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Abstract 

It is generally accepted that muscle fibre composition may influence physical performance. The α-

actinin-3 (ACTN3) gene R577X polymorphism is suspected to be one of the contributing gene 

variations in the determination of muscle fibre type composition and athlete status. In the present 

study, we examined the dependence of average preferred racing distance (PRD) on muscle fibre 

type composition of the m. vastus lateralis in 34 sub-elite Russian speed skaters (20 males, 14 

females) who competed in races of different length (500-10,000 m). We also investigated the 

association between the ACTN3 polymorphism and muscle fibre characteristics in 94 subjects (60 

physically active healthy men and 34 speed skaters), as well as the relationship between PRD and 

ACTN3 genotype of 115 sub-elite and elite speed skaters. In addition, ACTN3 genotype and allele 

frequencies of the 115 speed skaters were compared to 1,301 controls. ACTN3 XX genotype 

frequency was significantly lower in sprinters (n = 39) compared to controls (2.6% vs. 14.5%; P = 

0.034). We observed a positive relationship between PRD and the proportion of slow-twitch (ST) 

muscle fibres that was close to linear but better fitted a logarithmic curve (r = 0.593, P < 0.0005). 

The ACTN3 R577X polymorphism was associated with muscle fibre composition (ST fibres, RR 

genotype: 51.7 (12.8)%, RX: 57.4 (13.2)%, XX: 61.5 (16.3)%; ρ = 0.215; P = 0.049) in the overall 

muscle biopsy group, and with PRD of all athletes (ρ = 0.24, P = 0.010), indicating that ACTN3 XX 

genotype carriers exhibit a higher proportion of ST fibres and prefer to skate long distance races. 

However, the majority of the association between muscle fibre type and PRD was independent of 

ACTN3 genotype. In conclusion, the ACTN3 R577X polymorphism is associated with preferred 

racing distance in speed skaters and muscle fibre type composition.  Thus, it is probably partly via 

associations with fibre type that the R577X polymorphism contributes to a small but perhaps 

important component of the ability to perform at a high level in speed skating. 
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Introduction 

There is a strong relationship between muscle fibre type distribution and athletic performance. 

Endurance-oriented athletes are reported to have remarkably high type I (slow-twitch, fatigue-

resistant) fibre numbers in their trained muscle groups (Iazvikov et al., 1988; Ricoy et al., 1998; 

Andersen et al., 2000; Zawadowska et al., 2004), whereas muscles of sprinters and weightlifters 

predominantly consist of IIa/IIx (fast-twitch) fibres (Iazvikov et al., 1988; Andersen et al., 1994, 

2000). The proportion of type I fibres in the most studied human muscle, the vastus lateralis, is 

typically around 50% but there are wide variations (range 5-90%) (Klitgaard et al., 1990; Andersen 

et al., 2000, Andersen & Aagaard, 2000).  

On the basis of comparative analyses of fibre type composition in monozygotic and 

dizygotic twins and other siblings, Simoneau and Bouchard (1995) concluded that the genetic 

component for the proportion of type I fibres in human muscles is of the order of 40 to 50%, 

indicating that muscle fibre type composition is determined both by genotype and environment. The 

genetic variance is that portion of the individual differences associated with genetic polymorphisms 

at relevant genes and other DNA regions. It incorporates the effects of single genes, the contribution 

of polygenes, the genetic-environment interaction effects, and a variety of gene-gene interaction 

effects. Environment variance is dependent on factors such as nutritional habits, level of habitual 

physical activity, non-heritable intrauterine influences, and a variety of other lifestyle components 

and factors from the social and physical environment (Simoneau & Bouchard, 1995).  

The α-actinin-3 (ACTN3) gene R577X polymorphism is suspected to be one of the 

contributing gene variations in the determination of muscle fibre type composition and athlete 

status. Accordingly, several studies demonstrated that the frequency of the non-functional XX 

genotype (that indicates an α-actinin-3 deficient phenotype) is lower in elite sprint and power 

athletes than in controls (reviewed in Yang et al., 2009). Furthermore, Vincent et al. (2007) 

reported that the percentage cross-sectional area (CSA) and number of type IIx fibres of m. vastus 

lateralis was greater in the RR than the XX genotype group of young healthy men. This relationship 

corresponds with the function of α-actinins in skeletal muscle fibres. They constitute the 

predominant protein component of the sarcomeric Z line, where they form a lattice structure that 

anchors together actin containing thin filaments and stabilizes the muscle contractile apparatus 

(Squire, 1997). Moreover, interacting with many muscle proteins, α-actinins carry out some 

signalling and metabolic functions, notably interacting with calcineurin which plays an important 

role in the determination of muscle fibre type (Berman &North, 2010; Olson & Williams, 2000). 

Expression of α-actinin-3 is limited to fast skeletal muscle fibres responsible for generating force at 

high velocity (Mills et al., 2001; Vincent et al., 2007).  



Speed skating includes racing different distances (500-10,000 m) and durations (world 

records range from ~34 s to ~ 14 min), thus suggesting the predominant use of different types of 

energy sources and muscle fibres. Some mixture of slow-twitch (to sustain skating posture) and 

fast-twitch fibres (to effect push off) in the hip and knee extensors seems necessary for optimal 

skating performance (de Groot et al., 1987). Iazvikov et al. (1988) reported that sprinters (500 and 

1000 m speed skaters) had a higher proportion of type II skeletal muscle fibres (IIa 56 ± 6%, IIx 31 

± 7%), while the muscles of long-distance skaters were predominantly composed of type I muscle 

fibres (60 ± 4%). The performance in speed skating is largely determined by the external power 

production of the speed skater. This power is necessary to overcome the air and ice friction and to 

increase the kinetic energy of the skater (de Koning et al. 1992, 1994). van Ingen Schenau et al. 

(1990) have shown that a fast acceleration (high initial power output) is crucial for the sprinting 

events (500 m and 1000 m), while for the long distances the skaters should combine a fast but short 

lasting start with a constant power output following the start in order to minimize air frictional 

losses. The list of determinants of success in speed skating also includes: increased cross-sectional 

area of quadriceps femoris muscles (Kanehisa et al., 1996), optimal pacing strategy (Muehlbauer et 

al., 2010; Hettinga et al., 2011), anthropometric features (shorter legs and longer trunks) (Sovak & 

Hawes, 1987) and increased aerobic capacity (Nemoto et al., 1988). 

The aim of the study was to examine the dependence of average preferred racing distance 

(PRD) on muscle fibre type composition of the m. vastus lateralis in Russian speed skaters, the 

association between ACTN3 polymorphism and muscle fibre composition, as well as the 

relationship between PRD and ACTN3 genotype of speed skaters. In addition, ACTN3 genotype and 

allele frequencies of speed skaters were compared to controls. 

 

Methods 

Ethical approval 

The study was approved by the Ethic Committee of St. Petersburg University and by the 

Physiological Section of the Russian National Committee for Biological Ethics. Written informed 

consent was obtained from each participant. The study complied with the guidelines set out in the 

Declaration of Helsinki. 

 

Study participants. One hundred and fifteen male (n = 71; age 22.1 ± 0.7 yr; height 179.5 ± 0.7 

cm, body mass 75.0 ± 1.1 kg) and female (n = 44; age 20.8 ± 0.6 yr; height 167.6 ± 0.9 cm, body 

mass 61.1 ± 1.0 kg) Russian speed skaters of regional or national competitive standard participated 

in the study. There were 32 athletes classified as ‘elite’ (having finished in the top eight positions of 

a major international competition), of which 12 athletes were ‘top elite’ athletes (prize winners of 



the World and European Championships, World Cups and Olympic Games). There were 60 athletes 

classified as ‘sub-elite’ (participants in international competitions). The other skaters (n = 23) were 

classified as ‘non-elite’ athletes, being regional competitors with no less than four years experience 

participating in their sports. Each speed skater completed a detailed questionnaire reporting 

preferred competitive racing distance. An average preferred competitive racing distance (PRD) was 

determined for each athlete by calculating the mean of the two or three competitive racing distances 

identified by each athlete (out of 500 m, 1,000 m, 1,500 m, 3,000 m, 5,000 m and 10,000 m; note 

that in Olympic competitions men do not compete at 3,000 m and women do not compete at 10,000 

m). The two or three racing distances chosen by each athlete for competition reflect the distance and 

duration of skating at which they are most successful. Thus, athletes were stratified into nine groups 

(assigned labels I to IX) according to the value of PRD, covering a spectrum from the more power-

oriented to the more endurance-oriented (Table 1). The athletes of groups I and II (PRD: 750 – 1000 

m) were classified as sprinters, the athletes of groups III – VI (PRD: 1250 – 3167 m) were classified 

as middle distance athletes); whilst speed skaters of groups VI – IX (PRD: 4000 – 7500 m) were 

categorized as predominantly endurance athletes. 

Controls were 1,301 healthy unrelated citizens of St Petersburg, Moscow, Naberezhniye 

Chelny and Surgut (595 males and 706 females; 19.1 ± 0.2 yr) without any competitive sport 

experience. Geographic ancestry of the athletes and control groups was self-reported.  The athletes 

and control groups were all Caucasians.  

Additionally, 60 physically active healthy men and 34 of the 115 speed skaters participated 

in the study of muscle fibre proportion (for details see Table 2). 

 

Genotyping 

Molecular genetic analysis was performed with DNA samples obtained from epithelial mouth cells 

by alkaline extraction or using a DNK-sorb-A sorbent kit according to the manufacturer’s 

instruction (Central Research Institute of Epidemiology, Moscow, Russia), depending on the 

method of sample collection (buccal swab or scrape). Genotyping for the C1743T (R577X) variant 

of ACTN3 gene was performed by polymerase chain reaction (PCR) on a Tercyk thermal cycler 

(DNA Technology, Moscow, Russia). PCR primers were forward 

CTGTTGCCTGTGGTAAGTGGG and reverse TGGTCACAGTATGCAGGAGGG, generating a 

fragment of 290 bp. PCR products were digested with BstDE Ι (SibEnzyme, Russia) for 12 hours at 

60°C and were separated by 8% polyacrylamide gel electrophoresis, stained with ethidium bromide, 

and visualized in UV light. All genotyping analyses were conducted blind to subject identity.  

 

 



Immunohistochemistry 

Samples of m. vastus lateralis of 94 subjects (speed skaters and physically active healthy men) were 

obtained with the Bergstrom needle biopsy procedure under local anesthesia with 1% lidocaine 

solution. Prior to analysis, samples were frozen in liquid nitrogen and stored at -80C. Serial 

sections (10 m) were prepared using a cryostat and microtome at -20C, with sections then 

mounted on slides. The immunoperoxidase technique was employed for immunohistochemical 

identification of myosin isoforms. Antibodies against the slow (MHCs) and fast (MHCf) myosin 

isoforms were used (clones NCL-MHCf (a+b) and NCL-MHCs (Novocastra Laboratories, 

Newcastle, UK)). Sections incubated without primary antibodies were to detect nonspecific 

staining. The antigen-antibody marking was intensified with the Vectastain ABC kit (Vector Labs 

Inc., Burlingame, CA, USA) to visualize the diaminebenzidine peroxidase reaction. Fibre 

distribution was expressed as the ratio of the number of fibres of each type in a section to the total 

number of fibres. All fibres (200-300) were measured in each section. The cross-sectional area 

(CSA, µm2) was determined for at least 100 fibres of each type using an image analysis system 

QUANTIMET-500 (Leica, Cambridge Ltd, Cambridge, UK) and a colour digital video camera JVC 

TK-1280E (Tokyo, Japan; image resolution 720 х 512 pixels with 8 bit/pixel). Sections used for 

analysis were all prepared and stained together with Sigma (St. Louis, MO, USA) reagents.  

 

Statistical analysis. Genotype distribution and allele frequencies between athletes and controls 

were compared using χ2 tests. Spearman’s or Pearson’s correlations (depending on parametricity of 

data) were used to assess the relationships between the physiological phenotypes (average preferred 

racing distance, muscle fibre characteristics) and the ACTN3 genotypes (dummy coded as 1, 2 and 3 

for RR, RX and XX, respectively). The squared correlation coefficient R2 was used as a measure of 

explained variance. Partial non-parametric correlations (conducted using command syntax in SPSS 

software) were used to control for the third variable when assessing the relationships between 

genotype, muscle fibre composition and PRD. Differences in phenotypes between groups (male and 

female athletes and physically active men) were analyzed using unpaired t tests. All data are 

presented as mean (standard deviation). P values < 0.05 were considered statistically significant. 

Statistical analyses were conducted using GrathPad Instat software (GraphPad Software, Inc., USA) 

and PASW Statistics 18 (SPSS Inc., USA).  

 

Results 

PRD and muscle fibre composition 

We found a positive linear correlation between the PRD and the proportion of slow-twitch (ST) 

muscle fibres (r = 0.558, P = 0.0006), but the strength of this relationship was increased when 



fitting a logarithmic curve to the data (r = 0.593, P < 0.0005) (Fig. 1). This relationship indicates 

that speed skaters with a low proportion of ST fibres are more likely to be successful when skating 

short distance races, while speed skaters with a high percentage of slow-twitch fibres in their 

muscles are specialized in long distance races. Accordingly, approximately 35% of the variation in 

PRD could be explained by fibre composition of the m. vastus lateralis.  

 

ACTN3 genotype, muscle fibre composition and PRD 

The ACTN3 R577X polymorphism was associated both with muscle fibre composition (ST fibres: 

RR genotype – 51.7 (12.8)%, RX – 57.4 (13.2)%, XX – 61.5 (16.3)%; ρ = 0.215; P = 0.049) in the 

overall muscle biopsy group (n = 94) (Fig. 2) and PRD (RR genotype – 1928 (1404) m, RX – 2408 

(1611) m, XX – 3462 (2373) m; ρ = 0.24, P = 0.010) of all athletes (n = 115) (Fig. 3), indicating 

that ACTN3 XX genotype carriers exhibit a higher proportion of ST fibres and are more likely to 

skate competitively in long distance races. ACTN3 genotype explained 4.6% of the variation in 

muscle fibre composition of m. vastus lateralis. It should be noted that heterozygotes (RX) were 

intermediate between both homozygotes for the proportion of ST muscle fibres and PRD, 

suggesting a co-dominant gene action.  

In the smaller group of 34 speed skaters from whom muscle biopsy samples were also 

obtained, because of reduced statistical power the relationship between ACTN3 genotype and 

muscle fibre composition was not statistically significant (ρ = 0.255; P = 0.145) although the 

magnitude of correlation was similar to the larger overall biopsy group.  In the smaller group of 34 

speed skaters, the relationship between ACTN3 genotype and PRD just retained statistical 

significance (ρ = 0.339; P = 0.050) and showed a slightly higher magnitude of correlation.  In these 

34 athletes from whom muscle biopsy samples were also obtained, it was therefore possible to 

conduct partial correlations to control for the influence of the third variable when considering the 

relationships between pairs of the variables genotype, muscle fibre composition and PRD. The 

strength of the relationship between ACTN3 genotype and PRD (ρ = 0.339) was reduced to ρ = 

0.241 (P = 0.177) when controlling for fibre type composition, suggesting that an important 

component of that relationship is mediated via the additional relationship between ACTN3 genotype 

and muscle fibre composition. However, the relationship between PRD and muscle fibre 

composition (linearly: r = 0.558 and ρ = 0.592) was reduced only marginally to ρ = 0.556 (P = 

0.001) when controlling for ACTN3 genotype, suggesting that the apparent influence of muscle 

fibre composition on PRD is mostly unrelated to ACTN3 genotype – indeed, as already stated, our 

data suggest that just 4.6% of the variation in muscle fibre composition of m. vastus lateralis can be 

explained by ACTN3 genotype.  The way in which the data for muscle fibre composition and 

ACTN3 genotype contribute to the variability in PRD are summarised in Fig.4. 



 

 

Case-control study 

ACTN3 genotype distributions in the control group (RR – 36.8%, RX – 48.7%, XX – 14.5%) and 

amongst all speed skaters (RR – 36.5%, RX – 53.9%, XX – 9.6%) were in Hardy-Weinberg 

equilibrium (controls: χ2 = 0.437; P = 0.804; athletes: χ2 = 1.49; P = 0.473). There were no 

significant differences in ACTN3 genotype and allele frequencies between males and females 

amongst athletes and controls (data not shown).  

Genotype distribution (P = 0.298) and the frequencies of the ACTN3 XX genotype (P = 

0.147) and X allele (36.5% vs. 38.9%; P = 0.524) in the whole cohort of athletes did not show 

significant differences when compared to controls. However, when considering the distance raced 

by the speed skaters, the frequencies of the ACTN3 XX genotype (2.6%, P = 0.034) and the X allele 

(25.6%, P = 0.024) were significantly lower in sprint-oriented athletes (groups I and II; n = 39) 

compared to controls. Furthermore, analysis revealed a linear trend of increasing ACTN3 XX 

genotype frequency with skating distance with three major groups (sprinters: 2.6%, middle distance 

athletes: 11.3%, endurance-oriented speed skaters: 17.4%; P = 0.046 for linear trend) (Fig. 5). 

Additional analyses showed no association between the ACTN3 polymorphism and 

competitive standard achieved by the athletes, neither as a whole group nor when considered as 

sprint-oriented or endurance-oriented subgroups (data not shown). 

 

Discussion 

In the present study we have demonstrated that athletes with a high proportion of slow-twitch fibres 

are more successful when skating long races, while speed skaters with a high percentage of fast-

twitch fibres in their muscles are more successful when skating short distance races. These results 

demonstrate that data from the previous study of Russian speed skaters (Iazvikov et al., 1988) are 

still applicable today, despite advances in various aspects of preparation of athletes for elite 

competition.  Other data from athletes in other sports also indicate that muscle fibre type proportion 

influences physical performance capability (Ricoy et al., 1998; Andersen et al., 1994, 2000; 

Zawadowska et al., 2004). We have shown that muscle fibre composition can explain 

approximately 35% of the variation in PRD in speed skaters, suggesting a substantial impact of the 

proportion of different muscle fibres on competition specialty of speed skaters.  

Genetics has a substantial influence over components of athletic performance such as 

strength, power, endurance, muscle fibre composition, flexibility, neuromuscular coordination, 

temperament and other phenotypes. Accordingly, athlete status and muscle fibre composition are 

heritable traits: around 66% and 45% of the variances in athlete status and muscle fibre 



composition, respectively, are explained by genetic factors (Simoneau & Bouchard, 1995; De Moor 

et al., 2007). The ACTN3 gene R577X polymorphism is suspected to be one of the contributing 

gene variations in the determination of muscle fibre type composition and athlete status. Our data 

show statistically significant, though rather weak, relationships between ACTN3 genotype and both 

muscle fibre composition and PRD. In fact, more than half of the association between ACTN3 

genotype and PRD seems to be mediated via muscle fibre composition (Fig. 4). However, the total 

variability in PRD associated with ACTN3 genotype, including components mediated via muscle 

fibre composition (4.6%) and other mechanisms (1.2%), is just 5.8%. Vincent et al. (2007) have 

shown that the percentage CSA and number of type IIx fibres of m. vastus lateralis was greater in 

the RR than the XX genotype group of young healthy men (n = 44; aged 18-29). However, Norman 

et al. (2009) found no significant associations between fibre type proportions and ACTN3 genotype 

in 37 young men and 26 young women, although the power of those analyses was limited due to 

small sample sizes. It should be noted that due to the limitations of the immunohistochemistry 

method used in the current study, we could not differentiate subtypes of fast-twitch muscle fibres as 

was done previously. Even so, the prior data from Vincent et al. agree with our observed 

relationship between the ACTN3 R577X polymorphism and muscle fibre composition in 94 subjects 

(athletes and physically active men), indicating that ACTN3 XX genotype carriers do indeed possess 

a higher proportion of slow-twitch fibres. Nevertheless, given the substantial heritable component 

of muscle fibre composition, there are clearly more - and probably many more – genetic variants 

associated with muscle fibre composition that need to be identified and the findings replicated. 

Significant progress has been made during the last several years in the identification of the 

signalling pathways that control muscle fibre types. The function of specific genes has been defined 

by gain- and loss-of function approaches using transgenic and knockout mouse models. These genes 

are involved in calcineurin/NFAT, PGC-1/PPARδ, Ca/CaMK/HDAC (calcium/calmodulin-

dependent protein kinase and histone deacetylases), thyroid hormone and other pathways (Liu et al., 

2005; Arany, 2008; Simonides & van Hardeveld, 2008; Schiaffino, 2010). It can be suggested that 

DNA polymorphisms which influence gene expression of these signalling pathways predispose the 

muscle precursor cells of a given individual to be predominantly fast or slow. Consequently, gene 

variations could be considered as molecular determinants maintaining the expression of the slow or 

fast myosin heavy chain isoforms of adult skeletal muscle. Indeed, several polymorphisms of genes 

involved in the calcineurin/NFAT pathway, mitochondrial biogenesis, glucose and lipid 

metabolism, cytoskeletal function, hypoxia/angiogenesis and circulatory homeostasis are reported 

to be candidate genetic markers for determination of muscle fibre composition (Zhang et al., 2003, 

Ahmetov et al., 2006, 2008, 2009a,b; Vincent et al., 2007). One possible explanation for the 

relationship between α-actinin-3 deficiency (ACTN3 XX genotype) and slow-twitch muscle fibre 



phenotype observed previously, and confirmed in the current study, could be evidence that α-

actinins interact with signalling proteins such as calcineurin (reviewed in Berman & North, 2010). 

Importantly, calcineurin is known to play a key role in the determination of muscle fibre type and 

muscle hypertrophy (Olson & Williams, 2000). A mechanistic link in the association between 

ACTN3 genotype, human performance and muscle characteristics was also proposed in several 

studies with the use of animal models. MacArthur et al. (2007, 2008) reported that the loss of α-

actinin-3 expression in a knockout mouse model results in a shift in muscle metabolism toward the 

more efficient aerobic pathway and an increase in intrinsic endurance performance. Furthermore, 

Quinlan et al. (2010) have shown that α-actinin-3 regulates glycogen phosphorylase activity and 

calcium handling in mouse myoblasts.  

Regarding the ‘extended phenotype’ of elite sports performance, several case-control studies 

have reported that ACTN3 RR genotype is over-represented or ACTN3 XX genotype is under-

represented in strength/sprint athletes in comparison with controls (reviewed in Yang et al., 2009). 

Compatible with these previous observations are our current observations that the frequency of XX 

genotype is significantly lower in Russian speed skaters involved in sprint races than in controls, 

there is a linear relationship between XX genotype frequency and PRD in speed skaters, and there is 

a positive relationship between the number of X alleles possessed and the average preferred racing 

distance. However, in the current study, ACTN3 genotype was not related to competitive standard 

achieved by the athletes, neither as a whole group nor when considered as sprint-oriented or 

endurance-oriented subgroups. These data do not support the notion of selecting young athletes for 

likelihood of future success in sport based on this single genetic marker. However, in the future, 

when considering several other relevant polymorphisms simultaneously, ACTN3 may be one of a 

‘panel’ of genetic markers that might provide useful predictions of the possibility of success in 

particular kinds of sport competitions. 

In conclusion, we have demonstrated that athletes prefer to skate particular race distances 

(based on their empirical observations and likelihood of success in competition) in accordance with 

their muscle fibre composition, and that muscle fibre composition partly depends on ACTN3 R577X 

genotype.  

 

Acknowledgements 

The authors thank B. Shenkman and P. Tarakin (Institute for Biomedical Problems of the Russian 

Academy of Sciences, Moscow) for technical assistance in immunohistochemistry. We are also 

thankful to V. Rogozkin, I. Astratenkova, A. Voronin and A. Komkova for their contributions to 

sample collection and data management. This work was supported by grants from the Federal 

Agency for Physical Culture and Sport of the Russian Federation (contract number 132) and the 



Ministry of Education and Science of the Russian Federation (contract number 02.522.11.2004).  

We are also grateful to the Royal Society for an International Joint Project grant. 

 

References 

 

Ahmetov II, Hakimullina AM, Lyubaeva EV, Vinogradova OL & Rogozkin VA (2008). Effect of 

HIF1A gene polymorphism on human muscle performance. Bull Exp Biol Med 146, 351–353. 

Ahmetov II, Hakimullina AM, Popov DV, Lyubaeva EV, Missina SS, Vinogradova OL, Williams 

AG & Rogozkin VA (2009a) Association of the VEGFR2 gene His472Gln polymorphism with 

endurance-related phenotypes. Eur J Appl Physiol 107, 95–103. 

Ahmetov II, Mozhayskaya IA, Flavell DM, Astratenkova IV, Komkova AI, Lyubaeva EV, Tarakin 

PP, Shenkman BS, Vdovina AB, Netreba AI, Popov DV, Vinogradova OL, Montgomery HE & 

Rogozkin VA (2006). PPARα gene variation and physical performance in Russian athletes. Eur 

J Appl Physiol 97, 103–108. 

Ahmetov II, Williams AG, Popov DV, Lyubaeva EV, Hakimullina AM, Fedotovskaya ON, 

Mozhayskaya IA, Vinogradova OL, Astratenkova IV, Montgomery HE, Rogozkin VA (2009b) 

The combined impact of metabolic gene polymorphisms on elite endurance athlete status and 

related phenotypes. Hum Genet 126, 751–761. 

Andersen JL & Aagaard P (2000). Myosin heavy chain IIX overshoot in human skeletal muscle. 

Muscle Nerve 23, 1095–1104. 

Andersen JL, Klitgaard H & Saltin B (1994). Myosin heavy chain isoforms in single fibres from m. 

vastus lateralis of sprinters: influence of training. Acta Physiol Scand 151, 135–142. 

Andersen JL, Schjerling P, Saltin B (2000). Muscle, genes, and athletic performance. Sci Am 283, 

48–55. 

Arany Z (2008). PGC-1 coactivators and skeletal muscle adaptations in health and disease. Curr 

Opin Genet Dev 18, 426-434. 

Berman Y & North KN (2010). A gene for speed: the emerging role of alpha-actinin-3 in muscle 

metabolism. Physiology (Bethesda) 25, 250-259. 

de Groot G, Hollander AP, Sargeant AJ, van Ingen Schenau GJ & de Boer RW (1987). Applied 

physiology of speed skating. J Sports Sci 5, 249-259. 

de Koning JJ, Bakker FC, de Groot G & van Ingen Schenau GJ (1994). Longitudinal development 

of young talented speed skaters: physiological and anthropometric aspects. J Appl Physiol 77, 

2311–2317. 

de Koning JJ, de Groot G & van Ingen Schenau GJ (1992). A power equation for the sprint in speed 

skating. J Biomech 25, 573-580. 



De Moor MH, Spector TD, Cherkas LF, Falchi M, Hottenga JJ, Boomsma DI & De Geus EJ 

(2007). Genome-wide linkage scan for athlete status in 700 British female DZ twin pairs. Twin 

Res Hum Genet 10, 812-820. 

Hettinga FJ, De Koning JJ, Schmidt LJ, Wind NA, Macintosh BR & Foster C (2011). Optimal 

pacing strategy: from theoretical modelling to reality in 1500-m speed skating. Br J Sports Med 

45, 30-35. 

Iazvikov VV, Morozov SA & Nekrasov AN (1988). Analysis of the composition of skeletal muscle 

fibers in skaters' muscles. Bull Exp Biol Med 105, 908-910. 

Kanehisa H, Nemoto I, Okuyama H, Ikegawa S &Fukunaga T (1996). Force generation capacity of 

knee extensor muscles in speed skaters. Eur J Appl Physiol Occup Physiol 73, 544-551. 

Klitgaard H, Mantoni M, Schiaffino S, Ausoni S, Gorza L, Laurent-Winter C, Schnohr P & Saltin B 

(1990). Function, morphology and protein expression of ageing skeletal muscle: a cross-sectional 

study of elderly men with different training backgrounds. Acta Physiol Scand 140, 41–54.  

Liu Y, Shen T, Randall WR & Schneider MF (2005) Signaling pathways in activity-dependent fiber 

type plasticity in adult skeletal muscle. J Muscle Res Cell Motil 26, 13-21. 

MacArthur DG, Seto JT, Chan S, Quinlan KG, Raftery JM, Turner N, Nicholson MD, Kee AJ, 

Hardeman EC, Gunning PW, Cooney GJ, Head SI, Yang N & North KN. (2008). An Actn3 

knockout mouse provides mechanistic insights into the association between α-actinin-3 

deficiency and human athletic performance. Hum Mol Genet 17, 1076-1086. 

MacArthur DG, Seto JT, Raftery JM, Quinlan KG, Huttley GA, Hook JW, Lemckert FA, Kee AJ, 

Edwards MR, Berman Y, Hardeman EC, Gunning PW, Easteal S, Yang N & North KN (2007). 

Loss of ACTN3 gene function alters mouse muscle metabolism and shows evidence of positive 

selection in humans. Nat Genet 39, 1261-1265. 

Mills M, Yang N, Weinberger R, Vander Woude DL, Beggs AH, Easteal S & North K. (2001). 

Differential expression of the actin-binding proteins, α-actinin-2 and -3, in different species: 

implications for the evolution of functional redundancy. Hum Mol Genet 10, 1335-1346. 

Muehlbauer T, Panzer S & Schindler C. (2010). Pacing pattern and speed skating performance in 

competitive long-distance events. J Strength Cond Res 24, 114-119. 

Nemoto I, Iwaoka K, Funato K, Yoshioka N & Miyashita M (1988). Aerobic threshold, anaerobic 

threshold, and maximal oxygen uptake of Japanese speed-skaters. Int J Sports Med 9, 433-437. 

Norman B, Esbjörnsson M, Rundqvist H, Osterlund T, von Walden F & Tesch PA (2009). Strength, 

power, fiber types, and mRNA expression in trained men and women with different ACTN3 

R577X genotypes. J Appl Physiol 106, 959–965. 

Olson EN & Williams RS (2000). Remodeling muscles with calcineurin. BioEssays 22, 510–519. 



Quinlan KG, Seto JT, Turner N, Vandebrouck A, Floetenmeyer M, Macarthur DG, Raftery JM, Lek 

M, Yang N, Parton RG, Cooney GJ & North KN (2010). Alpha-actinin-3 deficiency results in 

reduced glycogen phosphorylase activity and altered calcium handling in skeletal muscle. Hum 

Mol Genet 19, 1335-1346. 

Ricoy JR, Encinas AR, Cabello A, Madero S & Arenas J. (1998). Histochemical study of the vastus 

lateralis muscle fibre types of athletes. J Physiol Biochem 54, 41–47. 

Schiaffino S (2010). Fibre types in skeletal muscle: a personal account. Acta Physiol (Oxf) 199, 

451–63. 

Simoneau J-A & Bouchard C (1995). Genetic determinism of fiber type proportion in human 

skeletal muscle. FASEB J 9, 1091–1095. 

Simonides WS & van Hardeveld C (2008) Thyroid hormone as a determinant of metabolic and 

contractile phenotype of skeletal muscle. Thyroid 18, 205-216. 

Sovak D & Hawes MR (1987). Anthropological status of international calibre speed skaters. J 

Sports Sci 5, 287-304. 

Squire JM (1997). Architecture and function in the muscle sarcomere. Curr Opin Struct Biol 7, 247-

257. 

van Ingen Schenau GJ, de Koning JJ & de Groot G (1990). A simulation of speed skating 

performances based on a power equation. Med Sci Sports Exerc 22, 718-728. 

Vincent B, De Bock K, Ramaekers M, Van den Eede E, Van Leemputte M, Hespel P & Thomis 

MA (2007). ACTN3 (R577X) genotype is associated with fiber type distribution. Physiol 

Genomics 32, 58–63. 

Yang N, Garton F & North K (2009). α-Actinin-3 and Performance. Med Sport Sci 54, 88–101. 

Zawadowska B, Majerczak J, Semik D, Karasinski J, Kolodziejski L, Kilarski WM, Duda K & 

Zoladz JA. (2004).  Characteristics of myosin profile in human vastus lateralis muscle in relation 

to training background. Folia Histochem Cytobiol 42, 181–90. 

Zhang B, Tanaka H, Shono N, Miura S, Kiyonaga A, Shindo M & Saku K (2003). The I allele of 

the angiotensin-converting enzyme gene is associated with an increased percentage of slow-

twitch type I fibers in human skeletal muscle. Clin Genet 63, 139–144. 

 

 

 

 

 

 

 

 

 

 



Table 1. Stratification of 115 speed skaters into nine groups according to the value of average 

preferred racing distance (PRD). 

Group n PRD, m Usual competitive racing distances, m Racing time* 

I 26        750 500, 1000 34.03 – 1:06.42 

II 13 1000 500, 1000, 1500  34.03 – 1:41.04 

III 12 1250 1000, 1500 1:06.42 – 1:41.04 

IV 7 1833 1000, 1500, 3000 1:06.42 – 3:37.28 

V 17 2250 1500, 3000 1:41.04 – 3:37.28 

VI 17 3167 1500, 3000, 5000 1:41.04 – 6:03.32 

VII 11 4000 3000, 5000 3:37.28 – 6:03.32 

VIII 9 5500 1500, 5000, 10000 1:41.04 – 12:41.69 

IX 3 7500 5000, 10000 6:03.32 – 12:41.69 

 

*Note: world records for men as of July 2011. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Characteristics of muscle biopsy groups. 

 

Characteristics 
Athletes Physically active 

men Females Males All 

N 14 20 34 60 

Age, yr 18.2 (1.9)    18.9 (1.7)    18.6 (1.7) 21.3 (2.7)** 

Body mass, kg 59.6 (5.1) 74.5 (3.8)*    67.9 (8.7)      72.9 (8.3) 

Height, cm 168.1 (4.2) 181.2 (4.7)* 176.4 (7.8)      179.2 (5.9) 

BMI, kg/m2 21.2 (2.1)    22.4 (1.1)    21.9 (1.7)      22.7 (2.6) 

Slow-twitch fibres, % 65.7 (10.5) 64.4 (10.3) 64.9 (10.3)  50.1 (11.1)** 

Fast-twitch fibres, % 40.7 (10.2)    43.1 (9.4)    42.1 (9.7)  52.8 (11.4)** 

CSA of ST fibres, µm2 5668 (1244) 5599 (1073) 5627 (1129) 5141 (1111) 

CSA of FT fibres, µm2 5239 (1005) 6020 (1714) 5699 (1497) 5607 (1312) 

 

Values are mean (SD). 

*P≤0.0001, significantly different between female and male athletes. 

**P≤0.001, significantly different between physically active men and male athletes. 

CSA, cross-sectional area; ST, slow-twitch; FT, fast-twitch; BMI, body mass index. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 1. Relation between proportion of slow-twitch (ST) muscle fibres and average preferred racing 

distance in speed skaters (n = 34, R2 = 0.352, P < 0.0005).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 
 

 
 
 

Fig. 2. The average percentage of ST fibres in subjects (n = 94) with different ACTN3 genotypes 

(RR genotype: 51.7 (12.8)%, RX: 57.4 (13.2)%, XX: 61.5 (16.3)%; ρ = 0.215; P = 0.049). Values 

are mean (SD). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
 

Fig. 3. The average preferred racing distance (PRD) in speed skaters (n = 115) with different 

ACTN3 genotypes (RR genotype: 1928 (1404) m, RX: 2408 (1611) m, XX: 3462 (2373) m; ρ = 

0.240, P = 0.010). Values are mean (SD). 
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Fig. 4. Factors associated with average preferred racing distance (PRD) in speed skaters. The 35% 

of variability in PRD associated with fibre type (white area in pie chart) includes only a small 

component associated with ACTN3 genotype. At the same time, more than half of the association of 

ACTN3 genotype with PRD is mediated via fibre composition (1.6% vs 1.2% of total variability in 

PRD). 

 
 
 
 
 



 
 

Fig. 5. ACTN3 XX genotype frequency amongst speed skaters of different specialties and controls. 

XX genotype frequency in controls was 14.5%. By comparison, it was 2.6% (different to controls, P 

= 0.034), 11.3% and 17.4% for sprinters, middle distance athletes and endurance-oriented speed 

skaters, respectively (P = 0.046 for linear trend). Sprinters: speed skaters of groups I-II (PRD: 750-

1000 m); middle distance athletes: speed skaters of groups III-VI (PRD: 1250-3167 m); endurance-

oriented athletes: speed skaters of groups VII-IX (PRD: 4000-7500 m). 


