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Preface 
My interest for (everything that has to do with) biology and the living world was there 

from the very beginning. I remember that I, as a little girl, was playing outdoors and 

found a bit of money in the lawn. I could have run to the shop and bought me some 

sweets like other children did. But I did not. I asked my parents for a bit more so that I 

could buy me a children's encyclopaedia about the natural world. And that was 

definitely not the last that type of book I ever bought. Ever since I learned to read, I slept 

with a minimum of 3 books under my pillow that I switched between depending on my 

mood. Things have not changed that much. I do not keep books under my pillow 

anymore and have not done that for years. Now, I keep them on my nightstand, and, at 

the moment, there are around 7 I have started reading and switch between. Most of 

these are popular Science books, and I guess, this just indicates the one thing I crave the 

most – information! 

Knowing this, one could say that it was not too surprising that I now find myself writing 

this thesis. However, the road to this point was not straight forward. Surprisingly, I chose 

to study something totally different after finishing secondary school. However, I am 

extremely glad I found my way back to the natural sciences. I am especially glad about 

finding campus Bø at USN, and all the amazing colleagues and friends I acquired there. I 

will always have a special place for Bø in my heart! 
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Abstract 
The main objectives of this thesis were to investigate the role of selected genetic 

variants on physical activity (PA), capacity and trainability in homogenous cohorts from 

South-Eastern Norway. Two of the cohorts (Papers I and II) represented the general 

population, and the third consisted of well-trained cross-country skiers (Paper III). We 

wanted also to investigate how age and sex influence the response to maximal strength 

training (MST) and performance adaptations in cross-country skiing.  

In Paper I, three polymorphisms were investigated (ACTN3 R577X, ACE I/D and uVNTR 

MAOA). Questionnaires were used to divide individuals (n=831) with the mean age (± 

SD) 55.5 ± 3.8 years (yrs) into groups with either low/medium (LMPA) or high PA (HPA) 

levels. We investigated the associations between the PA levels and the polymorphisms 

as well as with several socio-economic variables. We found 10% fewer ACTN3 R577X X 

allele carriers in the HPA group compared to the LMPA group (p<0.01). Education and 

previous participation in sports or outdoor activities were positively associated with the 

PA level, and females reported higher PA levels than males (p<0.01) 

In Paper II, we genotyped three polymorphisms (ACTN3 R577X, ACE I/D and PPARGC1A 

rs8192678). 49 subjects (males and females aged 20-76 yrs) completed a MST 

intervention in leg-press. For 8 weeks subjects trained three sessions/week with each 

session consisting of 4 · 4 repetitions at ~85-90% of one-repetition maximum (1RM) 

intensity. At pre- and post-tests, 1RM was tested. We found an average 24% increase in 

1RM (p<0.01) independent of age, sex and, surprisingly, training status. Carriers of the 

PPARGC1A rs8192678 T allele were 15% stronger at baseline (sex- and age-corrected 

1RM) compared to individuals with CC genotype (p<0.05). The C allele carriers exhibited 

34.2% larger improvements in 1RM (%) than homozygotes for the T allele (p<0.05). A 

trend was observed towards improved response to MST among the individuals with the 

ACTN3 R577X RR genotype compared to the XX (30% vs. 19%). 
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In Paper III, seven polymorphisms were investigated (ACTN3 R577X, ACE I/D, ACSL1 

rs6552828, IL6 rs1474347, PPARA rs4253778, PPARG rs1801282 and PPARGC1A 

rs8192678). The study was a 6-month observational study (May to October) based on a 

cohort of well-trained cross-country skiers (n=29; 16-48 yrs). A number of physiological 

tests were performed prior (Pre-test), half-way (Post1) and after (Post 2) the study 

period. Throughout the study, participants maintained and reported their training 

habits. We found several associations between several of the genetic variants and 

various physiological/performance variables. For instance, ACTN3 R577X X allele carriers 

exhibited better DP-VO2max (55.4 vs. 59.4 mL-1·kg·min-1; p<0.05) compared to the RR 

genotype. Individuals with the XX genotype had, however, poorer work economy than 

the R allele carriers (0.820 vs. 0.765 mL-1·kg-0.67·m; p<0.05). In regard to other 

variables, we found a significant effect of age and sex on TTDP (p < 0.01), DP-VO2peak 

(p < 0.01), CDP (p < 0.05), MAS (p < 0.01), LTv (p < 0.01), 1RM half squat (p < 0.01) and 

1RM pull-down (p < 0.01). Sex had also an impact on RUN-VO2max (p < 0.01). The total 

training volume consisted of ~90% low-intensity training and 5% moderate and high-

intensity training, each (range: 357.5 - 1056.8 min/week). During the study, there was a 

significant increase in the total volume and ski-specific training (p < 0.05), but the 

intensity distribution remained the same. We did not observe any improvements in 

either physiological/performance variables for the whole cohort or training 

progression/adaptation between age groups or sexes during the 6-month period.  

All in all, our results point towards a potential role of the investigated polymorphisms 

on the complex traits investigated, i.e. PA levels, maximal strength and endurance 

performance. Also, for all the genes, the allele frequencies were similar to those 

reported previously in other European populations. Another important observation was 

that, although age and sex had an effect on both strength and endurance performance, 

these factors appeared not to affect the adaptability to maximal strength training or 

endurance training. Training modality was shown to be highly important, as all 

participants of the leg-press study (Paper II) improved their maximal strength in 

response to the MST. In the cross-country study (Paper III), however, no significant 
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changes in endurance parameters were observed during the 6-month study period. 

Although the participants increased their total training volume, they maintained 

the same training intensity. 

Keywords: Physical activity; Maximal strength; Leg-press; Endurance; Cross-country 

skiing; Trainability; Age; SNPs; Polymorphisms; ACTN3; ACE; PPARGC1A; PPARA; 

PPARG; ACSL1; IL6; MAOA
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Abbreviations 
 ACE - angiotensin-converting enzyme 

ACSM - American College of Sports Medicine 

ACTN3 - α-actinin-3 

DP - double poling 

C - work economy/oxygen cost 

CMJ (CMJas) - counter-movement jump (counter-movement jump with arm swing) 

HR - heart rate 

LT- lactate threshold 

MAOA - monoamine oxidase A 

MAS - maximal aerobic speed 

MST- maximal strength training 

NCBI - National Center for Biotechnology Information, U.S. National Library of Medicine 

PA - physical activity (low/medium PA (LMPA) and high PA (HPA) level) 

PAGE - polyacrylamide gel electrophoresis 

RM - repetition maximum 

SNP - single nucleotide polymorphism 

TT - time trial 

VO2 (VO2max) - oxygen consumption/uptake (maximal oxygen uptake) 
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Definitions 
Allele - one of at least two genetic versions of the same gene at the same place on a 

chromosome 

Cardiac output - the amount of blood pumped by the heart minute, and depends on the 

heart rate and stroke volume of the heart 

Concentric action - shortening of the muscle while activated 

Eccentric action - muscle lengthening while the muscle is activated and force is produced 

Genotype - the two alleles an individual possesses for a particular genetic variant 

Heritability - an estimate of the degree of variation in a trait in a population that is due 

to genetic variation  

Homozygous/heterozygous - possessing two identical alleles of the same genetic 

variant/ possessing two different alleles at the same location on the chromosome 

Linkage disequilibrium - non-random association of alleles at two or more locations on 

the chromosome; alleles that are in linkage disequilibrium are physically connected and 

tend to be inherited together 

Myokine - small proteins and peptides that are produced and released by skeletal 

muscle during muscle contractions 

One-repetition maximum (1RM) - the maximal weight that a person can lift with the 

maximum effort once during strength training 

Phenotype - observable traits/characteristics of an organism that often result from 

individuals’ genotype 

Physical capacity - ones’ ability to perform various activities; it consists of factors like 

muscle strength, endurance capacity and balance 
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Polymorphism - the existence of at least two alleles at a specific location on the 

chromosome 

Sarcopenia – age-associated progressive decline in muscle mass, strength power and 

physical functioning 
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Aims of the Study 
The overall aim of the study was to investigate the genetic influence on physical activity, 

capacity and trainability in different cohorts from the same geographical region: 

1. To determine allele and genotype frequencies of several widely investigated 

polymorphisms in two different cohorts representing the general population 

from South-Eastern Norway, and a cohort of cross-country skiers competing 

at national level 

2. To investigate whether these polymorphisms have an impact on complex 

traits like physical activity levels and maximal strength trainability in the 

general population 

3. To investigate whether these polymorphisms influence various physiological 

traits important for the athletic endurance performance in the cross-country 

skiing cohort 

4. To investigate how age, sex and trainability affect the response to maximal 

strength training in the general public and physiological and performance 

adaptations in cross-country skiing 
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1 Introduction 
Humans demonstrate large inter-individual variability in physical activity (PA), physical 

ability, trainability and athletic performance. Genetics has been recognized as one 

important factor to explain inter-individual differences in these complex phenotypes 

(Roth and Thomis 2011, Rankinen, Fuku et al. 2016, Jacques, Landen et al. 2019, Van Der 

Zee and De Geus 2019). The fields of exercise physiology and exercise genetics are both 

moving towards a better understanding of the impact of training and heredity on PA, 

ability and trainability, at least in part due to the rapid technological advances (Booth, 

Kelty et al. 2019, Lightfoot, Hubal et al. 2019). The cost of sequencing has also 

dramatically dropped since the sequencing of the first human genome was completed 

in 2003 (Wetterstrand 2020). The field of exercise genomics has provided insights into 

the genetic factors that influence various exercise and sports-related phenotypes 

(Lightfoot, Hubal et al. 2019).  

It has long been speculated whether and to what extent one could use the individuals’ 

genetic information not only to predict ones athletic ability (Venezia and Roth 2019) and 

injury risk but also to tailor training programs for the general public and athletes alike 

(Vlahovich, Hughes et al. 2017). In the last decade, direct-to-consumer genetic tests for 

sports have become available (Collier 2012). These tests focus on individual genetic 

variations, mainly single nucleotide polymorphisms (SNPs), the most common genetic 

variation in humans, where one nucleotide/base is substituted by another (LHNCBC 

2020). So far, approximately 155 genetic variants have been associated with elite 

athletic performance (Ahmetov, Egorova et al. 2016). In 2014, a genetic test screening 

for a SNP within the ACTN3 gene and promising to reveal the type of sports/exercise an 

individual is best suited for, i.e. sprint/power or endurance, became available as an over-

the-counter test in Norway (Tjernshaugen 2014). This SNP is one of the most tested 

genetic variants among the fitness-related genetic testing companies (Williams, 

Wackerhage et al. 2016). Almost immediately, the test received criticism from various 

experts for being able to explain only a tiny fraction of the highly complex power and 
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endurance phenotypes (Pedersen 2014, Kristiansen and Guldteig Larsen 2016, Laustsen 

2016). Two years later the test was withdrawn from the Norwegian market supposedly 

due to poor sales (Laustsen 2016).  

In recent years, the numbers of sports-related gene testing companies have increased 

to more than 60 (Pickering, Kiely et al. 2019) and so have the numbers genetic variations 

included in these tests (Jones, Kiely et al. 2016, Williams, Wackerhage et al. 2016). Most 

of them test a number of polymorphisms related to exercise/athletic performance and 

injury risk (Pickering, Kiely et al. 2019), often in combination with a genetic test for 

diet/nutrition (Scarr 2019). There are examples of scientific intervention studies that are 

performed utilizing genetic-test results from these companies.  Jones, Kiely et al. (2016) 

subjected athletes to either a low- or high-intensity resistance program that either 

matched or mismatched their genetic profile, based on the algorithm of one of the most 

popular direct-to-consumer fitness genetic test companies. Athletes that trained 

according to their genetic profile, improved more than those in the mismatched group. 

Despite these results, the scientific evidence often is exaggerated by the direct-to-

consumer test companies to improve sales (Pickering, Kiely et al. 2019). Most of the 

allele variants included in these tests have not been widely investigated and/or lack 

sufficient scientific evidence for these tests to be useful in determining the athletic 

potential or training response at this point of time (Williams, Wackerhage et al. 2016). 

Furthermore, most of the companies have not made the lists of the polymorphisms they 

test for available, thus making it difficult to assess the quality of the scientific evidence 

behind their product (Williams, Wackerhage et al. 2016). Another major problem is the 

number of ethical challenges associated with this kind of genetic tests, especially 

regarding talent identification among children (Venezia and Roth 2019). 

In 2018, the Chinese Ministry of Science and Technology announced that it would 

perform genome sequencing on athletes that will represent China at the 2022 Winter 

Olympics (Lemon 2018, Haff 2019). The sequencing of the athletes representing China 

should be finalized this year, i.e. 2020, and is aimed to test for speed and endurance, 
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among other traits (Lemon 2018). This approach might be more informative than 

looking at known genetic variants, but it also raises a number of ethical questions that 

goes far beyond the issues raised for SNP analysis.  

Very few of more than the 155 genetic variants associated with athletic performance 

and other aspects of sports have been replicated in other studies (Pickering, Kiely et al. 

2019). Furthermore, the genotype frequencies of many polymorphisms vary highly 

across different populations (Gordish-Dressman and Devaney 2011). Such stratification, 

if unaddressed, can lead to false results (Marchini, Cardon et al. 2004). Thus, more 

studies on homogenous cohorts might be necessary to investigate the effect these 

genetic variants might have on traits like trainability or athletic performance. 

1.1 Physical activity and its genetic determinants 

Physical activity is an umbrella term that covers structured and unstructured forms of 

leisure, transport, domestic and work-related activities with exercise being a subtype of 

structured PA (Bangsbo, Blackwell et al. 2019). PA and exercise participation contribute 

to a range of physical (Hills, Street et al. 2015) and mental health benefits (Mikkelsen, 

Stojanovska et al. 2017). Increased PA volume and/or intensity has been shown, to 

improve health variables such as cardiorespiratory/muscular fitness, bone health in 

addition to reducing the risk of non-communicable diseases and depression in sedentary 

(Booth, Laye et al. 2008, WHO 2010, Myers, McAuley et al. 2015, Pedersen and Saltin 

2015, Mikkelsen, Stojanovska et al. 2017). Consequently, the World Health Organization 

(WHO) recommends adults to perform a minimum of 150 min of moderate-intensity 

aerobic activity or a minimum of 75 min of vigorous-intensity aerobic PA or an 

equivalent combination of these activities every week. In addition, at least 2 days a week 

with muscle-strengthening activities is recommended (WHO 2010). To boost the health 

benefits even further, WHO recommends increasing the PA levels to either 300 min or 

150 min of moderate or vigorous aerobic activity, respectively. Thus, engaging in regular 

PA is considered important for maintaining health and normal functioning across the 

lifespan (Bangsbo, Blackwell et al. 2019). 
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Despite these recommendations, registered PA levels nowadays appear to be the lowest 

in human evolutionary history (Myers, McAuley et al. 2015). Physical inactivity has 

become a global pandemic and is the fourth leading cause of death globally (Kohl, Craig 

et al. 2012) as it contributes to the development of many non-communicable diseases, 

including cardiovascular disease, diabetes and cancer (WHO 2010, Lee, Shiroma et al. 

2012, Booth, Roberts et al. 2017). In addition, the PA levels tend to decrease with 

increasing age (Hallal, Andersen et al. 2012, WHO 2019).  

Environmental factors, including socio-economic, have long been recognized as 

important contributors to the PA/physical inactivity phenotype (Bauman, Reis et al. 

2012). However, more recently, the importance of genetic factors to PA has been 

recognized and investigated to a greater extent (Moore-Harrison and Lightfoot 2010). 

Previously, twin and family study design was often used to calculate the heritability 

estimates (Jacques, Landen et al. 2019). More recently, gene-finding studies aiming to 

discover the specific genes/genetic variants influencing the PA have been performed 

(Van Der Zee and De Geus 2019). In twin studies, heritability estimates vary largely 

depending on the type of PA measured, age or sex of the individual. For total PA and 

voluntary exercise phenotypes in adults, it has been estimated that approximately 50% 

of the inter-individual variability is due to heredity (Van Der Zee and De Geus 2019). 

When looking at the moderate to vigorous PA phenotype, this estimate falls by 

approximately 5% points (Van Der Zee and De Geus 2019). PA defined as sports 

participation has been proposed to be increasingly determined by genetic factors with 

increasing age from childhood to adulthood (Stubbe, Boomsma et al. 2005) and total PA 

(Van Der Zee and De Geus 2019).  

A large number of genes are likely involved in determining the innate PA levels 

(Lightfoot, Letsinger et al. 2019). It has been hypothesized that genes involved in 

motivation/personality traits (Stubbe, Boomsma et al. 2006, Van Der Zee and De Geus 

2019), energy intake/expenditure balance and those involved in the ability to perform 

PA could be targeted to find the “physical activity genes” (Van Der Zee and De Geus 
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2019). It has also thought that genes favouring fitness and trainability may contribute to 

higher PA levels through boosting exercise participation (Stubbe, Boomsma et al. 2006). 

Several candidate genes have been reported to affect PA (Lightfoot 2011, Lightfoot, 

Letsinger et al. 2019). Some are thought to influence the intrinsic reward system and, 

thus, the motivation to exercise like NHLH2 (Lightfoot 2011) and MAOA (Good, Li et al. 

2015). Other genes have previously been found to have an impact on physical 

performance, and thus it is hypothesized an indirect impact on PA. The ACE and ACTN3 

genes are widely investigated in relation to physical traits like aerobic capacity 

(Myerson, Montgomery et al. 2001, Deschamps, Connors et al. 2015, Tamburus, 

Verlengia et al. 2018) and skeletal muscle size and function (Pereira, Costa et al. 2013, 

Kikuchi, Yoshida et al. 2015). All these phenotypes could potentially contribute to the 

PA levels. The three candidate genes investigated in relation to PA levels in this thesis 

(i.e. ACE I/D, ACTN3 R577X and MAOA uVNTR) will be described in more detail in the 

“Candidate genes” section.  

1.2 Muscle strength trainability and its genetic determinants 

Muscular strength is influenced by many variables, including muscle cross-sectional area 

and neuromuscular function (Maughan 2005). While muscle cross-sectional areal gives 

the potential for the muscles’ force production, the neuro-muscular function 

determines the ability to utilize this potential (Behm 1995, Campos, Luecke et al. 2002, 

Erskine, Fletcher et al. 2014, Psilander, Eftestøl et al. 2019). Low muscle strength has 

been associated with increased all-cause mortality risk in the elderly (Li, Xia et al. 2018) 

as well as increased dysfunctionality (Mendonca, Pezarat-Correia et al. 2017). Muscle 

function and/or strength is also associated with PA levels (Rojer, Reijnierse et al. 2018, 

Tomás, Galán-Mercant et al. 2018). Maximal strength or power in large muscle groups, 

especially the knee- or the hip extensors, has been associated with physical functioning 

(Reid and Fielding 2012), and cognitive ability (Fiatarone Singh, Gates et al. 2014, Steves, 

Mehta et al. 2016). Strength training activities have therefore been recommended by 

the WHO (WHO 2010). 
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Advancing age from approximately 50 yrs, has been associated with an exponential 

decline in muscular strength and power (Unhjem, Lundestad et al. 2015, Mendonca, 

Pezarat-Correia et al. 2017), with some differences between the sexes (Dey, Bosaeus et 

al. 2009, Wu, Delahunt et al. 2016, Francis, Lyons et al. 2017). The decline in muscle 

strength appears to be larger in the lower limbs than in the upper body, making older 

individuals even more vulnerable to e.g. falls (Mendonca, Pezarat-Correia et al. 2017). 

Both mechanical and neuro-muscular declines likely contribute to the decline in muscle 

strength and function associated with advancing age (Cartee, Hepple et al. 2016, Wu, 

Delahunt et al. 2016). However, the decline in muscle strength has in several studies 

been shown to be counteracted by strength training (Raymond, Bramley-Tzerefos et al. 

2013, Wang, Nyberg et al. 2017, Distefano and Goodpaster 2018).  

Conventional strength training is usually performed at a low/moderate intensity with a 

range of an 8–12 repetition maximum (RM) employing loads at 60–70 % of 1RM 

(Ratamess, Alvar et al. 2009, Heggelund, Fimland et al. 2013), i.e. the individual manages 

to perform 8-12 repetitions with a correct technique and the specific load. This type of 

training typically targets an increase in cross-sectional area, i.e. muscle hypertrophy 

(Campos, Luecke et al. 2002). Maximal strength training (MST), on the other hand, 

employs heavy loads (85–90% of 1RM) and few repetitions (up to 5 RM) (Heggelund, 

Fimland et al. 2013). This type of training typically targets neuromuscular function, 

although it will also affect hypertrophy to some extent (Behm 1995, Campos, Luecke et 

al. 2002, Mangine, Hoffman et al. 2015, Jenkins, Miramonti et al. 2017, Schoenfeld, Grgic 

et al. 2017). Thus, MST has been shown to be a more efficient way of improving maximal 

muscle strength compared to the conventional strength training (Campos, Luecke et al. 

2002, Heggelund, Fimland et al. 2013, Mangine, Hoffman et al. 2015, Schoenfeld, Grgic 

et al. 2017, Lasevicius, Ugrinowitsch et al. 2018), with similar improvements in males 

and females (Lewis, Kamon et al. 1986, Tracy, Ivey et al. 1999, Lemmer, Hurlbut et al. 

2000). MST has also been shown to improve bone mineral density (Mosti, Carlsen et al. 

2014), rate of force development and work efficiency (Heggelund, Fimland et al. 2013, 

Wang, Nyberg et al. 2017).  
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Healthy older subjects, in general, respond well to resistance exercise (Hagerman, Walsh 

et al. 2000, Hakkinen, Pakarinen et al. 2000, Lemmer, Hurlbut et al. 2000), including MST 

(Tracy, Ivey et al. 1999, Raymond, Bramley-Tzerefos et al. 2013, Wang, Nyberg et al. 

2017, Berg, Kwon et al. 2018). MST is considered to be an effective (Berg, Kwon et al. 

2018) and safe (Raymond, Bramley-Tzerefos et al. 2013) exercise mode for elderly to 

improve muscle strength (Raymond, Bramley-Tzerefos et al. 2013, Wang, Nyberg et al. 

2017) and muscle volume (Tracy, Ivey et al. 1999, Berg, Kwon et al. 2018), among other 

variables, and is even able to reverse the effects of ageing on skeletal muscle (Wang, 

Nyberg et al. 2017, Berg, Kwon et al. 2018). Whether elderly are able to improve muscle 

strength to the same extent as their younger counterparts is not yet clear as the results 

vary (Hagerman, Walsh et al. 2000, Hakkinen, Pakarinen et al. 2000, Lemmer, Hurlbut et 

al. 2000, Petrella, Kim et al. 2005). However, the elderly appear to maintain the gains in 

muscle strength equally well when the strength training has ceased (Lemmer, Hurlbut 

et al. 2000).  

Although all individuals may experience a decline in muscle mass and/or strength with 

increasing age, not all are equally susceptible (Carmelli, Kelly-Hayes et al. 2000). Also, 

large heterogeneity between individuals in different muscle strength-related 

phenotypes, both at baseline and in response to exercise, have been observed. For 

instance, Bamman, Petrella et al. (2007) observed that some individuals exhibited a 

large hypertrophic response, while some did not exhibit any response following a 

standardized strength training program. Hubal, Gordish-Dressman et al. (2005) found 

changes in 1RM to range from 0% to 250% in response to a 12-week training program 

targeting the elbow flexor muscles. Such variations are influenced by a vast number of 

factors, including genetics and environment (e.g. age, sex, training status) (Barberio, 

Pistilli et al. 2019, Thomis 2019), as well as an interaction between both (Hubal, Urso et 

al. 2011). Also, ethnicity appears to play a role in the variability of age-related decline 

(Francis, Lyons et al. 2017). The evidence for the genetic component behind muscle 

strength-related phenotypes is strong (Roth 2012), but not fully understood.   
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Heritability studies point towards a similar proportion of the muscle strength-related 

phenotypes being attributed to genetic (~52%) and environmental factors (~48%) 

(Thomis, Beunen et al. 1998). Some studies have shown that heritability estimates for 

strength gain responding to strength training programs could be up to 85% (Hubal, Urso 

et al. 2011). The role of the genetic factors appears to be highest among adolescents 

and seems to decrease after 40 yrs of age when the environmental factors play a larger 

role (Zempo, Miyamoto-Mikami et al. 2017). Also, the reported heritability estimates for 

the phenotypic response to training interventions are highly variable, depending on the 

measured strength phenotypes such as explosive power, grip strength or baseline lean 

mass, etc., and depending on the type of strength training applied (Arden and Spector 

1997, Calvo, Rodas et al. 2002, Campos, Luecke et al. 2002, Thomis 2019). 

There have been indications of specific sets of genes determining different strength 

phenotypes (Thomis 2019), and that genes affecting baseline strength might be 

different from those influencing the training response (Thomis, Beunen et al. 1998). 

Furthermore, there appears to be a strong genetic component to the longitudinal 

changes in lower limb muscle strength with a heritability estimate of 64% (Zhai, Ding et 

al. 2005). Traditionally, the genes investigated in relation to baseline muscle 

strength/size as well as trainability are those potentially affecting muscle structure 

(neuromuscular pathways) as well as growth and inflammatory factors (Hubal, Urso et 

al. 2011, Barberio, Pistilli et al. 2019). A number of genetic variants, mostly SNPs, have 

been studied in relation to muscle strength-related phenotype (Pescatello, Devaney et 

al. 2013) in athletes, general public and elderly. Some of the most extensively studied 

polymorphisms, associated with various aspects of exercise genetics, are ACE I/D, ACTN3 

R577X and PPARGC1A rs8192678 (Ahmetov and Fedotovskaya 2015). These will be 

described in more detail in the “Candidate genes” section.  

1.3 Endurance performance and its genetic determinants 

Humans are known to possess a great endurance capacity, especially at moderate 

intensities (Bramble and Lieberman 2004, Raichlen, Webber et al. 2019). Raichlen, 
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Webber et al. (2019) even describes humans as the “endurance primate”, due to the 

superior ability of heat regulation in humans. Aerobic endurance capacity, also referred 

to as aerobic capacity or cardiorespiratory fitness, is one of the main predictors of all-

cause mortality (Strasser and Burtscher 2018). Endurance capacity has been shown to 

have a large impact not only on the physical capacity/function (Tomás, Galán-Mercant 

et al. 2018) but also on cognition (Zettel-Watson, Suen et al. 2017), especially in the 

elderly.  

Aerobic endurance performance is determined by maximal oxygen uptake (VO2max), 

lactate threshold (LT) and work economy (C) (Pate and Kriska 1984, Bassett and Howley 

2000, Tanaka and Seals 2008, Joyner 2019), and may be evaluated by the following 

equation based on Pate and Kriska (1984) and di Prampero (2003):  

Aerobic endurance performance = (LT or fractional utilization) ⋅ (VO2max/C) 

In this equation, the last parenthesis denotes the maximal aerobic speed (MAS), while 

the first parenthesis denotes the percentage of MAS that can be performed for a given 

distance or duration, or at LT (Støren, Rønnestad et al. 2014). 

VO2max is regarded as the golden standard measure of cardiorespiratory fitness 

(Bouchard, Sarzynski et al. 2011). It is defined as the maximal rate of oxygen 

consumption (Raichlen, Webber et al. 2019) and reflects the highest rate at which the 

oxygen can be utilized by an individual under strenuous/maximal exercise (Bassett and 

Howley 2000). VO2max is not only highly associated with a range of health-related 

outcomes in the general public (Pedersen and Saltin 2015, Strasser and Burtscher 2018), 

but is considered to be the most important physiological determinant associated with 

the elite endurance performance (Pate and Kriska 1984, di Prampero 2003). VO2max 

measured for the same individual can differ depending on the type of activity performed 

(Helgerud, Høydal et al. 2007). Therefore, especially in athletes, testing should be 

performed using the type of athletes’ sports-specific activity (Stromme, Ingjer et al. 

1977). Of the endurance sports, cross-country skiing is among the most demanding ones 
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(Sandbakk and Holmberg 2017), and the cross-country skiers possess some of the 

highest VO2max measured (Ingjer 1991, Sandbakk and Holmberg 2014, Holmberg 2015).  

LT also referred to as anaerobic threshold, is the workload (and/or VO2max) at which the 

blood lactate concentration [La-]b starts to increase (Davis 1985, Faude, Kindermann et 

al. 2009). At this point, the balance in [La-]b production and removal (Davis 1985) is 

disturbed, and the production rate exceeds the removal rate (Faude, Kindermann et al. 

2009). The LT can be used to assess the endurance capacity as changes in LT may indicate 

changes in aerobic capacity (Faude, Kindermann et al. 2009).  

Last but not least, C is a ratio between work output and oxygen cost (Helgerud, Høydal 

et al. 2007), and is also referred to as oxygen cost (consumption) at a given 

velocity/workload (Barnes and Kilding 2015). C is a complex endurance performance 

determinant, influenced by an array of extrinsic and intrinsic factors (Daniels 1985, 

Saunders, Pyne et al. 2004), including metabolic, cardiorespiratory, biomechanical 

(Barnes and Kilding 2015) and anthropometric factors (Daniels 1985). Work economy 

varies among individuals, including highly trained athletes (Losnegard, Schäfer et al. 

2014). Athletes that use less oxygen, and therefore also less energy, at the same steady-

state velocity possess a better work economy compared to those using more (Saunders, 

Pyne et al. 2004, Barnes and Kilding 2015). C can be improved by e.g. maximal strength 

training (Hoff, Helgerud et al. 1999, Støren, Helgerud et al. 2008, Sunde, Storen et al. 

2010).  

Endurance capacity, including determinants like VO2max, in the sedentary state, is known 

to vary highly among individuals (Bouchard, Lesage et al. 1986, Bouchard, Daw et al. 

1998, Pérusse, Gagnon et al. 2001). VO2max can be improved by exercise, and the 

trainability of the VO2max depends on training frequency, intensity and duration (Pollock 

1977), among other things. However, it appears that training does not necessarily 

minimize the inter-individual differences in VO2max (Schutte, Nederend et al. 2016), as 

individuals respond differently to the same training program (Prud'homme, Bouchard 

et al. 1984, Bouchard, An et al. 1999, Skinner, Wilmore et al. 2000, Bratland-Sanda, 
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Pedersen et al. 2020). For instance, in a study by Bouchard (1999), following a 20-week 

endurance training program, participants’ improvements ranged from no changes to 

~1000 mL·min-1, with the mean increase being ~400 mL·min-1 (Bouchard, An et al. 1999). 

Evidence from both animal (Avila, Courtney et al. 2019) and human (Barber and 

Sarzynski 2019) studies point towards a considerable genetic component both to the 

endurance capacity as well as its trainability (Bouchard, Sarzynski et al. 2011, Rankinen, 

Fuku et al. 2016).  

While it appears that few, if any, studies have investigated the heritability of LT and C, 

several studies have focused on the heritability/genetics of the VO2max, although, almost 

exclusively at lower to moderate intensities (Bouchard 2019). Bouchard, Daw et al. 

(1998) investigated the familial resemblance in baseline VO2max and calculated the 

heritability estimates to be at least 50% (adjusted for age, sex, body weight and body 

composition). However, this estimate was likely inflated by non-genetic factors, 

therefore the authors cautioned that the real estimates are lower. The authors did, also, 

report that ~30% of the inheritance could be attributed to the maternal heritability. The 

relatively large maternal contribution is likely due children inheriting the mitochondria 

from the mother and/or mediated through epigenetics during the fetal development 

(Barber and Sarzynski 2019).  

The heritability estimates for the trainability of the various aspects of the aerobic 

capacity tend to be lower than for the baseline VO2max (Pérusse, Gagnon et al. 2001). For 

instance, maximal heritability estimates of submaximal oxygen consumption in 

response to a 20-week training program ranged from 23% to 57% depending on the 

power output (Pérusse, Gagnon et al. 2001), and an overall maximal heritability estimate 

of 47% for the VO2max response (Bouchard, An et al. 1999). In childhood and 

adolescence, genetics might even play a greater role in determining the VO2max. 

Heritability estimates from meta-analysis that included 8 studies were as high as 59% 

and 72% for VO2max measured as mL·min-1 and mL·kg-1·min-1, respectively (Schutte, 

Nederend et al. 2016). Overall, based on 15 studies, the weighted mean heritability for 
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the submaximal endurance phenotype was 49%, and for the endurance performance- 

53%, (Miyamoto-Mikami, Zempo et al. 2018). Despite these moderate to high 

heritability estimates, it is important to note that they vary greatly between the studies 

(Miyamoto-Mikami, Zempo et al. 2018) which can, in part, be explained by sex 

differences (Barber and Sarzynski 2019).  

Results from these and other studies on the endurance capacity and training-induced 

adaptability, despite using different training doses, points towards a strong genetic 

contribution (Rankinen, Fuku et al. 2016, Bouchard 2019). Yet, the role of specific genes 

and gene variants is not fully understood due to the highly complex nature of traits like 

endurance capacity and performance (Bouchard 2019). There is a large number of SNPs 

and other genetic variants that have been investigated in relation to the baseline VO2max 

and/or its trainability and other determinants of the endurance performance either 

through candidate gene studies or genome-wide association studies. Of the candidate 

genes, ACE, ACTN3 and PPARGC1A are among those that have received a lot of attention 

in recent years (Rankinen, Fuku et al. 2016).  Others, such as ACSL1 (Bouchard, Sarzynski 

et al. 2011) and IL6 (Harvey, Voisin et al. 2020) have also been looked at as promising 

candidates. These particular genes will be described in more detail in the “Candidate 

genes” section.   

1.4 Candidate genes 

1.4.1 ACTN3 

ACTN3, which has commonly been referred to as “gene for speed”, is among the most 

studied genes in association with sports and exercise (Seto, Garton et al. 2019). The gene 

codes for the α-actinin-3 protein, a member of the α actin-binding protein family, and is 

mainly expressed in type 2 (fast-twitch) muscle fibres (North and Beggs 1996). There, it 

plays a role as a structural component in the contractile apparatus (North, Yang et al. 

1999, Seto, Garton et al. 2019). Located within the gene, a common SNP rs1815739, 

commonly referred to as R577X, leads to a premature stop codon (X). Individuals 
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carrying two copies of the X allele (i.e. XX genotype) are deficient of the α-actinin-3 

protein, which is the case for around 18% of the global population (Mills, Yang et al. 

(2001), MacArthur and North (2004), Seto, Garton et al. (2019)). The frequency of the X 

allele appears to covary with the latitude (Friedlander, Herrmann et al. 2013), thus, 

leading to large variations among different ethnicities. The X allele is most common in 

Europeans and Asians (Mills, Yang et al. 2001, Head, Chan et al. 2015). The 

polymorphism is one of only two known loss-of-function polymorphisms in humans that 

have a selective advantage (Lee, Houweling et al. 2016). 

The R577X polymorphism has a range of effects on various muscle phenotypes 

(Pickering and Kiely 2017), not only in athletes (Moran, Yang et al. 2007, Yang, Garton 

et al. 2009, Eynon, Hanson et al. 2013) but also in the general population of various ages 

(Pereira, Costa et al. 2013, Del Coso, Hiam et al. 2018, Houweling, Papadimitriou et al. 

2018, Pickering and Kiely 2018)). The presence of the α-actinin-3 (especially the RR 

genotype) is thought to be advantageous for performing forceful/powerful muscle 

contractions (Del Coso, Hiam et al. 2018). Furthermore, it appears to influence the 

exercise adaptations (Delmonico, Kostek et al. (2007); Pereira, Costa et al. (2013), Silva, 

Bolani et al. (2015), Pickering and Kiely (2018), Norman, Esbjörnsson et al. (2009)), and, 

in most cases, in favour of the RR genotype. Also, with the ageing population in mind, 

the RR genotype has been associated with greater bone mineral density, reduced risk of 

falls and sarcopenia (Pickering and Kiely 2018), i.e. age-related loss of skeletal muscle 

strength, mass, power and physical functioning (Roth 2012).  

The more common RR genotype is more frequently found among elite sprint/power 

athletes than among the general population (Yang, Garton et al. 2009, Ma, Yang et al. 

2013, Ahmetov, Egorova et al. 2016). This finding has been replicated repeatedly and 

indicates that the absence of α-actinin-3 protein impacts sprint and power performance 

negatively (Tharabenjasin, Pabalan et al. 2019). Furthermore, the genotype frequencies 

in sprint/power and endurance athlete groups differ in opposite directions (Seto, Garton 

et al. 2019). The R577X polymorphism is thought to explain around 2% of the differences 
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in speed/power phenotype (Moran, Yang et al. 2007, Pickering, Kiely et al. 2019). 

Although the number does not seem high, possessing the optimal sprint-genotype, i.e. 

the R allele, might prove to be crucial at the elite level (Papadimitriou, Lucia et al. 2016). 

The effects of α-actinin-3 deficiency on athletic performance may differ between males 

and females, at least partly due to the hormonal differences (Yang, MacArthur et al. 

2003, Clarkson, Devaney et al. 2005, Delmonico, Kostek et al. 2007). In the general 

population, ACTN3 R577X polymorphism has been shown to influence traits like baseline 

maximal strength/power (Erskine, Williams et al. 2014) and strength trainability 

(Pickering and Kiely 2017, Romero-Blanco, Artiga-González et al. 2020). A previous study 

of MST intervention on elderly women found that R allele was advantageous in 

increased maximal dynamic strength (Pereira, Costa et al. 2013). This indicates that the 

R allele may be advantageous not only for sprint/power athlete status (Weyerstraß, 

Stewart et al. 2018) but also for adaptations to MST among the general public. 

Despite lacking the α-actinin-3 protein, individuals with the XX genotype do not appear 

to be affected by a disease or a pathology (North, Yang et al. 1999). However, the 

absence of the protein alters the muscle function (Lee, Houweling et al. 2016) leading 

to more efficient muscle metabolism due to changes in calcium handling (Head, Chan et 

al. 2015). The polymorphism also alters structural, metabolic and signalling pathways 

(Lee, Houweling et al. 2016). Studies have demonstrated that XX individuals tend to have 

a higher percentage of type I muscle fibres (Yang, MacArthur et al. 2003), and also the 

metabolism of the type II fibres is altered (Pasqua, Bueno et al. 2016). It has been shown 

that individuals with XX genotype reach the ventilatory threshold at higher speeds 

compared to the RR genotype (Pasqua, Bueno et al. 2016), appear to have smaller 

muscle volume (Erskine, Williams et al. 2014) and strength (Clarkson, Devaney et al. 

2005, Erskine, Williams et al. 2014). They may also be more prone to muscle damage 

following exercise as well as an increased risk of injuries (Pickering and Kiely 2018). In 

older individuals, thus, the effect of possessing the XX genotype might have clinical 

importance (Roth 2012).  
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It is still not clear how possessing two different alleles, as in the heterozygous RX 

genotype, affects various muscle-related phenotypes. The α-actinin-3 appear to 

function in a dose-dependent fashion (Hogarth, Garton et al. 2016), however, the 

heterozygotes (RX) tend to generate variable outcomes (Garton and North 2016, Seto, 

Garton et al. 2019). A short summary of the relevant information regarding the ACTN3 

R577X is presented in Table 1.  

1.4.2 ACE 

The ACE I/D polymorphism was the first genetic variation to be investigated in relation 

to physical performance phenotypes (Baumert, Lake et al. 2016). It has since been 

widely investigated and replicated in sports and exercise genomics (Jacques, Landen et 

al. 2019). The ACE gene codes for a protein called the angiotensin I-converting enzyme, 

that plays a role in the regulation of blood pressure, fluid-electrolyte balance and is also 

thought to affect the muscle function (Puthucheary, Skipworth et al. 2011, Pescatello, 

Corso et al. 2019) and metabolism (Jones and Woods 2003). Through these mechanisms, 

it might be able to influence the aerobic capacity (Goh, Chew et al. 2009, Tamburus, 

Verlengia et al. 2018) and other exercise-induced adaptations (Pescatello, Corso et al. 

2019). I/D stands for insertion/deletion polymorphism, where insertion is the presence 

of a 287-bp Alu repeat, and deletion is the absence of the repeat (Rigat, Hubert et al. 

1992). The I and D alleles have been shown to influence the blood enzyme levels in 

opposite directions in subjects of European descent (Rigat, Hubert et al. 1990). 

Traditionally, the I allele has been regarded as the endurance allele (Ma, Yang et al. 

2013, Pescatello, Corso et al. 2019), however, this may depend on the cohort 

investigated (Gineviciene, Jakaitiene et al. 2016). The D allele, on the other hand, has 

been regarded as the sprint/power allele (Myerson, Hemingway et al. 1999, Weyerstraß, 

Stewart et al. 2018), however, this association has not been as clear (Pescatello, Corso 

et al. 2019). The ACE I/D polymorphisms might also lead to differences in muscle fibre 

type distribution between the genotypes. The I allele carriers possessed a larger 

percentage of type I (slow-twitch) fibres compared to the DD genotype, with the ID 
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heterozygotes being intermediates (Zhang, Tanaka et al. 2003). Also, in an untrained 

state, I allele carriers appear to possess a better aerobic performance compared to the 

DD genotype. Repeated endurance exercise could, in part, override the genotype effects 

(Valdivieso, Vaughan et al. 2017).  

The ACE I/D genotype may have an impact on the physical function of older adults 

(Yoshihara, Tobina et al. 2009, Wilson, Mavros et al. 2019). It has been also shown to 

modulate the response of physical function variables to exercise training and/or PA, with 

the D allele being advantageous (Buford, Hsu et al. 2014, Wilson, Mavros et al. 2019). 

Wilson, Mavros et al. (2019) suggested that the D allele carriers responded better to PA 

and/or exercise interventions, based on the results of several studies. Furthermore, the 

D allele alone (Williams, Day et al. 2005) and/or in combination with the optimal ACTN3 

R-allele (Erskine, Williams et al. 2014), may be associated with increased baseline muscle 

strength (Williams, Day et al. 2005, Erskine, Williams et al. 2014). It is not clear, however, 

if the I/D polymorphism influences the muscle strength response to resistance training 

as the results are inconsistent (Folland, Leach et al. 2000, Williams, Day et al. 2005, 

Pescatello, Kostek et al. 2006). On the other hand, the I allele might provide a 

cardioprotective effect in response to resistance exercise (Montrezol, Marinho et al. 

2019), but also increase the susceptibility to muscle damage (Yamin, Amir et al. 2007). 

In response to intense endurance exercise, I allele may lead to more beneficial 

improvements in mitochondrial metabolism despite poorer baseline measures in VO2max 

and capillary density (Vaughan, Huber-Abel et al. 2013). Studies have also indicated that 

the I/D polymorphism might be associated with PA levels, however, the results are 

inconclusive (Fuentes, Perola et al. 2002, Winnicki, Accurso et al. 2004, Maestu, Latt et 

al. 2013).  

All in all, ACE I/D is a plausible candidate gene to influence the endurance performance 

and trainability, however, the results are contradictory or inconclusive, and the 

potential effect the polymorphism plays is likely small (Rankinen, Perusse et al. 2000, 

Woods, World et al. 2002, Defoor, Vanhees et al. 2006, Pescatello, Corso et al. 2019). A 
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short summary of the relevant information regarding the ACE I/D is presented in Table 

1. 

1.4.3 PPARs and their co-activators 

The peroxisome proliferator-activated receptor (PPAR) signalling pathway is likely highly 

important for the trainability of the aerobic capacity (Ghosh, Vivar et al. 2013, Alvarez-

Romero, Voisin et al. 2020). Genes within the pathway, including peroxisome 

proliferator-activated receptor genes (PPARA, PPARD and PPARG (Phua, Wong et al. 

2018)), and their co-activators (e.g. PPARGC1A; Correia, Ferreira et al. (2015)) play a 

master-regulator role at the gene transcription level. PPARs act like fatty acid sensors 

(Lamichane, Dahal Lamichane et al. 2018) and are essential players in a range of 

physiological processes. They regulate energy and nutrient metabolism (Correia, 

Ferreira et al. 2015, Lamichane, Dahal Lamichane et al. 2018, Hong, Pan et al. 2019), 

including the glucose and lipid homeostasis (Phua, Wong et al. 2018, Hong, Pan et al. 

2019) both locally and systemically (Correia, Ferreira et al. 2015, Phua, Wong et al. 

2018). The genes have different expression patterns, and they are especially actively 

expressed in metabolic tissues, including adipose tissue, heart and skeletal muscle 

(Dillon, Rebelo et al. 2012, Correia, Ferreira et al. 2015, Lamichane, Dahal Lamichane et 

al. 2018, Phua, Wong et al. 2018). Because of the role this group of genes play in energy 

metabolism, among other things, several of them have been investigated in relation to 

various aspects of VO2max  (Ghosh, Vivar et al. 2013, Alvarez-Romero, Voisin et al. 2020) 

and muscle strength/power phenotypes (Ahmetov and Fedotovskaya 2015). 

Among the PPAR pathway genes, PPARGC1A might be among the most investigated 

(Petr, Maciejewska-Skrendo et al. 2019). The gene codes for the peroxisome 

proliferator-activated receptor-gamma coactivator-1α  (PGC-1α) which is a 

transcriptional co-activator that, together with transcription factors, up-/down-regulate 

expression of other genes (Quindry and Roberts 2019). PGC-1α has a range of functions, 

including regulation of mitochondrial biogenesis and metabolism (Correia, Ferreira et al. 

2015, Quindry and Roberts 2019), angiogenesis and muscle fibre type distribution 
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(Arany 2008, Ahmetov and Fedotovskaya 2015), just to name a few. PGC-1α role in 

exercise-induced adaptations have been recognized (Lira, Benton et al. 2010, Ruas, 

White et al. 2012), and endurance exercise leads to upregulation of the protein (Quindry 

and Roberts 2019). Ageing, on the other hand, leads to downregulation of the PGC-1α 

which have a range of negative effects in both cardiac and skeletal muscle tissues (Dillon, 

Rebelo et al. 2012). The PPARGC1A gene, depending on the tissue type and the 

physiological stimuli, can be transcribed and/or spliced into several isoforms with 

different biological functions (Martinez-Redondo, Pettersson et al. 2015, Martinez-

Redondo, Jannig et al. 2016). Stimuli like different training modalities, i.e. endurance vs. 

strength training, appear to lead to differential isoform formation (Martinez-Redondo, 

Jannig et al. 2016). Probably the most investigated SNPs within the PPARGC1A gene is 

the rs8192678 (Chen, Wang et al. 2019). The SNP is more widely known as the Gly482Ser 

polymorphism, where the amino acid glycine (Gly) is substituted by serine (Ser), with 

around 35% of Caucasians being carriers of the Ser-allele (NCBI 2020f). The SNP has been 

associated with exercise trainability (Lira, Benton et al. 2010, Ruas, White et al. 2012, 

Steinbacher, Feichtinger et al. 2015, Petr, Stastny et al. 2018), sports performance and 

athletic ability (Gineviciene, Jakaitiene et al. 2016, Chen, Wang et al. 2019, Petr, 

Maciejewska-Skrendo et al. 2019, Tharabenjasin, Pabalan et al. 2019). Homozygotes of 

the common Gly allele possess a superior aerobic capacity (Ahmetov and Fedotovskaya 

2015) and more efficient aerobic metabolism (Petr, Maciejewska-Skrendo et al. 2019), 

in both general public and athletes (Ahmetov and Fedotovskaya 2015). They also 

respond better to aerobic exercise (Petr, Stastny et al. 2018). On the other hand, 

homozygotes of the minor Ser allele might be underrepresented among endurance 

athletes in some cohorts (Eynon, Meckel et al. 2010, Ahmetov and Fedotovskaya 2015), 

and could potentially be non-responders to aerobic exercise programs (Petr, Stastny et 

al. 2018). The Ser/Ser genotype might, however, be advantageous to power/strength 

athletes (Gineviciene, Jakaitiene et al. 2016). 

PPARA gene codes for peroxisome proliferator-activated receptor alpha (PPARα), and is 

expressed in metabolically active tissues, such as skeletal muscle, heart and adipose 
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tissue (Hong, Pan et al. 2019). The protein plays a major role in lipid metabolism (Hong, 

Pan et al. 2019) as it regulates the expression of genes involved in fatty acid uptake and 

oxidation (Lamichane, Dahal Lamichane et al. 2018), among other things. The PPARα 

role changes depending on the nutritional state (Hong, Pan et al. 2019). The rs4253778 

polymorphism, where G has been substituted by C (Jamshidi, Montgomery et al. 2002), 

has been associated with resistance trainability (Alvarez-Romero, Voisin et al. 2020) as 

well as heart hypertrophy response to training (Jamshidi, Montgomery et al. 2002). GG 

homozygotes have been demonstrated to possess a larger proportion of slow-twitch 

fibres compared to their CC counterparts  (Ahmetov, Mozhayskaya et al. 2006). The G 

allele might be associated with endurance athlete status (Eynon, Meckel et al. 2010, 

Tural, Kara et al. 2014, Lopez-Leon, Tuvblad et al. 2016, Petr, Maciejewska-Skrendo et 

al. 2019). Furthermore, there are indications towards an advantage of the C allele in 

power/strength-oriented sports as they may possess a more efficient anaerobic 

metabolism (Petr, Stastny et al. 2014, Stastny, Lehnert et al. 2019).  

PPARG codes for peroxisome proliferator-activated receptor gamma (PPARγ), a protein 

mainly expressed in adipose tissue (Phua, Wong et al. 2018). PPARγ is crucial for glucose 

metabolism (Hong, Pan et al. 2019), and promotes glucose uptake in skeletal muscle 

(Phua, Wong et al. 2018). PPARG Pro12Ala (rs1801282) polymorphism is a common SNP 

where C is substituted with G leading to an amino acid substitution (Stumvoll and Häring 

2002) modifying the activity of the protein (Maciejewska-Karłowska 2013). The minor G 

(Ala) allele is found in around 11% of the Caucasians (Stumvoll and Häring 2002, NCBI 

2020b). The SNP appears to affect the trainability. The carriers of the Ala allele, which 

also possess a lower transcriptional activity (Maciejewska-Karłowska 2013), 

demonstrate improved insulin response in response to aerobic exercise compared to 

Pro allele homozygotes (Petr, Stastny et al. 2018, Blond, Schnurr et al. 2019). 

Furthermore, the Ala allele has been associated with power/strength athlete status at 

an elite level (Maciejewska-Karlowska, Sawczuk et al. 2013, Petr, Maciejewska-Skrendo 

et al. 2019). A short summary of the relevant information regarding the PPARGC1A 

rs8192678, PPARA rs4253778 and PPARG rs1801282 is presented in Table 1. 
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1.4.4 ACSL1 

ACSL1 gene codes for acyl-CoA synthase long-chain member 1 protein that plays a role 

in the activation and transport of long-chain fatty acids into mitochondria (Ghosh, Vivar 

et al. 2013). A SNP within the ACSL1 gene (rs6552828) was previously found to explain 

as much as 6% of the VO2max trainability in response to a standardized endurance 

training program. Carriers of the more common G allele demonstrated a larger VO2max-

increase than homozygotes of the minor A allele (Bouchard, Sarzynski et al. 2011). This 

has later been validated by others (Ghosh, Vivar et al. 2013), thus, making the rs6552828 

a robust candidate (Ghosh, Vivar et al. 2013). Despite the robust association between 

the SNP and training response in untrained/sedentary individuals, the rs6552828 does 

not appear to be associated with elite endurance athlete status (Yvert, He et al. 2012). 

A short summary of the relevant information regarding the ACSL1 rs6552828 is 

presented in Table 1. 

 

1.4.5 IL-6 

Interleukin-6 (IL-6) gene codes for a peptide with the same name that skeletal muscle 

(and other tissues) release into circulation during and after exercise (Schnyder and 

Handschin 2015, Lee and Jun 2019). The peptide is the most studied and one of the first 

to be recognized as a myokine, a molecule that is released by skeletal muscle during 

muscle contractions (Hoffmann and Weigert 2017). It plays a role in inflammation 

(Schnyder and Handschin 2015), fatty acid oxidation, and is also an important player in 

glucose metabolism (Lee and Jun 2019). Furthermore, IL-6 contributes to hypertrophic 

muscle growth (Serrano, Baeza-Raja et al. 2008) and myogenesis (Muñoz-Cánoves, 

Scheele et al. 2013), and have been investigated in relation to muscle strength 

phenotypes (Garatachea and Lucia 2013). Recently, an association between a SNP 

(rs1474347) and trainability of VO2max in moderately and well-trained individuals was 

reported (Harvey, Voisin et al. 2020). This SNP is in strong linkage disequilibrium with 

other IL-6 SNPs (e.g. rs1800795; Harvey, Voisin et al. (2020)) that also have been 
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explored in association with traits like power athlete status (Ruiz, Buxens et al. 2010, 

Eynon, Ruiz et al. 2011, Ahmetov and Fedotovskaya 2015) and sprint performance 

(Pickering, Suraci et al. 2019). A short summary of the relevant information regarding 

the IL-6 rs1474347 is presented in Table 1. 

Table 1 Summary of candidate genes/polymorphisms associated with physical 
performance, trainability and/or athletic performance 

Gene (polymorphism) Phenotype Beneficial 
genotype/allele 

ACTN3     
R577X sprint/power performance1 and elite power 

athlete status14 
R allele 

 endurance capacity1 XX 

 risk of falls and sarcopenia2 RR 

 baseline maximal strength/power3 RR 

 resistance trainability1,4,5 R allele 
ACE   
I/D sprint performance8 DD 

 exercise-induced physiological changes7 I allele 

 muscle strength6 D allele 

 resistance trainability5 D allele 
PPARGC1A   
rs8192678 
(Gly482Ser) strength/power athlete status12 Ser/Ser (TT) 

 athletic ability and sports performance13 Gly allele (C) 

 
aerobic capacity9 and  efficient aerobic 
metabolism10 Gly allele (C) 

 aerobic trainability5, 11 Gly allele (C) 
PPARA   
rs4253778 ability of endurance sports15 and endurance 

athlete status10 
G allele 

 slow-twitch fibre proportion16 GG 

 strength/power17 CC 

 resistance trainability5,15 C allele 
PPARG   
rs1801282 (Pro12Ala) strength/power elite athlete status10 Ala allele (G) 

 exercise-induced insulin response11 Ala allele (G) 
ACSL1   
rs6552828 VO2max trainability in sedentary individuals5,18 G allele 
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IL-6   
rs1474347 VO2max trainability in moderately and highly 

trained individuals19 
A allele 

 sprint performance*20 G allele* 
  power athlete status*9 G allele* 

* Associations for the rs1800795 (rs1474347 is in strong linkage disequilibrium with); rs1474347 A allele is linked with 
the rs1800795 G allele; rs1474347 C allele is linked with rs1800795 C allele; 1Seto, Garton et al. (2019); 2Pickering and 
Kiely (2018); 3Erskine, Williams et al. (2014); 4Pickering and Kiely (2017); 5Alvarez-Romero, Voisin et al. (2020); 
6Wilson, Mavros et al. (2019); 7Pescatello, Corso et al. (2019); 8Papadimitriou, Lucia et al. (2016); 9Ahmetov and 
Fedotovskaya (2015); 10Petr, Maciejewska-Skrendo et al. (2019); 11Petr, Stastny et al. (2018); 12Gineviciene, Jakaitiene 
et al. (2016); 13Tharabenjasin, Pabalan et al. (2019)a; 14Tharabenjasin, Pabalan et al. (2019)b; 15Lopez-Leon, Tuvblad 
et al. (2016); 16Ahmetov, Mozhayskaya et al. (2006); 17Stastny, Lehnert et al. (2019); 18Bouchard, Sarzynski et al. 
(2011); 19Harvey, Voisin et al. (2020); 20Pickering, Suraci et al. (2019) 

1.4.6 MAOA 

All of the genes described above can potentially affect physical capability/function, 

trainability and/or athletic ability/performance. In addition to being physically capable, 

possessing the motivation to do something is another important factor necessary to 

perform voluntary behaviour, such as PA (Rhodes 2019). A large proportion of the 

observed differences in PA levels is likely due to the motivation, and not as much the 

physical capability (Rhodes, Gammie et al. 2005, Good, Li et al. 2015, Rhodes 2019). 

Thus, it is likely that genes that alter the PA motivation (Good, Li et al. 2015) by e.g. 

producing a strong reward signal in response to exercise (Rhodes 2019) may play a role 

in determining the PA level (Good, Li et al. 2015). One of the pathways thought to be 

involved in determining the voluntary PA levels is the dopaminergic system (Rhodes, 

Gammie et al. 2005, Rhodes 2019). It has been hypothesized that genetic variants 

involved in this pathway could lead to differences in PA behaviour (Van Der Mee, Fedko 

et al. 2018, Rhodes 2019).  

Monoamine oxidase A (MAOA), a gene located on the X chromosome, is involved in the 

dopaminergic pathway (Sabol, Hu et al. 1998). The gene codes for an enzyme that plays 

a role in the oxidation of several types of neurotransmitters, including serotonin, 

norepinephrine and dopamine (Shih and Thompson 1999). It is also one of several genes 

that have been investigated in association with voluntary PA and sedentary behaviour 

(Morishima, Harada et al. 2006, Good, Li et al. 2015, Van Der Mee, Fedko et al. 2018, 
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Goleva-Fjellet, Bjurholt et al. 2020). A genetic variant within the promoter region of the 

gene, a 30-bp repeated sequence called the variable number of tandem repeat (uVNTR), 

exists as several different alleles, depending on the number of the 30-bp repeats (Sabol, 

Hu et al. 1998, Goleva-Fjellet, Bjurholt et al. 2020). The uVNTR affects the transcriptional 

activity of the gene (Sabol, Hu et al. 1998), with the 3-repeat allele leading to lower 

transcriptional activity than the 3.5 and 4-repeat alleles (Sabol, Hu et al. 1998, Deckert, 

Catalano et al. 1999). This genetic variant has been demonstrated to affect the reward 

dependence (Shiraishi, Suzuki et al. 2006) and voluntary PA behaviour (Good, Li et al. 

2015). According to the hypothesis, individuals with higher transcriptional activity alleles 

(i.e. 3.5 and 4-repeats) degrade neurotransmitters more rapidly thus may possess lower 

motivation for PA behaviour (Good, Li et al. 2015).  

1.4.7 Differences in allele frequencies across populations 

Allele frequencies for many genetic variants vary across different populations (Gordish-

Dressman and Devaney 2011). To demonstrate this, genotype frequencies for the 

ACTN3 R577X and ACE I/D polymorphisms in different populations are presented in 

Figure 1. For instance, it has been hypothesized that the ACTN3 R577X vary with the 

latitudinal gradient due to a potential evolutionary advantage of the XX genotype in 

more scarce environments (Friedlander, Herrmann et al. 2013). The X allele frequency 

varies from around 13% in some African populations, 44% in Europeans, to 66% in the 

Hawaiian population (NCBI 2020c). Similarly, the ACE alleles vary highly (Figure 1b). In 

Caucasian populations, both the D and I alleles are equally common, i.e. 50% frequency 

each. In other populations, however, the D allele frequencies range from 9% in Samoans 

to 60% in Jamaicans (Scott, Irving et al. 2010). For the other candidate polymorphisms, 

the minor allele frequencies range as follows: from 6% to 54% for the PPARGC1A 

rs8192678 (NCBI 2020f); 0% - 100% for the PPARA rs4253778 (NCBI 2020d); 0%-16% fo 

the PPARG rs1801282 (NCBI 2020b); 22% - 68% for the ACSL1 rs6552828 (NCBI 2020e); 

1% - 50% fo the IL-6 rs1474347 (NCBI 2020a). MAOA uVNTR exists as several alleles. 

Some of the alleles are rare, and two alleles are common, i.e. the 3- and 4- repeat alleles 
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(Sabol, Hu et al. 1998, Goleva-Fjellet, Bjurholt et al. 2020). Depending on the population, 

the frequencies for the two common alleles range from 30% to 60%, and from 36% to 

71%, for the 3- and 4-allele, respectively (Sabol, Hu et al. 1998). 

If unaccounted for, the variations in allele frequencies can have unwanted 

consequences as even small amounts of admixture have the potential to lead to either 

false positive or negative results in association studies (Marchini, Cardon et al. 2004). 

This is even more true for studies with large sample sizes (Marchini, Cardon et al. 2004). 

To avoid this, ethnically homogenous samples must be included in the study (Mathew, 

Basheeruddin et al. 2001) or one must control for the stratification (Marchini, Cardon et 

al. 2004, Gordish-Dressman and Devaney 2011). 

 

Figure 1 a) ACTN3 R577X and b) ACE I/D polymorphism genotype frequencies (%) across different populations 

1Jones and Woods (2003); 2Mathew, Basheeruddin et al. (2001); 3Barley, Blackwood et al. (1994); 4Foy, McCormack 

et al. (1996); 5Norman, Esbjörnsson et al. (2009); 6Mikami, Fuku et al. (2014); 7Roth, Walsh et al. (2008); 8Scott, Irving 

et al. (2010); 9Yang, Macarthur et al. (2007)  
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2 Material and methods 

2.1 Ethical considerations 

For all papers included, informed written consent was obtained from all participants. In 

Paper III, for participants under 18 years of age, parental written consent was obtained. 

All three studies were conducted following the Declaration of Helsinki and were in 

accordance with the ethical standards of the institutional and/or national research 

committee. Studies covered in Paper I and Paper III were evaluated and approved by the 

regional ethics committee of Southeast Norway (REK 3087 (paper I); REK 2017/2522 

(Paper III)), and Paper II was approved by the Norwegian Centre for Research Data (NSD, 

reg. 45185/3/AH). Furthermore, studies covered in papers I and II were registered in 

Clinical Trials with identifiers NCT00119912 and NCT02589990, respectively. 

Participants included in Paper II and III were assessed by a physician before inclusion in 

the study.   

2.2 Cohort description 

The three papers included in this thesis were each based on a different cohort. Two of 

these represented the general population (Papers I and II), while the third represented 

a well-trained cohort (Paper III). Subject characteristics are displayed in Table 2. 
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Table 2 Overview of the subject characteristics for the three cohorts included in the thesis 

 

Paper I Paper II Paper III 

n 831 49 29 

Age (yrs) 
(Mean ± SD) 

55.5 ± 3.8 45.4 ± 16.0 22.1 ± 8.4 

Sex  
(Males + 
Females) 

415 + 416 22 + 27 17 + 12 

Weight (kg) 78.5 ± 13.9 76.3 ± 12.2 69.4 ± 9.3 

BMI (kg/m2) 26.1 ± 3.8 25.5 ± 3.0 22.3 ± 2.0 

Training level 
untrained to 

moderately trained 
untrained to 
well-trained well trained 

METs* 4.8 ± 2.4 -  14.4 ± 3.4 

n- number of subjects; yrs- years; BMI- Body Mass Index; METs- metabolic equivalents; *mean METS per minute during 

physical activity 

2.2.1 The KAM cohort (Paper I) 

A total of 831 individuals from the county of Telemark (Norway) were included in the 

study described in Paper I. These individuals were from the cohort “Kolorektal cancer, 

Arv og Miljø (KAM)”, a molecular epidemiological study based partly on the screening 

group of the Norwegian Colorectal Cancer Prevention Study (The NORCCAP study; 

Bretthauer, Gondal et al. 2002, Skjelbred, Sæbø et al. 2006). Blood samples and 

questionnaires covering topics like self-reported PA data and socioeconomic data were 

available for each participant. Anthropometric measures for the cohort are presented 

in Table 3. 
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Table 3 Anthropometric data for the KAM cohort 

Variable All Females Males 

n 

Age (yrs) 

831 416 415 

55.6 ± 3.7 55.5 ± 3.8 55.4 ± 3.8 

Weight (kg) 78.5 ± 13.9 72.1 ± 12.6 84.9 ± 12.2 

BMI (kg/m2) 26.1 ± 3.8 25.9 ± 4.3 26.4 ± 3.3 

Data are presented as mean ± SD. n- number of subjects; yrs- years; PA- physical activity; BMI- Body Mass Index.  

2.2.2 The leg-press study cohort (Paper II) 

Participants from Telemark County (Norway) were invited to participate in the study 

through announcements on social media/posters placed at the university campus and 

other locations. In total, 76 healthy adults (33 males and 43 females) were included in 

the study investigating the effects of age, gender and polymorphisms on the MST in leg-

press (Paper II). Age of the participants ranged from 20 to 76 years, and the participants 

were divided into five age-based groups (Table 4). The subjects in the groups were 

matched based on the baseline 1 repetition maximum (RM) in the leg-press, corrected 

for age, sex and body mass. Based on the physicians’ assessment, participants that were 

of general good health status with no contra-indications for MST and testing were 

approved for participation in the study. Exclusion criteria were any injury and/or illness 

that could prevent subjects from performing MST or testing. Compliance of at least 80% 

of all training sessions was required for inclusion in the final data analysis. Thus, those 

subjects with compliance of under 80% were excluded from the study.  
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Table 4 Anthropometric data for the Leg-press cohort across age groups 

Variable All 
Age group 

1  

Age group 

2 

Age group 

3 

Age group 

4 

Age group 

5 

n 
49 10 9 12 8 10 

Age (yrs) 
 45.4 ± 16.0   25.6 ± 2.8   33.9 ± 2.8   44.2 ± 3.2   53.5 ± 3.0   70.3 ± 4.3  

Weightpre 

(kg)  76.3 ± 12.2   74.4 ± 8.9   83.5 ± 
11.8  

 74.4 ± 
12.5  

 80.8 ± 
15.1  

 70.3 ± 
10.2  

BMIpre 

(kg/m2)  25.5 ± 3.0   24.9 ± 3.2   27.6 ± 3.0   25.6 ± 2.5   25.1 ± 2.1   24.6 ± 3.6  

Data are presented as mean ± SD. n- number of subjects; yrs- years; BMI- Body Mass Index; pre- baseline values 

2.2.3 The cross-country skiing cohort (Paper III) 

Subjects from the high-schools for skiers in South-eastern Norway or regional cross 

country ski teams were invited to participate in the cross-country skiing project. In total, 

46 well-trained cross-country skiers (30 males and 16 females) with a broad age (16 - 48 

years) and performance-level range (mid-junior level to top national level) were 

recruited. Of these, 17 had to be excluded as they could not comply with the three 

testing sessions during the 6-month study period or because of insufficient training habit 

reporting. Therefore, the final study cohort included data from 29 skiers of both genders 

(Table 5), and these were divided into two age groups (16-18 years and ≥19 years).  
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Table 5 Anthropometric data for the Cross-country skiing cohort 

Variable All Males Females 16 – 18 yr 19+ yr 

n 
29 17 12 16 13 

Age (yrs) 
22.1 ± 8.4 24.1 ± 10.2 19.3 ± 4.1 17.3 ± 0.8 28.0 ± 9.8 

Weight (kg) 
69.4 ± 9.3 73.2 ± 8.6 64.0 ± 7.8 64.4 ± 6.7 75.5 ± 8.5 

BMI 

(kg/m2) 22.3 ± 2.0 22.3 ± 2.0 22.3 ± 2.0 21.3± 1.8 23.5 ± 1.5 

Data are presented as mean ± SD. n- number of subjects; yrs- years; BMI- Body Mass Index 

2.3 Sample collection and DNA extraction 

For all three studies, venous blood was drawn by trained professionals and collected in 

BD Vacutainer® EDTA Tubes. Samples were stored at -20 °C until the DNA was extracted. 

2.3.1 Salting-out method (Paper I) 

To extract the genomic DNA, a salting-out procedure was used (Miller, Dykes et al. 1988) 

with previously described modifications (Skjelbred, Sæbø et al. 2006). In short, to 

thawed blood samples, lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 1mM EDTA, pH 7.4) 

was added roughly three times the sample volume. Then, the samples were subjected 

to incubation at 3oC for 30-60 min followed by centrifugation. The pellet now contained 

nucleated cells and was re-suspended in 10 ml SE buffer (75 mM NaCl, 24 mM EDTA, pH 

8.0). Then, 500 μl 20% SDS and 50 μl protease K were added to each sample. These were 

incubated overnight at 40oC. On the following day, 2.0 ml 6M NaCl was added to each 

sample followed by vortexing for 15 seconds. Then, to create a protein pellet, the lysate 

was centrifuged at 5000rpm for 15 min at 3oC followed by the addition of two volumes 

of cold absolute ethanol to the supernatant to precipitate the DNA. The DNA was first 

washed in 3 ml 70% ethanol, then air-dried and placed in a 2.0 ml tube containing 200- 
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1000 μl TE-buffer (10 mM Tris, 0.1 mM EDTA, pH 7.5). Finally, the DNA was dissolved by 

shaking at ambient temperature for 24 hours at 800 rpm and stored at 4oC. 

2.3.2 Kit based DNA extraction (Papers II and III) 

For Papers II and III, the DNA was extracted from 100 µl of blood using the DNeasy Blood 

& Tissue Kit (Qiagen, MD, USA) according to the manufacturer’s instructions. In short, 

20 μl of proteinase K (provided by the manufacturer) was added into a microcentrifuge 

tube followed by 100 μl of anticoagulated blood and 100 μl PBS. 200 μl of lysis buffer 

(provided) was added, then mixed by vortexing and incubated at 56oC for 10 min. After 

incubation, 200 μl 96-100% ethanol was added and vortexed. The solution was then 

transferred to a DNeasy Mini spin column and centrifuged at 8000rpm for 1min. The 

flow-through was discarded together with the collection tube and the spin column was 

again placed into a clean tube. Two washing steps followed where 500 μl of the provided 

washing buffers 1 and 2, respectively, were added to the spin column. The columns were 

centrifuged at 8000 rpm for 1 min and 14000 rpm for 3 min at the first and second 

washing step, respectively. At both steps, the flow-through was discarded. Finally, the 

spin column was placed in a clean microcentrifuge tube and 200 μl of the provided 

elution buffer was added followed by a 1 min incubation, and then centrifuged for 1 min 

at 8000 rpm. The flow-through elute now contained the DNA. 

2.4 Genotyping 

2.4.1 PCR (Paper I) 

To genotype the ACE I/D polymorphism, Eppendorf Mastercycler Gradient (Eppendorf 

AG, Germany) was used. The reaction mixture of 25.5 μl for each sample contained 2% 

DMSO, 1 x PCR buffer, 0.2 mM dNTP, 2 mM MgCl, 0.2 pmol/μl of each primer, 0.5 U/μl 

Taq polymerase, and 1 μl of DNA (~ 100 ng). Following forward and reverse primers were 

used: 5′-CTGGAGACCACTCCCATCCTTTCT-3′ and 5′-GATGTGGCCAT-CACATTCGTCAGAT-

3′, respectively, as described previously (Rigat, Hubert et al. 1992). The PCR program 
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consisted of these steps: initial denaturation at 95°C for 3 min followed by denaturation 

(95°C; 15 s), hybridization (53°C; 45 s) and extension (72°C; 30 s) for 30 cycles in total, 

finished by the final elongation (72 °C; 5 min) step. The PCR products, stored at 4°C, were 

separated for 30 min at 150 V by 6% polyacrylamide gel electrophoresis (PAGE).  There 

were three possible outcomes: DD, ID and II. Importantly, the heterozygotes can often 

be mistyped as the I allele is often weakly amplified, and thus is invisible on the gel, in 

individuals with the ID genotype. Therefore, samples that yielded the DD genotype were 

re-analysed with slightly modified PCR reaction: an insertion specific forward primer 5′-

TTTGAGACGGAGTCTCGCTC-3′ and the abovementioned standard reverse primer 

(Shanmugam, Sell et al. 1993). The reaction mix in each 25.0 μl-sample: contained 

12.5 μl AmpliTaq Gold® PCR Master Mix (Thermo Fisher Scientific, Inc.; MA, USA), 5% 

DMSO, 0.2 pmol/μl of each primer, and ~ 100 ng template DNA. Following PCR program 

was used: initial denaturation at 95°C for 3 min followed by 30 cycles of denaturation 

(92°C), hybridization (61°C) and extension (72°C) for 1 min each, and then finishing with 

the final elongation for 7 min at 72°C. The products were then stored at 4°C. When the 

PCR products were visualized by using 6% PAGE, two outcomes were possible: either a 

408 bp long band in carriers of the I-allele or no band in case of the DD genotype. Likely 

due to the presence of an inhibitor, 215 (25.8%) samples yielded no results ever after 

repeated PCR runs for the ACE I/D polymorphism. 

To genotype the MAOA promoter polymorphism, it was first amplified by PCR with the 

following conditions: initial denaturation (95°C; 2 min) was followed by denaturation 

(95°C; 1 min), annealing (55.5°C; 1 min) and elongation (72°C; 2 min) for 35 cycles in 

total, and a final elongation (72°C; 5 min). The 15 μl-reaction mixture of the contained: 

5% DMSO, 1x PCR buffer, 0.2 mM dNTP, 2.5 mM MgCl, 0.4 mM of each primer, 1 U/μl 

Taq polymerase and 1 μl of DNA. The PCR products were then separated by capillary 

electrophoresis on an Applied Biosystems 3130xl genetic analyzer using GeneMapper® 

(Applied Biosystems®, CA, USA) Software 5. Primers used were as follows: a FAM 

labelled forward primer 5′-ACAGCCTGACCGTGGAGAAG-3′ and a reverse primer 5′-
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GAACGGACGCTCCATTCGGA-3′ (Sabol, Hu et al. 1998). Of the 831 samples, 110 (13.2%) 

yielded no results even after a repeated PCR run. 

In addition to the samples where the genotyping was inconclusive, around 10% of all 

samples were re-analysed for both ACE I/D and MAOA uVNTR polymorphisms. The 

samples that, despite repeated testing, did not yield results or were still inconclusive, 

were excluded further analysis.  

2.4.2 Real-time PCR (Paper I, II and III) 

The ACTN3 R577X polymorphism in the Paper I, and all genotyping in the Papers II and 

III  was performed on StepOnePlus™ Real-Time PCR System (Applied Biosystems®, CA, 

USA) using the TaqMan® SNP Genotyping Assay (Thermo Fisher Scientific, MA, USA). 

Genotype calling was performed by StepOne Software v2.0. All assay IDs are displayed 

in Table 6. In paper II, ACE I/D, ACTN3 R577X and PPARGC1A rs8192678 were genotyped. 

In paper III, in addition to the aforementioned three polymorphisms, ACSL1 rs6552828, 

IL6 rs1474347, PPARA rs4253778 and PPARG rs1801282 were also genotyped. To 

genotype the ACE I/D polymorphism, the assay of one of the best proxies to the I/D 

polymorphism was run (rs4343 (Abdollahi, Huang et al. 2008)), 

For each of these, the 16.7-μl reaction genotyping mixture contained 8.44 μl Genotyping 

Master Mix, 0.42 μl Assay mix (40x), 6.33 μl distilled H20 and ~ 1.5  μl of DNA template. 

Reaction conditions were following: 30 s at 60°C, followed by initial denaturation for 

10 min at 95°C, then denaturation at 95 °C for 15 s and annealing at 60 °C for 1 min in 

cycling stage (40  cycles in total). Finally, the post-read temperature was kept at 60 °C 

for 30 s. A minimum of 10% of samples was re-run in addition to those where the 

genotype was unclear after the first run.  
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Table 6 TaqMan™ SNP Genotyping Assay IDs 

Gene Polymorphism Assay ID 

ACE rs4343 (I/D)* C__11942562_20  
ACTN3 R577X C____590093_1 
ACSL1 rs6552828 C__30469648_10 
IL6 rs1474347 C___1839698_20  
PPARA rs4253778 C___2985251_20 
PPARG rs1801282 C___1129864_10 
PPARGC1A rs8192678 C___1643192_20 

*rs4343 is considered to be among the best proxies to the I/D polymorphism (Abdollahi, Huang et al. 2008) 

2.5 Characterization of the PA levels (Paper I) 

The PA level estimates are based on the KAM study questionnaire described previously 

(Skjelbred, Sæbø et al. 2006). The questions covering the PA habits and answer options 

that the participants reported on are displayed in Table 7. The rationale behind the PA 

estimates is as follows: the different activities covered in the questionnaire were scaled 

as the energy demand differs among them (Ainsworth, Haskell et al. 1993, Ainsworth, 

Haskell et al. 2011). The scaling was as follows: hiking = 1 (reference; represents 

moderate to vigorous intensity), walking/bicycling = 0.5 (low to moderate intensity), 

exercise = 1.5 (vigorous intensity). Then the activity score for each participant was 

calculated by summing the weekly frequencies of the scaled activities. The 

recommendations of the American College of Sports Medicine (ACSM) were used to 

determine whether a participant had low/moderate PA levels (LMPA) or high PA levels 

(HPA). ACSM recommend either a minimum of 30 min moderate-intensity 

cardiorespiratory exercise five times per week, a minimum of 20 min vigorous exercise 

three times per week or a combination of these (Garber, Blissmer et al. 2011). The 

weekly activity score of 3 had to be achieved to comply with the ACSM 

recommendations and was considered to have a sufficiently high PA level (i.e. HPA). On 

the other hand, participants with PA score under 3, were considered as having 

insufficient PA level (LMPA). As an example, a person exercising for 45 min two times 

per week, or hiking three times per week, or performing walking or cycling six times per 
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week, would reach the activity score 3. These two PA level groups (LMPA and HPA) were 

assessed for any associations with the ACE I/D, ACTN3 R577X and MAOA uVNTR 

genotypes. Furthermore, the associations between the PA level group and 

socioeconomic variables were investigated. 

Table 7 Questions and response options covering the participants’ 
physical activity habits in the KAM study that are used as a base 
for PA estimates in Paper I 

Question Response options 

Have you cycled or walked to work in 
the past five years? 

No 

Once a week 

Several times a week 

Daily 

Do you hike (cross country)? No 

Once a week 

Several times a week 

How often do you exercise for at least 
20 minutes? 

Never 

Less than once a week 

Once a week 

Several times a week 

Daily 

If you exercise, do you perspire? No 

Yes 

 

Were you participating in sports or 
outdoor activities at a younger age? 

No 

 Yes 
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2.6 Experimental set-up and physiological testing (Papers II 

and III) 

2.6.1 The leg-press study (Paper II) 

The leg-press study was an intervention study, where participants of different age 

groups volunteered to perform an 8-week MST program with three MST sessions/week 

with a minimum of one day of rest between the sessions. Participants were instructed 

to continue with their usual training habits and to log both the MST training and the 

habitual PA. Training sessions consisted of a general 10 min moderate-intensity warm-

up that was performed either as walking, running or cycling based on the subjects’ 

preferences. Following the general warm-up, a leg-press specific warm-up was 

performed using the leg-press machine (OPS161 interchangeable leg press, Vertex USA). 

This consisted of three 10-repetition sets with increasing load (30-70% 1RM). The MST 

training included four sets of 4RM in the leg-press machine (90o degrees between femur 

and tibia) separated by 3-min rest. When the participant was able to perform five 

repetitions during one set, 2.5-5kg were added to the next set. Throughout the training 

period, guidance and instructions were given to all subjects.  

2.6.2 The cross-country skiing study (Paper III) 

The main purpose of the cross-country skiing study was to assess whether six months of 

training lead to changes in physiological/ performance variables. Baseline values and 

training-induced changes were assessed based on sex, age (younger vs. older) and 

genotypes of the seven different polymorphisms. To do this, skiers were instructed to 

maintain their normal training habits/program and to log and report the training for the 

duration of the six-month study period. On each of the two consecutive testing days 

(before (PRE), mid-way (POST1) and after the study period (POST2)), several 

physiological/performance/strength variables were tested.  The test battery was as 

follows: VO2max in running (RUN-VO2max), VO2peak in double poling (DP-VO2peak), time to 

exhaustion, performance in a 5.64 km double poling time trial (TTDP), work economy in 
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DP (CDP), lactate threshold (LT), 1RM and maximal power tests (half squat and pull-

down).  For genotyping purposes, blood samples were taken at the pre-test. On day 1 of 

testing, three maximal jump height tests, an incremental running test for determining 

RUN-VO2max, and a TTDP were performed. On Day2, the sub-maximal VO2 and [La-]b 

measurements in DP (to determine CDP and LT), followed by RAMP protocol to 

exhaustion (to determine DP-VO2peak) and maximal strength testing. PRE tests were 

performed in April/May, POST1 - in July/August, and POST2 - in October/November. At 

all three occasions, testing procedures were the same.  

Participants were instructed not to eat/drink nutritious drinks the last hour and only to 

conduct light training 24 hours before the first test. They were allowed to consume light, 

energy-rich meals/drinks between the different tests. These meals/drinks, as well as the 

last meal prior to testing, were registered, and they were instructed to consume the 

same food/drinks at the POST1 and POST2. To avoid the impact of the circadian rhythm, 

all tests were also conducted at the same time of day (± 2 h). 

2.7 Physiological testing procedures (Papers II and III) 

2.7.1 Maximal strength (Paper II and III) 

Paper II 

Pre-tests were performed 2-4 days before the intervention period, and post-tests 2-5 

days after the last training session. Participants were instructed to refrain from 

exercising at least 24 h before the pre and post-tests, not to eat 2-4 h and only to drink 

water for the last 2 h before the pre/post-tests. Importantly, pre and post-tests were 

identical and were attempted to be carried out at the same time of day (±1 h). 

Prior to testing, a general 10 min moderate-intensity warm-up was performed (walking, 

running or cycling). The subject conducted the same mode of warm-up at both tests. 

Following the general warm-up, a specific warm-up was performed on the leg-press 

machine. The leg-press specific warm-up consisted of 10, 5 and 3-repetition sets at ~ 50 



Goleva-Fjellet: The effect of selected genetic variants, age, sex and training methods 
on physical activity, capability and trainability  

 

  

___ 
37 

 

%, 60 %, and 70 % of 1RM, respectively, with a 3 min rest between the sets. Then, the 

1RM was assessed by one repetition at ~ 80% 1RM followed by another lift with a 5-15 

kg increase in load compared to the previous lift, followed by a 3-min rest, and a new 

attempt with increased loads until the 1RM was reached. The lifts were performed with 

a controlled slow eccentric phase, a ~1 s stop of movement at the lowest position (90o 

between femur and tibia), followed by a maximal mobilization of force in the concentric 

phase, as described previously (Støren, Helgerud et al. 2008, Sunde, Storen et al. 2010). 

MuscleLab system (Ergotest Innovation A.S., Porsgrunn, Norway) was used to measure 

lifting time and distance to control the work distance. 

Paper III 

Maximal strength testing was performed 60-minutes after the DP tests on day two of 

testing. Støren, Helgerud et al. (2008) had previously shown that 30 min of rest after 

aerobic tests is sufficient not to influence 1RM half-squat results. 1RM and maximal 

power in half-squat were performed using Smith-machine (PreCore, Woodinville, WA, 

USA) and pull-down using Gym 2000 (Vikersund, Norway). The protocol has been 

described in detail previously (Sunde, Johansen et al. 2019), and was as follows: after 10 

reps at ~ 50% of 1RM for both tests, the consecutive three sets were performed at ~ 

60% (5 reps), 70% (3 reps) and 80% (2 reps), separated by 3 min rest. Finally, the subjects 

performed a minimum of 1 rep of their estimated 1RM. Then, load increments of 2.5 – 

10 kg were added to the subsequent lifts until the 1RM was reached. Similarly to the 

leg-press protocol, all repetitions were performed with a slow eccentric phase; then a 

complete stop of movement for ~ 1 s in the lowest position (half-squat)/highest position 

(pull-down) followed by a maximal mobilization in the concentric phase. Also here, the 

MuscleLab system was used for power output measurements.  

2.7.2 Jump height tests (Paper III) 

Jump height tests were the first test on day 1 of testing. Before the jump tests, subjects 

performed a minimum of 10 min self-conducted warm-up, which was registered and 
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repeated on the consecutive tests (POST 1 and 2). Then, squat jump, counter-movement 

jump (CMJ) and counter-movement with arm swing (CMJas) were performed. At each 

of these three separate tests, the best of at least three attempts was registered. 

Between the three tests, a minimum of 3 min rest was given to ensure restitution. The 

same testing leader controlled the knee-angle to be 90° for squat jump tests, and no 

counter-movements were allowed for this particular test. For the other two, i.e. CMJ 

and CMJas, there were no counter-movement restrictions. To measure the jump height 

for all three tests, a force platform (Ergotest Innovation, Porsgrunn, Norway) was used, 

and the platform was calibrated based on the manufacturers’ instructions.   

2.7.3 VO2max (Paper III) 

On day 1, before an incremental VO2max test in running and at least 20 min after the jump 

tests, another 10 min warm-up was conducted. As previously, the warm-up was 

registered and repeated at POST 1 and 2. The incremental VO2max test has been 

described previously (Sunde, Johansen et al. 2019). In short, the test started at 6% 

inclination and speed of 7-8 km·h-1 for females and 9-10 km·h-1 for males. Then, every 

30s, the inclination was increased by 1% until 8% inclination was reached. At this point, 

only speed was increased by 0.5 km·h-1 every 30 s. Participants continued to run until 

they reached voluntary fatigue. The three highest subsequent VO2 measurements were 

used to calculate the average VO2max-RUN. To evaluate whether or not the VO2max was 

reached, measurements of HR (≥ 98% of HRmax), respiratory exchange ratio (≥ 1.05), 

blood lactate concentration ([La-]b) ≥ 8.0 mmol·L-1, rate of perceived exertion (Borg scale 

6-20) ≥ 17, and flattening of the VO2 was used. All VO2 measurements were taken every 

10 s by the MetaLyzer II Cortex (Biophysic GmbH, Leipzig, Germany) metabolic test 

system. The O2-analyser was calibrated with ambient air and certified calibration gasses 

(16% O2/ 4% CO2). Before each test, 3-L calibration syringe (Biophysic GmbH, Leipzig, 

Germany) was used to calibrate the flow sensors. The test was performed on a 

Woodway PPS 55 sport (Waukesha, WI, USA) treadmill which has been calibrated for 
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speed and incline. To measure HR, participants used their HR monitors or Polar s610 HR 

monitors (Kempele, Finland). 

2.7.4 Time trial test (Paper III) 

The last test of day 1, was a 5.64 km TTDP performance test in a paved roller ski course 

track of 940 m, and it was conducted at least 1 h after the incremental VO2max test. 

Throughout the TTDP test, only the DP technique was allowed. The TT was organized as 

individual starts with 30 s starting intervals. No drafting was allowed. The participants 

used their poles and roller-skis for classic skiing with wheel type 2 for this particular test 

at all three tests (PRE, POST1 and 2). As differences in temperature and humidity may 

influence the rolling resistance of the roller skis, the measurements were corrected. The 

TT procedures and correction factor calculations for temperature and humidity have 

been described previously in Sunde et al. (2019). 

2.7.5 VO2peak (Paper III) 

On day 2, DP tests were performed on a motorized treadmill specialized for cross-

country skiing (Rodby RL 2700E, Rodby Innovation, Vänge, Sweden). To get familiarized 

with the DP treadmill, each subject performed one 30-minutes workout before testing. 

For all DP tests (PRE, POST1 and 2), all participants used the same pair of roller skis 

(Swenor Fiberglass, Sarpsborg, Norway) and the same binding system (NNN, Rottefella, 

Klokkarstua, Norway). Poles and additional skiing equipment was participants’ own and 

were the same at all DP tests. To avoid falls and injuries during testing, participants were 

attached to a safety harness connected to the roof. Testing consisted of three to six 4-

min work periods. To calculate LT and CDP, VO2 and HR measurements were registered 

during the last minute of the work periods. Work periods were separated by a 1-min 

break to measure [La-]b. Whole blood lactate values were measured by a Lactate Scout+ 

(SensLab GmbH, Leipzig, ray Inc., Kyoto, Japan). The first work period begun at a work 

intensity assumed to be 50-70% of their DP-VO2peak. For all subjects, the inclination was 

set at 4%, but the initial speed was set at 10-11.5 km·h-1 for males and 6-8 km·h-1 for 
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females. For each following work period, the speed was increased by 1-3 km·h-1, until 

the measured [La-]b levels exceeded the subjects’ LT and the testing was terminated. To 

define LT, warm-up lactate value (i.e., the lowest measured lactate value) + 2.3 mmol·L-

1 was used (based on the protocol of Helgerud, Ingjer et al. (1990) which is described in 

detail in Støren, Rønnestad et al. (2014) and Sunde, Johansen et al. (2019)). 

Following the DP-test and a 5-min active rest, the RAMP protocol to exhaustion was 

conducted for determining DP-VO2peak. For all participants, the inclination was set to 6% 

inclination throughout the test. The initial speed was set at 7 km·h-1 for all participants 

and the speed increased by 1 km·h-1 every 60 s. The test was stopped when the skiers 

slowly moved backwards and reached a pre-defined mark 1 m behind their starting 

position on the treadmill despite intense motivational feedback. When the testing was 

terminated, time to exhaustion was registered. DP-VO2peak was defined as the mean of 

the two highest subsequent VO2-measurements. Maximal aerobic speed (MAS) in DP 

was calculated as described by Sunde et al. (2019) and Johansen et al. (2020), i.e. DP-

VO2peak/CDP.  

2.8 Statistical analysis 

Most of the statistical tests were performed on various versions of the SPSS software 

(IBM, Chicago, IL, USA), except the Pearson’s Chi-square test (χ2) comparing genotype 

frequencies between different studies/populations, and testing for the Hardy-Weinberg 

equilibrium (HWE). In this case, the R Commander package and R software were used. 

Where appropriate, Kolmogorov-Smirnov test and Q-Q plots were used to test variables 

for normality. All main variables were found to be normally distributed, and thus, 

parametric tests were used to analyse the associations. To account for multiple testing, 

either Bonferroni (Paper I) or Tukey (Papers II and III) Post-Hoc tests were used. The 

significance level was set at p˂0.05 for two-tailed tests. 
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2.8.1 Paper I 

Independent sample t-test was used to investigate associations between the BMI and 

PA level groups. To test for the differences in categorical variables across the PA level 

groups, Pearson’s Chi-square test (χ2) was used. Furthermore, binomial logistic 

regression was applied to investigate the contribution of socioeconomic factors (i.e. 

gender, age, BMI, education, participation in sports/outdoor activities earlier in life) in 

addition to the polymorphisms (ACTN3 R577X, ACE I/D and MAOA uVNTR genotypes) to 

the PA level. In this case, two models were analysed: model 1 included socioeconomic 

factors only; model 2 included the socioeconomic together with the genotype data. For 

the significant associations from the two regression models, odds ratios (OR) were 

calculated. Results were presented as mean ± SD. 

Importantly, to analyse the MAOA genotypes, they were divided into groups based on 

their transcriptional activity (Sabol, Hu et al. 1998, Deckert, Catalano et al. 1999). 

Therefore, males carrying the 3-repeat allele and homozygous females for the 3-repeat 

allele were considered to have low transcriptional activity. On the other hand, males 

with either 3.5- or 4-repeat allele were considered to have a high TA. Also, females 

homozygous for either 3.5 or 4-repeat-alleles and those heterozygous for 3.5 or 4-

repeat-alleles were grouped into high transcriptional activity group. As only females can 

be heterozygotes, those that were carrying one 3-repeat and either 3.5- or 4-repeat 

allele were grouped into the heterozygous group. Those participants that carried rare 

alleles were excluded from the data analysis. 

2.8.2 Paper II 

To analyse the 1RM and ∆1RM across the age groups, a general linear model was used. 

The overall differences in the 1RM and ∆1RM between the genders and baseline 

strength (corrected for age, sex and body weight; 1RMcorr) and ∆1RM (%) between the 

alleles of the three polymorphisms were analysed by the independent sample t-tests. 

The gender differences across the age groups were not investigated due to the low 

sample size per group. To test the associations between the genotypes and the 
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continuous variables, one-way ANOVA was used. Pearson correlation test was applied 

for correlation analyses. Pearson’s Chi-square test (χ2) was used to test the differences 

in categorical variables. For a genetic association study, the sample size is relatively 

small. Therefore, the authors chose to calculate Cohen’s d effect size by using 

Microsoft® Excel® (Redmond, WA, USA) for 1RMcorr and ∆1RM (%) across phenotypes. 

Effect sizes had a following interpretation: d= <0.35 (trivial), d= 0.35-0.80 (small); d= 

0.80-1.50 (moderate); d= >1.50 (large effect size), as described by Rhea (2004) 

specifically for resistance training. 

2.8.3 Paper III 

A GLM Univariate test was used to evaluate the changes across the whole study period 

for the whole cohort, as well as for both sexes and both age groups. The differences 

between the age groups and sexes in physiological response and training characteristics 

during the study period GLM Univariate with pairwise comparisons and independent 

sample t-tests were used. For correlations (baseline and ∆), correlation coefficients r 

were used from Pearson’s bivariate tests. The correlation coefficients were evaluated 

according to Hopkins (2016), with a detailed presentation previously by Sunde, Johansen 

et al. (2019). Partial correlations were also conducted corrected for sex and age. To 

evaluate the practical implications of the r values, standard error of the estimates were 

obtained from the regression analyses. Values were expressed as mean ± SD together 

with the coefficient of variance (CV).  

For the genetic analysis, one-way ANOVA was used to investigate the associations 

between the genotypes and physiological/performance variables. The effects of the 

alleles on the variables of interest were assessed by a two-tailed independent sample t-

test. To analyse the effects of different genotypes on physiological parameters, female 

physiological test values were multiplied by the average gender difference between 

males and females in Paper III. This was performed to avoid bias effects of uneven 

distribution of the sexes across the different candidate genes/genotypes.  
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Similar to Paper II, Cohen’s d was calculated using Excel® for the gender corrected 

variables across the genotypes. To evaluate the magnitude of the effect, Cohen’s d was 

interpreted as follows: below 0.50 - small effect, 0.5 and above - moderate effect, 0.8 

and above - large effect (Cohen 1988).  
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3 Discussion 
The project aimed at investigating the distribution and possibly influence of selected 

common polymorphisms on complex human traits such as PA level, maximal muscle 

strength and endurance capacity/performance. Factors like age and/or sex of the 

participants were also evaluated to see if they played a role in PA, trainability of maximal 

strength and/or endurance performance. The cohorts included in this thesis were all of 

the Scandinavian descent and could, thus, be regarded as ethnically homogenous. Two 

of the cohorts represent the general public (the KAM and the Leg-press cohort). The 

Cross-country skiing cohort, on the other hand, were highly trained athletes.   

3.1 Summary of papers 

3.1.1 Paper I 

Distribution of allele frequencies for genes associated with physical activity and/or 

physical capacity in a homogenous Norwegian cohort- a cross-sectional study. Goleva-

Fjellet S., Bjurholt A. M., Kure E. H., Larsen I. K., Støren Ø., Sæbø M.; BMC Genet 21, 8 

(2020). 

Physical activity (PA) is a highly complex trait with well-described health effects and is 

influenced by a large number of factors, including genetics. This paper reports the 

genotype frequencies of three polymorphisms located in genes associated with PA 

and/or physical capacity, namely ACTN3 R577X, ACE I/D and MAOA uVNTR in a 

homogenous cohort of middle-aged Norwegians (n = 831). The genotype distributions 

of the three polymorphisms were similar to other populations of European descent. 

When the genotype distributions were compared between the groups reporting high 

and low/medium PA levels, a significant 10% difference was found for the X allele of the 

ACTN3 R577X polymorphism. More individuals with lower/medium PA levels were 

carriers of the X allele compared to individuals with higher PA levels. The questionnaires 

used to determine the PA levels allowed to assess the importance of other variables on 
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the PA levels. The study showed also that education and previous participation in sports 

or outdoor activities were positively associated with the PA levels. This was the first 

study to find an association between ACTN3 R577X genotype and PA level in middle-

aged Scandinavians, yet, it is likely that the contribution of a single polymorphism to PA 

level trait, is small. 

https://bmcgenet.biomedcentral.com/articles/10.1186/s12863-020-0813-1  

3.1.2 Paper II 

Early responses to maximal strength training were not influenced by age, gender or initial 

training status. Kittilsen, H.T.*, Goleva-Fjellet, S.*, Freberg, B.I., Nicolaisen, I., Støa, E.M., 

Bratland-Sanda, S., Helgerud, J., Wang, E., Sæbø, M., Støren, Ø. (Manuscript; under 

submission) 

*shared first authorship 

Maximal muscle strength is important for everyday functionality in all age groups, but it 

does decline with age. The genotypes of interest were ACTN3 R577X, ACE I/D and 

PPARGC1A Gly482Ser. We wanted to investigate how and to what extent selected 

genetic variants, age, sex, and initial training status impact maximal strength training 

(MST) adaptations in response to a standardized maximal training program. For this 

reason, 49 subjects (22 males, 27 females) aged 20-76 years were divided into five age 

groups. They completed an 8-week MST intervention in leg-press with three sessions 

per week. Each session consisted of 4·4 repetitions at ~85-90% of 1RM intensity in leg-

press. 1RM was tested before and after the 8-week study period. Blood samples were 

taken for genotyping purposes. We found that all age groups increased 1RM (p<0.01) by 

~24% on average. We found no significant differences in gains across the five age groups. 

The improvements were also independent of sex. Surprisingly, initial training status 

appeared to be unrelated to 1RM improvements. We found a significant association 

with one of the three investigated genotypes. PPARGC1A Gly482Ser T allele carriers had 

a 15% higher age- and gender corrected baseline 1RM than the CC genotype (p<0.05). 

https://bmcgenet.biomedcentral.com/articles/10.1186/s12863-020-0813-1
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On the other hand, C allele carriers improved 1RM(%) by 34.2% more than homozygotes 

for the T allele (p<0.05). Although insignificant, there was a trend towards better 

response to MST for the ACTN3 R577X RR genotype compared to the XX (30% vs. 19%).  

3.1.3 Paper III 

No Change – No Gain; The Effect of Age, Sex, Selected Genes and Training on Physiological 

and Performance Adaptations in Cross-Country Skiing. Johansen, J.M., Goleva-Fjellet, S., 

Sunde, A., Gjerløw, L.E., Skeimo, L.A., Freberg, B.I., Sæbø, M., Helgerud, J. and Støren, Ø. 

Frontiers in Physiology, 26 October 2020  

Cross-country skiing is among the most demanding aerobic endurance sports. The study 

aimed to examine how factors like sex, age, training and selected genetic variants affect 

different physiological and performance variables in a cohort of well-trained national-

level cross-country skiers. The study was an observational study, where the participants 

were tested before (pre-test), half-way (post-1) and after (post-2) the 6-month study 

period from May to October. During the study period, participants maintained their 

training habits and reported all training based on HR measures. A range of tests was 

performed, including an outdoor double poling time trial (TTDP), peak oxygen uptake in 

double poling (DP-VO2peak), maximal oxygen uptake in running (RUN-VO2max), lactate 

threshold (LT), the oxygen cost of double poling (CDP), maximal strength (1RM) and jump 

height. Following polymorphisms were genotyped using venous blood samples: ACE I/D, 

ACSL1 rs6552828, ACTN3 R577X, IL6 rs1474347, PPARA rs4253778, PPARG rs1801282 

and PPARGC1A rs8192678.  

In total, 29 participants were tested at all three occasions and had reported sufficient 

training data to be included in the study. Sex and age had a significant effect on TTDP (p 

< 0.01), DP-VO2peak (p < 0.01), CDP (p < 0.05), MAS (p < 0.01), LTv (p < 0.01), 1RM half 

squat (p < 0.01) and 1RM pull-down (p < 0.01) at pre-test. Sex had also an effect on RUN-

VO2max (p < 0.01). Only some minor effects of some of the investigated polymorphisms 

on physiological and/or performance variables were found. Total reported training 
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volume per week ranged widely among skiers (from 357.5 to 1056.8 min). Training 

consisted mostly of low-intensity training (90%), while moderate and high-intensity 

training accounted for 5% of the total training volume each. While the intensity 

distribution remained the same during the study period, the volume and ski-specific 

training increased significantly (p < 0.05). There were no improvements during the 6-

month study period in either physiological/performance variables for the whole cohort 

or training progression/adaptation between age groups or sexes. 

https://doi.org/10.3389/fphys.2020.581339  

3.2 Genotype and allele distribution 

Frequency distributions for the gene polymorphisms genotyped across all three studies 

are displayed in Table 8. Around 19% of the human population possess the ACTN3 R577X 

XX genotype leading to the absence of the α-actinin-3 within the type-2 muscle fibres 

(MacArthur and North 2004). This frequency is in agreement with the findings in this 

study for all three cohorts. The Cross-country skiing cohort appears to have a slightly 

higher, but insignificantly, frequency of the XX genotype compared to the two other 

cohorts representing the general public. The D and I alleles of the ACE polymorphism 

are equally distributed (i.e. 50% each) in populations of European descent (Jones and 

Woods 2003), which is similar to what was found in the three cohorts. Although the D 

allele was slightly more frequent in the Cross-country cohort, the difference was not 

significant. MAOA uVNTR polymorphism was also genotyped across the three cohorts. 

The genotype frequency was similar, and the common 3- and 4-repeat allele frequencies 

were around 39% and 61%. The observed heterozygosity for the two common alleles in 

females was 42.5%. Allele frequencies corresponded also well with other reports (Sabol, 

Hu et al. 1998, Deckert, Catalano et al. 1999). Overall, genotype/allele distributions for 

the ACTN3 R577X, ACE I/D and MAOA uVNTR were similar across the three Scandinavian 

cohorts investigated. 

https://doi.org/10.3389/fphys.2020.581339
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Table 8 ACTN3 R577X and ACE I/D genotype and allele frequencies across the three cohorts 
(KAM, Leg-press and Cross-country) 

Genotypes 
Cohort 

KAM Leg-press Cross-country 

 n  831 49 29 
ACTN3 R577X 

   

RR 254 (31%) 13 (27%) 7 (24%) 
RX 415 (50%) 25 (51%) 13 (45%) 
XX 155 (19%) 11 (22%) 9 (31%)     

R allele 462 (56%) 26 (52%) 14 (47%) 
X allele 363 (44%) 24 (48%) 16 (53%)     

ACE I/D 
   

DD 151 (24%) 12 (26%) 9 (31%) 
ID 325 (53%) 21 (45%) 16 (55%) 
II 142 (23%) 14 (30%) 4 (14%)     

D allele 314 (51%) 23 (48%) 17 (59%) 
I allele 305 (49%) 25 (52%) 12 (41%) 

n- number of subjects (percentage of total) 

PPARGC1A Gly482Ser (rs8192678) polymorphism genotyped was investigated in two of 

the cohorts, the Leg-press and the Cross country-skiing cohorts. Minor T (Ser) allele 

frequency reported in Europeans is ~35% (NCBI 2020f), which is similar to what was 

found in both cohorts (Table 9). Although the allele frequency did not differ significantly 

across the cohorts, the genotype frequencies did (p<0.05), and this will be discussed in 

more detail in the next section.  
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Table 9 PPARGC1A rs8192678 (Gly482Ser) genotype and allele frequencies in the Leg-press 
and Cross-country skiing cohorts 

Gene 
(polymorphism) 

Cohort 
Leg-press Cross-country 

n  49 29 
PPARGC1A 
Gly482Ser 

  

CC 20 (41%) 8 (28%) 
CT  19 (39%) 20 (69%) 
TT 10 (20%) 1 (3%) 

   

C allele 30 (60%) 18 (62%) 
T allele 20 (40%) 11 (38%) 

N- number of subjects (percentage of total) 

The following polymorphisms were only genotyped in the Cross-country cohort: PPARA 

rs4253778, PPARG rs1801282, ACSL1 rs6552828, and IL-6 rs1474347. Their respective 

minor allele frequencies were ~20% (C allele), 9% (C allele), 40% (A allele) and 41% (C 

allele). These frequencies are similar to those reported in Europeans in the NCBI SNP 

database (NCBI 2020a, NCBI 2020b, NCBI 2020d, NCBI 2020e). 

3.3 The effect of genetic variants 

3.3.1 Genetic variants and self-reported PA levels 

Significant effects for some of the investigated polymorphisms were found in all three 

studies.  In Paper I, we found that the allele distribution of the ACTN3 R577X 

polymorphism differed significantly between the group with low/medium PA levels and 

the group with high PA levels. Carriers of the R allele were more likely to have higher 

self-reported PA level. One could speculate that this may be due to the more protective 

role of the R allele, and the RR genotype in particular, to incident disability (Wilson, 

Mavros et al. 2019), sarcopenia (Pickering and Kiely 2018) and a greater muscular and 

functional adaptations to exercise intervention compared to the X allele (Pickering and 

Kiely 2017, Wilson, Mavros et al. 2019). Variables like sarcopenia, muscle strength and 

function may be important correlates of PA (Leblanc, Taylor et al. 2015, Viken, Aspvik et 
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al. 2016, Gomes, Figueiredo et al. 2017, Rojer, Reijnierse et al. 2018). None of the two 

other investigated polymorphisms, i.e. ACE I/D and MAOA uVNTR, in relation to self-

reported PA levels yielded significant associations. The significant association between 

the PA level and R577X genotype, when analysed by sex, was significant only in male 

participants. Previous studies on athletic ability have indicated that the R577X genotype 

might influence males and females differently due to hormonal differences (Yang, 

MacArthur et al. 2003, Clarkson, Devaney et al. 2005).  

3.3.2 Genetic variants and maximal strength and/or power 

In the leg-press study (Paper II), we found a significant association between the 

PPARGC1A rs8192678 (Gly482Ser) and both the 1RM (corrected for age, sex and body 

weight; 1RMcorr) and the improvements in 1RM (Δ1RM%). Individuals with the 

heterozygote CT (Gly/Ser) genotype and the carriers of the T (Ser) allele were ~18% and 

~15% stronger, respectively, at baseline when compared to the CC (Gly/Gly; p<0.05). 

The T allele, the TT genotype more specifically, has been associated with power athlete 

status (Gineviciene, Jakaitiene et al. 2016). Based on Cohen’s d effect size measures 

defined for strength training in particular (Rhea 2004), there was a moderate effect of 

possessing the beneficial CT genotype on the baseline maximal strength. The association 

remained statistically significant (p<0.05) when all the individuals with baseline data 

were included in the analysis (N=72). However, the C allele carriers responded 

significantly better to the MST intervention compared to the TT genotype, with 25.7% 

vs 18.2% improvements, respectively. This could, in part, be due to the lower baseline 

strength among the C allele carriers, thus having a larger potential for improvements. 

However, the baseline 1RM and gains in 1RM(%) did not correlate in Paper II.  

In Paper II, neither ACTN3 R577X nor ACE I/D were associated with the corrected 

baseline 1RM, also when all 72 individuals with the baseline data were included. 

However, although insignificant, there was a 46.5% difference with a moderate effect 

size in the Δ1RM%. Individuals with the RR genotype improved the 1RM by 30%, on 

average, compared to the ~19% improvement among individuals with the XX genotype. 
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This association was likely insignificant due to the large individual variations across the 

R577X genotypes, especially among the individuals with the RR genotype. Larger 

improvements in maximal strength among RR individuals in response to the strength 

training program is in line with some previous reports (Pereira, Costa et al. 2013). 

Greater improvements in CMJ, functional performance (Pereira, Costa et al. 2013), peak 

torque (Norman, Esbjörnsson et al. 2009) and power (Delmonico, Kostek et al. 2007) 

among the RR genotype have also reported.  

Studies on human and mice models have provided insights on some potential 

mechanisms differentially affecting the RR and XX genotypes (Seto, Quinlan et al. 2013, 

Lee, Houweling et al. 2016, Del Coso, Hiam et al. 2018). It appears that the type II fibres 

required for forceful contractions do not function optimally in individuals lacking the α-

actinin 3, as in the XX genotype (Lee, Houweling et al. 2016). There are, however, studies 

reporting that women with the XX genotype (and/or X allele carriers) may be 

experiencing larger improvements in various strength-related phenotypes (Clarkson, 

Devaney et al. 2005, Romero-Blanco, Artiga-González et al. 2020). Differences in results 

could be, in part, due to differences in training programs. Our Leg-press cohort was 

subjected to an 8-week MST intervention, while Clarkson, Devaney et al. (2005) applied 

more conventional exercise protocol over 12 weeks, and Romero-Blanco, Artiga-

González et al. (2020) used mixed training program consisting of endurance, 

balance/mobility and strength training for 12 months. 

In Paper III, ACTN3 R577X RR genotype demonstrated higher 1RM (pull-down) and 

power (half squat and pull-down) compared to the RX and/or XX genotype. However, 

these associations were not statistically significant. It has been replicated repeatedly 

that individuals with XX genotype, lacking the α-actinin-3 protein within the type II 

muscle fibres, possess lower muscle force and power (Seto, Garton et al. 2019). As to 

ACE I/D polymorphism, individuals with the DD genotype exhibited a moderately higher 

1RM in pull-down compared to the I allele carriers (104.3 vs 95.9 kg; N=40; d=0.67; 

P<0.05). This could, in part, explain the differences in the work economy in double poling 
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(Hoff, Helgerud et al. 1999, Støren, Helgerud et al. 2008, Sunde, Storen et al. 2010). The 

heterozygotes (ID) demonstrated intermediate results at both the work economy and 

1RM in the pull-down. PPARGC1A rs8192678 TT carriers had significantly higher 1RM in 

half squat compared to carriers of the C allele (165.0 vs 129.5 kg; d=1.73; P<0.05). Thus, 

it appears that TT genotype is beneficial for maximal strength among athletes. The TT 

(Ser/Ser) genotype has previously been shown to be overrepresented in some 

strength/power athlete cohorts (Gineviciene, Jakaitiene et al. 2016). Among the skiers 

investigated in Paper III, there were no homozygotes for the minor allele (GG) of the 

PPARG rs1801282. However, those carrying the G allele (CG) demonstrated higher 

power in squat and pull-down compared to the CC genotype (1105.5 vs. 892.6 W and 

685.8 vs. 538.9 W, respectively; N=40; large effect size), and, thus, are in line with the 

notion that the G allele may be favourable for power performance. The minor G (Ala) 

allele of the is generally associated with power/strength athlete status (Maciejewska-

Karlowska, Sawczuk et al. 2013, Petr, Maciejewska-Skrendo et al. 2019).  

All in all, several of the investigated polymorphisms appear to affect either maximal 

strength or power among the general public (PPARGC1A rs8192678) and well-trained 

athletes (ACE I/D, PPARGC1A rs8192678 and PPARG rs1801282). 

3.3.3 Genetic variants and endurance phenotypes 

Sports performance is a highly complex trait and, thus, many genes play a role (Jacques, 

Landen et al. 2019). The optimal genetic profile for athletic performance, however, is 

sport specific (Pickering, Kiely et al. 2019). In cross-country skiing, for instance, genetic 

variants favouring a greater aerobic capacity as well as response to endurance training 

may influence the athletic performance (Quindry and Roberts 2019). However, it has 

also been shown that traits like maximal strength can affect performance in double 

poling (Sunde, Johansen et al. 2019). Thus, it can be speculated that genetic variants 

influencing muscle strength/power and their trainability may play a role in determining 

the athletic ability of a cross-country skier. Strength/power related associations were 

described in the previous section. Following polymorphisms were investigated in 
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relation with various endurance phenotypes: ACE I/D, ACSL1 rs6552828, ACTN3 R577X, 

IL6 rs1474347, PPARA rs4253778, PPARG rs1801282 and PPARGC1A rs8192678. We 

found associations between several of the SNPs and various physiological variables. All 

the following associations are reported for the gender corrected data.  

Previously, the heritability has been estimated to determine ~66% of the athlete status 

in females (De Moor, Spector et al. 2007). Although not consistently confirmed, the 

ACTN3 XX genotype and/or the X allele have thought to be advantageous for the 

endurance performance, due to more efficient aerobic metabolism (Head, Chan et al. 

2015, Seto, Garton et al. 2019). Also, the genotype frequencies tend to vary in opposite 

directions among endurance and strength/power athletes, with the XX genotype being 

the most common among endurance athletes (Yang, MacArthur et al. 2003). In our study 

on cross-country skiers, a moderate to large positive effect of the X allele on several 

endurance-related traits was observed. Compared to the RR genotype, the X allele of 

the R577X polymorphism had a large positive effect (Cohen’s d=0.94) on the VO2max in 

double poling (DP-VO2max;  55.4 vs. 59.4 mL-1·kg·min-1; p<0.05). However, XX genotype 

carriers possessed a significantly poorer economy in double-poling (CDP) compared to 

the R allele carriers (0.820 vs. 0.765 mL-1·kg-0.67·m; p<0.05). Interestingly, individuals 

with the heterozygous RX genotype demonstrated the highest maximal aerobic speed 

compared to both RR and XX genotypes (330.3 vs. 294.9 and 290.4 m·min-1, respectively; 

p<0.05). The effects of being heterozygote (RX) have varied a lot in studies with some 

reporting RX having similar phenotype as the RR genotype, while others have reported 

an intermediate effect (Garton and North 2016). These associations remained significant 

also when all 40 participants were included. This corresponds well to findings of some 

of the studies (Eynon, Ruiz et al. 2012, Pimenta, Coelho et al. 2013), however, others, 

have not confirmed that the XX genotype is beneficial for endurance performance 

(Döring, Onur et al. 2010, Papadimitriou, Lockey et al. 2018). To the best of our 

knowledge, there is only one study investigating the effects of ACTN3 R577X on skiing 

performance. Mägi, Unt et al. (2016) reported that males with the XX genotype 
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exhibited larger gains in VO2peak over the 5-year follow-up period. In our study, however, 

no changes in the oxygen uptake were observed during the 6-month study period. 

The traditional view on the I allele of the ACE I/D polymorphism have been that it is 

associated with the endurance performance (Ma, Yang et al. 2013). Since then, the 

highly investigated polymorphism has yielded rather differing results (Pescatello, Corso 

et al. 2019). In the cross-country study (Paper III), the II genotype of the I/D 

polymorphism appears to have a large positive effect on the RUN-VO2max  compared to 

the D allele carriers (73.0 vs 66.5 mL-1·kg·min-1; d=1.14; P<0.05). On the other hand, the 

I allele carriers possessed a poorer work economy compared to the DD genotype (0.197 

vs 0.176 mL-1·kg·m; p<0.01; large effect size) meaning that they spend more oxygen per 

meter distance covered. These associations remained also when all 40 participants were 

included in the study (medium effect size). The observed differences in 1RM in the pull-

down, described previously, between the DD and I allele carriers, could, in part, explain 

the differences in the work economy in double poling (Hoff, Helgerud et al. 1999, Støren, 

Helgerud et al. 2008, Sunde, Storen et al. 2010).  

We were able to find two studies investigating the I/D polymorphisms on skiing athletic 

performance. Mägi, Unt et al. (2016) found the ID allele to be more common among 

male cross-country skiing athletes compared to controls. In female athletes, the ID 

genotype was also associated with larger increases in peak VO2 uptake after a 5-year 

follow-up. On the other hand, Orysiak, Zmijewski et al. (2013) did not find any 

association between the ACE polymorphism and aerobic capacity variables in a mixed 

winter endurance sports cohort. Taken together, these and other studies have produced 

highly varying results, and thus, at this point, it is not possible to confirm or reject that 

ACE I/D polymorphism plays a role in athletic endurance performance (Pescatello, Corso 

et al. 2019).   

The Gly allele of the PPARGC1A Gly482Ser (rs8192678) is regarded as the most 

favourable for both the response to endurance exercise as well as for the endurance 

athletic ability (Petr, Stastny et al. 2018, Petr, Maciejewska-Skrendo et al. 2019). 
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However, among the cross-country skiers investigated, the 2 individuals, both males, 

with the TT (Ser/Ser) genotype, regarded as detrimental to endurance performance 

(Petr, Maciejewska-Skrendo et al. 2019), possessed the highest RUN-VO2max (78.6 mL-

1·kg·min-1) compared to the C (Gly) allele carriers (67.0 mL-1·kg·min-1; d=1.77; N=40; 

p<0.05).  

An interesting pattern emerged when the genotype frequencies for this SNP in the 

Cross-country skiing cohort were compared to those of the Leg-press cohort. Although 

the TT genotype presented with the highest RUN-VO2max, the genotype was 

underrepresented among the endurance athletes, compared to the Leg-press cohort 

representing the general public (3% vs. 20%). These results are in line with previous 

studies (Eynon, Meckel et al. 2010, Ahmetov and Fedotovskaya 2015). Despite the 

differences in genotypes, allele frequencies did not differ due to the high proportion of 

the heterozygotes among the skiers. It remained true when the genotyping results from 

all individuals in both cohorts were included (N= 72 and N=40 for the Leg-press and Cross 

country-skiing cohorts, respectively). This might indicate that, despite the TT genotype, 

in general, being detrimental to endurance performance, the T allele provides some 

benefit for the skiers investigated, possibly through the beneficial effects on 

strength/power (Gineviciene, Jakaitiene et al. 2016), among other things.  

The G allele of the PPARA rs4253778 has been associated with endurance athlete status 

(Eynon, Meckel et al. 2010, Tural, Kara et al. 2014, Lopez-Leon, Tuvblad et al. 2016, Petr, 

Maciejewska-Skrendo et al. 2019), and a higher percentage of type I muscle fibres 

(Ahmetov, Mozhayskaya et al. 2006). Among the cross-country skiers, the G allele was 

associated with higher RUN-VO2max and DP-VO2peak compared to the CC genotype with a 

large effect size (68.1 vs 58.1 mL-1·kg·min-1; 4.4 vs. 3.5 mL-1·kg-0.67·min-1; N=40; P<0.05). 

No significant associations were found for either of the following polymorphisms in 

Paper III when corrected for gender: IL6 rs1474347 and ACSL1 rs6552828. 

To conclude, we found several associations between some of the polymorphisms of 

interest and different performance variables in the cross-country skiing study. Most of 
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the findings are in line with previous studies (Eynon, Meckel et al. 2010, Eynon, Ruiz et 

al. 2012, Ma, Yang et al. 2013, Pimenta, Coelho et al. 2013, Tural, Kara et al. 2014, 

Ahmetov and Fedotovskaya 2015, Lopez-Leon, Tuvblad et al. 2016, Petr, Maciejewska-

Skrendo et al. 2019), thus, indicating that these commonly investigated polymorphisms 

may influence the athletic performance of national-level/well-trained cross-country 

skiers. Of these, only the ACTN3 R577X have been replicated across different 

populations with most of the studies being in agreement that the RR genotype is 

associated with muscle strength/power, and, possibly, the XX genotype - with 

endurance. Findings regarding the other polymorphisms are less consistent (Jacques, 

Landen et al. 2019). It is clear that genetics influence many aspects of athletic 

performance, including but not limited to, physiological traits, anthropometric variables 

as well as psychological traits (Pickering, Kiely et al. 2019). However, it is unlikely that 

any single polymorphism, of those investigated, alone has a large effect on any one 

particular physiological trait investigated, and, thus on the athletic ability and 

performance (Jacques, Landen et al. 2019, Joyner 2019). Furthermore, the more genetic 

variants influencing any of the traits determining the endurance performance are being 

discovered, the less likely it is that an individual will possess the optimal genotype for all 

of these polymorphisms (Williams and Folland 2008).  

3.4 The effect of age  

3.4.1 The effect of age on PA levels 

The study design in Paper I did not allow us to investigate the effects of age on PA levels 

directly. Rather, it allowed us to determine the PA levels in that particular cohort with a 

relatively narrow age span, i.e. 50 to 65 (mean age 55.5 ± 3.8 yrs). The nature of the 

questionnaire allowed us also to investigate various socioeconomic correlates of PA, 

including PA at a younger age. Results from Paper I showed a strong association between 

the present PA level and PA at younger ages (P < 0.01). PA levels have been shown to 

decrease with age, and are highly dependent on the geographical region investigated 
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(Gerovasili, Agaku et al. 2015, Gomes, Figueiredo et al. 2017). In our Scandinavian 

cohort, as many as 74% reported high PA levels. Typically, cohorts of various ages from 

Northern Europe demonstrate higher PA levels than other European cohorts (Gerovasili, 

Agaku et al. 2015, Gomes, Figueiredo et al. 2017, Lübs, Peplies et al. 2018). Gomes, 

Figueiredo et al. (2017) reported low levels of inactivity in a Swedish cohort (~5%) of 55 

yrs and older compared to ~30% in Portugal. Maintaining a physically active lifestyle at 

older age leads to a range of physical and cognitive benefits, including improved quality 

of life and physical functioning (Bangsbo, Blackwell et al. 2019).  

3.4.2 The effect of age on maximal strength 

In the leg-press study (paper II), we tested 49 individuals (20-70+ years of age) divided 

into five different age groups spanning 10 years each except for the oldest age group 

with the mean age of 70.3. (60-70+yrs). Second age group (30-39yrs) presented the 

highest, and the oldest age group (60-70+) - the lowest absolute maximal strength 

values (362.2±135.3 vs. 191.0±50.8, respectively; P<0.01)). Thus, in line with previous 

studies (Lindle, Metter et al. 1997, Lambert and Evans 2002, Petrella, Kim et al. 2005), 

we observed an average decline of 1.3% in baseline maximal strength (1RM (kg)) per 

year.  

Muscle strength normally peaks at 25-35 years of age (Mendonca, Pezarat-Correia et al. 

2017). In our cohort, the highest absolute muscle strength was observed in the second 

age group (30-40 yrs). The first age group (20-30 yrs) possessed significantly lower 1RM 

(kg) compared to the second group (224.5±53.3 vs. 362.2±135.3, respectively). This may 

be explained by a higher percentage of female participants in the 20-29 than in the 30-

39 age group (70% vs 22%). When correcting female 1RM (kg) for gender, the difference 

was still in favour of the oldest of the two groups (323.8 vs. 397.4 kg; p>0.05). 

The decline was obvious already at the age of 40-49 yrs compared to the previous age 

group (30-39yrs). Unlike some other studies (Lindle, Metter et al. 1997, Lambert and 

Evans 2002, Petrella, Kim et al. 2005), we did not observe a sharper decline from around 
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50 years of age in maximal strength. Instead, the decline in maximal muscle strength 

was even across the age groups. To account for initial training status, the baseline 1RM 

(kg) values were corrected for age, gender and body weight. No statistically significant 

differences in the corrected 1RM were observed between the age groups.  

In response to the 8-week MST, participants across all age groups improved their 

maximal strength by an average of 24%. This is similar to findings of other studies on 

MST, reporting average gains of 23-33% (Støren, Helgerud et al. 2008, Sunde, Storen et 

al. 2010, Barrett-O'Keefe, Helgerud et al. 2012). The findings in paper II suggest that 

maximal strength can be improved by about the same relative amount in any age-group 

between 20 and 70+ years of age, as demonstrated in Figure 2. Thus, at any age, it is 

possible to improve muscle strength by a MST program. This means that muscle strength 

will be maintained at a higher level, despite the continuous age-associated decline. This 

can lead to various health benefits as poorer muscle strength has been associated with 

e.g. decreased physical function (Mendonca, Pezarat-Correia et al. 2017) and increased 

all-cause mortality risk (Li, Xia et al. 2018). Thus, MST can serve as a tool to counteract 

and/or slow down such unwanted effects on skeletal muscle (Raymond, Bramley-

Tzerefos et al. 2013, Wang, Nyberg et al. 2017). 
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Figure 2 Maximal strength training-induced changes in gender corrected one repetition maximum (1RM) in kilograms 
(kg) across different ages (Paper II) 

These results strongly suggest that MST is an effective method to improve maximal 

strength which confirms what has previously been shown by e.g. Campos, Luecke et al. 

(2002), comparing MST with strength training with a higher number of repetitions. The 

superiority of MST in improving maximal strength may be due to the maximal 

neuromuscular activation in this type of training (Jenkins, Miramonti et al. 2017, Wang, 

Nyberg et al. 2017). Maximal neuromuscular activation seems to be a necessary stimulus 

for neural adaptations including both selective activation of motor units, increased 

recruitments of motor units, increase of motor unit discharge rate, motor unit 

synchronization and co-contraction regulation of antagonists (Behm 1995). Although 

MST most likely led to some hypertrophy also in Paper II, the hypertrophy responses 

were not large enough to induce any changes in body weight. It would have been 

interesting to measure the cross-sectional area in the leg-press study (Paper II), but this 

was not possible to conduct. Thus, based on the mean 24% improvements in maximal 

strength, and the lack of changes in body weight, it may be suggested that the 

adaptations in the group as a whole were first and foremost neural ones. 
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No significant differences in the training response were observed between the different 

age groups. The initial training status did not appear to influence the improvements in 

maximal strength. This is somewhat surprising as a study by Støren, Helgerud et al. 

(2017) on the trainability of VO2max across different ages found that the initial training 

status had a great influence on the extent of training-induced changes. A similar effect 

in the gains in muscle strength should be expected, especially when taking into the 

consideration the rapid neural adaptations during the first weeks of strength training 

(Hakkinen, Pakarinen et al. 2000, Sunde, Storen et al. 2010, Unhjem, Lundestad et al. 

2015, Unhjem, Nygard et al. 2016, Wang, Nyberg et al. 2017). Regrettably, no previous 

studies on MST have to my knowledge reported correlations or lack of correlations 

between baseline status and MST improvements. 

Several previous studies have reported a large inter-individual variation in the response 

to a standardized training program with both non-, medium- and high-responders 

(Hubal, Gordish-Dressman et al. 2005, Bamman, Petrella et al. 2007, Erskine, Jones et al. 

2010, Ahtiainen, Walker et al. 2016). This may be due to many factors, including genetics 

and various environmental factors, such as age, training status and sex (Barberio, Pistilli 

et al. 2019, Thomis 2019). In the leg-press study, no non-responders to maximal strength 

increase were detected, but the increase in 1RM(%) ranged from 8.5 to 82.9%, thus, 

confirming a large variability in trainability maximal strength among individuals. 

Furthermore, the response range was relatively similar across the age groups, as 

observed by others (Ahtiainen, Walker et al. 2016). As described previously, neither 

training status, nor age appeared to influence the training response in Paper II. Taken 

together, this indicates that MST is an effective exercise mode to increase muscle 

strength across all age groups, including the elderly.  

3.4.3 The effect of age on training characteristics on endurance 

performance 

Across different age groups, relative (%) responses to endurance training in VO2max 

(Støren, Helgerud et al. 2017) were the same as the responses to MST in 1RM (Paper II) 
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although approximately of half the size (means of 24% vs. 12% in Paper II and Støren, 

Helgerud et al. (2017), respectively). In both studies, the relative adaptations to training 

were found to be independent of age. These findings do not imply that physical capacity 

is not deteriorating with ageing. In previous studies, advancing age has been found to 

lead to an impairment of cardiorespiratory function, including a decrease in 

VO2max/VO2peak (Wilson, O'Hanlon et al. 2010, Mendonca, Pezarat-Correia et al. 2017). 

This deterioration appears in both sedentary as well as in well-trained individuals, 

however, the declines are slower and athletes are able to maintain higher VO2max than 

their age-matched sedentary counterparts (Wilson, O'Hanlon et al. 2010). Thus, it seems 

possible to improve VO2max by about the same relative amount in any age-group 

between 20 and 70+ years of age, as illustrated in figure 3. 

 

Figure 3 High-intensity interval training (HIIT) induced changes in VO2max across different ages (adapted from Støren, 
Helgerud et al. (2017)) 

As shown in Figure 3, at any age it is possible to jump from the lower dotted line to the 

upper dotted line by a HIIT intervention. Similar to the results from paper II on maximal 

strength training, the age decline will continue – but at a higher level. 
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As to Paper III, we were not aware of other studies that had looked at the impacts of 

age (16 – 18 yrs old/junior vs. ≥ 19 yrs old/ senior athletes) on the training characteristics 

and training adaptations. Both age groups had approximately the same total training 

volume 3 months before the pre-test. Similarly, during the season preparation period 

from May to October, the total training volume as well as light- and high-intensity 

training, ski-specific training, running strength and speed/jump training volumes were 

approximately the same. However, junior athletes trained ~20 min/week less at 

moderate training intensity compared to senior athletes.  Training intensity distribution 

in the junior athlete group was in line with what has been reported in previous studies 

regarding the same age-group, except slightly lower volumes of moderate and high 

intensity in the Paper III (Sandbakk, Holmberg et al. 2011). The senior athlete group in 

Paper III had lower training volumes than world-class cross-country skiers, but 

approximately the same relative intensity distribution (Losnegard, Myklebust et al. 

2013, Tonnessen, Sylta et al. 2014, Sandbakk, Hegge et al. 2016, Solli, Tønnessen et al. 

2017).  

During the 6-month season preparation, the skiers in both age groups had very little 

training progression, meaning that they continued with approximately the same volume 

and intensity distribution. Not surprisingly, this lack of progression led to no changes in 

any of the measured performance- or physiological variables This training pattern was 

similar to what has been reported previously during the season preparation period 

among elite cross country skiers (Losnegard, Myklebust et al. 2013, Sandbakk, Hegge et 

al. 2016). 

When it comes to the differences in physiological variables between junior and senior 

athletes, the older skiers weighed 15% more than the younger group at baseline. Also, 

the senior athletes exhibited ~18% higher MAS and performed ~11% better at a time 

trial in double poling (TTDP). Nearly the same difference as for MAS was observed for the 

velocity at LT. This in support of MAS being the main predictor of the velocity at LT. The 

observed age difference in MAS can be explained by the differences in DP-VO2peak and 
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CDP (~11% and ~8%, respectively), and could partly be due to the cardiac system and 

muscle mass being still under development in the junior athletes (Ingjer 1992, Rusko 

1992, Armstrong and Welsman 2019). Another potential explanation could be fewer 

total years of training in the youngest athlete group. However- if the training lacks 

progression, more years of training would not in itself lead to improved performance 

(Bompa and Haff 2009, McNicol, O'Brien et al. 2009, McArdle, Katch et al. 2015, Booth, 

Orr et al. 2017). We also observed a 21% difference in muscle strength, with the senior 

athletes being stronger than their younger counterparts. Also here, the age differences 

may be partly due to the junior athletes still being under development regarding muscle 

mass and hormonal levels (Handelsman, Hirschberg et al. 2018, Armstrong and 

Welsman 2019). Muscle strength has been shown to be important in determining skiing 

performance in DP (Sunde, Johansen et al. 2019).  

Despite finding significant age-related differences between the junior and senior 

athletes, these differences might be partly due to the unequal sex distribution in the 

two groups. When analysing the age differences in males and females separately, some 

of the associations were no longer significant. In males, on the other hand, only 1RM in 

pull-down and DP-VO2peak were still significant when comparing the two age groups. In 

females, the previously described differences between junior and senior athletes were 

still significant except for the CDP and muscle strength. Another factor that could, in part, 

play a role in explaining these differences, is that the senior female athletes competed 

at a national level, while the female junior athletes competed at the regional level, and 

also possessed poorer endurance capacity.  

3.5 The effect of sex 

3.5.1 The effect of sex on PA levels 

In Paper I, sex played a significant role in the self-reported PA levels with females 

demonstrating higher PA levels compared to males (P < 0.01). This is despite the fact 

that males reported participating in sports or outdoor activities earlier in life at a higher 
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frequency than females (~59% vs. 44%, respectively), and this factor was positively 

associated with currently reported PA (P < 0.01). Females being more PA than males are 

in line with findings reported by Viken, Aspvik et al. (2016), which was a study that 

included objectively measured PA levels on older Norwegian subjects. However, this is 

likely not a universal finding, but may be specific to this geographic region, as in more 

general terms, females are usually less physically active than males (Kaplan, Newsom et 

al. 2001, Lightfoot 2011, Gerovasili, Agaku et al. 2015). 

3.5.2 The effect of sex on maximal strength training 

In paper II, males had a higher maximal strength in leg-press than females. We found a 

56% difference in 1RM(kg) between males and females (~315 vs ~203 kg, respectively). 

Also in paper III, males were stronger than females in both 1RM half-squat and pulldown 

(131 kg vs. 108 kg (19%) and 97 vs. 74 kg (27%), respectively). These findings are in line 

with previous studies finding that males generally have ~40-60% higher muscle strength 

than females (Bishop, Cureton et al. 1987, Miller, MacDougall et al. 1993, Petrella, Kim 

et al. 2005, Reynolds, Gordon et al. 2006), at least in part due to larger muscle size 

(Bishop, Cureton et al. 1987). The differences observed among highly trained cross-

country skiers are similar to those observed by others (Sandbakk, Ettema et al. 2014, 

Sandbakk, Solli et al. 2018, Sunde, Johansen et al. 2019). 

In Paper II, in response to the MST intervention, both sexes experienced relatively 

similar improvements, i.e. 26.2% in males compared to 22.6% in females. This is in line 

with other reports not finding significant sex differences in responses to strength 

training programs (Lewis, Kamon et al. 1986, Tracy, Ivey et al. 1999, Hakkinen, Pakarinen 

et al. 2000, Lemmer, Hurlbut et al. 2000, Støren, Helgerud et al. 2008, Sunde, Storen et 

al. 2010, Kanegusuku, Queiroz et al. 2015).  

Among cross-country skiers in paper III, we observed a significant increase in strength 

training volume in the second half of the 6-month training period (August-October) 

compared to the first half (May-July). The increase in strength training volume was larger 
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among females compared to males (28% vs. 19%, respectively). During this period, 

females improved their maximal strength to a greater extent than males, i.e. 10.1% vs. 

6.9% in half squat and 5.4% vs. 1.6% in the pull-down. However, these differences were 

not statistically significant.  

3.5.3 The effect of sex on training characteristics and endurance 

performance 

Before the 6-month study period, females had a lower training volume compared to 

male skiers, but these differences were no longer present during the study period. 

Previously, elite male cross-country skiers have been reported to have a larger total 

training volume during a one-year period (Solli, Kocbach et al. 2018). We did, however, 

observe that females had four times higher amounts of speed and jump training 

compared to males.  

When it comes to the performance variables at baseline, males exhibited 19% higher 

RUN-VO2max and DP-VO2peak, 32% higher MAS, 9% and 15% better CDP and TTDP, 

respectively. These findings are similar to what has been found previously (Sandbakk, 

Ettema et al. 2014, Andersson, Govus et al. 2019, Sunde, Johansen et al. 2019). Sex 

differences observed in MAS corresponded well with the sum of DP-VO2peak and CDP, 

which was also expected as MAS is the product of these two variables. Also, the sex 

difference in MAS appeared to explain the difference observed in TTDP. Furthermore, 

these two variables were correlated at baseline (r = -0.58; gender corrected).  

Previously, it has been shown that sex differences increase in DP-VO2peak due to larger 

contribution of the upper-body strength compared to RUN-VO2max (Sandbakk, Ettema et 

al. 2014, Hegge, Bucher et al. 2016, Sandbakk, Solli et al. 2018). In our study, the 

differences were the same for these two variables, although the sex differences in 1RM 

pull-down were larger than in 1RM half-squat (30% vs 21%).  

Most of the observed sex differences, i.e. TTDP, RUN-VO2max and DP-VO2peak, remained 

during the 6-month study period. Thus, pointing towards similar adaptations to a similar 



Goleva-Fjellet: The effect of selected genetic variants, age, sex and training methods 
on physical activity, capability and trainability  

 

  

___ 
67 

 

training regimen in males and females, as reported earlier (Astorino, Allen et al. 2011, 

Støren, Helgerud et al. 2017, Varley-Campbell, Cooper et al. 2018). We did, however, 

observe a significant improvement in females’ CDP values from pre- to post1 tests (May 

to July) possibly due to the increase in roller-ski specific training volume compared to 

the period before the study, and to a volume similar to males’. Thus, the sex difference 

in CDP became smaller as males maintained their CDP. There were no further 

improvements in females’ CDP during the second half of the study period (August to 

October) when the roller-skiing volume was held constant. This, again, underlines the 

need for progression in training load (Bompa and Calcina 1994, McNicol, O'Brien et al. 

2009, McArdle, Katch et al. 2015, Booth, Orr et al. 2017) to achieve further 

improvements. 

3.6 Limitations 

The largest limitation, especially in the leg-press (paper II) and cross-country studies 

(paper III), is the relatively low sample size regarding the genetic analysis. In these two 

studies, the sample size was typical for a physiological training intervention study. 

Candidate gene studies with small sample size and individual polymorphisms with only 

a small effect on the measured phenotype are generally prone to type I statistic error 

(Wang, Padmanabhan et al. 2013), i.e. there is a risk of false-positive results. Thus, the 

results of papers II and III have to be treated with caution/as preliminary. On the other 

hand, in all three studies, we included highly homogenous cohorts from the same 

geographical region, thus, increasing statistical power (Marchini, Cardon et al. 2004). 

In intervention studies drop-out and/or insufficient data due to different reasons is 

common. This leads to even lower final sample size. In the leg-press study, 76 

participants were initially recruited with 72 of these consenting to the genetic analysis. 

49 participants completed the 8-week intervention and could be included in the final 

data analysis, which is a drop of 35.5% in sample size. There were several reasons for 

dropping out, and the most common being the inability to complete a minimum of the 

required 80% of the training sessions. Although some participants reported muscle/joint 
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pain during the study, previous reports indicate that lower-limb MST interventions have 

similar drop-out rates and injury rates as conventional strength training (Raymond, 

Bramley-Tzerefos et al. 2013). Furthermore, the drop-out rated in our study was similar 

across all age groups. Thus, we can still recommend MST 2-3 times/week to improve 

muscle strength, and, potentially delay age-associated decline in muscle function. 

Among the cross-country skiers, of the 46 initially recruited skiers, 17 (37%) were 

excluded either due to insufficient reporting of the training habits, not participating in 

all three testing sessions (pre, post1 and post2) or sickness/injuries. Genetic data in 

combination with pre-test data were available for 40 participants. The final sample size 

was 29 well-trained cross-country skiers.  

Another limitation, specific for Paper I, is that the PA levels are calculated based on 

questionnaires. Questionnaires can both over- and underestimate the real PA levels 

(Prince, Adamo et al. 2008) when compared to directly measured PA. This can, in part, 

explain the large proportion (74%) of the cohort reporting high PA levels. However, 

questionnaires are widely used to map PA behaviour, including in genetic studies, as it 

is more cost-efficient, thus, allowing larger sample sizes to be included in the study 

(Bray, Fulton et al. 2011). Another questionnaire-based study mapping the physical 

inactivity levels across many European countries (N= 19298) have reported lower 

inactivity rates in Scandinavia (~6%) compared to Southern-Europe (e.g. 29% in Portugal; 

Gomes, Figueiredo et al. (2017)). Another similar study (N= 19978) found that around 

72% of Swedish participants could be characterized as highly active compared to ~40% 

in Portugal (Gerovasili, Agaku et al. 2015). Thus, although the real PA levels might be 

overestimated, our results are in line with these findings. Furthermore, we found a 

small, but significant difference in BMI in favour of the group with the higher PA levels, 

indicating that there might be a real difference in PA levels between the two groups. 

BMI is considered to be negatively correlated with PA levels is several other studies 

(Viken, Aspvik et al. 2016, Ekelund, Kolle et al. 2017, Lübs, Peplies et al. 2018), and 

increased BMI leads to lower PA rather than lower PA leading to an increase in BMI 
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(Ekelund, Brage et al. 2008, Metcalf, Hosking et al. 2011, Viken, Aspvik et al. 2016, 

Ekelund, Kolle et al. 2017). 
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4 Conclusions and future perspectives 
Age and sex had, unsurprisingly, an impact on both maximal strength and endurance 

performance, in favour of young adults and males. Regarding trainability, however, age 

or gender had no impact on the adaptability to maximal strength training or endurance 

training. The environmental factor training modality was thus shown to be crucial. All 

individuals from the Leg-press cohort responded to the maximal strength training 

regimen that they were subjected to, independently of their initial training status or 

single candidate gene status, leading to significant increases in the muscle strength. In 

the Cross-country skiing cohort, on the other hand, we did not observe any significant 

changes in any of the endurance parameters studied during the 6-month season 

preparation. During this period, they increased the training volume without increasing 

the exercise intensity. Throughout the study period, participants trained at similar 

intensities, i.e. 90% at low intensity, and 5% moderate and high-intensities, each.  

Significant associations between ACTN3 R577X and PA, PPARGC1A Gly482Ser and 

maximal strength trainability,  and ACTN3 R577X, ACE I/D, PPARGC1A Gly482Ser, PPARA 

rs4253778 and PPARG rs1801282 and endurance performance were found in Paper I, II 

and III, respectively. Furthermore, the associations were found both among the general 

population (paper I and II) as well as in cross-country skiers competing at a national level 

(paper III). However, the effects of the polymorphisms investigated individually are likely 

small. Both in papers II and III, training modality seemed to have a much larger impact 

on the strength or endurance performance than the candidate genes. Papers II and III, 

however, are based on sample sizes typical for training intervention studies and are 

considered small in genetic association studies. Thus, the results of papers II and III have 

to be treated with caution. To achieve sufficiently high sample size, a multi-centre study 

approach may be more appropriate. Thus, in addition to a large number of common and 

rare genetic variants, epigenetic and transcriptomic approaches may be needed to gain 

further insights into the complex nature of physical performance and trainability.  
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Abstract

Background: There are large individual differences in physical activity (PA) behavior as well as trainability of
physical capacity. Heritability studies have shown that genes may have as much impact on exercise participation
behavior as environmental factors. Genes that favor both trainability and participation may increase the levels of PA.
The present study aimed to assess the allele frequencies in genes associated with PA and/or physical capacity, and
to see if there is any association between these polymorphisms and self-reported PA levels in a cohort of middle-
aged Norwegians of Scandinavian descent (n = 831; mean age mean age (± SD) 55.5 ± 3.8 years).

Results: The genotype distributions of the ACTN3 R577X, ACE I/D and MAOA uVNTR polymorphisms were similar to
other populations of European descent. When comparing the genotype distribution between the low/medium
level PA group (LMPA) and high level PA groups (HPA), a significant difference in ACTN3 577X allele distribution was
found. The X allele frequency was 10% lower in the HPA level group (P = 0.006). There were no differences in the
genotype distribution of the ACE I/D or MAOA uVNTR polymorphism. Education and previous participation in sports
or outdoor activities was positively associated with the self-reported PA levels (P ≤ 0.001).

Conclusions: To the best of our knowledge, this is the first study to report association between ACTN3 R577X
genotype and PA level in middle-aged Scandinavians. Nevertheless, the contribution of a single polymorphism to a
complex trait, like PA level, is likely small. Socioeconomic variables, as education and previous participation in sports
or outdoor activities, are positively associated with the self-reported PA levels.

Keywords: Genes, Polymorphism, ACTN3, Physical activity

Background
Physical activity (PA) is a complex behavior [1], influ-
enced by both genetic and environmental variables [2–
4]. The health effects of PA are well described [5–7], as
are the negative consequences of inactivity [8–10]. Insuf-
ficient PA levels have been linked to an increased risk of
many chronic diseases [11]. Physical inactivity is a modi-
fiable risk factor meaning that increased PA may have a
positive effect on several diseases, e.g. diabetes and

hypertension [5, 12]. Recommendation for maintaining
good health is aerobic PA for a minimum of 150 min per
week at moderate intensity or a minimum of 75 min per
week at high intensity [10]. Despite strong evidence for
genetic influence on PA [1], it is complex and not yet
fully understood.
There are large inter-individual differences in PA

levels [13] and trainability [14, 15]. Genes influence
response to exercise as well as intrinsic behavior like
motivation for activity [16, 17]. Thus, genes that favor
both trainability and participation may increase the
levels of PA [4, 14]. With increased age, heredity may
have an even larger impact on exercise participation
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behavior [18]. Twin studies have shown that up to 62%
of PA levels may be explained by genetic factors [4].
However, PA level is affected by the interaction of many
genes, most of them with only a small effect each [13].
The two genes most studied in relation to trainability

of cardiovascular traits [7, 19], physical function [20]
and muscle strength [21] are α-actinin-3 (ACTN3) and
angiotensin-converting enzyme (ACE). ACTN3 is a
member of the alpha-actin binding protein family. It is
predominately expressed in fast twitch muscle fibers
[22]. The wild type RR genotype has been reported to be
more common among athletes in sprint/power sporting
disciplines [23, 24]. The bases for many previous studies
have been ethnically highly heterogenous cohorts [25].
Around 18% of the European population are homozygous
for the minor allele R577X polymorphism, a premature
stop codon [23], with large differences in the minor allele
frequency among populations. The frequency of the X allele
covaries with the latitude gradient [26]. Absence of the α-
actinin-3 protein has been associated with a range of alter-
ations in muscle function [27], including more efficient
muscle metabolism [28], increased post-exercise muscle
damage and risk of injuries [25]. The R577X polymorphism
is one of only two known loss-of-function polymorphisms
in humans known to have a selective advantage [27], it is
more frequently observed in athletes participating in endur-
ance disciplines [23, 24].
ACE codes for the angiotensin-converting enzyme and

plays a role in blood pressure regulation [29]. It also
influences skeletal muscle metabolism [30] and thus
aerobic capacity [31, 32]. Aerobic capacity has been
shown to be an important determinant for PA levels
[33]. The ACE insertion/deletion (I/D) polymorphism is
a length polymorphism, where a 287-bp Alu repeat is
either present or absent [34]. The D allele is mostly as-
sociated with sprinting performance ability [35], while
the I allele is associated with endurance performance
ability [35, 36]. Studies conducted on non-athletes have
revealed that the ACE I/D polymorphism may also influ-
ence responses to strength training [37]. Even though it
has been suggested to influence the PA level [38, 39],
the results are inconclusive [40].
In addition to genes influencing physiological exercise

responses, genes altering PA motivation may also influ-
ence the PA level [16]. The dopaminergic system has
been a subject to a number of studies on voluntary PA
due to its role in reward systems and motor movement,
[16, 41–43] and it has been shown to influence the in-
herent motivation to run in female mice [42].
Monoamine oxidase A (MAOA) is one of the genes in

the dopaminergic pathways [44] that have been found to
influence sedentary behavior [16]. It codes for an en-
zyme involved in oxidation of neurotransmitters, espe-
cially, serotonin, norepinephrine and dopamine [45], and

may thus play a role in behavior [42, 44]. The MAOA
gene is located on the X chromosome and a variable
number of tandem repeat sequence upstream from
MAOA (MAOA uVNTR) has been shown to influence
the transcription levels of the enzyme [44]. Six alleles
have previously been reported [46] with the major
MAOA allele 3 having lower transcriptional activity (TA)
than the other common alleles 3.5 and 4 (high TA alleles)
[44, 47] It has therefore been hypothesized that individuals
with MAOA high TA alleles degrade monoamine neuro-
transmitters more rapidly ultimately leading to lower PA
levels [16]. Also the ACE gene may play a role in the dopa-
minergic pathways [48, 49], as the renin-angiotensin sys-
tem, which the enzyme is a part of, and the dopaminergic
system interacts [50]. Thus, ACE might be involved in the
neurobiological regulation of exercise motivation [13, 16].
However, evidence for such relationships is still weak.
Identifying the role of genes and investigating their ef-

fect on PA behavior may contribute to further under-
standing of the large individual differences in PA behavior.
Since many studies have been performed on either ath-
letes, well-trained participants or patient groups, they gen-
erally have a low number of participants, and seldom
represent the general population. In addition, there are
large variations in allele frequencies between populations.
In order to advance the knowledge, studies on larger and
more homogenous cohorts are needed.
The functional ACTN3 R577X polymorphism has been

associated with a range of different exercise and per-
formance related phenotypes, but few studies, if any,
have investigated its relation to PA levels. On the other
hand, both ACE I/D and MAOA uVNTR polymorphisms
have been studied in relation to PA phenotypes, how-
ever, the results have been inconsistent. Therefore, the
aim of the present study was to assess ACTN3, ACE and
MAOA allele frequencies in a cohort of middle-aged
Norwegians of mainly Scandinavian descent, and to in-
vestigate any associations between these genes and self-
reported PA levels. In addition, the authors wanted to
look for associations between socioeconomic variables,
such as education and previous participation in sports or
outdoor activities, and self-reported PA levels.

Results
Demographics
Blood samples and questionnaire data for 416 males and
415 females were available in this study. The mean age
of the subjects was 55.5 ± 3.8 years. Participants were
slightly overweight, as the mean BMI was 26.1 ± 3.8.
However, the BMI in the HPA group was significantly
lower than in the LMPA level group (P = 0.001; Table 1).
The proportion of the cohort with higher education was
24.7%.
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Physical activity data
Of the 831 participants, 25.9 and 74.1% reported LMPA
and HPA, respectively. Females reported a significantly
higher PA level compared to males (P < 0.01). Regular
participation in sports or outdoor activities at a younger
age was reported to be 51.7%, and participation was
higher among males (59.4%) than females (44.0%; P <
0.01). Prior participation in sports and outdoor activities
was positively associated with reported PA level later in
life (P < 0.01). Similarly, higher education was positively
associated with higher PA levels (P < 0.01).

Genotype and allele frequency distribution for ACE,
ACTN3 and MAOA
Out of the 831 participants, 822 were successfully geno-
typed for the ACTN3, 721 for the MAOA and 616 for
the ACE gene. For the ACE gene, 24.5% (n = 151) were
homozygous for the D allele, 52.6% (n = 324) were het-
erozygous, and 22.9% (n = 141) were homozygous for
the I allele (Table 2). Allele frequencies for the ACE gene

were 50.8 and 49.2% for the D and I allele, respectively.
Genotype distribution for the ACTN3 gene was 30.8%
(n = 253), 50.5% (n = 415), 18.7% (n = 154) for the RR,
RX and XX genotype, respectively (Table 2). The
frequency for the R allele was 56.0, and 44.0% for the X
allele. The observed genotype frequencies were in HWE
for all genotypes. Genotype frequencies did not differ
significantly between male and female subjects for either
ACTN3 R577X or ACE I/D polymorphisms. For the
MAOA uVNTR polymorphism, five alleles were found:
2, 3, 3.5, 4 and 5 repeat alleles. Frequencies of the rare
alleles were as follows: allele 2 was found in one hetero-
zygous female; allele 5 in one hemizygous male and four
heterozygous females; allele 3.5 in two hemizygous males
and seven heterozygous females (1%). Common allele
frequencies were 38.6 and 61.4% for the alleles 3 and 4,
respectively. The observed heterozygosity for the com-
mon alleles was 42.5%.
The ACTN3 X allele frequency was 10.0% lower in

individuals with HPA than those with LMPA level

Table 1 Anthropometric data according to self-reported PA level

Low/medium PA level High PA level

Variable All (n = 215) Females (n = 82) Males (n = 133) All (n = 616) Females (n = 334) Males (n = 282)

Age (y) 55.8 ± 3.8 56.0 ± 4.3 55.6 ± 3.5 55.5 ± 3.7 55.3 ± 3.7 55.6 ± 3.8

Weight (kg) 83.3 ± 15.6 76.6 ± 15.8 87.4 ± 14.0 76.9 ± 12.9 71.0 ± 11.4 83.8 ± 11.1

Height (cm) 174.7 ± 8.1 167.7 ± 5.0 179.1 ± 6.4 172.5 ± 8.6 166.7 ± 5.7 179.4 ± 6.0

BMI (kg/m2) 27.3 ± 4.5 27.3 ± 5.5 27.3 ± 3.7 25.7 ± 3.5* 25.5 ± 3.8* 26.0 ± 3.0*

Data are presented as mean ± SD. n- number of subjects; PA- physical activity; BMI- Body Mass Index. *P ≤ 0.009 different from low/medium PA level

Table 2 Genotype distribution for the ACTN3, ACE and MAOA gene according to PA level

Low/medium PA level High PA level

Genotype All (n = 215) Females (n = 82) Males (n = 133) All (n = 616) Females (n = 334) Males (n = 282)

ACTN3

Total (n) 214 82 132 608 330 278

RR 23.4%* 28.0% 20.5% 33.4%* 34.2% 32.4%

RX 58.9%* 57.3% 59.8% 47.5%* 47.0% 48.2%

XX 17.8% 14.6% 19.7% 19.1% 18.8% 19.4%

ACE

Total (n) 161 65 96 455 250 205

DD 25.5% 29.2% 22.9% 24.2% 26.4% 21.5%

ID 52.8% 46.2% 57.3% 52.5% 52.8% 52.2%

II 21.7% 24.6% 19.8% 23.3% 20.8% 26.3%

MAOA

Total (n) 187 70 117 534 290 244

Low TA1 29.4% 14.3% 38.5% 27.7% 15.2% 42.6%

High TA2 55.1% 44.3% 61.5% 49.1% 42.1% 57.4%

Heterozygotes3 15.5% 41.4% – 23.2% 42.8% –

Data are presented as frequency and percentages. n- number of subjects, TA- transcriptional activity genotype. 13-repeat allele male carriers and female
homozygotes; 23.5- or 4-repeat allele male carriers and female homozygotes or heterozygotes; 3females only; *P < 0.01 difference in ACTN3 genotype distribution
between low/medium and high PA level
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(P = 0.006, Fig. 1). When stratified by sex, significant
difference in the X allele was only seen in males (P =
0.013).
No associations were found between the ACE I/D

(Fig. 2) or MAOA uVNTR (Fig. 3) polymorphisms and
the PA level (Table 2).

Logistic regression models
Gender was found to significantly influence the like-
lihood of belonging to one of the two PA level
groups, i.e. either to LMPA or to HPA level group
(P < 0.001; Table 3). Males were less likely (OR:
0.47) to belong into the HPA level group compared
to females. The BMI was more likely to be lower
among subjects in the HPA level group compared to
the LMPA level group counterparts (p < 0.01; OR =
0.92). Education level showed a statistically

significant association (P < 0.01) with the PA level.
Participants having completed higher education were
2.2 times more likely to belong to the HPA group
than the participants with secondary (or lower) edu-
cation level. Also, subjects who participated in
sports/outdoor activities earlier in life were 1.8 times
more likely to belong to the HPA level group com-
pared to those that had not (P < 0.01).
In the second logistic regression model, the genotype

data were added to the socioeconomic factors tested pre-
viously. Those socioeconomic variables that contributed
significantly to the PA level, remained significantly asso-
ciated in the second model (Table 4). In addition, the
ACTN3 R577X polymorphism was significantly associ-
ated with the PA levels (P < 0.01). Subjects with the RX
genotype were more likely to belong to the LMPA level
group (P = 0.001; OR = 0.43) compared to the RR

Fig. 1 ACTN3 R577X allele distribution differences between the low/medium and high physical activity groups. *significantly different from the
high PA level group (P = 0.006). LMPA-low/medium physical activity group; HPA- high physical activity group

Fig. 2 ACE I/D genotype distribution in the low/medium and high physical activity groups. LMPA-low/medium physical activity group; HPA- high
physical activity group
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Fig. 3 MAOA uVNTR genotype distribution in the low/medium and high physical activity groups among female (a) and male (b) participants. a
TA- transcriptional activity genotype. Low TA represents 3-repeat allele homozygotes; High TA represents 3.5- or 4-repeat allele homozygotes and
heterozygotes carrying one of each high TA alleles; heterozygotes- carriers of one low TA and one high TA alleles. b TA- transcriptional activity
genotype. Low TA represents 3-repeat allele hemizygotes; High TA represents 3.5- or 4-repeat allele hemizygotes

Table 3 Variables entered on step 1: gender, age, BMI, education (2 categories) and participation in sports/outdoor activities earlier
in life (2 categories)

Variables included in
the equation

B S.E. Wald df Sig. Exp(B) 95% C.I.for EXP(B)

Lower Upper

Gender (Male/Femaler.c.) −0.753 0.205 13.513 1 0.000 0.471 0.315 0.704

Age −0.035 0.027 1.731 1 0.188 0.965 0.915 1.018

BMI −0.067 0.026 6.791 1 0.009 0.935 0.889 0.983

Education (Higher/Secondary$r.c.) 0.805 0.263 9.358 1 0.002 2.236 1.335 3.745

Sports earlier in life (Yes/Nor.c.) 0.599 0.203 8.702 1 0.003 1.821 1.223 2.711

Constant 4.080 1.723 5.606 1 0.018 59.173

Significant values (p < 0.05) are indicated in bold; r.c.- reference category; $ - Secondary education or lower

Goleva-Fjellet et al. BMC Genetics            (2020) 21:8 Page 5 of 11



genotype subjects. Neither ACE I/D nor MAOA uVNTR
polymorphism showed a significant association with the
PA levels.

Discussion
Allele frequencies for the ACTN3 R577X and the ACE I/
D polymorphisms has been reported to be highly vari-
able between different ethnic groups, and the X allele
has previously been reported to be much more common
in Japanese (55%) [51] than it is in Kenyans (9%) [52].
Prevalence of the ACTN3 X allele in the present study
was similar to populations of European descent, with
around 45% of individuals being carriers of the minor
allele [23].
The frequency distributions for the ACE alleles in the

present study are also in line with other populations of
European descent [30] i.e. 25–50% - 25% for the II, ID
and DD alleles respectively. For the ACE I/D poly-
morphism, distribution of the D allele ranges from 10%
for the D allele in Samoans [53], to around 60% in
African Americans [54]. Genotype frequencies in other
studies on Norwegian subjects were comparable with
the frequencies in the present study [55, 56]. However,
in one of the studies, the DD genotype was reported to
be more prevalent than in other European populations.
This is likely due to the preferential amplification of the
D allele in heterozygotes, leading to mistyping of some
heterozygotes as homozygotes for D allele [57]. That
particular study did not used the insertion-specific
primers to avoid mistyping of the ID genotype. The large

variations in allele frequencies among different ethnici-
ties is important to take into account when doing candi-
date gene studies [58]. Thus, analyzing homogenous
cohorts [54], or accounting for the stratification [58]
may improve study power. For the MAOA uVNTR poly-
morphism the allele frequencies were similar to those
previously observed in Europeans [44, 47].
The present study found differences in the ACTN3

R577X allele distribution between the LMPA and the
HPA level group. The logistic regression model indi-
cated that the RX allele carriers were more likely to be-
long to the LMPA level group compared to the RR
counterparts. Furthermore, individuals reporting HPA
demonstrated higher frequency of the R allele compared
to those reporting LMPA. Interestingly, when analyzed
by gender, only males demonstrated significant differ-
ences in allele distributions between the two PA level
groups. Although the authors have not found other stud-
ies reporting a relationship between the ACTN3 gene
and PA levels in the general public, it has been sug-
gested to be a potential candidate gene for PA behavior
in mice models [13]. The ACTN3 R577X polymorphism
has been linked to trainability of various cardiovascular
traits [7, 19] which could, in turn, influence PA behavior
[4]. Furthermore, the polymorphism has been associated
with traits like sarcopenia [59], muscle function [51] and
strength [60]. Previous research indicates that these may
be important correlates of PA phenotypes [61–64].
Animal studies have shown changes in signaling and
metabolism, among other things [27], which might help

Table 4 Variables entered on step 2: gender, age, BMI, education (2 categories), participation in sports/outdoor activities earlier in
life (2 categories), ACE I/D polymorphism (3 categories), ACTN3 R577X (3 categories) and MAOA uVNTR (3 categories)

Variables included in the
equation

B S.E. Wald df Sig. Exp(B) 95% C.I.for EXP(B)

Lower Upper

Gender (Male/Femaler.c.) −0.769 0.253 9.218 1 0.002 0.464 0.315 0.704

Age −0.029 0.027 1.134 1 0.287 0.971 0.915 1.018

BMI −0.071 0.026 7.252 1 0.007 0.932 0.889 0.983

Education (Higher/Secondary$r.c.) 0.843 0.267 9.944 1 0.002 2.324 1.335 3.745

Sports earlier in life (Yes/Nor.c.) 0.643 0.207 9.635 1 0.002 1.902 1.223 2.711

ACE (all genotypes) 0.611 2 0.737

ACE (ID/DDr.c.) 0.183 0.248 0.545 1 0.461 1.201 0.738 1.953

ACE (II/DDr.c.) 0.188 0.297 0.402 1 0.526 1.207 0.675 2.16

ACTN3 (all genotypes) 11.473 2 0.003

ACTN3 (XX/RRr.c.) −0.491 0.322 2.325 1 0.127 0.612 0.326 1.15

ACTN3 (RX/RRr.c.) −0.843 0.251 11.268 1 0.001 0.430 0.263 0.704

MAOA (all genotypes) 0.777 2 0.678

MAOA (Low TA/High TAr.c.) 0.211 0.242 0.758 1 0.384 1.235 0.768 1.987

MAOA (Heterozygotes/High TAr.c.) 0.089 0.317 0.079 1 0.778 1.093 0.588 2.035

Constant 4.816 1.719 7.852 1 0.005 123.475

Significant values (p < 0.05) are indicated in bold; r.c.- reference category; $ - Secondary education or lower
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to explain the differences in phenotypes between the dif-
ferent genotypes.
Only few studies have been performed on ACE I/D

polymorphism and PA levels in adults. Similarly to Fu-
entes et al. [40], the present study could not find any re-
lationship between the ACE I/D polymorphism and PA
levels, although some previous studies have found an as-
sociation [38, 39].
The MAOA uVNTR polymorphism has a potential to

be a candidate gene for influencing PA due to the
phenotypic differences in transcriptional activity. Higher
TA is expected to lead to higher monoamine oxidase ac-
tivity and thus lower levels of monoamine neurotrans-
mitters [44]. This, in turn, may lead to different PA level
phenotypes [16]. However, the present study could not
confirm the findings of Good et al. [16] who observed
higher levels of PA in girls homozygous for the low TA
allele compared to the high TA allele counterparts. It is
still unclear whether the high and low TA alleles influ-
ence the monoamine oxidase A enzyme activity in the
brain, as Fowler et.al [65]. was not able to measure sig-
nificant enzyme activity differences in brains of healthy
male participants.
Results from the present study showed a strong associ-

ation between the present PA level and PA at younger
ages (P < 0.01). Education also correlated with PA levels
in the present study (P < 0.01). Both education level [66,
67], and PA activity level at younger ages [66, 68], have
in previous studies been shown to correlate positively
with present PA levels.
A large proportion of the present cohort reported high

PA level (74%). This could be, in part, due to the use of
questionnaires as a method for determining the PA
levels in the present study. Questionnaire-based methods
have been shown to over or underestimate PA behavior
compared to the objectively measured PA. The subject-
ive nature of questionnaires may explain the large vari-
ation in PA levels observed between different studies
[69]. Nevertheless, due to cost efficiency, questionnaires
are often used in large epidemiologic studies, including
genetic studies [1]. Another questionnaire-based study
on a large European cohort of older subjects reported
relatively low proportion of participants with no vigor-
ous/moderate physical activity. The overall prevalence of
inactivity in the cohort was reported to be 12.5%, with
the Scandinavian countries demonstrating some of the
lowest rates, i.e. 4.9 and 7.5% in Sweden and Denmark,
respectively [64].
The present cohort was randomly drawn from NORC-

CAP, a homogenous Scandinavian population study with
a high attendance rate [70]. The data from the question-
naires allowed the authors to map the ethnicity of the
participants. Out of the 831 participants, only two did
not have grandparents of Scandinavian descent or lacked

the information about ethnicity. The remaining 829 (99,
8%) had grandparents of Scandinavian descent. Accord-
ing to Marchini, Cardon [71], a well-known problem
with genetic association studies is the undetected popu-
lation structure such as heterogeneous ethnicity. In the
present study, the material may be regarded as ethnically
homogenous based on the results from the question-
naires. This can be regarded as one of the strengths of
the present study, as a homogenous cohort reduces the
chances of both false positive results and failures to de-
tect genuine associations [71]. A further stratification
based on ethnicity was therefore not necessary or
possible.
Although study population was overweight, the differ-

ences in the BMI between the LMPA and HPA groups
may also indicate that the self-reported PA levels are re-
liable [72]. Increase in adiposity (BMI) has been reported
to be the cause of decrease in PA levels, as opposed to
being the consequence of inactivity [43, 73, 74]. The de-
sign of the present study would have been strengthened
by including direct measurements of the PA levels to
validate the questionnaire data [69].

Conclusions
The present study demonstrates a novel finding that the
X allele of the ACTN3 gene is underrepresented among
participants reporting high PA levels. Genotype data
from the present study can be used as a control popula-
tion in future intervention studies on subjects of
European descent. Consistently with previous reports,
PA levels in adulthood are associated with factors like
education and participation in exercise or outdoor activ-
ities earlier in life.

Methods
Participants
Blood samples and self-reported PA data were available
for 831 individuals from the cohort “Kolorektal cancer,
Arv og Miljø (KAM)”, a molecular epidemiological study
partly based on the screening group of the Norwegian
Colorectal Cancer Prevention Study (The NORCCAP
study) in the county of Telemark, Norway [70, 75]. The
study design, inclusion/exclusion criteria, participation
rates and other relevant information about the NORC-
CAP study is described in Bretthauer, Gondal [70]. The
study was approved by the Regional Medical Ethics
Committee of South-Eastern Norway and the Data
Inspectorate (REK 3087, S-98052 and S-98190), and is
registered in Clinical Trials [76] with the identifier
NCT00119912. All procedures performed in studies in-
volving human participants were in accordance with the
ethical standards of the institutional and/or national re-
search committee, and with the 1964 Helsinki declar-
ation and its later amendments or comparable ethical
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standards. Informed written consent was obtained from
all individual participants included in the study. Only
control subjects (polyp free or polyps with mild grade
dysplasia) were included in the present study. Socioeco-
nomic data, including education data, were available for
all the subjects. Characteristics of the participants are
presented in Table 1.

Assessment of PA level
PA data was obtained by questionnaire used in the KAM
study [75]. The following questions had graded re-
sponses on weekly frequency of the activity: “In the last
five years, have you walked or bicycled to or from
work?”, “Do you hike (cross country)?”, “How often do
you exercise for at least 20 minutes?”. Questions “If you
exercise, do you perspire?” and “Were you regularly par-
ticipating in sports or outdoor activities at a younger
age?” were dichotomous.
Since the demand for energy differs between various

types of activities [77, 78], the different activities were
scaled as for example: Hiking = 1 (used as reference, and
representing moderate to vigorous intensity), Walking/
bicycling = 0.5 (representing low to moderate intensity),
Exercise = 1.5 (representing vigorous intensity). By sum-
ming the frequencies per week of the scaled activities,
each person achieved an activity score. The American
College of Sports Medicine (ACSM) has recommended
moderate-intensity cardiorespiratory exercise training
for at least 30 min, at least five days per week, or at least
20 min of vigorous-intensity cardiorespiratory exercise
training for at least three days per week, or a combin-
ation of the two training modalities [79]. The activity
score of 3 in the present study thus represents the mini-
mum for accomplishing the ACSM physical activity rec-
ommendations. For example, a person performing
exercise training of 45 min two times per week, or hiking
three times per week, or performing walking or cycling
six times per week, will reach the activity score 3. There-
fore, participants who achieved a score under 3 were de-
fined as inactive or untrained (possessing LMPA) and
those who achieved a score ≥ 3 was defined as active/
trained (possessing HPA). These PA level groups were
assessed for any associations with the ACE I/D, ACTN3
R577X and MAOA uVNTR genotypes, as well as for re-
lationships with gender, education level and previous
participation in sports or outdoor activities.

DNA collection and genotyping
The genomic DNA was extracted from venous EDTA
blood stored at -20 °C by using a salting out procedure
[80] with minor modifications [75].
The ACE I/D polymorphism was genotyped using the

Eppendorf Mastercycler Gradient (Eppendorf AG,
Germany). Each reaction mixture of 25.5 μl contained

2% DMSO, 1 x PCR buffer, 0.2 mM dNTP, 2 mM MgCl,
0.2 pmol/μl of each primer, 0.5 U/μl Taq polymerase,
and 1 μl of DNA (~ 100 ng). Forward and reverse pri-
mer were 5′-CTGGAGACCACTCCCATCCTTTCT-3′
and 5′-GATGTGGCCAT-CACATTCGTCAGAT-3′,
respectively [34]. Initial denaturation at 95 °C for 3 min
was followed by 30 cycles of denaturation (95 °C; 15 s),
hybridization (53 °C; 45 s) and extension (72 °C; 30 s).
After final elongation (72 °C; 5 min) the PCR products
were stored at 4 °C. These were separated by 6% poly-
acrylamide gel electrophoresis (PAGE) for 30 min at
150 V, and resulted in three possible outcomes (DD, ID
and II).
The ACE I allele is often weakly amplified in heterozy-

gotes. Samples with the DD genotype were therefore re-
analyzed by using a different PCR reaction in order to
avoid mistyping of heterozygotes as DD. Insertion specific
forward primer 5′-TTTGAGACGGAGTCTCGCTC-3′
and standard reverse primer [57] were used. Each reaction
of 25.0 μl contained 12.5 μl AmpliTaq Gold® PCR Master
Mix (Thermo Fisher Scientific, Inc.; MA, USA), 5%
DMSO, 0.2 pmol/μl of each primer, and ~ 100 ng template
DNA. PCR reaction conditions were as follows: initial
denaturation at 95 °C for 3 min followed by 30 cycles of
denaturation (92 °C), hybridization (61 °C) and extension
(72 °C) for 1min each. After final elongation (72 °C; 7
min) the PCR products were visualized by 6% PAGE.
Insertion specific PCR reaction yielded a 408 bp long
DNA fragment in carriers of the I-allele and no PCR prod-
uct in DD subjects. 215 (25.8%) samples yielded no geno-
type results ever after repeated PCR runs.
Genotyping of the ACTN3 R577X polymorphism was

carried out with TaqMan® SNP Genotyping Assay, assay
ID C____590093_1 (Applied Biosystems®, CA, USA) on
the StepOnePlus™ Real-Time PCR System (Applied Bio-
systems®, CA, USA). Genotype calling was performed by
StepOne Software v2.0. Each 15 μl reaction genotyping
mixture contained 8.44 μl Genotyping Master Mix,
0.42 μl Assay mix (40x), 6.33 μl distilled H20 and ~ 150
ng of DNA template. Reaction conditions were as fol-
lows: 30 s at 60 °C was followed by initial denaturation
stage for 10 min at 95 °C; denaturation at 95 °C for 15 s
followed by annealing at 60 °C for 1 min in cycling stage
with 40 cycles altogether; finally post read temperature
was kept at 60 °C for 30 s. Nine samples (1.1%) yielded
no genotype results.
The MAOA promoter polymorphism was amplified by

PCR followed by capillary electrophoresis on an Applied
Biosystems 3130xl genetic analyzer using GeneMapper®
(Applied Biosystems®, CA, USA) Software 5. Each 15 μl
reaction contained 5% DMSO, 1x PCR buffer, 0.2 mM
dNTP, 2.5 mM MgCl, 0.4 mM of each primer, 1 U/μl
Taq polymerase. The PCR conditions were as follows:
initial denaturation at 95 °C (2 min) followed by 35 cycles
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of denaturation at 95 °C (1 min), annealing at 55.5 °C (1
min) and elongation at 72 °C (2 min), and a final elong-
ation at 72 °C (5 min). Primer sequences have been de-
scribed earlier [44], and were as follows: a FAM labeled
forward primer 5′-ACAGCCTGACCGTGGAGAAG-3′
and a reverse primer 5′-GAACGGACGCTCCA
TTCGGA-3′. 110 (13.2%) samples yielded no results
even after repeated PCR run.
In order to check for reproducibility for ACE I/D and

MAOA uVNTR polymorphisms, approximately 10% of
the samples were re-analyzed. In addition, those samples
that yielded inconclusive results were re-run. They were
excluded from further data analysis if the samples did
not yield any genotype or if they remained inconclusive.
For ACTN3 R577X, all samples were run as duplicates.

Statistical analysis
The material was tested for normality and corrected for
multiple testing (Bonferroni method), where appropriate.
Association between the BMI and PA level groups was
analyzed by using two-tailed independent sample t-test.
Pearson’s Chi-square test (χ2) was applied to test for the
Hardy-Weinberg equilibrium (HWE) for the ACTN3
R577X, ACE I/D genotype, and the differences in cat-
egorical variables, including genotype and allelic fre-
quencies between the PA level groups. MAOA genotypes
were analyzed by dividing genotypes into groups, based
on the TA of the alleles [44, 47]. Males carrying the 3-
repeat allele and homozygous females for the 3-repeat
allele were grouped into low TA, while males carrying
either 3.5- or 4-repeat alleles were grouped into high TA
group. Similarly, females homozygous for either 3.5 or
4-repeat-alleles and females heterozygous for 3.5 or 4-
repeat-alleles were grouped into high TA group. Hetero-
zygous females carrying one 3-repeat and either 3.5- or
4-repeat allele were placed into the heterozygous group.
Individuals carrying the rare alleles were excluded from
the analysis.
To test the contribution of socioeconomic factors

(Gender, Age, BMI, Education, Participation in sports/
outdoor activities earlier in life) and genetic variables
(ACTN3 R577X, ACE I/D and MAOA uVNTR geno-
types) to the PA level, binomial logistic regression was
used. For this purpose, two models were analyzed: 1.
socioeconomic factors only; 2. socioeconomic and geno-
type data together. Odds ratio (OR) were calculated for
the significant associations in the logistic regression.
Significance was set at 0.05 for all tests. Results are
presented as mean ± SD. All statistical analysis was
performed in IBM SPSS Statistics, version 25 (Chicago,
IL, USA).
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ABSTRACT 
Purpose: The present study aimed to investigate the potential impact of age, gender, initial training 
status on maximal strength training (MST) adaptations. Methods: 49 subjects (22 men, 27 women) aged 
20-76 years, divided into five age groups, completed an eight weeks MST intervention. Each MST session 

consisted of 4 sets with 4 repetitions at 85-90% of one-repetition maximum (1RM) intensity in leg-
press, three times per week. 1RM was tested pre- and post the intervention and blood samples were 
drawn to genotype candidate polymorphisms ACE I/D, ACTN3 R577X and PPARGC1A rs8192678. Results: 

All age groups increased leg-press 1RM (p<0.01), with a mean improvement of 24.214.0%. There were 
no differences in improvements between the five age groups or between male and female participants, 
and there were no non-responders. Initial training status did not correlate with 1RM improvements. 
PPARGC1A rs8192678 T allele carriers had a 15% higher age- and gender corrected baseline 1RM than 
the CC genotype (p<0.05). C allele carriers improved 1RM(%) by 34.2% more than homozygotes for the 
T allele (p<0.05).  Conclusion: Leg-press maximal strength improved regardless of age, gender or initial 
training status, and with only a minor impact from key genes. This suggests good health and 
performance benefits from MST for all healthy individuals. 

Keywords: AGING, 1RM, GENES, POLYMORPHISMS, MST 

INTRODUCTION 
Maximal muscle strength is important for everyday functionality in all age groups [33]. From the age of 
approximately 40, maximal muscle strength decreases steadily [6, 56-58], and the decrease seems to 
accelerate from the age of 50 to 70 [1]. As a consequence of this, elevated risk of physical frailty, 
reduction in general motor function, decline in functional movement, poor balance, falls, risk of fracture, 
and decline in quality of life has been reported [1-4]. Strength training has been recommended to delay 
or reverse the structural and functional changes that occur with ageing in the neuro-muscular system 
[1, 5, 6]. Maximal strength training (MST) above 85% of one-repetition maximum (1RM) has been 
suggested to be more effective than low-intensity training regimens to improve muscle strength in both 
young and old [7]. In previous strength training interventions, the effect of age on strength training 
adaptions has been studied in young versus old [1, 8, 9] or middle-aged versus old [5, 10], but not in a 
large cohort ranging from young via middle-aged to old, with the same initial training status, typical for 
what is observed in the population. A study showed that age affects changes in 1RM with young subjects 
having a greater increase in 1RM compared with older subjects [11]. Some MST studies have included 
both males and females; however, these studies have not reported any difference between genders 
[11-13]. There may also be large inter-individual variability in different muscle strength-related 
phenotypes, as a response to the same strength training [14]. Heritability estimates for general muscle 
strength have been reported to range from 30% to 60% [15]. However, heritability impact on responses 



to strength training seems to depend highly on the measured phenotypes [16-19]. The genetic 
component in muscle strength-related phenotypes seems thus to be strong, but not fully understood 
[20]. Some of the most extensively studied polymorphisms in association with various aspects of 
exercise genetics are ACE I/D, ACTN3 R577X and PPARGC1A rs8192678 [21]. 

ACE gene codes for the angiotensin-converting enzyme involved in the regulation of blood pressure [22] 
and exhibiting a  local effect on skeletal muscle function [23]. The insertion/deletion (I/D) polymorphism 
within the ACE gene has been widely investigated in relation to various skeletal muscle phenotypes [24-
26]. ACTN3, coding for α-actinin-3 protein, has been described as “gene for speed” [27, 28]. SNP 
(R577X), leading to a premature stop codon, have been associated with various muscle phenotypes in 
athletes [29, 30] as well as in the general population [24, 31-33]). Around 18 % of the global population 
are homozygous for the 577X allele, thus lacking the α-actinin-3 [34]. This affects several aspects of 
muscle metabolism, leading to lower muscle strength and mass, among others [35]. PPARGC1A gene 
codes for the peroxisome proliferator-activated receptor-gamma coactivator-1α (PGC-1α), enriched in 
metabolically active tissues [36]. PGC-1α have a range of functions, including being a master regulator 
of mitochondrial biogenesis [37]. Several PGC-1α isoforms exist, exhibiting actions through different 
pathways [38]. Although most of the findings relate to adaptations to aerobic exercise [39, 40] and 
athletic ability [41], PGC-1α may also mediate the adaptations to resistance training [42, 43]. A common 
coding SNP within the PPARGC1A gene is the rs8192678 polymorphism [44], more known as Gly482Ser, 
a missense mutation where serine (Ser) substitutes glycine (Gly; NCBI [45]).  As most previous studies 
have been cross-sectional [43, 46-50], it is uncertain how key candidate genes may influence MST 
responses in a cohort with a training status typically for their age.  

Previously, MST has been shown to effectively improve maximal muscle strength in different cohorts 
ranging from patients to athletes, and from young to old of both genders [8, 12, 13, 51, 52]. However, 
it remains unclear to what extent the strength training response may be influenced by age, gender and 
key genes following a short-term intervention. This may be important for the health and functional 
benefits an individual can expect. Thus, the purpose of the present study was to investigate the effect 
of age, gender, initial training status, and candidate gene status on the adaptability to leg-press MST. 
Specifically, we hypothesized that 1) MST would lead to an increase in maximal strength in all age 
cohorts; 2) The increase in maximal strength would not be different between males and females; 3) MST 
would improve maximal strength more in young (20-29 and 30-39) than in middle-aged (40-49 and 50-
59) or old (60+); 4) the improvements in maximal strength after MST would not be affected by the
selected key genes.

METHODS 
Subjects.  
A total 76 healthy subjects (33 men; 43 women) with age ranging from 20 to 76 years, were included in 
the present study. Subjects’ characteristics are presented in table 2, 3 and 4.  Subjects were divided into 
five age groups with 10 years age-span in each, except the oldest group ranging from 60-76 years. Each 
age group was matched for baseline 1RM in leg-press, corrected for age, gender (Table 1) and body 
mass. The correction was based on previously reported values in males and females with different age 
[2, 5, 6, 8, 55, 58, 70, 71], and mean age and gender differences were calculated based the results and 
the number of participants in these previous studies.   

Table 1 Age and gender correction table for maximal strength in leg-press  

Age group 20-29 30-39 40-49 50-59 60-70+ 

Gender Male 1 1 1 1 1 

Female 0.6 0.6 0.6 0.6 0.6 

Age 1 0.98 0.92 0.88 0.82 



Values are based on means of the results i.e. gender differences, adjusted for the number of participants, from the following 
studies: Dey, Bosaeus [70], Hakkinen, Pakarinen [5], Lindle, Metter [56], Petrella, Kim [6], Reid, Naumova [71], Reynolds, 
Gordon [59], Unhjem, Nygard [1], Wang, Nyberg [8]. 

Inclusion criteria were general good health status with no contra-indications for MST and testing, 
assessed by the study`s physician, and compliance of at least 80% of all training sessions. Exclusion 
criteria included any injury or illness that could prevent subjects from performing in MST or testing in 
leg-press or compliance of less than 80 % of all training sessions. Informed consent was obtained from 
all subjects, and the study was approved by the institutional review board of Telemark University College 
(now the University of South-Eastern Norway) and the Norwegian Centre for Research Data (NSD, reg 
45185/3/AH). The study was also registered in Clinical trials (NCT02589990).  

Study timeline 
The subjects performed pre-testing 2-4 days before the 8-wk MST intervention, and post-tests 2-5 days 
after the last training session. Subjects were instructed not to exercise the last 24 hours before the test 
days, not to eat within 2-4 hours before the tests, and only to drink water for the last 2 hours before 
the testing procedures. 
 
Testing 
Pre- and post-tests were identical and performed at the same time of day ± 1 hour. A general warm-up 
for 10 min performed as cycling, walking or running was performed at a moderate intensity. After the 
general warm-up, a specific warm-up was performed in the leg-press machine (OPS161 interchangeable 
leg-press, Vertex USA).  This included sets of 10, 5 and 3 repetitions at approximately 50 %, 60 %, and 
70 % of 1RM respectively. The estimates of 1RM before the first 1 RM test were based on age, gender, 
body weight and training history. There were three minutes of rest between each set. Following this, 
1RM was assessed by first one repetition at approximately 80 % 1RM, and then one and one repetition 
at weight loads increased by 5-15 kg from the previous lift, separated by three minutes rest until 
reaching 1RM. Each lift was performed with a controlled slow eccentric phase, a complete stop of 
movement for approximately 1 s in the lowest position (90 degrees between femur and tibia), followed 
by a maximal mobilization of force in the concentric phase, as described in Støren et al [12, 13]. Lifting 
time and distance were measured using the Muscle lab system (Ergotest Innovation A.S., Porsgrunn, 
Norway) to control the work distance.  
 

Maximal strength training (MST) 
The MST intervention lasted for eight weeks and included three MST-sessions per week with at least 
one day of rest between each session. Participants were instructed to maintain their habitual training 
as normal, and both the MST intervention and habitual training was logged. Each session consisted of a 
general warm-up for 10 min at moderate intensity and then three 10-repetition warm-up sets in leg-
press with increasing load (30-70% 1RM). After the warm-up, participants performed four sets of 4RM 
in the leg-press, with 90 degrees between femur and tibia, divided by 3 min of rest between sets. Every 
time a subject managed to do five repetitions during a set, 2.5-5 kg were added for the next set. 
Guidance and instruction were given to all subjects during the training period.  
 

DNA sampling and genotyping.  
Venous blood was collected in EDTA tubes from all participants prior to the admission to the exercise 
intervention. The samples were stored at -20oC until the genomic DNA was extracted from 100 µl of 
blood using the DNeasy Blood & Tissue Kit (Qiagen, MD, USA) according to the manufacturer’s 
instructions.  
The rs4343 polymorphism in the ACE gene, which might be the best proxy to ACE I/D polymorphism 
[53], was analyzed to determine the I/D genotype. Genotyping for all polymorphisms was performed 
using TaqMan® SNP Genotyping Assay. Assay ID were as follows: C__11942562_20 for ACE rs4343; 
C____590093_1 for the ACTN3 R577X and C___1643192_20 for the PPARGC1A rs8192678 (Thermo 



Fisher Scientific, MA, USA). qPCR was carried out on the StepOnePlus™ Real-Time PCR System (Applied 
Biosystems®, CA, USA), and genotype calling was performed by StepOne Software v2.0. The final 
reaction volume was 15 µl and contained 8.44 µl Genotyping Master Mix, 0.42 µl Assay mix (40x), 6.33 
µl distilled H20 and ~100 ng of DNA template. Following cycling conditions were used: 30 s at 60oC 
followed by initial denaturation step for 10 min at 95oC; 40 cycles of denaturation at 95oC for 15 s 
followed by annealing at 60oC for 1 min in cycling stage, and a final post-read step for 30 s at 60oC.  

Statistical analysis 
Data were tested for normality by use of QQ-plot and the Kolmogorov-Smirnov test and found to be 
normally distributed for the main variable 1RM, corrected for age and gender (1RMcorr). A general 

linear model with Tukey post-hoc analyses for age groups was used to assess 1RM and 1RM results. 
Independent t-tests were used to compare males and females overall since the sample size was too low 
to assess potential gender differences in each age group.  Associations between the genotypes and 
continuous variables, and the alleles and continuous variables were analysed by one-way ANOVA and 
two-tailed independent sample t-tests, respectively. Correlation analyses were performed by use of the 
Pearson correlation test. Pearson’s Chi-square test (χ2) was applied to test for the Hardy-Weinberg 
equilibrium (HWE) for all polymorphisms and the differences in categorical variables. The significance 

level was set to p0.05 in two-tailed tests. All statistical analysis were performed by the use of IBM SPSS 
Statistics, version 25 (Chicago, IL, USA). 
In the present study, the sample size for genetic association studies is relatively small. Therefore, to 
determine the magnitude of differences, also Cohen’s d effect size was calculated for baseline strength 
(1RMcorr) and ∆1RM (%) across phenotypes. Effect sizes were interpreted as: d= <0.35 (trivial), d= 0.35-
0.80 (small); d= 0.80-1.50 (moderate); d= >1.50  (large effect size) [54].  

RESULTS 
Forty-nine subjects (22 males and 27 females) aged 20 to 76 years (45.3±16.0) completed the eight-
week three times per week MST intervention. There was no difference in baseline characteristics 
between completers and non-completers. 

Baseline 1RM in absolute values (kg) decreased with increasing age (p0.01) from group 2 (33.9 ± 2.8 
years). Baseline 1RM corrected for age, gender and body mass scaled to the power of 0.67 (kg · kg-0.67) 
was not significantly different between any of the age groups (Table 2).  

Table 2 Age, body weight (BW) at baseline, and maximal strength (1RM) in leg-press at pre- and post-tests, and 

percentage improvements (1RM) in maximal strength   

Group 1 (n = 10) 2 (n=9) 3 (n=12) 4 (n=8) 5 (n=10) Total (n= 49)  

Age (yrs) 25.6±2.8 33.9±2.8 44.2±3.2 53.5±3.0 70.3±4.3 45.3 ± 16.0 

BW (kg) 74.4±8.9 83.5±11.8 74.4±12.5 80.8±15.1 70.3±4.2 76.3±12.2 

Pre-1RM (kg) 224.5±53.3# 362.2±135.3 255.8±86.9 240.6±77.6 191.0±50.8# 253.3±99.6 

1RMcorr (kg) 18.1±4.7 20.8±4.9 20.5±4.3 18.3±3.4 19.5±5.5 19.5±4.6 

Post-1RM (kg) 267.0±59.1* 443.9±136.7* 333.13±115.2* 290.63±99.6* 231.5±53.2* 313.3±118.4* 

∆1RM (%) 19.5±7.4 25.5±15.0 30.9±19.2 20.2±9.3 22.86±13.3 24.2±14.0 
Data are presented as mean ± SD, standard deviation. BW, body weight. Yrs, years. Kg, kilograms. 1RM, one-repetition maximum. 
corr., baseline 1RM corrected for age, gender and body weight raised to the power of 0.67 
*p<0.01different from pre-test

After the intervention, there was a mean improvement in 1RM leg-press of 24.214.0 % (p<0.01), with 
no participants having less than 7% improvement. In relative terms (%), there were no significant 

differences in 1RM between any of the age groups (Table 2, Figure 1). No changes in body mass in any 
of the groups were found following the intervention. 
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Figure 1 Mean improvements (%) in one-repetition maximum (∆1RM) ± standard deviation (SD) following an 8-
week maximal strength training program by gender.  

 

At baseline, males were heavier and had higher 1RM in absolute values (kg) than females (p<0.01).  
Independent of age groups, males improved 1RM by 26.2 % ±15.3 %, whereas the females improved 
1RM by 22.6 % ± 13.0 % (Table 3, Figure 2), which was not significantly different (p=0.56). There was no 
significant correlation between baseline 1RM and relative improvement in ∆1RM (%) (r=0.25, p=0.08). 

Table 3. Age, body weight (BW) at baseline, the percentage change in BW, and leg-press maximal strength 

(1RM) and percentage improvements (1RM) in maximal strength by gender  

(N=49, 22 males and 27 females) 

 Age (yrs) BW(kg)pre BW(%) 1RM(kg)pre 1RM(%)   

Males 43.3±13.8 83.1±11.8 1.1±3.0 315.2±112.6 26.2±15.3   

Females 47.0±17.7 70.7±9.5* -0.3±2.3* 202.8±46.4* 22.6±13.0   

Results are mean ± SD, standard deviation, and percent change from pre to post-intervention. Yrs, years; BW, body weight; 
1RM, one-repetition maximum in leg-press; Kg, kilograms; % percent. 

*P0.01 different from males. 
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Figure 2 Age group improvements (%) in one-repetition maximum (∆1RM) ± standard deviation (SD). 

 



All three gene polymorphisms were successfully genotyped (ACE I/D, ACTN3 R577X, PPARGC1A 
Gly482Ser). Genotype distributions for all polymorphisms are displayed in Table 4. Minor allele 
frequencies for these polymorphisms were 52% for the ACE I allele, 48% for the ACTN3 X allele and 40% 
for the PPARGC1A T (Ser) allele. The genotype frequencies were consistent with Hardy-Weinberg 
Equilibrium (P > 0.05).  

Table 4. Genotype distributions for ACE I/D, ACTN3 R577X 

and PPARGC1A rs8192678 polymorphisms (N=49) 

ACE  ACTN3  PPARGC1A 

DD 25 %   RR 27 %   CC 41 % 

ID 45 %  RX 51 %  CT 39 % 

II 30 %  XX 22 %  TT 20 % 

        
D al. 48 %  R al. 52 %  C al. 60 % 

I al. 52 %   X al. 48 %   T al. 40 % 

Results are displayed as percentages (%); Al.-allele. 

PPARGC1A Gly482Ser T allele carriers demonstrated 15.0 % higher baseline 1RMcorr compared to the 
CC genotype. Also, the participants with CT genotype were 17.9% stronger at baseline (1RMcorr) 

compared to the wild type CC counterparts (p0.05) (Table 5). C-allele carriers, on the contrary, showed 
34.2 % higher improvements in ∆1RM (%), compared to the homozygotes for the minor allele i.e. the 

TT genotype (p0.05) (Table 5). 1RMpre and 1RMpost values for the PPARGC1A rs8192678, ACTN3 
R577X and ACE I/D polymorphisms are displayed as supplementary data (Figure S1).  

Table 5. Associations between the PPARGC1A rs8192678 polymorphism and leg-press maximal strength and 

percentage improvements in maximal strength. 

 

No significant associations were found between the ACTN3 R577X and ACE I/D, and baseline 1RMcorr 

or 1RM (%). However, participants with ACTN3 RR genotype demonstrated a non-significant 46.5 % 
larger increase in ∆1RM on average, compared to their XX counterparts. This corresponds to a moderate 
effect size measured in Cohen’s d. A summary table of all genotype/allele combinations for the ACTN3 
R577X, PPARGC1A Gly482Ser and ACE I/D polymorphisms, and 1RMcorr and ∆1RM (%) can be found in 
the supplementary data (Table S1).   

DISCUSSION 
The main findings of the present study were that MST-induced increases in leg-press 1RM were similar 
regardless of age, gender, initial training status or most of the selected candidate genes.  The first 
hypothesis that all age cohort would improve in maximal strength was confirmed. The second 
hypothesis that an increase in maximal strength would not be different between males and females 
were also confirmed. The third hypothesis that young would improve more than old was rejected, and 

 1RMcorr (kg) ∆1RM (%) 

PPARGC1A   

CC 17.8 ± 4.4*/# 29.3 ± 17.5 

CT 21.3 ± 4.5# 22.0 ± 11.7 

TT 20.0 ± 4.1 18.2 ± 4.6¤ 

C allele 19.5 ± 4.7 25.7 ± 15.2¤ 

T allele 20.7 ± 4.4* 20.7 ± 9.9 
Results are mean ± SD, standard deviation, and change (∆) in percent.; Corr, corrected for age, gender and body weight 
raised to the power of 0.67; 1RM, one-repetition maximum in leg-press; p-values are corrected for multiple testing where 
appropriate (Tukey):  *p=0.027, #p=0.042, ¤p=0.011 



the fourth hypothesis that improvement in maximal strength would not be affected by the selected 
single genes was confirmed.   

The results from the present study show the same results in maximal strength adaptations as previously 
found in VO2max adaptations in Støren et al. (2016). Although middle-aged and old had lower baseline 
values in these two studies, the relative improvements were just as good in untrained and moderately 
trained at older ages. To our knowledge, this is the first study to report similar training responses in all 
age groups from young adults in their twenties and thirties via middle-aged in their forties and fifties 
and up to older adults in their sixties and seventies. 

That MST was an effective method to improve maximal strength was in the present study shown by no 
non-responders to the MST Program, with the smallest improvement being 7.4 %. Furthermore, the 
rather homogenous improvements in maximal strength, with a coefficient of variance of 8.7 %, were 
found to be more or less independent of the same inter-individual variability in polymorphisms for the 
selected genes as in the general population in this geographic area [55]. 

The impact of age, gender and selected candidate genes on baseline 1RM 
As expected, 1RM (kg) decreased with advancing age at baseline (table 2). The 1.3% decrease per year 
in the current study from young (33.9 years) to old (70.3 years) is in line with previous studies [6, 55-
57], but the decrease in the present study is evenly distributed among age groups. The results show a 
1.2 % decrease from 53.5 years to 70.3 years of age, while some studies also show an accelerated drop 
in muscle strength from 50-70 years [6, 56-58].In the present study, males were 56% stronger than 
females, expressed in absolute values (kg). This corresponds well with the findings of Reynolds, Gordon 
[59] and Petrella, Kim [6], showing approximately 50-65% higher 1RM in lower extremities in males than 
in females.  
Homozygotes for the PPARGC1A Gly482Ser C allele had lower 1RMcorr at baseline compared to both 
CT genotype counterparts and T-allele carriers. This may indicate that the Ser-encoding allele might be 
favourable for baseline muscle strength not only in athletes but also in the general population. 
Gly482Ser polymorphism has been associated with differences in PPARGC1A mRNA expression, with 
lower expression among carriers of Ser-allele [60]. Gene expression responses may be important for 
muscle adaptations in response to different modes of exercise [61]. 

Improvements in 1RM 

The average relative improvements in 1RM by 24 %, was not different between the age groups after 8 
weeks of MST. The size of the average improvement is in line with comparable studies on MST, showing 
improvements in the range of 23-33% [12, 13, 52].  
To our knowledge, this is the first study to report similar training responses in all age groups from young 
adults in their twenties and thirties via middle-aged in their forties and fifties and up to older adults in 
their sixties and seventies. Actually, the oldest group improved 1RM to the same extent as the mean of 
the other four age groups. The present results are in line with some studies comparing young and old, 
like Hakkinen, Pakarinen [5], but differ from Petrella, Kim [6] and Lemmer, Hurlbut [12] showing better 
adaptations in young than old.  
That males and females improved relative 1RM to the same extent was as expected, and in line with 

previous studies. No gender differences in 1RM % were found in Hakkinen, Pakarinen [5], Storen, 
Helgerud [12], Sunde, Storen [13], Kanegusuku, Queiroz [4], Berg, Kwon [62] or Winther, Foss [63]. 
When corrected for age, gender and body mass (1RMcorr), baseline 1RM indicates the participant`s 
initial training status. In light of this, it was somewhat surprising that initial training status did not 
significantly affect 1RM improvements. In a previous study on VO2max adaptations to endurance training 
in different age groups [64], initial training status was found to significantly affect training adaptations. 
This should also be expected in MST interventions, as untrained and trained in previous studies have 
shown rapid improvements in neural adaptations during the first 2-4 weeks of this type of training [1, 
5, 8, 9, 12].  



Bodyweight did not change in the present study, and this may support the assumption that it is 
predominately the neural adaptions and changes in recruitment patterns, which have led to increased 
1RM. However, any change in body composition cannot be excluded in the present study and this is in 
line several other studies [1, 11, 13, 52]. 

T allele carriers of the PPARGC1A Gly482Ser polymorphism had higher baseline 1RMcorr compared to 
the CC genotype. The T allele, more widely known as the Ser allele, has been associated with 
strength/power athlete status [43], indicating an advantageous effect on muscle strength not only in 
athletes but also among the general public. On the other hand, C allele carriers, possessing lower 
1RMcorr at baseline, demonstrated larger improvements in 1RM compared to the TT genotype in the 
present study. These differences could theoretically be attributable to a larger potential for 
improvements, due to lower muscle strength at baseline in C allele carriers. However, baseline 1RM and 
improvements in 1RM did not correlate in the present study. Resistance training has been shown to 
induce expression of an isoform of the protein coded by the PPARGC1A gene (i.e. PGC-1α4) that 
regulates muscle hypertrophy [42]. The polymorphism is known to influence mRNA expression [60]. 
However, to the best of authors’ knowledge, it is not known whether the Gly482Ser polymorphism may 
influence the expression of the hypertrophy-specific isoform. 

No significant associations between ACTN3 R577X and ACE I/D polymorphisms and baseline or 1RM 
were found in the present study. Of these, especially the ACTN3 R577X polymorphism has been shown 
to have a range of effects on various muscle phenotypes, such as improvements in strength or muscle 
function [31, 32, 65]. Previous studies indicate that the R allele may be advantageous for an increased 
maximal dynamic strength [66-68]. That this association was not significant in the present study could 
in part be a result of the relatively low sample size. A low number of participants in genetic association 
studies investigating complex traits tend to be vulnerable to type II error [69]. Therefore, the effect size 
of these relationships was also reported in the present study (tables S1, S2). Cohen’s d for differences 
in ∆1RM between the RR and XX genotypes indicates a moderate negative effect for the latter group. 
The indications of greater response to resistance training in R allele carriers are thus in line with the 
overall impression from studies on resistance training [35]. Genotype frequencies of the ACTN3 and the 
ACE polymorphisms were in line with those reported previously in a Scandinavian population from the 
same geographical region [55], indicating that the participants in the present study were genetically 
representative for the population in this region.  

Practical implications 
The present results demonstrated that MST is effective in improving maximal strength in most healthy 
people capable of performing MST. There were no differences in drop out between the age groups, and 
the dropout rate may be considered to be in line with previous MST studies such as [8]. Improved muscle 
strength has been shown to better general motor function, maintain or increase functional movement, 
balance, independence and quality of life [1-4], especially among old. We, therefore, recommend MST 
2-3 times per week in leg-press, squats or deadlift at all ages to delay the age-related decline in muscle
strength and health. However, cautions should be taken as some may experience muscle or joint pain
from this kind of exercise.

Conclusion 
Improvements in 1RM leg-press were found in all age groups from 20 to 76 years and were not affected 
by age, gender or initial training status, and with minimal impact from selected genes. These findings 
imply that most healthy people have great potential for maximal strength improvements and that MST 
may be used as a strategy for healthy ageing.  
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Figure S1 One-repetition maximum at baseline (1RMpre) and after (1RMpost) an 8-week maximal strength training program 
expressed in kilograms (kg) by genotype and alleles (al.) for PPARGC1A rs8192678, ACTN3 R577X and ACE I/D polymorphisms. 



Table S1 Pairwise genotype and allele comparisons for the ACTN3 R577X, PPARGC1A rs8192678 and ACE I/D polymorphisms, 1RMcorr (baseline) and ∆1RM(%). 

Pair 

comparisons N 

1RMcorr (baseline) ∆1RM % 

Means SD Diff. % diff. Cohen's d P-value Means SD Diff. % diff. Cohen's d P-value

ACTN3 

RR/RX 13/25 18.01/20.23 3.71/4.90 2.22 11.61 0.50 0.336 30.00/23.59 18.17/13.36 6.41 23.92 0.43 0.368 

RR/XX 13/11 18.01/19.52 3.71/4.60 1.50 8.04 0.37 0.700 30.00/18.68 18.17/6.66 11.33 46.54 0.82 0.121 

RX/XX 25/11 20.23/19.52 4.90/4.60 0.71 3.58 0.15 0.902 23.59/18.68 13.36/6.66 4.92 23.27 0.42 0.587 

R al./XX 38/11 19.47/19.52 4.60/4.60 0.05 0.25 0.01 0.976 25.79/18.68 15.24/6.66 7.11 31.99 0.52 0.141 

RR/X al. 13/36 18.01/20.01 3.71/4.76 2.00 10.53 0.45 0.177 30.00/22.09 18.17/11.85 7.91 30.38 0.58 0.082 

PPARGC1A 

CC/CT 20/19 17.77/21.26 4.37/4.49 3.49 17.89 0.80 0.042* 29.26/22.00 17.54/11.73 7.25 28.30 0.49 0.230 

CC/TT 20/10 17.77/19.53 4.37/4.11 1.76 9.46 0.42 0.554 29.26/18.21 17.54/4.62 11.05 46.55 0.77 0.102 

CT/TT 19/10 21.26/19.53 4.49/4.11 1.73 8.47 0.40 0.573 22.00/18.21 11.73/4.62 3.80 18.87 0.39 0.756 

C al./TT 39/10 19.47/19.53 4.71/4.11 0.06 0.33 0.01 0.969 25.72/18.21 15.25/4.62 7.51 34.21 0.55 0.011* 

CC/T al. 20/29 17.77/20.66 4.37/4.37 2.90 15.07 0.67 0.027* 29.26/20.70 17.54/9.93 8.56 34.28 0.67 0.058 

ACE 

DD/ID 12/21 19.47/19.98 5.20/3.64 0.51 2.60 0.12 0.948 21.54/23.74 11.15/11.50 2.20 9.74 0.20 0.904 

DD/II 12/14 19.47/18.91 5.20/5.20 0.56 2.91 0.11 0.948 21.54/28.49 11.15/19.32 6.96 27.81 0.44 0.433 

ID/II 21/14 19.98/18.91 3.64/5.20 1.07 5.50 0.25 0.776 23.74/28.49 11.50/19.32 4.75 18.19 0.32 0.599 



D al./II 31/16 19.83/18.97 4.23/5.02 0.86 4.41 0.19 0.54 23.22/27.26 11.55/18.33 4.04 15.99 0.29 0.36 

DD/I al. 12/35 19.47/19.56 5.20/4.29 0.09 0.43 0.02 0.956 21.54/25.64 11.15/15.04 4.11 17.40 0.29 0.392 

Corr- corrected for age, gender and body weight raised to the power of 0.67; N- number of subjects; SD- standard deviation;  Diff.- difference; al.- allele; P-values are corrected for multiple 

testing where appropriate (Tukey); Cohen’s d effect size: d= <0.35 (trivial), d= 0.35-0.80 (small); d= 0.80-1.50 (moderate; as defined by Rhea [54] specifically for strength training); * P<0.05 
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of Sports, Physical Education and Outdoor Studies, University of South-Eastern Norway, Bø, Norway, 3 Landslagslegen.no,
Top Sports Medical Office, Tønsberg, Norway, 4 The Norwegian Biathlon Association, Oslo, Norway, 5 Department
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The aim was to investigate the effect of training, sex, age and selected genes on
physiological and performance variables and adaptations before, and during 6 months
of training in well-trained cross-country skiers. National-level cross-country skiers were
recruited for a 6 months observational study (pre – post 1 – post 2 test). All participants
were tested in an outside double poling time trial (TTDP), maximal oxygen uptake in
running (RUN-VO2max), peak oxygen uptake in double poling (DP-VO2peak), lactate
threshold (LT) and oxygen cost of double poling (CDP), jump height and maximal
strength (1RM) in half squat and pull-down. Blood samples were drawn to genetically
screen the participants for the ACTN3 R577X, ACE I/D, PPARGC1A rs8192678, PPARG
rs1801282, PPARA rs4253778, ACSL1 rs6552828, and IL6 rs1474347 polymorphisms.
The skiers were instructed to train according to their own training programs and report
all training in training diaries based on heart rate measures from May to October. 29
skiers completed all testing and registered their training sufficiently throughout the study
period. At pre-test, significant sex and age differences were observed in TTDP (p < 0.01),
DP-VO2peak (p < 0.01), CDP (p < 0.05), MAS (p < 0.01), LTv (p < 0.01), 1RM half squat
(p < 0.01), and 1RM pull-down (p < 0.01). For sex, there was also a significant difference
in RUN-VO2max (p < 0.01). No major differences were detected in physiological or
performance variables based on genotypes. Total training volume ranged from 357.5 to
1056.8 min per week between participants, with a training intensity distribution of 90–5–
5% in low-, moderate- and high-intensity training, respectively. Total training volume and
ski-specific training increased significantly (p < 0.05) throughout the study period for the
whole group, while the training intensity distribution was maintained. No physiological or
performance variables improved during the 6 months of training for the whole group. No
differences were observed in training progression or training adaptation between sexes
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or age-groups. In conclusion, sex and age affected physiological and performance
variables, with only a minor impact from selected genes, at baseline. However, minor
to no effect of sex, age, selected genes or the participants training were shown on
training adaptations. Increased total training volume did not affect physiological and
performance variables.

Keywords: endurance training, skiing performance, training adaptations, double poling, maximal oxygen uptake,
lactate threshold, work economy, genomics

INTRODUCTION

Cross-country skiing is regarded as one of the most demanding
aerobic endurance sports, where male and female athletes have
displayed some of the highest maximal oxygen uptakes (VO2max)
ever recorded (Sandbakk and Holmberg, 2017). VO2max,
often measured in running (RUN-VO2max), is suggested as a
main predictor for cross-country skiing and overall endurance
performance (Pate and Kriska, 1984; Ingjer, 1991; di Prampero,
2003; Støren et al., 2013; Sandbakk and Holmberg, 2017; Sunde
et al., 2019; Johansen et al., 2020). However, in cases where RUN-
VO2max is relatively homogenous or held constant, differences in
work economy (C) (Conley and Krahenbuhl, 1980; di Prampero,
2003) and/or maximal strength (Hoff et al., 2002; Støren et al.,
2008; Sunde et al., 2010, 2019) are regarded as major contributors
for differentiating performance in endurance athletes.

Although the main determining factors for cross-country
skiing performance are relatively clear, the best way to develop
these physiological factors over longer periods in every individual
skier is still under investigation (Stöggl and Sperlich, 2015).
Traditionally, endurance training makes up almost 90% of
the total training for competitive cross-country skiers, while
the rest is strength training and speed training (Losnegaard
et al., 2013; Stöggl and Sperlich, 2015; Sandbakk et al., 2016).
The endurance training during season preparation for both
junior and senior cross-country skiers is characterized with high
volumes of low-intensity training (LIT) and low to moderate
volumes of moderate- (MIT) and high-intensity training (HIT).
This has been regarded as an “optimal” intensity distribution
for developing higher performance capacity in cross-country
skiers (Ingjer, 1992; Seiler and Kjerland, 2006; Sandbakk
et al., 2016; Solli et al., 2017). Stöggl and Sperlich (2014)
suggests that a polarized training intensity distribution, with
high LIT volumes (∼80%) and relatively high HIT volumes
(∼20%) with low volumes of MIT, would be more beneficial
for further improvements of well-trained endurance athletes,
compared to training models with higher volumes of MIT.
Additionally, higher volumes of HIT are considered as a more
efficient way to elevate VO2max compared to LIT, both in
well-trained to elite cross-country skiers and recreational skiers
(Nilsson et al., 2004; Helgerud et al., 2007; Støren et al.,
2012; Rønnestad et al., 2014, 2016; Stöggl and Sperlich, 2014;
Johansen et al., 2020).

Ingjer (1992) observed that young cross-country skiers started
to level-off in VO2max at age 19–20 following a training regime
similar to that described above, at least in values relative to
body mass. Following the same training pattern year after

year has not proven to be an effective strategy to increase
VO2max further in well-trained and elite adult cross-country
skiers (Gaskill et al., 1999; Solli et al., 2017). In Gaskill
et al. (1999) and Støren et al. (2012), major changes in the
relative intensity distribution of the endurance training led to
significant improvements in VO2max and performance in well-
trained endurance athletes. However, a recent study showed
substantial differences in training response to the same HIT
protocol among well-trained cyclists (Bratland-Sanda et al.,
2020). This points to the need for better individualization of
training programs.

Earlier studies have mainly explored training characteristics
in cross-country skiers retrospectively, with no opportunity
to investigate the direct physiological effect of the athlete’s
training. However, the study of Losnegaard et al. (2013)
performed several tests through the preparation phase and the
competitive season in elite male cross-country skiers competing
at an international and national level. The study revealed
improvements in skiing economy (V2 skating), O2-deficit and
skating performance on a time trial on a roller-skiing treadmill.
No improvements were observed in VO2max. These were the
results of a traditional high volume LIT and low to moderate
volume of MIT and HIT regime. However, mainly retrospective
studies have been performed on sub-elite and junior cross-
country skiers over longer time periods (>10 weeks). No studies
have investigated training characteristics and the subsequent
physiological effects in both sub-elite senior and junior cross-
country skiers competing at a national and regional level
over longer periods.

Sex differences in performance determining factors in cross-
country skiing is generally reported to be between 10 and
30%, where greater sex differences are shown when the upper-
body is used more extensively (Sandbakk et al., 2014; Hegge
et al., 2016; Sunde et al., 2019). Sex differences have been
examined in recent years among cross-country skiers, however,
sex comparisons in training responses to a similar training
regimen is not well examined in well-trained cross-country
skiers. Previous investigations have revealed no difference in
training responses between males and females following the same
training program in both sedentary and well-trained individuals
(Astorino et al., 2011; Støren et al., 2017; Varley-Campbell et al.,
2018), suggesting that this may also be the case for well-trained
cross-country skiers. Although both junior and senior skiers have
been investigated separately (Ingjer, 1992; Sandbakk et al., 2010,
2016; Losnegaard et al., 2013), direct comparisons of training
responses in these age-groups have not been executed previously
in cross-country skiers. Investigations of both sex and age-related
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differences in training responses may be crucial to understand
differences in training adaptations, and further improve the
quality of the individualization of training programs.

The genetic component of sports performance and trainability
has received increasing attention the last two decades. Sports
performance is considered a complex trait, influenced by many
genes. A number of single nucleotide polymorphisms (SNPs)
have been associated with various aspects of athletic ability
and sports performance. Two polymorphisms that have been
intensely investigated are the ACTN3 R577X and ACE I/D
(Jacques et al., 2019). The ACTN3 gene codes for α-actinin-3,
a protein expressed in fast-twitch muscle fibers. The common
R577X polymorphism leads to the deficiency of the protein in
individuals with the XX genotype (North et al., 1999), which is
the case for around 19% of Caucasians (Roth et al., 2008; Goleva-
Fjellet et al., 2020). Lack of the α-actinin-3 has been associated
with increased muscle endurance, and decreased maximal power
generation (MacArthur et al., 2008). The ACE gene encodes the
angiotensin I-converting enzyme, having a role in the regulation
of blood pressure, fluid-electrolyte balance and affecting the
muscle function (Puthucheary et al., 2011; Pescatello et al., 2019).
ACE seems to play a role in exercise induced adaptations and
the I allele has been regarded as the endurance allele (Ma et al.,
2013; Pescatello et al., 2019). Few studies have investigated these
polymorphisms in relation to cross-country skiing performance.
Magi et al. (2016) found higher frequencies of the ACTN3 RR
and ACE ID genotype in male skiers compared to controls. In
addition, male skiers with XX genotype tended to exhibit greater
increase in VO2peak over a 5-year period. The same finding
applied to female skiers with the ID genotype. Orysiak et al.
(2013), on the other hand, did not find any associations between
the ACE I/D and VO2max in well trained winter sports athletes.
No previous studies have compared the genotype distribution for
selected genes between regional to national cross-country skiers
and the normal population within the same region. Goleva-Fjellet
et al. (2020) genotyped ACE and ACTN3 in a cohort representing
the region of South East Norway, making it possible to compare
this with an athletic cohort.

The PPARGC1A rs8192678 SNP has also gained attention
in exercise genetics. The protein encoded by the gene, PGC1α

(peroxisome proliferator-activated receptor gamma co-activator-
1-alpha), induce the mitochondrial biogenesis and modulate the
composition and functions of the mitochondria (Austin and St-
Pierre, 2012). Recent reviews have concluded that the rs8192678
polymorphism is associated with aerobic trainability and sports
performance (Petr et al., 2018, 2020; Tharabenjasin et al., 2019).
Peroxisome proliferator-activated receptor genes, e.g., PPARG
(rs1801282) and PPARA (rs4253778), have also been investigated
in relation to trainability and athletic ability (Petr et al., 2018,
2020). According to Bouchard et al. (2011) the rs6552828 SNP
of the acyl-CoA synthase long-chain member 1 gene (ACSL1)
could explain around 6% of the training response of VO2max
to standardized exercise training programs. A recent study by
Harvey et al. (2020) reported that the rs1474347 polymorphisms
in the interleukin-6 (IL6) gene was associated with training
induced improvements in VO2max in both moderately and well
trained participants.

To the best of our knowledge, no study have investigated
effects of sex, age, training and selected genes on physiological
and performance adaptations in the same study. Therefore,
the primary aim of this study was to investigate training
adaptations in physiological and performance variables in well-
trained cross-country skiers after 6 months of training during
season preparation (i.e., May to October). Secondly, we wanted to
investigate possible differences between gender and age groups in
baseline values and training adaptations during the study period.
Thirdly, we wanted to investigate the effects of specific candidate
genes on physiological and performance variables at baseline. We
hypothesized that age and sex would influence on baseline values,
but not training adaptations, and that differences in training
would impact training adaptations. Further, we hypothesized that
the distribution of the selected genetic variants would represent
the distribution of the general population for this region and not
impact physiological or performance values at baseline.

MATERIALS AND METHODS

Experimental Approach
The main purpose of this study was to evaluate changes in
physiological and performance variables after 6 months of
training (May to October) in well-trained cross-country skiers.
We also wanted to compare baseline values and training induced
changes in males and females, and young and older skiers, as well
as in skiers with different genotypes. Therefore, the participants
were instructed to train according to their own training programs
worked out by themselves or their coaches prior to the research
project, and report their daily training for the whole 6 months
period. They were tested for a number of physiological, strength
and performance variables over 2 days at three occasions; before
(PRE), mid-way (POST1) and after (POST2) the study period.
The test battery consisted of measurements of RUN-VO2max,
VO2peak in double poling (DP-VO2peak), time to exhaustion
(TTE), oxygen cost of double poling (CDP), lactate threshold in
double poling (LT), jump height, 1RM and maximal power tests
in half squat and pull-down and performance in a 5.64 km double
poling time trial (TTDP). At baseline, blood samples were drawn
to assess gene status in selected genes.

Subjects
A total of 46 well-trained cross-country skiers (30 males and
16 females), differing in age (16–48 years) and performance-
level, were recruited for the whole study. The study’s medical
doctor approved all participants for participation. However, 17
skiers were excluded because they were not able to fulfill the
requirements of three testing sessions during the study period
due to sickness or injuries or did not report their training
habits sufficiently. Thus, 29 skiers were included in the statistical
analyzes. To investigate age-related effects the included skiers
were divided in two age groups (16–18 and ≥19 years). These
groups were defined as either in, or above puberty, and also
corresponding to in, or above high-school age. The ≥19 group
included skiers from 19 to 48 years. All subjects were recruited
by invitation to high-schools for skiers in Southeastern Norway
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or regional cross country ski teams. The included skiers differed
substantially in performance level, from medium-junior level to
top national level. The best male and female skiers had finished
top 10 in numerous VISMA ski classics races (i.e., Vasaloppet
and Marcialonga) and/or top 30 in the Norwegian national
championship, and the slowest skiers finished in the lower
part of national junior competitions. Subjects‘ characteristics are
summarized in Table 1.

The study was conducted in accordance with the Declaration
of Helsinki, and evaluated and approved by the regional
ethics committee of Southeast Norway (REK 2017/2522)
and the institutional research board at the University of
South-Eastern Norway (former University College of South-
Eastern Norway). After having received information about the
study, all participants gave their written informed consent
before participation. Parental written consent was collected for
skiers below 18 years.

Test Procedures
In order to evaluate changes in physiological and performance
variables related to the skiers training, all participants were
tested at three separate occasions. PRE were performed in
April/May, POST1 were performed in July/August, and POST2
were conducted in October/November. All testing procedures
were the same at all testing sessions.

All tests were performed on two consecutive days. The
participants were instructed to do only light training the last 24 h
before testing, and no food or nutritious drinks were allowed
1 h before the first test. In between tests, the participants were
allowed to eat a light meal of energy-rich food and drinks. The
last meal before testing and food intake in-between tests were
registered, and all participants were asked to consume the same
food in the subsequent testing sessions (POST1 and POST2).
All preparation procedures were the same at all three testing
sessions. The tests were also conducted at approximately the
same time of day (±2 h) at PRE, POST1 and POST2 to avoid
circadian differences.

The first day of testing consisted of three maximal jump height
tests, an incremental running test for determining RUN-VO2max,
and a TTDP. Before the jump tests, the participants performed
a self-conducted warm-up procedure of at least 10 min. This

warm-up was registered and repeated at POST1 and POST2.
Then they performed three separate jump tests in the following
order: squat jump (SJ), counter-movement jump (CMJ) and
counter-movement jump with arm swing (CMJas). For the SJ
tests, the knee-angle were 90◦ and this was controlled by the same
test leader at all tests. No counter-movements were allowed in
this particular test, whereas no counter-movement restrictions
were given for the CMJ and CMJas tests. All participants were
given at least three consecutive attempts in each jump-test, and
the best attempt was registered as the result. At least 3 min
of rest were given between the separate jump tests to ensure
sufficient restitution. All jump-tests were performed by use of
a force platform (Ergotest Innovation, Porsgrunn, Norway) for
jump height measurements. The force platform was calibrated
in accordance with the manufacturers’ manual before each test.
Jump height was calculated by the following equation,

h =
v2

v
2× g

(1)

where h is jump height, v is the velocity at take-off, which
again is based on calculation of force multiplied with time
divided by mass, and g is gravitation (Ergotest Innovation,
Porsgrunn, Norway).

After at least 20 min of rest, the participants started a
10 min self-conducted warm-up procedure before an incremental
VO2max test in running. This warm-up was registered and
repeated at POST1 and POST2. The RUN-VO2max test was
conducted by the same procedures as presented in Sunde et al.
(2019). Briefly, the participants started at an intensity of 6%
inclination and 7–8 km · h−1 and 9–10 km · h−1 for female and
male, respectively. The test started with 1% increase in inclination
every 30 s until 8% was reached, whereas only speed was increased
by 0.5 km · h−1 every 30 s after that. All participants were
instructed to run to voluntary fatigue, and the three highest
subsequent VO2 measurements were used to calculate VO2max.
Heart rate (HR) ≥ 98% of HRmax, respiratory exchange ratio
(RER) ≥1.05, blood lactate concentration ([La−]b) ≥ 8.0 mmol ·
L−1, rate of perceived exertion (Borg scale 6–20) ≥17, and
flattening of the VO2 curve was used to evaluate if VO2max
was reached. The metabolic test system, MetaLyzer II Cortex

TABLE 1 | Subjects characteristics.

Variable Total (n = 29) Males (n = 17) Females (n = 12) 16–18 years (n = 16) ≥19 years (n = 13)

Age (yr) 22.1 ± 8.4 24.1 ± 10.2 19.3 ± 4.1 17.3 ± 0.8 28.0 ± 9.8

Weight (kg) 69.4 ± 9.3 73.2 ± 8.6 64.0 ± 7.8** 64.4 ± 6.7 75.5 ± 8.5§§

Height (cm) 176.2 ± 8.9 181.1 ± 7.1 169.3 ± 6.3** 173.8 ± 7.7 179.2 ± 9.7

RUN-VO2max

mL · kg−1
·min−1 62.9 ± 8.0 67.4 ± 6.7 56.5 ± 4.5** 61.1 ± 8.0 65.2 ± 7.7

L ·min−1 4.38 ± 0.88 4.92 ± 0.68 3.60 ± 0.37** 3.94 ± 0.70 4.92 ± 0.79§§

Training

min ·week−1 241.0 ± 162.6 604.2 ± 153.1 462.1 ± 142.9* 529.4 ± 180.6 557.9 ± 138.7

Values are mean and SD. Yr, years. Kg, kilograms. Cm, centimeters. RUN-VO2max, maximal oxygen uptake in running. mL · kg−1
·min−1, milliliters per kilogram bodyweight

per minute. L ·min−1, liters per minute. min−1 week, average weekly training the last 3 months in minutes. *p < 0.05 significantly different from male value. **p < 0.01
significantly different from male value. §§ p < 0.01 significantly different from 16 to 18 years value.
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(Biophysic GmbH, Leipzig, Germany) was used for all VO2
measurements, with measurements every 10 s. Before testing
the O2-analyzer were calibrated with ambient air and certified
calibration gases (16% O2/4% CO2), while the flow sensors
were calibrated with a 3-L calibration syringe (Biophysic GmbH,
Leipzig, Germany) before each test. The treadmill used was
a Woodway PPS 55 sport (Waukesha, WI, United States),
calibrated for speed and incline. HR were registered by the
participants own heart rate monitors or by Polar s610 HR
monitors (Kempele, Finland).

After at least 1 h of rest, a 5.64 km TTDP test was performed in
a paved roller ski course track of 940 m. The TT procedures have
been previously presented in Sunde et al. (2019). Only the DP
technique was allowed throughout the test. The TT was organized
with individual starts, and 30 s starting intervals. Drafting was not
allowed. The subjects used their own roller-skis for classic skiing
and poles and were instructed to use wheel type 2 for the time
trial test. All subjects used the same pair of roller skis at PRE,
POST1, and POST2. Differences in temperature and humidity
may influence the rolling resistance of the roller skis, and thus
the results of this test. Therefore, we used the same procedures
for calculating a correction factor described previously in Sunde
et al. (2019).

The second day of testing consisted first of sub-maximal VO2
and [La−]b measurements in DP, in order to determine CDP and
LT. This was, after 5 min of active recovery, followed by a ramp
protocol to exhaustion to determine DP-VO2peak. After 1 h of
rest, the second day of testing ended with two maximal strength
tests in half-squat and pull-down.

The DP tests were performed on a motorized treadmill
specialized for cross-country skiing (Rodby RL 2700E, Rodby
Innovation, Vänge, Sweden). Every participant performed one
30-min workout for familiarization to the DP treadmill before
testing, as previously used in Sunde et al. (2019). All participants
used the same pair of roller skis at all DP tests during the
study period (Swenor Fiberglass, Sarpsborg, Norway) with the
same binding system (NNN, Rottefella, Klokkarstua, Norway).
The subjects were allowed to use their own poles and additional
skiing equipment, which was the same in all three test sessions.
During treadmill testing, the participants were attached to a
safety harness, connected to the roof, to avoid falling. Three
to six 4-min work periods, with registration of VO2 and HR
measurements the last minute, were conducted for calculating
CDP at LT intensity and LT. Work periods were only separated by
1-min for measurements of [La−]b. Whole blood lactate values
were measured by a Lactate Scout+ (SensLab GmbH, Leipzig,
ray Inc., Kyoto, Japan). The subjects started the first work period
at a work intensity assumed to be 50–70% of their DP-VO2peak.
This corresponded to 10–11.5 km · h−1 and 4% inclination for
males and 6–8 km · h−1 and 4% inclination for females. In the
following work periods, the speed increased by 1–3 km · h−1,
and the test terminated after [La−]b levels exceeding the subjects’
LT. Warm up lactate value (i.e., the lowest measured lactate
value) + 2.3 mmol · L−1 were used to define LT. This is in
accordance with the protocol from Helgerud et al. (1990) and
described and discussed in detail in Støren et al. (2014) and
Sunde et al. (2019).

After 5-min of active rest, the subjects performed the RAMP
protocol to exhaustion for determining DP-VO2peak. The starting
intensity was set to 6% inclination and 7 km · h−1 for both
genders. The inclination was constant through the whole test,
while speed increased by 1 km · h−1 every 60 s. All participants
received motivational feedback throughout the test. The test
terminated when the skiers slowly moved backward, despite
intense motivational feedback, and reached a pre-defined mark
1 m behind the subjects starting position on the treadmill. TTE
was registered and the DP-VO2peak was defined as the mean of the
two highest subsequent VO2-measurements. Maximal aerobic
speed (MAS) in double poling were calculated in the same way
as presented in Sunde et al. (2019) and Johansen et al. (2020), i.e.,
DP-VO2peak/CDP.

A 60-min rest period were given prior to the tests of 1RM and
maximal power output in half-squat (Smith-machine, PreCore,
Woodinville, WA, United States) and pull-down (Gym 2000,
Vikersund, Norway). Pilot testing in Støren et al. (2008) showed
no deterioration in 1RM half-squat 30 min after maximal aerobic
tests, thus we considered 60-min to be more than sufficient to
give valid maximal strength results. The strength tests protocol
is identical to the protocol used in Sunde et al. (2019). Both
strength tests started with 10 reps at approximately 50% of 1RM.
After this, the following sets were performed at approximately
60% (5 reps), 70% (3 reps), and 80% (2 reps), only separated
by 3 min rest periods. All repetitions were performed with a
slow eccentric phase with a complete stop of movement in
the lowest position (half-squat) or the highest position (pull-
down) of approximately 1 s. This was followed by a maximal
mobilization in the concentric phase. The MuscleLab system
(Ergotest Innovation, Porsgrunn, Norway) calculated power
output by measurements of lifting time and distance of work.
After the sub-maximal series, the participants performed at least
1 rep at their estimated 1RM. From there on: 1 rep, and load
increments of 2.5–10 kg from the subsequent lift, were conducted
until 1RM was reached.

Training Registration
The participants were instructed to train according to their
own training plans worked out by themselves or by their
coaches throughout the study period, without any influence
or interventional instructions from the research personnel. All
participants recorded training data in digital training diaries, i.e.,
in an online diary from the Norwegian Olympic Federation, or
in Polar Flow. The athletes had all used digital training diaries
for at least 1 year prior to the study. Every training session and
competition was recorded and controlled by the same research
personnel throughout the study period, and 3-months prior to
PRE. The two training periods between PRE to POST1 and
POST1 to POST2 were defined as 1st training period (P1) and 2nd
training period (P2). In order to investigate potential changes in
training inside P1 and P2, the periods have been further divided
into a total of four periods where appropriate (P1A, P1B, P2A,
and P2B).

All training data were systemized based on training modality
and training intensity. Training modality was either endurance,
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strength, speed/jump or other, and activity was running, roller-
skiing, cross-country skiing or cycling. Roller-skiing and cross-
country skiing on snow were defined as ski-specific training,
while running and cycling was defined as unspecific training.
Endurance training intensity were monitored as HR “time in
zone,” and categorized into three intensity zones: (1) low-
intensity training (LIT;≤81% of HRmax), (2) moderate-intensity
training (MIT; 82–87% of HRmax), and (3) high-intensity
training (HIT; ≥88% of HRmax). All endurance training and
competitions were performed with the skiers’ personal heart rate
monitors. This is in accordance with the procedures used in
Støren et al. (2008) and Sunde et al. (2010).

Strength training consisted mainly of maximal strength
training and/or general strength training. Maximal strength
training was targeting large muscle groups, i.e., 1–6 repetitions
in, i.e., half squat, pull-down or deadlift. General strength training
was performed with 10–30 repetitions and with a main purpose
of increase stability and general strength in the upper-body
and trunk. The duration of strength training sessions where
quantified as the time between the first set of the first exercise
and last set of the last exercise, including rest periods between
sets and exercises. Additional warm-up and cool-down were
registered as LIT, while stretching where included in “other
training.” Jump training (i.e., 1–6 box-jumps or jump exercises
in stairs) was quantified in the same manner as strength
training. Speed training during LIT- or MIT-sessions was mainly
performed during ski-specific training. The number of sprints
were multiplied by 1.5 min since the period after each sprint was
performed at a very low intensity. The monitoring of strength-,
speed-, and jump training is in accordance with the quantification
procedures used in Sandbakk et al. (2016).

DNA Sampling and Genotyping
Venous blood was drawn when the participants first attended to
the laboratory before the physiological testing procedures at the
first testing session (April/May). The EDTA tubes were stored
at −20◦C. Before the DNA extraction, the samples were thawed
at room temperature. DNeasy Blood & Tissue Kit (Qiagen, MD,
United States) was used to extract the DNA from 100 µl of blood
following the manufacturer’s instructions.

ACE I/D polymorphism, rs4343 polymorphism in the
ACE gene was genotyped as it might be the best proxy to
I/D polymorphism (Abdollahi et al., 2008), than analyzed to
determine the I/D genotype. Genotyping for all polymorphisms
was performed using TaqMan R© SNP Genotyping Assay.
Assay IDs were as follows: C__11942562_20 for ACE rs4343;
C____590093_1 for ACTN3 R577X; C__30469648_10 for ACSL1
rs6552828; C___1643192_20 for the PPARGC1A rs8192678;
C___1839698_20 for IL6 rs1474347; C___1129864_10 for
PPARG rs1801282 and C___2985251_20 for PPARA rs4253778
polymorphism (Thermo Fisher Scientific, MA, United States).
StepOnePlusTM Real-Time PCR System (Applied Biosystems R©,
CA, United States) was used to carry out the qPCR. Genotype
calling was performed by StepOne Software v2.0. 15 µl of final
reaction volume contained 8.44 µl Genotyping Master Mix,
0.42 µl Assay mix (40×), 6.33 µl double distilled H2O and
∼100 ng of DNA template. Cycling conditions were as follows:

30 s at 60◦C was followed by initial denaturation step for 10 min
at 95◦C; then, 40 cycles of denaturation at 95◦C for 15 s were
followed by annealing at 60◦C for 1 min in cycling stage, finishing
with the final post-read step for 30 s at 60◦C.

Statistical Analyzes
Normality tests and Q-Q plots were used to evaluate normal
distribution for main variables (TTDP, RUN-VO2max and MAS).
In all cases, a normal distribution was observed, thus parametric
statistics were used. Values were expressed as mean ± SD,
and inter-individual variability in training and physiological
variables were expressed as coefficient of variance (CV). To
evaluate potential changes in physiological response and training
characteristics for the total group, within sexes and within age
groups, a Univariate General Linear Model (GLM) test with
Tukey Post Hoc-tests was used. To examine potential differences
between sexes and age groups in physiological response and
training characteristics during the study period, GLM Univariate
with pairwise comparisons and independent sample t-tests were
conducted. For correlations between baseline values, and between
differences between different test points (delta correlations),
correlation coefficients r was used from Pearson’s bivariate
tests. Correlation coefficients were evaluated in accordance with
Hopkins (2000), which are presented in detail previously (Sunde
et al., 2019). Since the participants represented both female and
male skiers, also partial correlations were conducted corrected
for sex and age.

One-way ANOVA with Tukey Post Hoc-tests was used to
assess the associations between the genotypes and physiological
and performance variables at baseline. To assess the effects of
the alleles on these variables, a two-tailed independent sample
t-test was applied. In order to test for the Hardy-Weinberg
equilibrium (HWE) for all polymorphisms and to compare the
genotype frequencies to those of other studies, Pearson’s Chi-
square test (χ2) was used. When analyzing effects of different
genotypes on physiological parameters, all female values from
the physiological tests were multiplied according to the average
gender difference between males and females in the present study.
This was conducted to avoid bias effects of different gender
representation for the different candidate genes and genotypes. In
order to promote comparability between candidate gene studies,
effect size (Cohen’s d) was calculated using Microsoft R© Excel R©

(Redmond, WA, United States) for the gender corrected variables
across the genotypes (Supplementary Table 6). The effect size
was interpreted as follows: below 0.50 – small effect, 0.5 and
above – moderate effect, 0.8 and above – large effect (Cohen,
1988). As the participants were following individual training
programs, genetic analyzes of trainability were not performed.
For all statistical analyzes performed, the statistical package for
social science version 26 (SPSS, IBM, Chicago, IL, United States)
was used. A p value < 0.05 was accepted as statistically significant
in all tests (two-tailed).

Power calculations prior to the study revealed that with a
between-group difference in the selected physiological variables
of 5%, and with a common standard deviation of the same size,
a sample size of 12 to 16 subjects were needed in each age- and
gender group in order accomplish a significant level of 0.05 and
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a power of 80%. Regarding the genetic variables, the material
is under-powered in order to accomplish full genetic analyses.
Multivariate ANOVA analyzes between the different genotypes
and the different physiological variables were thus not performed.
However, the material was still interesting in order to see if there
were substantial differences in physiological variables related to
single genes. Also, the material was sufficient to investigate if the
cohort of skiers differentiated from a general population from the
same geographical area in genotype and allele frequencies.

RESULTS

Training Characteristics
The skiers training was registered for 23.4 ± 2.2 weeks from
PRE to POST2. From PRE to POST1 the skiers trained for
12.7 ± 1.7 weeks, and for 10.7 ± 1.4 weeks from POST1 to
POST2. In total, 8460 training sessions were registered, with
5957 inside the 6-months study period. The remaining sessions
registered were conducted in the 3 months before PRE. This
corresponded to an average of 205± 48 sessions per skier during
the study period, and 292 ± 72 sessions per skier when the
training period before PRE were included.

Training characteristics for the whole group in P1 and P2
are presented in Table 2, while the sub-periods (P1A, P1B, P2A,
and P2B) are presented in Supplementary Table 3. The mean
total training volume in P1 was 701.5 ± 169.8 min · week−1

and increased significantly to 753.2 ± 137.6 min · week−1 in P2
(p< 0.05). Total endurance training accounted for 86.9± 6.6 and

TABLE 2 | Training characteristics during the 6 months study period (n = 29).

Variable P1 (May to July) P2 (August to October)

Duration (weeks) 12.7 ± 1.7 10.7 ± 1.4

Training (min · week−1)

Total training volume 701.5 ± 169.8 753.2 ± 137.6*

Endurance training

LIT 548.7 ± 148.2 569.1 ± 116.9

MIT 29.4 ± 11.4 30.4 ± 14.7

HIT 31.8 ± 15.7 36.0 ± 17.2

Total 609.8 ± 154.1 635.5 ± 126.3

Training mode

Ski specific 303.1 ± 120.1 353.8 ± 105.4**

LITski 270.2 ± 108.0 313.6 ± 91.0**

MITski 15.7 ± 8.4 19.4 ± 12.4

HITski 14.0 ± 11.7 17.5 ± 10.6

Running 244.5 ± 77.6 245.4 ± 71.8

Cycling 60.5 ± 95.5 35.3 ± 46.2

Strength training 61.7 ± 30.5 77.8 ± 31.4**

Speed/jump training 8.2 ± 8.4 9.6 ± 10.4

Other 21.7 ± 41.8 30.5 ± 33.9

Values are mean and SD with coefficient of variance in percentage. min ·week−1,
minutes per week. P1, first training period from May to July. P2, second training
period from August to October. LIT, low-intensity training. MIT, moderate-intensity
training, HIT, high-intensity training. *p < 0.05 significantly different from P1 value.
**p < 0.01 significantly different from P1 value.

84.4 ± 7.1% of total training volume in P1 and P2, respectively.
The relative intensity distribution in the endurance training
was 90.0 ± 4.3, 4.8 ± 2.2, and 5.2 ± 3.0% in LIT, MIT, and
HIT, respectively, in P1. In P2, LIT, MIT, and HIT represented
89.6 ± 3.2, 4.8 ± 2.2, and 5.7 ± 2.4%, respectively. The relative
intensity distribution did not change significantly throughout
the 6-months training period. Ski-specific training accounted for
49.7 ± 13.6 and 55.7 ± 10.5% of total endurance training in P1
and P2, respectively. Total ski-specific training and ski-specific
LIT increased significantly from P1 to P2 (p < 0.01), while ski-
specific MIT and HIT remained unchanged. In total, 65.2 ± 18.0
and 62.4 ± 17.7% of ski-specific training was performed as
classic skiing, while the remaining 34.8 ± 17.3 and 37.6 ± 17.7%
was performed as freestyle-skiing in P1 and P2, respectively.
Most of the remaining volume of total endurance training were
performed either as running (40.1 ± 9.8% in P1, 38.6 ± 9.0% in
P2) or as cycling (9.9± 14.7% in P1, 5.6± 7.0% in P2).

Strength training was performed regularly with 1–3 sessions
per week throughout the study period. In P1, strength training
accounted for 8.8± 4.0% of the total training volume while in P2,
10.3 ± 3.8% of total training volume was strength training. The
amount of strength training increased significantly from P1 to
P2 (p < 0.01). Speed/jump and other training stayed unchanged
throughout the whole training period while accounting for
1.2 ± 1.3 and 3.1 ± 4.8% in P1 and 1.3 ± 1.4 and 4.0 ± 4.1%
in P2, respectively.

Physiological Adaptations
Results in physiological and performance variables at the three
testing sessions (PRE, POST1, and POST2) are presented in
Table 3. No significant changes were observed in physiological
and performance variables in the whole group from PRE to
POST1, from POST1 to POST2, except for RERRUN (p < 0.05),
or PRE to POST2.

Correlations between physiological and performance
variables at baseline and between delta values in physiological,
performance and training variables is presented in Tables 4–6.
Strong correlations were observed between TTDP and DP-
VO2peak (r = −0.79, p < 0.01), MAS (r = −0.79, p < 0.01), LTv
(r = −0.82, p < 0.01), RUN-VO2max (r = −0.68, p < 0.01), and
1RM pull-down (r = −0.64, p < 0.01) at baseline for the whole
group. Corrected for gender, strong significant correlations
were still apparent between TTDP and DP-VO2peak (r = −0.63,
p < 0.01), MAS (r = −0.58, p < 0.01), and LTv (r = −0.64,
p < 0.01) at baseline. Corrected for age-groups, the similar
strong correlations as seen for the whole group were almost
at same level between TTDP and RUN-VO2max (r = −0.68,
p < 0.01), LTv (r = −0.77, p < 0.01), DP-VO2peak (r = −0.76,
p < 0.01), MAS (r = −0.75, p < 0.01), and 1RM pull-down
(r = −0.52, p < 0.01). A strong correlation was also apparent
between MAS and LTv, both independent (r = 0.93, p < 0.01)
and dependent (r = 0.85, p < 0.01 and r = 0.89, p < 0.01) of
gender and age, respectively.

No delta correlations were observed between 1TTDP and any
delta values of the physiological or training variables (Tables 5, 6).
1MAS revealed strong significant correlations to 1LTv (r = 0.57,
p < 0.01) and 1CDP (r = −0.85, p < 0.01). 1ski specific

Frontiers in Physiology | www.frontiersin.org 7 October 2020 | Volume 11 | Article 581339

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-581339 October 20, 2020 Time: 19:34 # 8

Johansen et al. Training Adaptations in Cross-Country Skiers

TABLE 3 | Physiological and performance characteristics during the study period (n = 29).

Variable PRE POST1 POST2a

BW (kg) 69.4 ± 9.3 (13.4) 69.0 ± 8.6 (12.5) 69.6 ± 8.3 (11.9)

TTDP

seconds 875.1 ± 92.8 (10.6) 866.9 ± 91.4 (10.5) 845.9 ± 88.2 (10.4)

RUN-VO2max

mL · kg−1
·min−1 62.9 ± 8.0 (12.7) 64.7 ± 7.7 (11.9) 64.1 ± 8.8 (13.7)

L ·min−1 4.38 ± 0.87 (19.9) 4.48 ± 0.85 (19.0) 4.47 ± 0.86 (19.2)

mL · kg−0.67
·min−1 254.6 ± 36.1 (14.2) 261.4 ± 35.4 (13.5) 259.7 ± 38.8 (14.9)

HR 196.6 ± 10.6 (5.3) 195.5 ± 10.6 (5.4) 193.6 ± 10.9 (5.6)

RER 1.12 ± 0.03 (2.7) 1.11 ± 0.05 (4.5) 1.14 ± 0.04* (3.5)

[La−b] 10.1 ± 2.3 (22.8) 11.3 ± 2.6 (23.0) 10.0 ± 2.1 (21.0)

RPE 17.2 ± 1.7 (9.9) 17.9 ± 1.2 (6.7) 17.6 ± 1.4 (7.9)

DP-VO2peak

mL · kg−1
·min−1 54.3 ± 7.3 (13.4) 54.6 ± 7.2 (13.2) 55.5 ± 7.3 (13.2)

L ·min−1 3.79 ± 0.79 (20.8) 3.80 ± 0.73 (19.2) 3.89 ± 0.74 (19.0)

mL · kg−0.67
·min−1 220.0 ± 33.0 (15.0) 221.0 ± 31.7 (14.3) 225.2 ± 32.3 (14.3)

%RUN-VO2max 86.5 ± 7.3 (8.4) 84.4 ± 5.8 (6.9) 86.9 ± 5.7 (6.6)

HR 190.8 ± 9.8 (5.1) 190.9 ± 9.9 (5.2) 190.8 ± 9.9 (5.2)

RER 1.10 ± 0.06 (5.4) 1.11 ± 0.05 (4.5) 1.13 ± 0.05 (4.4)

[La−b] 9.2 ± 2.0 (21.8) 9.0 ± 1.9 (21.1) 9.0 ± 1.7 (18.9)

RPE 17.5 ± 1.2 (6.9) 17.6 ± 1.1 (6.3) 17.5 ± 1.4 (8.0)

TTE (s) 494.3 ± 125.4 (25.4) 524.0 ± 127.9 (24.4) 542.9 ± 124.0 (22.8)

CDP at LT

mL · kg−1
·m−1 0.198 ± 0.021 (10.6) 0.193 ± 0.019 (9.8) 0.193 ± 0.020 (10.4)

mL · kg−0.67
·m−1 0.800 ± 0.078 (9.8) 0.779 ± 0.070 (9.0) 0.780 ± 0.066 (8.5)

MAS

m ·min−1 278.1 ± 52.6 (18.9) 285.4 ± 45.1 (15.8) 290.3 ± 44.2 (15.2)

km · h−1 16.7 ± 3.2 (19.2) 17.1 ± 2.7 (15.8) 17.4 ± 2.7 (15.5)

LT

%DP-VO2peak 82.3 ± 6.5 (7.9) 82.4 ± 6.3 (7.6) 81.6 ± 5.6 (6.9)

HR 175.4 ± 11.5 (6.6) 173.2 ± 11.9 (6.9) 172.3 ± 11.9 (6.9)

VO2 44.6 ± 6.6 (14.8) 44.9 ± 6.4 (14.3) 45.3 ± 6.8 (3.9)

[La−b] 4.6 ± 0.6 (13.0) 4.7 ± 0.7 (14.9) 4.5 ± 0.6 (13.3)

Speed (km · h−1) 13.7 ± 2.5 (18.7) 14.1 ± 2.2 (15.6) 14.2 ± 2.1 (14.8)

Strength

1RM half squat (kg) 120.8 ± 21.9 (18.1) 129.7 ± 24.2 (18.7) 131.1 ± 23.3 (17.8)

1RM pull-down (kg) 87.4 ± 16.5 (18.9) 87.9 ± 15.6 (17.7) 89.8 ± 16.2 (18.0)

Maximal power

Half squat (w) 808.6 ± 207.6 (25.7) 816.6 ± 177.4 (21.7) 831.8 ± 180.7 (21.7)

Pull-down (w) 473.9 ± 152.8 (32.2) 469.7 ± 119.1 (25.4) 490.3 ± 124.0 (25.3)

SJ (cm) 28.0 ± 5.1 (18.2) 26.8 ± 4.7 (17.5) 27.2 ± 4.8 (17.6)

CMJ (cm) 31.5 ± 5.5 (17.5) 31.6 ± 4.2 (13.3) 30.7 ± 5.0 (16.3)

CMJas (cm) 35.9 ± 5.5 (15.3) 35.0 ± 4.9 (14.0) 33.6 ± 5.2 (15.5)

Values are mean and SD with coefficient of variance in percentage in parenthesis. ano effect size for delta physiological variables from PRE to POST2 over 0.5. BW,
body-weight. Kg, kilograms. TTDP, double poling time trial. RUN-VO2max, maximal oxygen uptake in running. mL · kg−1

·min−1, milliliters per kilogram bodyweight per
minute. L ·min−1, liters per minute. mL · kg−0.67

·min−1, milliliters per kilogram raised to the power of −0.67 per minute. HR, heart rate. RER, respiratory exchange ratio.
[La−b], blood lactate concentration. RPE, rate of perceived exertion. %RUN-VO2max, fractional utilization of RUN-VO2max at DP-VO2peak. TTE, time to exhaustion. CDP,
oxygen cost of double poling at lactate threshold. mL · kg−1

·m−1, milliliters per kilogram per meter. mL · kg−0.67
·m−1, milliliters per kilogram raised to the power of

−0.67 per meter. MAS, maximal aerobic speed. LT, lactate threshold. VO2, oxygen uptake. Km, kilometers. H, hours. 1RM, one repetition maximum. W, watt. SJ, squat
jump. CMJ, counter movement jump. CMJas, counter movement jump with armswing. Cm, centimeters. *p < 0.05 significantly different from POST1 value.

training and 1LITski showed low significant correlations to 1LTv
(r = 0.48, p < 0.01 and r = 0.45, p < 0.05, respectively), while
1LITski showed a low significant correlation to 1CDP (r =−0.41,
p < 0.05).

Sex Differences
Male skiers trained significantly higher volumes than females
3 months before pre-tests (p < 0.05). Additionally, no statistical
difference was observed in LIT, MIT, HIT, total endurance
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TABLE 4 | Baseline correlations between performance and physiological variables (n = 29).

Variable TTDP VO2max (mL−·1 kg−0.67·min−1) MAS

Age −0.09 (0.23) 0.15 (0.25) 0.07 (− 0.28)

BW −0.41* (− 0.01) 0.43* (− 0.02) 0.40* (− 0.03)

TTDP

seconds − −0.73** (− 0.39) −0.79** (− 0.58**)

RUN-VO2max

mL · kg−1
·min−1

−0.68** (− 0.33) 0.96** (0.92**) 0.69** (0.34)

L ·min−1
−0.71** (− 0.35) 0.92** (0.77**) 0.72** (0.27)

mL · kg−0.67
·min−1

−0.73** (− 0.39) − 0.75** (0.37)

HR −0.07 (− 0.07) −0.02 (− 0.003) −0.03 (− 0.01)

RER −0.14 (− 0.001) −0.01 (− 0.34) 0.08 (− 0.15)

[La−b] 0.26 (0.24) 0.08 (0.27) −0.22 (− 0.23)

RPE −0.36 (− 0.45*) 0.06 (0.03) 0.16 (0.21)

DP-VO2peak

mL · kg−1
·min−1

−0.79** (− 0.63**) 0.75** (0.44*) 0.81** (0.65**)

L ·min−1
−0.78** (− 0.57**) 0.77** (0.34) 0.79** (0.48*)

mL · kg−0.67
·min−1

−0.83** (− 0.69**) 0.80** (0.46*) 0.85** (0.68**)

%RUN-VO2max −0.24 (− 0.32) −0.20 (− 0.46*) 0.24 (0.32)

HR −0.06 (0.08) −0.001 (− 0.12) 0.09 (0.03)

RER 0.18 (0.49*) 0.11 (− 0.09) −0.03 (− 0.29)

[La−b] 0.08 (0.21) 0.09 (− 0.10) 0.11 (− 0.04)

RPE −0.01 (− 0.16) −0.03 (0.14) −0.04 (0.13)

TTE (s) −0.84** (− 0.72**) 0.78** (0.43*) 0.93** (0.85**)

CDP at LT

mL · kg−1
·m−1 0.41* (0.17) −0.40* (− 0.07) −0.69** (− 0.63**)

mL · kg−0.67
·m−1 0.27 (0.17) −0.23 (− 0.08) −0.56** (− 0.62**)

MAS

m ·min−1
−0.79** (− 0.58**) 0.75** (0.37) −

km · h−1
−0.79** (− 0.58**) 0.75** (0.37) −

LT

%DP-VO2peak −0.05 (− 0.13) −0.03 (0.17) −0.24 (− 0.19)

HR 0.08 (0.01) −0.25 (− 0.19) −0.22 (− 0.11)

VO2 −0.72** (− 0.56**) 0.66** (0.46*) 0.59** (0.37)

[La−b] 0.25 (0.51**) −0.06 (− 0.26) −0.23 (− 0.51**)

Speed (km · h−1) −0.82** (− 0.64**) 0.77** (0.48*) 0.91** (0.84**)

Strength

1RM half squat −0.49** (− 0.15) 0.59** (0.33) 0.55** (0.29)

1RM pull-down −0.64** (− 0.27) 0.61** (0.07) 0.60** (0.13)

Power half squat −0.48** (− 0.12) 0.54** (0.10) 0.49** (0.05)

Power pull-down −0.53** (− 0.27) 0.50** (− 0.14) 0.54** (0.07)

Values are correlation coefficients r and partial correlation coefficients corrected for sex in parenthesis. BW, body-weight. Kg, kilograms. TTDP, double poling time trial.
RUN-VO2max, maximal oxygen uptake in running. mL · kg ·min−1, milliliters per kilogram bodyweight per minute. L ·min−1, liters per minute. mL · kg−0.67

·min−1, milliliters
per kilogram raised to the power of −0.67 per minute. HR, heart rate. RER, respiratory exchange ratio. [La−b], blood lactate concentration. RPE, rate of perceived exertion.
%RUN-VO2max, fractional utilization of RUN-VO2max at DP-VO2peak. TTE, time to exhaustion. CDP, oxygen cost of double poling at lactate threshold. mL · kg−1

·m−1,
milliliters per kilogram per meter. mL · kg−0.67

·m−1, milliliters per kilogram raised to the power of −0.67 per meter. MAS, maximal aerobic speed. LT, lactate threshold.
VO2, oxygen uptake. Km, kilometers. H, hours. 1RM, one repetition maximum. *p < 0.05 significant correlation. **p < 0.01 significant correlation.

training, ski-specific training, running, strength training or other
training between males and females in either P1 or P2. Males
trained significantly more cycling in P2 (p < 0.05), and females
trained significantly higher volumes of speed/jump training,
both in P1 (p < 0.01) and P2 (p < 0.05). No statistical
difference was observed in training progression throughout
the 6-months period between males and females, except for
other training (p < 0.05). Differences in training characteristics

between males and females are shown in Figures 1A,B and
Supplementary Table 4.

Significant sex differences in physiological and performance
variables were observed at PRE-tests. Results from physiological
and performance tests are presented in Supplementary Table 1.
Males had on average 14.7% (p < 0.01, effect size = 2.28)
better TTDP performance, 19.3% (p < 0.01, effect size = 1.91)
higher RUN-VO2max (mL · kg−1

·min−1), 19.3% (p < 0.01,
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TABLE 5 | Delta correlations between physiological and performance variables
and training (n = 29).

Variables RUN-VO2max DP-VO2peak CDP MAS LTv TTDP

Total
training

0.11 −0.01 −0.25 0.19 0.35 −0.13

Ski specific
training

0.08 −0.03 −0.34 0.28 0.48** −0.06

LITski 0.07 −0.11 −0.41* 0.29 0.45* −0.05

Strength
training

0.15 −0.08 −0.30 0.16 0.36 −0.32

Values are correlation coefficient r for delta physiological values from POST1 to
POST2, and delta training values that showed significant differences from 1st
training period to 2nd training period. RUN-VO2max, maximal oxygen uptake in
running in milliliters per kilogram body weight raised to the power of −0.67 per
minute. DP-VO2peak, peak oxygen uptake in double poling in milliliters per kilogram
body weight raised to the power of −0.67 per minute. CDP, oxygen cost of double
poling in milliliters per kilogram bodyweight per meter. MAS, maximal aerobic
speed. LTv, velocity at lactate threshold. TTDP, double poling time trial. LITski,
ski-specific low intensity training. *p < 0.05 significant correlation. **p < 0.01
significant correlation.

effect size = 1.72) higher DP-VO2peak (mL · kg−1
·min−1), 9.1%

(p < 0.01, effect size = 0.97) better CDP (mL · kg−1
·m), 30.2%

(p < 0.01, effect size = 2.04) higher LTv and a 32.3% (p < 0.01,
effect size = 2.16) higher MAS than females at baseline. In
addition, males were 21.3% (p < 0.01, effect size = 1.22) and
30.5% (p < 0.01, effect size = 1.86) stronger than females in half
squat and pull-down, respectively, and displayed 34.7% (p< 0.01,
effect size = 1.37) and 45.9% (p < 0.01, effect size = 1.37)
higher power values in half squat and pull-down, respectively. No
significant gender differences were apparent in HR, RER, [La−]b
or RPE in running or double-poling, %RUN-VO2max or LT%, at
baseline (all effect sizes <0.7).

No sex differences were observed in physiological or
performance adaptations from PRE to POST2, except for [La−]b
in RUN-VO2max (p < 0.05, effect size = 0.93). From PRE to
POST1, only RERRUN (p< 0.05, effect size = 0.88), CDP (p< 0.05,
effect size = 0.77), and LT% (p < 0.05, effect size = 0.91)
changed significantly different between males and females.
However, no gender differences were observed in physiological
or performance adaptations from POST1 to POST2. Training
adaptations for males and females in key physiological variables
are presented in Figure 2.

Age-Group Differences
No age differences were observed in total training volume
3-months before PRE. Total MIT volume was significantly
higher in the ≥19 years group (p < 0.05) in both P1 and
P2, while other training volume was significantly lower in the
same group compared to the 16–18 years group. Speed/jump
and strength training was significantly lower in the ≥19 years
group in P2 (p < 0.05 and p < 0.01, respectively), while no
difference was apparent in P1. No training differences between
age groups were displayed in total training volume, LIT, HIT, ski-
specific training, running, or cycling during the whole training
period. No age group differences were observed in delta training
values throughout the whole period. Training characteristics

TABLE 6 | Delta correlations between performance and physiological
variables (n = 29).

Variable 1TTDP 1RUN-VO2max 1MAS

1 PRE–POST2 1 PRE–POST2 1 PRE–POST2

1BW 0.34 −0.24 −0.31

1TTDP

seconds − −0.05 −0.09

1RUN-VO2max

mL · kg−1
·min−1

−0.11 0.99** −0.21

L ·min−1 0.08 0.93** −0.20

mL · kg−0.67
·min−1

−0.05 − −0.21

HR −0.11 0.19 −0.39*

1DP-VO2peak

mL · kg−1
·min−1

−0.19 0.02 −0.08

L ·min−1 0.03 −0.11 −0.11

mL · kg−0.67
·min−1

−0.12 −0.03 −0.10

%RUN-VO2max −0.08 −0.72** 0.16

HF 0.10 −0.25 −0.15

TTE (s) −0.25 0.30 −0.02

1CDP at LT

mL · kg−1
·m−1

−0.02 0.19 −0.85**

mL · kg−0.67
·m−1 0.01 0.16 −0.79**

1MAS

m ·min−1
−0.09 −0.21 −

km · h−1
−0.09 −0.21 −

1LT

%DP-VO2peak −0.09 0.24 −0.53**

HF 0.12 −0.09 −0.46*

VO2 −0.16 0.23 −0.49**

[La−b] 0.004 −0.10 −0.17

Speed (km · h−1) −0.16 0.05 0.57**

1Strength

Half squat −0.20 −0.23 −0.01

Pull-down −0.28 0.10 −0.20

1Power

Half squat 0.30 −0.15 −0.17

Pull-down 0.05 0.13 −0.28

SJ −0.24 0.42* 0.22

CMJ −0.12 0.13 −0.12

CMJas −0.11 −0.12 0.20

Values are correlation coefficients r. 1BW, change in body-weight. Kg, kilograms.
1TTDP, change in double poling time trial. 1RUN-VO2max, change in maximal
oxygen uptake in running. mL · kg−1

·min−1, milliliters per kilogram bodyweight
per minute. L ·min−1, liters per minute. mL · kg−0.67

·min−1, milliliters per kilogram
raised to the power of−0.67 per minute. HR, heart rate. RER, respiratory exchange
ratio. [La−b], blood lactate concentration. RPE, rate of perceived exertion. 1DP-
VO2peak, change in peak oxygen uptake in double poling. %RUN-VO2max, fractional
utilization of RUN-VO2max at DP-VO2peak. TTE, time to exhaustion. 1CDP, change
in oxygen cost of double poling at lactate threshold. 1MAS, change in maximal
aerobic speed. 1LT, change in lactate threshold. VO2, oxygen uptake. Km,
kilometers. H, hours. 1RM, one repetition maximum. SJ, squat jump. CMJ, counter-
movement jump. CMJas, counter-movement jump with armswing. *p < 0.05
significant delta correlation. **p < 0.01 significant delta correlation.

for the two age groups are presented in Figures 3A,B and
Supplementary Table 5.

Results from physiological and performance tests among
age-groups are presented in Supplementary Table 2. At PRE
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FIGURE 1 | (A) Sex differences between males and females in training
characteristics in minutes per week. M, males. F, females. P1, first training
period from May to July. P2, second training period from August to October.
LIT, low-intensity endurance training. MIT, moderate-intensity endurance
training. HIT, high-intensity training. min-1 week, minutes per week. *p < 0.05
significant difference from P1 in strength and other training. **p < 0.01
significant difference from P1 in strength training. #p < 0.05 significantly
different in delta values in other training from male value. § p < 0.05
significantly different from male value in speed/jump training volume. §§

p < 0.01 significantly different from male value in speed/jump training volume.
(B) Sex differences between males and females in endurance training mode in
minutes per week. **p < 0.01 significantly different from P1 value in
ski-specific training. § p < 0.05 significantly different from male value in
cycling.

the ≥19 years group had a 9.6% (p < 0.01) better TTDP
performance, 12.0% (p < 0.05) higher DP-VO2peak (mL · kg−1

·

min−1), 7.3% (p < 0.05) better CDP, 23.4% (p < 0.01)
higher LTv and 21.6% (p < 0.01) higher MAS than the
younger skiers. In addition, the oldest skiers were significantly
stronger in half squat (15.9%, p < 0.05) and pull-down
(26.5%, p < 0.01), and had higher maximal power values
both in half squat (35.1%, p < 0.01) and pull-down (41.5%,
p < 0.01). No differences were observed between age groups
in RUN-VO2max (mL· kg−1

· min−1), RER, [La−]b, %RUN-
VO2max or LT%.

No differences in delta values was observed between age
groups from PRE to POST2, except for BW (p < 0.05, effect
size = 0.94), [La−]b in running (p < 0.05, effect size = 0.92), LTv
(p < 0.05, effect size = 0.87) and power in half squat (p < 0.05,
effect size = 0.88). Additionally, differences in delta values
were observed in RUN-VO2max (mL · kg−1

·min−1, p < 0.05,
effect size = 0.87) and power in half squat (p < 0.01, effect
size = 1.22) from PRE to POST1. No differences were observed
in physiological and performance adaptations from POST1 to
POST2. Training adaptations in key variables for the two age-
groups are presented in Figure 2.

Impact of the Selected Genes
All polymorphisms were successfully genotyped, and were at
Hardy-Weinberg equilibrium (p > 0.05). Genotype frequencies
are displayed in Table 7. Minor allele frequencies (MAF) for the
genotyped polymorphisms were as follows: 53% for ACTN3, 41%
for ACE and IL6, 40% for ACSL1, 38% for PPARGC1A, 19% for
PPARA and 9% for PPARG polymorphism.

Key physiological and performance results among genotypes
in ACTN3 and ACE at baseline is presented in Table 8. All
genotype and allele data is presented in Supplementary Table 6.
There were no differences in physiological and performance
results between the three ACTN3 genotypes when analyzing
the 29 included skiers. The same picture was shown when
analyzing all successfully genotyped participants (n = 40), except
for a significantly higher DP-VO2peak in the RX genotype
compared to the RR genotype (Supplementary Table 8). When
testing X allele carriers compared to the RR genotype, DP-
VO2peak (mL·kg−1

·min−1), both independent of- and corrected
for gender, was, respectively, 12.4 and 8.8% higher (p < 0.05,
effect sizes >0.80).

For the ACE I/D genotypes, individuals with the DD
genotype displayed an 18.4% better CDP (mL · kg−0.67

·m−1)
compared to those with the II genotype (p < 0.01, effect
size = 1.42). However, corrected for gender this difference
was no longer significant. Individuals with DD genotype also
displayed significantly higher values in 1RM pull-down from
the II counterparts, both dependent (34%, p = 0.05, effect
size = 1.67) and independent (23.4%, p < 0.05, effect size = 2.66)
of gender (Table 8). Although the same picture was apparent,
all significant associations disappeared when analyzing all 40
successfully genotyped participants (Supplementary Table 8).
When comparing II genotypes to D carriers we detected a 9.2%
higher RUN-VO2max (mL · kg−1

·min−1), when corrected for
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FIGURE 2 | Sex and age differences in key physiological and performance variables. RUN-VO2max, maximal oxygen uptake in running. mL · kg-0.67
·min-1, milliliters

per kilogram raised to the power of –0.67 per minute. CDP, oxygen cost of double poling at lactate threshold. mL · kg-0.67
·m-1, milliliters per kilogram raised to the

power of –0.67 per meter. MAS, maximal aerobic speed. m ·min-1, meter per minute. TTDP, time trial performance in double poling. *p < 0.05 significant different
from male delta value.
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FIGURE 3 | (A) Age differences in training characteristics in minutes per
week. P1, first training period from May to July. P2, second training period
from August to October. LIT, low-intensity endurance training. MIT,
moderate-intensity endurance training. HIT, high-intensity training. min-1 week,
minutes per week. *p < 0.05 significantly different from P1 in strength training.
**p < 0.01 significantly different from P1 in total training volume and strength
training. #p < 0.05 significantly different from ≥19 years value in speed/jump
training. ##p < 0.01 significantly different from 16 to 18 years value in strength
and other training. (B) Age differences in endurance training mode in minutes
per week. **p < 0.01 significantly different from P1 in ski-specific training.

gender (p< 0.05, effect size = 1.14). Overall, D allele carriers were
27.2% stronger than individuals with the II genotype (p < 0.05),
and the association remained significant when corrected for
gender (17.4%, p < 0.01, effect size = 1.27).

TABLE 7 | Genotype distributions for selected genes (n = 29).

ACTN3 ACE ACSL1 IL6

RR 7 (24.1) DD 9 (31.0) GG 11 (37.9) CC 7 (24.1)

RX 13 (44.8) ID 16 (55.2) GA 13 (44.8) AC 20 (69.0)

XX 9 (31.0) II 4 (13.8) AA 5 (17.2) AA 2 (6.9)

PPARGC1A PPARG PPARA

CC 8 (27.6) GG 24 (82.8) GG 20 (69.0)

CT 20 (69.0) CG 5 (17.2) CG 7 (24.1)

TT 1 (3.4) CC 0 (0.0) CC 2 (6.9)

Values are presented as n with percentage genotype distribution in
parenthesis. Genotypes are ACTN3 R577X, ACE I/D, ACSL1 rs6552828,
IL6 rs1474347, PPARGC1A rs819267, PPARG rs1801282, and PPARA
rs4253778 polymorphisms.

There were no significant associations between genotypes
of the ACSL1 rs6552828 polymorphism and physiological
variables. However, when corrected for gender, an 8.4%
difference was observed in RUN-VO2max (mL · kg−1

·min−1

and mL · kg−0.67
·min−0.67; p < 0.05) between A allele

carriers compared to the GG genotype. As to the PPARGC1A
rs8192678, the highest RUN-VO2max (mL · kg−1

·min−1, L ·
min−1 and mL · kg−0.67

·min−1) was exhibited by the only
individual with TT. Significant differences were observed in
RUN-VO2max (p < 0.05), DP-VO2peak (p < 0.05) and 1RM
pull-down (p < 0.05) between genotypes and allele carriers
in PPARA rs4253778, IL6 rs1474347 and PPARG rs1801282
independent of gender. However, when corrected for gender,
these differences disappeared.

DISCUSSION

Main Findings
This is the first study to investigate effects of age, sex,
selected genes and training on physiological and performance
characteristics and adaptations in well-trained cross-country
skiers. Throughout the 6 months period, the skiers displayed
no differences in relative distribution of training intensity,
although the total training volume and relative amount of
ski-specific training increased. This led to no significant
differences in physiological and performance variables. Neither
was there observed any differences between groups in training
adaptations throughout the 6 months training period. At
baseline, the male skiers trained more than the female skiers
did, but with approximately the same distribution regarding
training modalities and intensity zones. We did not detect
any major differences in physiological or performance variables
based on genotypes.

Training Characteristics
The participants in the present study were all well-trained
and competitive skiers, although not international elite athletes.
All skiers competed at national events, and some skiers
competed at Scandinavian or international long-distance events
(i.e., Vasaloppet and Marcialonga). Thus, all athletes planned
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TABLE 8 | Physiological baseline results divided by ACTN3 and ACE genotypes.

ACTN3

Genotype (N) RR (7) RX (13) XX (9)

Independent of gender

RUN-VO2max 237.9 ± 43.9 259.2 ± 36.2 261.1 ± 28.7

DP-VO2peak 201.5 ± 32.2 226.1 ± 36.9 225.6 ± 24.6

CDP 0.796 ± 0.047 0.779 ± 0.082 0.829 ± 0.066

1RM half squat 113.6 ± 19.5 120.2 ± 21.6 127.2 ± 24.5

1RM pull-down 89.3 ± 19.7 84.2 ± 16.7 90.6 ± 14.7

Corrected for gender

RUN-VO2max 267.1 ± 22.9 285.7 ± 25.2 273.6 ± 22.4

DP-VO2peak 227.4 ± 21.5 249.3 ± 28.7 236.0 ± 10.9

CDP 0.773 ± 0.042 0.760 ± 0.074 0.820 ± 0.064

1RM half squat 126.1 ± 14.7 131.7 ± 20.2 132.8 ± 24.7

1RM pull-down 102.6 ± 13.2 94.8 ± 16.5 95.1 ± 7.8

ACE

Genotype (N) DD (9) ID (16) II (4)

Independent of gender

RUN-VO2max 254.8 ± 48.4 256.3 ± 29.5 247.6 ± 38.6

DP-VO2peak 220.9 ± 44.0 222.6 ± 28.9 207.3 ± 24.3

CDP 0.755 ± 0.070 0.812 ± 0.067 0.844 ± 0.051

1RM half squat 121.4 ± 27.8 122.7 ± 16.1 112.5 ± 30.7

1RM pull-down 92.2 ± 16.4* 89.4 ± 15.2 68.8 ± 11.1

Corrected for gender

RUN-VO2max 278.1 ± 29.0 273.9 ± 23.7 290.1 ± 13.1

DP-VO2peak 240.8 ± 24.1 238.4 ± 27.0 244.2 ± 11.0

CDP 0.738 ± 0.066 0.799 ± 0.065 0.811 ± 0.035

1RM half squat 131.3 ± 23.2 130.8 ± 17.9 128.5 ± 25.9

1RM pull-down 102.7 ± 9.8* 96.8 ± 14.8 83.2 ± 3.3

Values are mean± SD. RUN-VO2max, maximal oxygen uptake in running expressed
in milliliters per kilogram bodyweight raised to the power of −0.67 per minute. DP-
VO2peak, peak oxygen uptake in double poling expressed in milliliters per kilogram
bodyweight raised to the power of −0.67 per minute. CDP, oxygen cost of double
poling expressed in milliliters per kilogram bodyweight raised to the power of
−0.67 per meter. 1RM, one repetition maximum expressed in kilograms. *p < 0.05
significantly different from ACE II genotype.

and performed their training with a goal of developing
better performance capacity. Compared to training data from
elite cross-country skiers (Losnegaard et al., 2013; Tønnessen
et al., 2014; Sandbakk et al., 2016; Solli et al., 2017, 2018),
most of the participants displayed lower training volumes.
This may partly be explained by the fact that the skiers
in the present study had to perform their daily training
beside other work duties, studies or family obligations. The
national level skiers in the study of Sandbakk et al. (2016)
are thus more comparable to these participants. Secondly,
approximately 50% of the skiers in the present study were
still 16 to 18 years, and their total training volume was not
statistically different from the older (≥19 years) skiers. This
may be because the younger skiers were attending different
skiing high schools, were training was an incorporated part
of the school schedule. In previous studies, total training
volume of younger skiers were lower than in older skiers

(Sandbakk et al., 2010, 2013, 2016; Losnegaard et al., 2013;
Solli et al., 2017).

The relative distribution of training intensity in the present
study was in line with general recommendations for cross-
country ski training (Sandbakk and Holmberg, 2017). Cross-
country skiers are generally recommended to train with high
amounts of LIT and low to moderate amounts of MIT and
HIT during the preparation period (May to October). In the
study of Sandbakk et al. (2016) national-class cross-country skiers
performed on average 90% of their total endurance training at
<81% of HRmax, 4% at 82–87% HRmax and 6% at 88% of HRmax
or higher from May to October. The skiers in the present study
displayed, respectively 90, 5, and 5% at the same intensity zones
from May to July, showing almost exactly the same intensity
distribution from August to October (88, 5, and 6%, respectively).
However, different training quantification methods were used
in the present study compared to Losnegaard et al. (2013)
and Sandbakk et al. (2016). In the present study, training was
registered as “time in zone,” meaning the exact time in each
intensity zone regardless of how the training may have been
planned. In Losnegaard et al. (2013) and Sandbakk et al. (2016),
the session-goal approach was used, meaning that average HR
during either continuous workouts or interval bouts is used to
determine the intensity distribution during sessions. This makes
the training data difficult to compare with the results in the
present study, at least in the higher intensity zones. Sylta et al.
(2014) has suggested a conversion factor of 1:3 for comparison
of “time-in-zone” training data to session-goal training data
for HIT training. By use of this factor on training data from
Losnegaard et al. (2013) and Sandbakk et al. (2016), the HIT
training should be only a third of what was reported. The study
of Tønnessen et al. (2014) shows more comparable “time in zone”
data for MIT and HIT in Olympic-medal winning skiers as the
skiers in the present study. However, their study showed higher
volumes of both HIT and total training volume compared to
the present study.

In the present study, the skiers displayed almost no
progression in training volume or relative distribution of training
intensity during the 6 months period. These findings are in
contrast to the study of Sandbakk et al. (2016), where the
national level skiers showed a linear increase in training volume
from May to September, generally due to higher volumes of
LIT. However, the elite international skiers in the studies of
Sandbakk et al. (2016) and Losnegaard et al. (2013) showed
progression more similar to the skiers in the present study
from May to October, but with an increase in HIT and a
decrease in LIT during the competitive season, i.e., November
to April. The latter may also be the case for the skiers in the
present study, but training during the competitive season was not
investigated here.

The skiers in the present study performed on average 50%
of their total endurance training on ski-specific training, mainly
roller skiing. The other half was devoted for the most part
to running. These volumes and relative distribution of ski-
specific vs. unspecific training are in close agreement with
previous studies on cross-country skiers, both non-elite and elite
(Losnegaard et al., 2013; Tønnessen et al., 2014; Sandbakk et al.,
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2016; Solli et al., 2017). Ski-specific training may target the ski-
specific aerobic capacity, work economy and technical factors
better than general endurance training (Johansen et al., 2020).
The skiers added approximately 60 min per week of ski-specific
training from P1 to P2, while running was held relatively
constant throughout the whole training period. This may be
a result of a desire to elevate ski-specific capacities (i.e., work
economy or technical factors) closer to the competitive season,
in line with training characteristics from Losnegaard et al. (2013)
and Sandbakk et al. (2016).

The relative distribution of strength and speed/jump training
was comparable to the training volumes observed previously
(Losnegaard et al., 2013; Tønnessen et al., 2014). This is in
line with the increased focus on the upper- and lower body
strength and speed in modern cross-country skiing (Sandbakk
and Holmberg, 2017; Sunde et al., 2019).

Training Adaptations
The 6 months of training from May to October led to no
significant improvements in physiological and performance
variables for the skiers in the present study. Since the
training volume and intensity distribution was almost constant
throughout the study period, this was no surprise. It is still
noteworthy that junior- and sub-elite cross-country skiers that
train a total of approximately 300 h from May to October
show no improvements in physiological factors and only
minor improvements in performance. On the other hand, the
training performed was sufficient to maintain physiological and
performance variables throughout the study period.

Strong correlations (p < 0.01) were found at baseline between
TT performance and MAS (r = −0.79), DP-VO2peak (r = −0.83)
and 1RM pulldown (r = −0.72). When corrected for gender all
these correlations were still significant. This is in line with other
studies examining performance determining factors in endurance
sports, i.e., running, cycling and cross-country skiing (Pate and
Kriska, 1984; Ingjer, 1991; di Prampero, 2003; Støren et al., 2013;
Sunde et al., 2019; Johansen et al., 2020). Several studies have
also observed better performance after improved MAS (Støren
et al., 2008, 2012; Sunde et al., 2010; Johansen et al., 2020) or
improved maximal strength (Hoff et al., 2002; Støren et al., 2008;
Sunde et al., 2010). However, no significant relationships between
changes in TTDP performance and changes in physiological
variables were found in the present study.

The 3.3% non-significant improvement in TT performance
in the present study is approximately half of that reported in
Losnegaard et al. (2013). That study observed a 6% improvement
from June to October in a 1000-meter TT in V2 skating in elite
cross-country skiers, despite no improvements in VOpeak in V2
skating. However, C in V2 skating was significantly improved
suggesting that the improvement in performance was due to an
improvement in MAS in that study. Losnegaard et al. (2013)
also explained the better performance by increased anaerobic
capacity, measured as 6O2-deficit. Anaerobic capacity was not
measured directly in the present study. However, compared to
the 1000 m TT used in Losnegaard et al. (2013) the anaerobic
capacity should be of lesser importance in the 5.6 km TT used in
the present study.

Overall aerobic capacity (RUN-VO2max) and specific (DP-
VO2peak) aerobic capacity was not improved significantly from
May to October in the present study. These findings are in line
with studies investigating training patterns and development in
VO2max in well-trained or elite cross-country skiers maintaining
similar training routines (volume and intensity distribution) over
longer periods (Rusko, 1987; Ingjer, 1992; Jones, 1998; Gaskill
et al., 1999; Losnegaard et al., 2013; Solli et al., 2017). Further
improvements of extremely high VO2max in elite endurance
athletes have shown to be challenging. Compared to their elite
counterparts, the skiers in the present study had approximately
20% lower aerobic capacities (Tønnessen et al., 2015; Sandbakk
and Holmberg, 2017). This suggests that the potential for further
improvements should be higher for the skiers in the present
study, at least for the younger skiers. There is much evidence
supporting that HIT may effectively improve VO2max, both in
recreational and elite endurance athletes (Nilsson et al., 2004;
Støren et al., 2012; Sandbakk et al., 2013; Rønnestad et al.,
2014, 2016; Johansen et al., 2020). However, these interventional
studies include longer or shorter periods of higher amounts
of HIT, and lower total training volume. Stöggl and Sperlich
(2014) reported superior adaptations in well-trained endurance
athletes after 9 weeks of polarized training (56% LIT, 3% MIT,
and 26% HIT) and HIT (43% LIT, 0% MIT, and 57% HIT)
in VO2max, compared to training models with no training at
HIT intensities and higher training volumes. This is well in line
with the studies of Støren et al. (2012) and Gaskill et al. (1999),
where endurance athletes experienced great improvements with
a training program with higher amounts of HIT, with the same,
or reduced total training volumes. Thus, we may speculate that
more HIT training during pre-season may be crucial for further
development of aerobic capacity in junior- and sub-elite cross-
country skiers.

No statistically significant improvements in CDP were
observed. However, like most of the other physiological variables,
a slightly better average CDP was seen, although not significant.
Losnegaard et al. (2013) reported improved C from June to
October in elite cross-country skiers and this could be due to the
increased ski-specific training. A significant correlation was also
observed between change in total ski-specific training and 1CDP
in the present study, suggesting that adaptation is specifically
to the movement patterns used in training (Scrimgeour et al.,
1986; McMillan et al., 2005; Johansen et al., 2020). Previous
studies have reported improved C after MST in both running
(Støren et al., 2008), cycling (Sunde et al., 2010) and cross-
country skiing (Hoff et al., 2002; Østerås et al., 2002). However,
this relationship was not observed for the whole group in the
present study, since MST and thus CDP did not change during
the 6 month period.

Several previous studies have reported no training adaptations
in LT in % of VO2max after shorter or longer periods of endurance
or strength training (Helgerud et al., 2001, 2007; Støren et al.,
2008, 2012; Sunde et al., 2010; Rønnestad et al., 2014). This is in
line with results in the present study, since the skiers had almost
exactly the same LT% at all test points. The present study also
showed a strong correlation at baseline between MAS and LTv
(r = 0.93, p < 0.01) indicating a close relationship, which have
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previously been reported (Støren et al., 2014; Sunde et al., 2019).
Consequently, to elevate LTv skiers should aim to improve MAS
(VO2max and C).

Sex Differences
Males had higher training volumes than females preceding the
baseline tests in the present study. However, from May to October
no significant sex differences were observed in total training
volume, relative intensity distribution, endurance training, ski-
specific training, strength training or other training. These
training characteristics are in line with the findings in elite cross-
country skiers from Solli et al. (2018), where males tended to
train more in total than females throughout a whole year (∼
90 h), although not significant. In Solli et al. (2018), strength and
speed training was similar for males and females, as observed in
the present study regarding strength training. However, in the
present study the amount of speed and jump training was four
times higher in females than males.

Males displayed significantly higher values than females in
RUN-VO2max (19%), DP-VO2peak (19%), and MAS (32%), had
better CDP (9%) and TTDP (15%) at baseline in the present study.
These sex differences are in line with previous results (Sandbakk
et al., 2014; Andersson et al., 2019; Sunde et al., 2019). Since
MAS is the product of DP-VO2peak and CDP it was no surprise
that the sum of sex differences in these two variables equalled
almost exactly the difference seen in MAS. The gender difference
in TTDP seemed to correspond to the 32% difference in MAS.
This is further supported by the correlation between MAS and
TTDP (r =−0.58, p < 0.01) at baseline corrected for gender.

Interestingly, the sex differences in DP-VO2peak was the same
as in RUN-VO2max in the present study. Sandbakk et al. (2014)
and Hegge et al. (2016), found the sex differences to be larger with
increased contribution of upper-body musculature, i.e., larger
in DP-VO2peak than in RUN-VO2max. Regarding 1RM strength
variables, the gender differences were larger in 1RM pull-down
(30%) compared to 1RM half-squat (21%) in the present study.
These sex differences in 1RM strength are in line with previous
results (Sandbakk et al., 2014; Sunde et al., 2019).

The sex differences at baseline in the present study were
maintained in TTDP, RUN-VO2max, and DP-VO2peak from
May to October due to no significant differences in training
progression between males and females in this period. This may
suggest that males and females do not differ in physiological
and performance adaptations to a similar training pattern,
which is in line with previous studies (Astorino et al., 2011;
Støren et al., 2017; Varley-Campbell et al., 2018). However, sex
difference in CDP declined significantly from PRE to POST1,
due to a significantly improved CDP in females while the males
maintained their pre-values. This may be explained by the lower
training volumes in females 3-months prior to pre-test, resulting
in a greater sex difference in CDP at PRE. From May to July, males
and females trained more similar, at least in terms of ski-specific
training, and this may have reduced the initial gap. Another
explanation for the improved CDP observed in females, may
be the relationship observed earlier between improved maximal
strength and improved C in running, cycling and cross-country
skiing (Hoff et al., 2002; Støren et al., 2008; Sunde et al., 2010). In

the present study, a significant correlation was observed between
11RM pull-down and 1CDP (r = −0.60, p < 0.05) in the
female skiers, which supports this explanation. However, further
improvements in CDP was not observed in females or males from
August to October.

Age-Related Differences
To the best of our knowledge, no studies have investigated
age-related differences in training characteristics and training
adaptations between younger (junior athletes) and older skiers
(senior athletes). In the present study, the age groups did not
differ significantly in total training volume 3-months prior to
pre-test. No differences were apparent in total training volume
or in LIT, HIT, ski-specific training, running, cycling, strength
or speed/jump training during the preparation period from May
to October. The only difference between 16 and 18 years old
compared to ≥19 years old was the amount of MIT, where
the average difference were ∼ 20 min per week. Compared to
other studies examining either junior- or adult skiers, the 16–
18 years old skiers in the present study show similar training
volumes as seen in previous studies on junior athletes, however,
with a slightly lower amount of MIT and HIT (Sandbakk
et al., 2011, 2013). However, the older skiers had lower training
volumes compared to age-matched adult elite cross-country
skiers (Losnegaard et al., 2013; Tønnessen et al., 2014; Sandbakk
et al., 2016; Solli et al., 2017).

From May to October, the young and adult skiers did
not differ significantly in training progression. The oldest
skiers displayed almost no progression in all training variables,
throughout the study period. This is in accordance to earlier
observations of training progression in adult elite cross-country
skiers (Losnegaard et al., 2013; Sandbakk et al., 2016).

At baseline, the adult skiers were 15% heavier than the younger
skiers. A significant age-related difference was also apparent in
TTDP (10.6%), which was followed by a 17.8% difference in MAS.
Corrected for age, MAS showed a strong correlation to TTDP
at baseline (r = −0.77, p < 0.01). The difference in MAS was
almost exactly the same as in LTv, supporting that DP-VO2peak
and CDP are the main predictors for LTv. The age difference in
MAS is a consequence of the 10.7% difference in DP-VO2peak and
the 7.9% difference in CDP. The age difference in RUN-VO2max
and DP-VO2peak may be attributed to incomplete development of
the cardiac system and muscle mass in the younger skiers still in
puberty (Rusko, 1992). Additionally, the lower number of years
of training in the young skiers may be an explanation for the
observed difference. The difference in CDP may also be a result
of less training years and experience in the younger skiers. In
addition, the adult skiers had 21% higher 1RM pull-down than
the younger skiers. Stronger skiers have shown to have higher
peak forces in DP, lower DP frequency and shorter contact time
(Sunde et al., 2019). However, all these age differences should
be handled with great caution as they are most probably due to
the sex differences in the two age groups. When analyzing age
differences in males and females separately in the two groups,
young and adult females differed in the same physiological and
performance variables observed for the whole group, except
for CDP and strength variables. For the males, almost every
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significant age-related difference disappeared, except for 1RM
pull-down and DP-VO2peak in absolute values.

Effect of Selected Genes
We did not detect any major effects for the selected genes
on physical and performance variables at baseline. Based on
the low number of participants and the expected influence by
single genes, this was not unexpected. However, we did find
some minor effects.

In the present study the common ACTN3 R577X, X allele
carriers demonstrated higher DP-VO2peak than participants with
the RR genotype at PRE. This is in accordance to Pimenta
et al. (2013) that observed that soccer players with the XX
genotype had the highest VO2max. According to Yang et al.
(2003) the X allele is overrepresented among endurance athletes,
especially females. The importance of the advantageous allele is
also likely dependent on the performance level (Eynon et al.,
2012). However, others have not been able to confirm this
(Papadimitriou et al., 2018). The X allele frequency in the
present study was slightly higher (44 vs. 53%) among athletes
than the general population from the same geographical area
(Goleva-Fjellet et al., 2020). For the ACE gene, skiers with
the II genotype exhibited higher RUN-VO2max compared with
carriers of the D allele. However, participants with DD genotype
demonstrated∼15% better CDP and had∼28% higher 1RM pull-
down compared to the II genotype. The observed superior CDP
among skiers with the DD genotype could be explained by gender
differences in 1RM (Sunde et al., 2019). The I allele frequency
among the cross-country skiers included in the present study
was 14.6% higher than in a Norwegian cohort from the same
geographic region (Goleva-Fjellet et al., 2020).

For the ACSL1 rs6552828, the A allele carriers had 8.4%
higher RUN-VO2max (mL · kg−1

·min−1 and mL · kg−0.67
·

min−1; p < 0.05) compared to the GG genotype. A relatively
large effect of 6% on the training response of VO2max have
been reported previously with the carriers and the common G
allele exhibiting larger increase than the homozygotes of the less
common A allele (Bouchard et al., 2011). The differences between
the findings in the present study and the study of Bouchard et al.
(2011) might be due to the different study population profiles,
i.e., highly trained athletes vs. sedentary adults, respectively. The
latter group have a larger potential of increasing their VO2max as
a result of standardized exercise-training programs compared to
athletes. The present study did not measure a significant increase
in the VO2max throughout the testing period.

All associations between PPARGC1A rs8192678 and
physiological and performance variables dissapeared when
correcting for gender. The C allele (Gly) have been suggested
to be an elite status endurance allele favorable to athletic ability
(Tharabenjasin et al., 2019; Petr et al., 2020). Homozygotes
of the C allele are generally more responding aerobic training
compared to the T allele (Ser) (Petr et al., 2018). In the
present study, only a single male participant possesed the least
favorable genotype for endurance performance, i.e., TT. Despite
possessing an unfavorable genotype to endurance performance,
he demonstrated the highest RUN-VO2max of all participants.

This points at carefullness when interpreting physiological
performance based on single genes.

No significant associations were found for either of the
following polymorphisms in the present study when corrected
for gender: PPARA rs4253778, IL6 rs1474347, and PPARG
rs1801282. For muscle function and jumping capacity, this is well
in line with previous findings in other sports, at least for the
PPARA rs4253778 polymorphism (Stastny et al., 2019). However,
Stastny et al. (2019) found significant associations to other muscle
parameters, such as reactive muscle index.

Despite previous findings on the effects of the ACE I/D and the
ACTN3R577X polymorphisms on athletic ability and trainability,
the impact of these are not strong enough predictors to determine
the athletic ability (Venezia and Roth, 2019). Results from the
present study confirms that genotype frequencies for the two
most investigated and replicated polymorphisms (i.e., ACE I/D
and ACTN3 R577X) among the cross-country skiers were similar
to those from a large general Scandinavian cohort (Goleva-Fjellet
et al., 2020). Furthermore, there was the case of the one skier
that possessed the least favorable endurance genotype for the
PPARGC1A SNP, but still demonstrated the highest VO2max.
These findings may indicate that possessing the optimal alleles
of the different polymorphisms may be beneficial for endurance
performance, but it is not critical for the athletic ability (Venezia
and Roth, 2019; Petr et al., 2020). This may be especially true
for athletes competing at a national level compared to world-
class elite athletes (Eynon et al., 2012; Papadimitriou et al., 2016).
However, the results from the present study should be treated
with some caution due to the limited sample size. Some genotypes
within the selected genes were either not present or only apparent
in 1–2 participants, and may therefore influence our results. The
material is thus prone to false negative results (type 2 errors),
and we can only state that there were minor associations between
some genotypes and physiological variables in our cohort of 29
skiers. This should be taken into account when interpreting the
genetic results from the present study. Also, these athletes were
already well trained and could be argued to not represent a
good sample population to detect associations between genotype
variants and physiological or performance characteristics.

Practical Implications
In the present study, maintaining the same training intensity
distribution, and only increase total training volume was
not sufficient to further improve aerobic capacity and cross-
country skiing performance significantly throughout 6 months
of training. This suggests that training programs with the same
training intensity distribution, only differing in training volume,
may not ensure optimal development of each individual skier
independent of age and sex (Gaskill et al., 1999). For the
individual well trained athlete, substantial changes in training
volume and training intensity distribution could be necessary
to facilitate further improvements, as observed in earlier studies
(Gaskill et al., 1999; Støren et al., 2012; Bratland-Sanda et al.,
2020). This is important knowledge for trainers of talented cross-
country skiers that have faced stagnation.

An interesting finding in the present study is that our cohort
of skiers did not differentiate genetically in two of the most
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investigated polymorphisms in association to athletic ability
compared to a general Scandinavian cohort from the same
geographical area. This may suggest that one might be able
to reach a high national level in cross-country skiing without
having the optimal genotypes in selected genes, with sufficient
and individualized training.

CONCLUSION

Sex and age did influence physiological and performance
variables at baseline, but did not influence training adaptations.
Since the skiers in the present study did not display major changes
in training, it was no surprise that no adaptations occurred
in physiological or performance variables either. The genotype
variants of selected genes were not critical determinants for
physiological and performance variables in national and sub-elite
cross-country skiers in the present study.
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