a correlation was demonstrated be-
tween a 9-bp insertion/deletion polymorphism (denoted
+9/�9) in exon 1 of the bradykinin b2 receptor gene
BDKBR2 and running distance in 81 Olympic-standard
track athletes (Williams et al. 2004). The study showed a
weakly significant linear trend of increasing frequency of
the �9 allele with running distance in the athletes
(P=0.04 for comparison of £ 5,000 vs. ‡5,000 m) and a
more highly significant trend in combination with ACE
I/D allele frequencies (P=0.001). The BDKBR2 geno-
type alone and in combination with the ACE genotype
also showed highly significant associations with a mea-
sure of the efficiency of skeletal muscle contraction in
115 healthy controls (Williams et al. 2004). There was no
difference in BDKBR2 genotype or allele frequencies
between the Olympic athlete and control groups, possi-

bly because of the same problems with the mixed athlete
cohorts described above for the ACE association. The
�9 allele of BDKBR2 had previously been associated
with higher transcriptional activity of the BDKBR2 gene
(Braun et al. 1996) and with a reduced left-ventricular
growth response to a 10-week exercise program (Brull
et al. 2001). Since the bradykinin b2 receptor is a
downstream effector of ACE, the finding of similar
phenotypic associations for the ACE I/D and BDKBR2
+9/�9 polymorphisms lends indirect support to the
reported associations of ACE I/D with elite athlete sta-
tus and other performance-related phenotypes and sug-
gests that at least some of the effects of the ACE
genotype on performance are related to downstream
effects on the bradykinin pathway (Williams et al. 2004).

Recently, our group reported an association between
elite athlete status and a common null polymorphism
(R577X) in the ACTN3 gene encoding the fast-fibre-
specific Z line protein a-actinin-3 (North et al. 1999).
R577X genotype frequencies were examined in 436
healthy controls compared with two cohorts of elite
Australian athletes (107 sprint/power athletes and 194
endurance athletes; Yang et al. 2003). In sprint/power
athletes, the frequency of the XX (a-actinin-3 deficient)
genotype was approximately three-fold lower than the
frequency in controls for both males (P<0.001) and
females (P<0.01), suggesting that deficiency of a-acti-
nin-3 impairs fast muscle fibre function. The opposite
trend was seen in endurance athletes, who had sig-
nificantly higher frequencies of the XX genotype than
controls in females (P<0.05) but not in males, sug-
gesting that the absence of a-actinin-3 may be beneficial
for endurance performance and that this effect is gender-
specific. The negative association with sprint perfor-
mance has biological plausibility given that the R577X
polymorphism abolishes the expression of a fast-fibre-
specific protein in skeletal muscle. However, compara-
tively little is known about the precise functions of
a-actinin-3 (MacArthur and North 2004) and the
association has not yet been independently replicated.

Scientific implications

Implications for sports science

The field of sports science encompasses the multitude of
biological and environmental factors that determine
athletic success. Ultimately, the findings and recom-
mendations of sports scientists are used to guide the
decisions of sporting bodies, coaches and athletes in two
major areas: (1) talent identification, the process of
selecting individuals with the potential of becoming
champion athletes, and (2) the formulation of training
programs that will maximise an individual’s potential.

The process of talent identification could, in princi-
ple, be revolutionised by the discovery and characteri-
sation of genetic variants that strongly influence athletic
performance, with routine genetic analysis being added
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to the existing battery of physiological, biochemical and
psychological tests that form the current basis for
selecting talented young athletes for further training.
However, there is still no evidence that any of these
variants have any substantial predictive value for pro-
spectively identifying potential elite athletes. The de-
tailed analyses of physiological parameters currently
used actually represent integrated measurements of the
effects of multiple genes and environmental influences
on the phenotype, whereas genetic tests examine only
single isolated determinants. This said, however, there
may be situations in which genetic tests will provide
invaluable predictive information: for instance, if a gene
influences performance through a physiological pathway
that is poorly characterised or difficult to measure di-
rectly or for analysis of the athletic potential of young
children in whom some physiological tests are only
weakly predictive of adult performance. We will only be
able to evaluate the true benefits of genetic testing when
geneticists and sports scientists can collaborate in large
prospective cohort studies, which empirically determine
the utility of genetic analyses in predicting future per-
formance.

The potential benefit of genetic testing for opti-
mising training programmes is also currently unclear,
although selection of the optimal sport for a young
athlete could benefit from genetic information. Several
of the genetic factors for which positive associations
have been reported in elite athlete cohorts (including
both the ACE I/D and the ACTN3 R577X polymor-
phisms discussed above) do not appear to influence
whether someone can become an elite athlete but in-
stead may influence in which sport an elite athlete can
compete successfully. In the case of both ACE and
ACTN3, one allele at the polymorphic site appears to
favour performance in sprint or power events (the
ACE D and ACTN3 R allele), whereas the other ap-
pears to benefit the ability to compete in endurance
sports (the ACE I and ACTN3 X allele), findings that
are consistent with the observation of ‘‘trade-offs’’
between sprint and endurance performance in elite
decathletes (van Damme et al. 2002). This suggests
that some genetic factors might not be useful in pre-
dicting whether a young amateur athlete has elite po-
tential but may help to guide the choices of young
athletes and their coaches in determining the events to
which they would be best suited. In other cases, such
as the finding that a variation in the APOE gene in-
creases the probability of serious brain damage in
boxers (Jordan et al. 1997), genetic testing might serve
to steer young athletes with an increased genetic po-
tential for serious injury away from particular sports.

However, the question of added utility still arises: can
genetic testing provide an extra advantage over existing
testing methods in determining sports selection in young
athletes? It may well turn out that genetic testing pro-
vides no added benefit over the combination of self-
guided sports selection and existing talent identification
programmes based on physiological tests. As is the case

for talent identification, this question can only be re-
solved by well-controlled prospective studies in large
cohorts of young athletes.

Implications for human health

Genetic variants influencing athletic performance are
likely to have wider significance for human health and
biology. In many cases, the variants associated with
performance traits and elite athlete status are reasonably
common in the general population; for instance, both
the ACTN3 577X allele and the ACE I allele have fre-
quencies of more than 30% in a variety of human
populations (Mills et al. 2001; Sagnella et al. 1999).
Whereas some variants may only have a phenotypic
impact under specific environmental conditions, such as
in response to the heavy physical training experienced by
elite athletes, many genetic variations probably have a
significant impact on the wide variation in physical traits
within the general community.

If the influence of genetic variants on athletic per-
formance were limited to traits such as muscle strength
and running speed, their influence on daily life in most
modern humans would be trivial. However, many per-
formance-associated genetic variants are thought to
influence physical traits such as energy metabolism, re-
sponse to exercise and cardiovascular fitness, which are
just as crucial to health and fitness in the general pop-
ulation as they are to the performance of elite athletes.
Some ‘‘athlete genes’’ might have a positive effect on
health; for instance, genetic variants that boost the re-
sponse to training of athletes may well increase the
health benefits of regular exercise in less athletic hu-
mans. Conversely, and perhaps counter-intuitively, fac-
tors that help athletes could actually have a strong
negative effect on health in others; for instance, genes
that allow a long-distance runner to conserve energy
over long periods of intense physical activity might be
disastrous to less physically active individuals, leading to
obesity, diabetes and heart disease. Similarly, a poly-
morphism that boosts the cardiac function of sprinting
champions may lead to a greater incidence of cardiac
disease in the general population, as has been suggested
for the D allele of the ACE gene (Crisan and Carr 2000;
van Berlo and Pinto 2003). Thus, although the rela-
tionships will not always be simple, research into the
genetic factors influencing physical fitness in elite ath-
letes should boost our understanding of genetic influ-
ences on health in the general population.
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Hohmann I, Rost R, Böhm M (2001) ACE and angiotensino-
gen gene genotypes and left ventricular mass in athletes. Eur J
Clin Invest 31:836–842

Dionne FT, Turcotte L, Thibault MC, Boulay MR, Skinner JS,
Bouchard C (1991) Mitochondrial DNA sequence polymor-
phism, VO2max, and response to endurance training. Med Sci
Sports Exerc 23:177–185

Echegaray M, Rivera MA (2001) Role of creatine kinase isoen-
zymes on muscular and cardiorespiratory endurance: genetic
and molecular evidence. Sports Med 31:919–934

Eisenach JH, McGuire AM, Schwingler RM, Turner ST, Joyner
MJ (2004) The Arg16/Gly b2-adrenergic receptor polymor-
phism is associated with altered cardiovascular responses to
isometric exercise. Physiol Genomics 16:323–328

Fatini C, Guazzelli R, Manetti P, Battaglini B, Gensini F, Vono R,
Toncelli L, Zilli P, Capalbo A, Abbate R, Gensini GF, Galanti
G (2000) RAS genes influence exercise-induced left ventricular
hypertrophy: an elite athletes study. Med Sci Sports Exerc
32:1868–1872

Feitosa MF, Gaskill SE, Rice T, Rankinen T, Bouchard C, Rao
DC, Wilmore JH, Skinner JS, Leon AS (2002) Major gene ef-
fects on exercise ventilatory threshold: the HERITAGE Family
Study. J Appl Physiol 93:1000–1006

Folland J, Leach B, Little T, Hawker K, Myerson S, Mont-
gomery H, Jones D (2000) Angiotensin-converting enzyme
genotype affects the response of human skeletal muscle to
functional overload. Exp Physiol 85:575–579

Franks PW, Barroso I, Luan J, Ekelund U, Crowley VE, Brage
S, Sandhu MS, Jakes RW, Middelberg RP, Harding AH,
Schafer AJ, O’Rahilly S, Wareham NJ (2003) PGC-1a
genotype modifies the association of volitional energy
expenditure with VO2max. Med Sci Sports Exerc 35:1998–
2004

Gaskill SE, Rice T, Bouchard C, Gagnon J, Rao DC, Skinner JS,
Wilmore JH, Leon AS (2001) Familial resemblance in ventila-
tory threshold: the HERITAGE Family Study. Med Sci Sports
Exerc 33:1832–1840

Gayagay G, Yu B, Hambly B, Boston T, Hahn A, Celermajer
DS, Trent RJ (1998) Elite endurance athletes and the ACE I
allele–the role of genes in athletic performance. Hum Genet
103:48–50

Geusens P, Vandevyver C, Vanhoof J, Cassiman JJ, Boonen S,
Raus J (1997) Quadriceps and grip strength are related to
vitamin D receptor genotype in elderly nonobese women. J
Bone Miner Res 12:2082–2088

Grundberg E, Brandstrom H, Ribom EL, Ljunggren O, Mallmin
H, Kindmark A (2004) Genetic variation in the human
vitamin D receptor is associated with muscle strength, fat
mass and body weight in Swedish women. Eur J Endocrinol
150:323–328

Hagberg JM, Ferrell RE, McCole SD, Wilund KR, Moore GE
(1998) VO2max is associated with ACE genotype in postmeno-
pausal women. J Appl Physiol 85:1842–1846

Hamel P, Simoneau JA, Lortie G, Boulay MR, Bouchard C
(1986) Heredity and muscle adaptation to endurance training.
Med Sci Sports Exerc 18:690–696

337



Harding D, Baines PB, Brull D, Vassiliou V, Ellis I, Hart A,
Thomson AP, Humphries SE, Montgomery HE (2002) Severity
of meningococcal disease in children and the angiotensin-con-
verting enzyme insertion/deletion polymorphism. Am J Respir
Crit Care Med 165:1103–1106

Heiskanen JT, Pirskanen MM, Hiltunen MJ, Mannermaa AJ,
Punnonen KR, Heinonen ST (2001) Insertion-deletion poly-
morphism in the gene for angiotensin-converting enzyme is
associated with obstetric cholestasis but not with preeclampsia.
Am J Obstet Gynecol 185:600–603

Hernández D, Rosa A de la, Barragán A, Barrios Y, Salido E,
Torres A, Martı́n B, Laynez I, Duque A, De Vera A, Lorenzo
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