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Abstract
This chapter provides an overview of the truism that both nature and nurture determine human 

athletic ability. The major thesis developed is that environmental effects work through the process 

of growth and development and interact with an individual’s genetic background to produce a spe-

cific adult phenotype, i.e. an athletic or nonathletic phenotype. On the nature side (genetics), a brief 

historical review is provided with emphasis on several areas that are likely to command future atten-

tion including the rise of genome-wide association as a mapping strategy, the problem of false posi-

tives using association approaches, as well as the relatively unknown effects of gene-gene interaction 

(epistasis), gene-environment interaction, and genome structure on complex trait variance. On the 

nurture side (environment), common environmental effects such as training-level and sports nutri-

tion are largely ignored in favor of developmental environmental effects that are channeled through 

growth and development processes. Developmental effects are difficult to distinguish from genetic 

effects as phenotypic plasticity in response to early life environmental perturbation can produce 

lasting effects into adulthood. In this regard, the fetal programming (FP) hypothesis is reviewed in 

some detail as FP provides an excellent example of how developmental effects work and also inter-

act with genetics. In general, FP has well-documented effects on adult body composition and the 

risk for adult chronic disease, but there is emerging evidence that FP affects human athletic perfor-

mance as well. Copyright © 2009 S. Karger AG, Basel

Human athletic ability is determined by numerous sociocultural, psychological, ana-

tomic, and physiological factors. The biological factors, such as an individual’s aer-

obic capacity, are frequently termed complex traits, i.e. traits with a multifactorial 

genetic and environmental etiology. Gifted athletes are clearly a collection of many 

complex traits and so the athletic phenotype must arise from of a fortuitous combina-

tion of many genes and many environmental exposures. Some environmental effects 

are obvious and conceptually straightforward, like training. For example, it would 

be inconceivable to win the Tour de France without a years-long program of physi-

cal preparation. Other environmental effects, perhaps a majority, are indirect and 
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12 Brutsaert · Parra

poorly understood. For example, it is unknown whether vigorous physical activity 

in childhood is a necessary precursor for the development of an elite athletic pheno-

type in adulthood [1, 2]. On the genetic side, major gene effects are also conceptually 

straightforward, but most genetic effects are small and/or indirect reflecting gene-

gene interaction (epistasis) or gene-environment (GE) interaction. Interaction effects 

are frequently not trivial, as demonstrated in recent studies of epistasis and physical 

activity traits in mice [3]. Further, it should also be considered that many elite athletes 

are the product of GE correlation which occurs when an individual self-selects for, or 

is urged to participate in, a sporting discipline for which they show an early aptitude. 

Thus, a complete explanation to account for the full range of human variation in ath-

letic performance remains a considerable challenge.

This chapter will take a broad view and will present evidence that both nature 

(genetics) and nurture (environment) determine the variance in human athletic 

ability. Because many of the other papers in this volume focus on specific genes and 

sport performance, this chapter will instead provide a historical perspective vis-à-vis 

genetic research with some emphasis on the limitations of current approaches and 

areas for future investigation. For environmental effects, this chapter will focus on 

‘developmental effects’ defined as environmental effects that are channeled through 

the process of growth and development leading to irreversible changes on the adult 

phenotype. Developmental effects have emerged in the public health literature as an 

important causal mechanism with the power to explain some of the variance in adult 

chronic disease risk. Thus, the chapter will explore the thesis that such effects could 

also have a major impact on human athletic performance.

Genetics and Athletic Ability

Multiple lines of evidence going back more than one century leave little doubt that 

genes influence athletic ability [for reviews, see 4–10]. Quantitative genetic studies of 

twins, families, or extended pedigrees yield a population summary statistic termed 

heritability (h2), where heritability in the broad sense refers to the proportion of phe-

notypic variance attributable to all genetic effects. Numerous studies [reviewed in 9] 

have demonstrated a significant h2 for traits relevant to athletic performance. These 

include studies of aerobic capacity and the response to training [11–13], anaerobic 

performance [14, 15], muscle strength and power [16–18], neuromuscular coordina-

tion [19], bone density [20], body size and composition [21–26], muscle fiber type 

distributions [27–31], cardiovascular variables including blood pressure [32–37], 

blood lipid biochemistry [38], blood glucose, insulin, and peripheral insulin sensitiv-

ity [24, 39–41], substrate utilization and metabolic rate [42–44], pulmonary function 

[45–49], and hormones and hormonal response to training [50–52]. One frequently 

cited study is that by Bouchard et al. [11, 12] revealing significant familial aggrega-

tion for VO2max and VO2max trainability for individuals in the sedentary state, after 
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Nature versus Nurture in Determining Athletic Ability 13

controlling for age, sex, body mass, and body composition. Heritability for both of 

these traits was near 50%, suggesting a substantial genetic contribution to baseline 

aerobic capacity and the response to training.

Unfortunately, heritability studies do not reveal the specific genetic architecture 

of a complex trait, i.e. these studies cannot: (1) distinguish between polygenic and/

or major gene effects; (2) provide information on allele frequencies; (3) describe the 

mode of inheritance; (4) localize the chromosomal locations of genes, or (5) iden-

tify the gene products involved. To identify specific genes, two major approaches are 

widely applied: family-based linkage analysis and gene-association studies. Family-

based linkage analysis is conducted on related individuals and the approach is based 

on the co-segregation of a putative (causal) trait locus with a known marker locus. 

Linkage implies the close proximity on the chromosome of causal and marker loci. 

Linkage analysis has a long history of success in mapping loci for simple monogenetic 

(mendelian) diseases such as Huntington’s disease [53], but generally the approach 

only works if the causal locus has a high penetrance and a large effect on the trait 

in question. Linkage analysis may not have adequate statistical power and mapping 

resolution to detect genes of modest effect [54]. This is an important issue for under-

standing the variance in human athletic performance as elite athletes likely emerge 

on a favorable genetic background where individual alleles are both common in the 

general population and have only modest effects on the phenotype. In any case, there 

is a small literature reporting results of family-based linkage analyses with direct 

relevance to athletic performance. Numerous loci have been linked to traits which 

include VO2max and VO2max response to training [55–57], stroke volume, cardiac out-

put, and blood pressure during exercise [58–62], training-induced changes in body 

composition [63–66], and insulin and glucose response to habitual physical activity 

or exercise [67].

Association studies include candidate gene approaches and various association 

mapping strategies that are conducted at the level of the whole genome. Candidate 

gene studies have proliferated in the last two decades since early studies in the 1970–

1980s demonstrated no association of human physical performance traits with the 

classical blood group polymorphisms [9]. In a recent iteration of the Human Gene 

Map for Physical Performance Phenotypes [68], candidate gene studies comprised the 

majority (>90%) of the total literature. Interestingly, a sizable proportion of that liter-

ature (~15%) was focused on one specific gene polymorphism, the angiotensin con-

verting enzyme (ACE) insertion/deletion polymorphism. Despite intensive focus, the 

significance of the ACE gene, in a genetic causal sense, remains controversial due to 

the inherent limitations of association studies. The candidate gene approach requires 

large sample sizes to identify loci with small effects. Additionally, the approach is sus-

ceptible to the problem of false association due to chance, bias, or confounding [69]. 

This is true both for case-control studies, i.e. comparing allele frequencies in elite ath-

letes with the general population, and in studies that evaluate mean phenotypic values 

by genotype in a homogenous study group.
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14 Brutsaert · Parra

Genome-wide association (GWA) strategies rely on linkage disequilibrium to 

detect associations between traits and gene markers. GWA is a powerful and effi-

cient means to dissect the genetic basis of complex traits [54, 70], and the advent of 

high-density genotyping arrays has allowed a shift away from candidate gene studies 

to GWA. Using GWA, there have been many recent successes in the elucidation of 

genes involved in disease processes such as type 2 diabetes [71–75], breast cancer 

[76–80], and prostate cancer [81–85]. Two key elements of these successes have been 

the collection of large sample sizes (i.e. thousands of individuals) with the conse-

quent increase in study power to detect loci of modest effect, and the exponential 

advances in genotyping technologies that have dramatically improved genome cover-

age. To date, GWA has not been applied explicitly to study exercise traits, although 

some traits, such as body composition, may be relevant to human performance. Like 

candidate gene studies, GWA can be hindered by population stratification that can 

lead to an increase in false positives [86–89].

Another potential complicating issue that future genetic studies of human perfor-

mance will need to consider is that there is extensive structural variation in the human 

genome [90–95]. Here, the term structural variation broadly refers to genomic altera-

tions involving DNA segments larger than 1 kb [94, 96]. This term includes balanced 

changes (e.g. inversions, translocations) and those that alter copy number (copy num-

ber variants or CNVs). Of particular interest is the large number of CNVs described 

in humans. As of September 2008, more than 5,000 CNV loci have been catalogued in 

the Database of Genomic Variants (available at http://projects.tcag.ca/variation/). Not 

surprisingly, there have been recent studies investigating the role of CNVs in human 

phenotypic variation. In addition to the well-known influence of CNVs on sporadic 

and mendelian diseases [96, 97], recent research has indicated that CNVs have an 

important impact on levels of gene expression [98], and also play a role in complex 

traits and diseases, such as Crohn’s disease [99], systemic lupus erythematosus [100], 

psoriasis [101], autism [102, 103], and schizophrenia [104]. Interestingly, there is also 

evidence indicating that CNVs may be involved in adaptation to different environ-

ments. A recent study has shown that individuals from populations with high-starch 

diets have, on average, more copies of the salivary amylase (AMY1) gene than those 

with traditionally low-starch diets [105]. Salivary amylase is responsible for starch 

hydrolysis, and AMY1 copy number is correlated positively with salivary amylase 

protein level. It has been proposed that having higher AMY1 copy numbers improves 

the digestion of starchy foods and for this reason AMY1 copy number has been sub-

ject to natural selection in human populations. As a working hypothesis, CNVs could 

affect human athletic performance particularly if variation exists in pathways that 

are directly involved in exercise, e.g. ATP synthesis, modulators of the cardiovascular 

response to exercise like ACE, and so forth.

As mentioned above, recent GWA efforts have identified hundreds of associations 

between common single nucleotide polymorphisms and complex traits and diseases 

[reviewed in 106]. However, it is important to note that the variants identified to date 
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Nature versus Nurture in Determining Athletic Ability 15

only explain a small portion of the genetic risk. This is due to several factors: (1) the 

limited power of GWA studies to identify common variants with very small effects 

(e.g. those increasing disease risk by a factor of 1.1 or less) [106]; (2) the limited abil-

ity of previous commercial microarray genotyping platforms to identify structural 

variation that may increase disease risk [107], and (3) the lack of power of GWA stud-

ies to identify rare casual variants [108]. However, our understanding of the genetic 

architecture of complex traits and diseases will dramatically improve in the near 

future. The application of GWA approaches to increasingly larger cohorts will make 

it possible to identify common variants of small effect that have not been detected in 

previous genome-wide scans. The development of better maps of structural varia-

tion in the human genome and improved microarray technologies (such as hybrid 

microarrays containing single nucleotide polymorphism and CNV probes as well 

as higher resolution genome comparative hybridization arrays) will clarify the rela-

tive role of structural variation in complex traits. Finally, the impressive advances in 

next generation sequencing technologies [109] are already opening the door to large-

scale re-sequencing studies, which will dramatically expand our understanding of the 

genetics of complex traits and diseases, including the role of rare variants.

The coming years will undoubtedly reveal many additional candidate genes and 

genomic mechanisms underlying human performance. However, individual genes 

and specific mechanisms will still probably only explain a small portion of the vari-

ance for a particular athletic trait. For example, in our own work with the ACE gene, 

we detected a highly significant association of the ACE I-allele with higher arterial 

saturation (SaO2) during exercise at high altitude (p < 0.01) [110]. The ACE gene 

itself explained only about 4% of the total variance in SaO2 compared with the effect 

of acclimatization (explaining nearly 44% of the variance). The remaining unex-

plained variance was attributable to measurement error, other uninvestigated genetic, 

genomic, and environmental effects, epistasis, and GE interaction. Again, the interac-

tion effects may be substantial. For example, Hagberg et al. [111] detected a signifi-

cant association of the ACE genotype with exercise systolic blood pressure, but the 

association was evident only in untrained versus trained women. In other words, the 

ACE gene effect in that study was a function of the training environment and it was 

detectable only because the authors took training into account in their study design.

Most environmental effects are poorly characterized and thus difficult to account 

for in genetic study designs, particularly those that act over the developmental period. 

Consider a study by Kajantie et al. [112] who measured oral glucose tolerance and 

ACE I/D genotype in 423 adult women. The I-allele was associated with higher insu-

lin response, but this association was conditioned by birth weight, i.e. it was only 

significant in subjects of low birthweight (p for interaction = 0.003). Low birthweight 

was taken as a proxy for suboptimal intrauterine growth due to poor fetal nutrition. 

Thus, the study suggests that an early-life environmental experience (i.e. poor fetal 

nutrition) conditions the expression of genetic effects on the adult phenotype many 

years later. Conceptually, this is a clear example of GE interaction, but it is important 
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16 Brutsaert · Parra

to emphasize that the interaction occurs across developmental time. The athletic 

phenotype probably emerges in much the same way, i.e. environmental effects work 

through and influence the trajectory of an individual’s growth and development pro-

gram while simultaneously interacting with an individual’s genetic background to 

irreversibly affect the adult phenotype.

The Environment and Athletic Ability

Environmental effects begin as early as preconception via gametic imprinting [113]. 

Gametic imprinting is achieved through methylation of DNA during gametogenesis [114] 

a process which modifies parental gene expression resulting in parental-dependent traits 

in offspring. As an example, Cooney et al. [115] showed that maternal dietary manipu-

lation in mice increased DNA methylation and affected offspring health and longevity 

phenotypes. It is not currently known whether important complex traits with relevance 

to athletic performance have significant epigenetic components, but a number of studies 

suggest that this is the case for some cancers and for chronic disease traits [116, 117].

Environmental effects continue after conception during the growth and develop-

ment period. Developmental effects arise because many organ systems show plasticity 

based on environmental exposures during ‘sensitive periods’ of rapid growth includ-

ing the gestational period, infancy, childhood, and adolescence. One of the best-doc-

umented examples of this phenomenon is the extreme plasticity of the respiratory 

control system. Neonatal exposures to hypoxia and hyperoxia result in permanently 

altered adult ventilatory responses [118, 119]. Another good example is developmen-

tal lung growth in response to early-life exposure to high altitude. Peruvians born 

at altitude have a nearly 10% larger forced vital capacity compared to genetically 

matched Peruvians born at sea level [120]. In dogs, this developmental lung response 

leads to an increase in the diffusion capacity for oxygen [121].

The prenatal period has received the greatest research attention based on the fetal 

programming (FP) hypothesis. The FP hypothesis posits that intrauterine nutritional 

stress produces small/thin babies at birth and results in a permanent re-programming 

of the fetal metabolic and hormonal milieu with long-term consequences for adult 

chronic disease risk (fig. 1). In support of the FP hypothesis, epidemiological studies 

show a strong association between low birthweight (again, as a proxy for poor fetal 

nutrition) and various chronic disease traits including the adult prevalence of obesity, 

type 2 diabetes, insulin resistance, hypertension, and cardiovascular diseases [122–

127]. For example, in one study the prevalence of impaired glucose tolerance or dia-

betes fell from 27% in subjects who weighed 2.50 kg or less at birth to 6% in those who 

weighed more than 3.41 kg (p < 0.002 after adjusting for BMI) [125]. Interestingly, FP 

effects are graded and operate in a dose-response manner across the entire range of 

human birthweight variation, not simply below a lower critical threshold birthweight 

[126–128]. Also, a number of studies suggest that FP effects are strongest for low-

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 T

or
on

to
 L

ib
r.

19
8.

14
3.

60
.6

5 
- 

9/
17

/2
01

5 
4:

00
:2

2 
P

M



Nature versus Nurture in Determining Athletic Ability 17

birthweight infants who then experience rapid postnatal increases in weight-for-age 

percentiles during the first few years of life, i.e. catch-up growth [129–131].

Figure 1 is given as a general conceptual framework for FP effects on human per-

formance, and there is strong evidence for several of the causal pathways implied. 

Altered metabolism due to FP likely explains the strong association of low birthweight 

with increased adult adiposity and decrements in lean body mass (LBM) [132–134]. 

In other words, small-for-gestational-age babies tend to grow up relatively fatter and 

at the expense of lean tissue compared to normal-birthweight babies. The quantita-

tive decrements in muscle mass account for the association of low birthweight with 

reduced grip strength, but there is also evidence of a qualitative effect of FP on muscle 

function/performance [135–137]. In addition, several recent animal studies show an 

association of low birthweight with decreases in voluntary physical activity in adult 

rats [138, 139]. If true, this would provide an additional pathway through which FP 

could affect adult body composition and/or muscle strength. In fact, lifelong physi-

cal activity/inactivity is a potential mediator between early life environmental effects 

and any number of performance traits from muscle strength to whole body aerobic 

capacity. In children this may be particularly important as adequate physical activ-

ity may be necessary for the normal development of muscle, neurological, and 

Newborn

phenotypes

Altered

metabolism,

hormonal

milieu

Intrauterine

nutritional

stress

Low birth

weight

Physical activity

pattern?

Body size and

composition, i.e.

Lean body mass

fat mass

Adult or child

phenotypes

Other physical

performance

phenotypes?

Muscle

strength
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programming
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effects on...

Training effects in adults...

Child physical activity required

for development of adult

athletic capacity?

Increased

risk for

chronic
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Fig. 1. FP and athletic performance conceptual framework. Fetal nutritional stress results in low 

birthweight and reprograms fetal metabolism with phenotypic effects into adulthood. Low birth-

weight is strongly associated with increased adiposity and reduced lean body mass (including mus-

cle) in adults. Low birthweight may also be associated with decreased physical activity. These effects 

may account for decreases in muscle strength and other athletic performance phenotypes.
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18 Brutsaert · Parra

cardiopulmonary systems [1]. The specific literature in support of this conceptual 

framework is reviewed in greater detail below.

Low Birthweight Predicts a Decrease in the Relative Lean Body Mass or Muscle Mass 

in Adulthood

Numerous studies show significant positive associations of birthweight with the abso-

lute LBM, the fat-free mass (FFM), and/or the muscle mass, i.e. bigger babies grow up 

to be bigger adults. Therefore, the inference that FP causes a reduction in the relative 

amount of lean tissue requires adjustment for adult body size and/or a demonstration 

of commensurate increases in adiposity. Several studies of infants [140], children/ado-

lescents [141, 142], and adults [132–134, 143–147] meet one or both of these criteria. 

For example the study of Singhal et al. [142] on 78 adolescent girls, which assessed body 

composition via bioelectrical impedance (BIA), showed that low birthweight was asso-

ciated with lower FFM even after adjusting for adult height. Similarly, two BIA studies 

in adults showed that low birthweight predicts low FFM or LBM after adjusting for 

adult BMI or adult height [143, 147]. Two dual energy X-ray absorptiometry (DXA) 

studies in adults showed that low birthweight predicted low muscle mass, controlling 

for adult height [144], or that low birthweight predicted lower muscle mass commensu-

rate with increased fat mass and percentage body fat [145]. Several other studies in this 

area are worth highlighting. The study by Kahn et al. [132] showed a strong association 

of birthweight with adult BMI. However, after adjusting for thigh muscle and bone area 

(assessed via anthropometrics) the strength of association dropped by 68%, as com-

pared to a drop of only 30% when thigh fat area was used as a control variable. Thus, 

the authors concluded that the positive association of birthweight with BMI reflects 

increases in lean tissue as opposed to fat. In the study by Phillips [146] low birthweight 

was associated with smaller stature and body weight in adults, but much of the weight 

reduction was accounted for by a reduction in muscle mass as estimated by urinary 

creatinine excretion. Finally, studies by Loos et al. [133, 134] using a monozygotic twin 

approach showed that in young adult males and females, the heavier twin was taller and 

heavier as an adult, but when adjusted for body mass, heavier twins had greater LBM. 

Because monozygotic twins have the same genome and share certain aspects of the 

intrauterine environment, pair-wise twin comparisons allow for the control of genetic 

confounding factors and some potential maternal confounding factors. This strength-

ens the hypothesis that the amount of lean tissue in adulthood traces back to the twin-

specific intrauterine experience.

Low Birthweight Predicts Increased Adiposity in Adulthood

The literature supporting increased adiposity in adults born with low birthweight is 

somewhat inconsistent. This may be due to the fact that the fat mass is more vari-

able and subject to environmental effects in adulthood than the FFM. Also, increased 

adiposity is associated with both ends of the birth weight distribution, i.e. high birth 

weight is also associated with an increased prevalence of obesity in adults [148]. At 
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Nature versus Nurture in Determining Athletic Ability 19

least seven studies of adults and children using skin folds only to assess body compo-

sition show a negative association of birthweight with relative body fat [133, 134, 141, 

149–152], but at least two others show no association or a weak association in one 

or more study groups [141, 153]. Despite the limitations of the skin fold technique, 

the method does have the advantage that fat patterning can be evaluated. Among the 

studies cited above where fat patterning was described, there is an apparent consensus 

that low birthweight is associated with increased truncal fat in adulthood as opposed 

to limb fat [133, 134, 141, 150–152]. A number of studies have employed more direct 

methods of body composition assessment. Using BIA, Eriksson et al. [143] showed 

that low birthweight was associated with an increased fat mass controlling for BMI in 

adults. However, Singhal et al. [142] failed to find a similar association in adolescent 

girls controlling for height. Using DXA, a case control study by Kensara et al. [145] 

showed that low-birthweight subjects (n = 32) had a significantly higher percent body 

fat than controls. However, two other DXA studies in much larger samples showed no 

association of low birthweight with increased body fat or body fat percentage [144, 

154]. To date, the most methodologically comprehensive study in this area was that 

by Elia et al. [155] who measured body composition using a four-component model 

that included skin folds, DXA, air densitometry, and deuterium dilution to measure 

total body water in 85 children (6–9 years). Results were consistent across body com-

position measurement techniques and revealed birthweight to be a strong predictor 

of percentage body fat in prepubertal children, i.e. an increase in birthweight of 1 

standard deviation was associated with a decrease of 1.95% body fat. Only one study, 

in adults, employed the ‘gold-standard’ technique of hydrodensitometry [154]. In that 

study, there was no association of birthweight with fat mass or percentage body fat 

in a sample of 231 nondiabetic Pima Indians. However, given the high prevalence of 

diabetes among adult Pima, the study sample may not have been representative of 

putative FP effects that take place in the general population.

Low Birthweight Predicts Decreased Bone Mass and/or Bone Mineral Density in 

Adulthood

There is also strong evidence that the development of bone is modified in utero, a 

topic that has recently been reviewed [135, 156]. For example, an epidemiological 

study by Gale et al. [144] in a cohort of 70- to 75-year-olds (n = 143) showed signifi-

cant positive associations of birthweight with whole body bone mineral content after 

adjustment for age, sex, adult height, smoking, alcohol consumption, calcium intake, 

and physical activity. Similarly, the study of Labayen et al. [141] showed a significant 

positive association of birthweight with bone mass adjusting for height in adolescent 

girls, but not boys. Studies of infants suggest that these effects are apparent at birth. 

Lappillone et al. [140] showed significantly lower bone mineral content in small-for-

gestational-age infants compared to appropriate-for-gestational-age controls. Also, 

Godfrey et al. [157] showed that newborn birthweight is positively associated with 

bone mass after adjusting for sex and gestational age.
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20 Brutsaert · Parra

Low Birthweight Predicts Decreased Muscle Strength in Adulthood

Birthweight is positively associated with grip strength, a measure that reflects the 

action/strength of forearm flexors. Because of the positive association of birthweight 

with muscle mass (see above), and because muscle force depends on muscle cross-

sectional area, FP effects on muscle strength must be largely mediated by changes 

in LBM [158]. However, there is also some indication that FP affects muscle quality/

muscle performance. Three large-scale epidemiological studies of middle-aged and 

elderly subjects by the same research group in the UK show strong positive associa-

tions of birthweight with grip strength even after adjustment for various adult body 

size covariates [135–137]. For example, the study by Kuh et al. [137] showed a posi-

tive association of birthweight with grip strength, after adjusting for age, sex, and 

adult height. The effect was present in both men and women, and a 1-kg difference 

in birthweight in the cohort meant going from the 10th to 80th percentile of the grip 

strength distribution. While these results certainly imply effects of FP on muscle 

function, no study to date has adjusted for a direct measure of muscle mass. Further, 

Maltin et al. [159] have reviewed evidence of FP effects on muscle fiber number, fiber 

type, and fiber size. Apart from severe manipulations such as maternal starvation 

[160, 161], there is little evidence that FP has effects on muscle histology, including 

fiber type proportions. Thus, more work is necessary in this area.

Does Low Birthweight Predict Other Performance Phenotypes?

Taylor et al. [162] showed an association of impaired fetal growth (low ponderal 

index) with muscle performance in adult women as assessed by 31P magnetic reso-

nance spectroscopy. Low ponderal index at birth was associated with biochemical 

differences in adults that were consistent with delayed activation of glycolysis/gly-

cogenolysis at the commencement of hard exercise stressing the anaerobic system. 

Similarly, a near-infrared spectroscopy study by Thompson et al. [163] showed no 

association of ponderal index with muscle histology, but differences in muscle reox-

ygenation rate. These authors suggested that the reoxygenation rate differences by 

ponderal index were consistent with the delay in the activation of anaerobic glycolytic 

metabolism demonstrated by Taylor et al. [162].

Does Low Birthweight Predict Physical Activity/Inactivity or Components of Energy 

Expenditure?

FP effects on body composition may be mediated through aspects of lifelong energy 

balance and/or physical activity/inactivity. Recent animal research suggests that FP 

operates directly on behavioral traits including the caloric intake and the voluntary 

physical activity. In rats, maternal undernutrition during pregnancy acts directly 

to produce offspring that are less physically active and also hyperphagic through-

out postnatal life [138, 139]. This is intriguing because it suggests that associations 

between obesity, the metabolic syndrome, cardiovascular diseases, sedentary behavior, 

and overeating may have a common biological cause that traces back to intrauterine 
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experience. In the context of athletic performance, physical activity pattern is obvi-

ously directly associated with many performance measures, but serious consideration 

should also be given to the potential role of child physical activity pattern as a deter-

minant of adult performance capacity.

Two human studies have examined FP effects on components of energy expenditure 

and/or energy metabolism [154, 164]. One study of 449 middle-aged men and women 

reported a higher resting pulse rate in low-birthweight subjects equivalent to about 

2.7 beats/min (decline) per kg birthweight increase [164]. The authors suggested that 

this was due to elevated sympathetic nervous system activity that was established in 

utero. However, an equally plausible explanation is that low-birthweight subjects are 

less physically active, thus not aerobically fit, and therefore have lower stroke volume 

and a higher resting pulse rate. The other study in 272 Pima Indians assessed mus-

cle sympathetic nervous system activity directly using microneurography and found 

no association with birthweight [154]. This study also measured the 24-hour energy 

expenditure, the sleeping metabolic rate (SMR), and the 24-hour respiratory quotient 

in a metabolic chamber. Of these measures, only the SMR was significantly associated 

with birthweight (r = –0.13), i.e. SMR was marginally higher than predicted for body 

size and composition (by ~2–3%) in the lowest versus highest birthweight subjects. 

The study did not measure resting energy expenditure or basal metabolic rate, and 

subjects were inactive during their 24-hour stay in the metabolic chamber. It should 

be emphasized that SMR is not a proxy for basal metabolic rate, and the association 

detected could reflect sleep disturbances in low-birthweight individuals. Thus, to date 

there is little direct information available on links between birthweight and compo-

nents of energy expenditure in humans.

Conclusions

The genomic information revolution has made it possible to interrogate in new and 

powerful ways the genetic basis of human athletic performance. There is no doubt 

that this area of inquiry will become a major focus within the exercise sciences. 

However, it is also true that the genetic blueprint of an individual operates under the 

influence of innumerable environmental effects, and many of these effects operate at 

the earliest stages of the life cycle. In recent years, there has been an equally important 

revolution in developmental biology with the recognition that early-life environmen-

tal experience has lasting effects on the adult phenotype. This chapter has reviewed 

FP as an example of a developmental effect, but similar developmental effects may 

operate during infancy, childhood, and/or adolescence. Unfortunately, there is a 

dearth of information on these later time periods with direct relevance to adult exer-

cise capacity. In any case, whenever developmental effects act, there is evidence that 

these effects interact with an individual’s genetic background to produce irreversible 

change. If true, then accounting for developmental effects will be a key not only for 
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