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Abstract 1 

ABSTRACT 

Tennis has evolved from a sport of skill and finesse into a fast paced, explosive 

sport. High levels of physical fitness, amongst other attributes, underpin 

performance. Identifying and developing the most suitable candidates for long-

term success is a concept employed by many National Governing Bodies. This 

process involves the implementation of assessment protocols at various points 

along the developmental pathway. These protocols are often implemented during 

late childhood and early adolescence, a time period fraught with a number of 

physical and physiological changes associated with individual variation in growth 

and maturation. The aim of this thesis was therefore to determine the effects of 

growth and maturation of elite British youth tennis players and provide appropriate 

methods of assessment to enhance selection and inform training practices. 

Chapter 3 examined the validity of two non-invasive maturity assessment methods 

in relation to skeletal hand-wrist assessment. Relations between skeletal age and 

percentage of predicted adult height were found to be limited, and relations 

between skeletal age and predicted age at peak height velocity were poor. 

Chapter 4 detailed the growth and maturity characteristics of elite British youth 

tennis players. The findings suggest that a selection bias exists towards elite youth 

tennis players who present greater physical size and/or advanced maturity. 

Chapter 5 investigated the effects of biological maturation on certain physical 

performance indicators. Advanced maturers of both sexes were found to possess 

an advantage in certain measures of strength, power, speed and agility. Chapter 6 

used historical fitness testing data to create age and sex specific developmental 

curves for acceleration. Player performance relative to these standards was then 

compared across chronological and biological age, i.e. maturational age. Maturity 

status was found to impact the percentiles achieved, highlighting the need for 

maturity to be accounted for in physical assessment protocols.
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Chapter 1 3	

1.1 Research context and background literature 

Tennis is a global sport with over 75 million people participating worldwide (Pluim 

et al., 2007). Across Great Britain, 5 million people play tennis at least once a year 

with 398,100 people picking up a racket every week (Lawn Tennis Association, 

2018b). The popularity of tennis as a competitive sport is reflected in the 

emergence of a national performance network. Consisting out of regional and 

national performance centres, these centres are designed to identify and develop 

talented youth players as well as optimise senior performance and, as such, 

represent a significant investment in the future of British tennis (Lawn Tennis 

Association, 2012). 

  

To excel in tennis, players need to develop technical expertise, tactical 

proficiency and mental fortitude and be able to adapt to an ever-changing 

environment (opponent playing styles, environment, ball flight and spin variation) 

(Faber, Bustin, Oosterveld, Elferink-Gemser, & Nijhuis-Van der Sanden, 2016; 

Reid & Schneiker, 2008). The nature of the modern game is becoming 

increasingly physical due to the increased sport science and medical support, 

advancement in equipment and demanding tournament schedule (Mulcahy, 2016; 

Reid & Schneiker, 2008). As a result, players need to develop outstanding motor 

control, anticipatory skills and physiological attributes (e.g. strength, power, speed, 

agility and endurance) to enable them to withstand the rigours of the game (Faber 

et al., 2016; Kolman, Kramer, Elferink-Gemser, Huijgen, & Visscher, 2018).  

 

It is acknowledged that racket sports are early specialisation sports, with 

participants starting training from as young as 5 years old and many playing in 

competitions before the age of 10 years (Faber et al., 2016). Many racket sport 

associations implement talent identification (TID) and development (TD) 
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programmes during these time periods to provide appropriate support (financial, 

coaching, sport science) to optimise performance and enhance long-term success 

(Faber et al., 2016; Vaeyens, Lenoir, Williams, & Philippaerts, 2008). Due to the 

inherent belief that an athletes physical characteristics influence sporting success, 

TID and TD programmes often implement anthropometric and physical profiling 

measures in their assessment batteries (Abbott, Collins, Martindale, & Sowerby, 

2002). 

 

A challenge facing those involved in the identification and development of 

talented young tennis players is growth and maturation. Individual variation in 

growth and maturation within youth of the same chronological age (CA) has been 

shown to influence performance in tests of physical and functional capacity (Ford, 

Collins, et al., 2011). Those individuals who are biologically more mature for their 

age (early maturers) usually possess greater body size, superior explosive 

performance, faster speed and agility scores and return higher endurance values 

than less mature peers across different age groups (Meylan, Cronin, Oliver, & 

Hughes, 2010).  

 

Research also suggests that individual differences in growth and maturation 

may enhance or confound the effects of various training and conditioning 

programmes (Ford, De Ste Croix, et al., 2011; Lloyd & Lloyd, 2012). For example, 

in adolescent males it is difficult to ascertain the extent to which observed gains in 

strength, speed and/or power resulted from training and conditioning practices 

(Rumpf, Cronin, Pinder, Oliver, & Hughes, 2012), maturity associated differences 

in responsivity to training (Meylan, Cronin, Oliver, Hopkins, & Contreras, 2013), 

and/or the natural process of maturation. Even when the individual differences in 

physical size and physique have been controlled, an individual’s biological maturity 
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status may contribute towards fitness and performance outcomes (Baxter-Jones, 

1993; Baxter-Jones, Eisenmann, & Sherar, 2005; Nevill, Holder, Baxter-Jones, 

Round, & Jones, 1998).  

 

Whilst the benefits associated with advanced maturation and its impact on 

performance are well documented (Baxter-Jones, Thompson, & Malina, 2002; 

Goto, Morris, & Neville, 2018), the integration and application of this information 

pertaining to growth and maturity into selection protocols and training regimes is 

poor (Bailey et al., 2010). Currently, the Premier League and the United States 

Soccer Federation are the only federations who have implemented a youth 

development initiative that looks to incentivise technical and tactical development 

over physical play (Cumming, Lloyd, Oliver, Eisenmann, & Malina, 2017; Ilyas, 

2018). To the best of the author’s knowledge, there is no athletic development 

model in tennis that considers and controls for the effects of maturation. To this 

end, this thesis looked to address the paucity of knowledge on the biological 

maturation in elite youth tennis players, validate a non-invasive method of 

assessment in this population and further improve and evolve physical 

assessment methods employed in the selection and development of elite youth 

tennis players.  
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1.2 Research aims, objectives and hypothesis 

The principal aims of this research are to determine the growth and maturity status 

of elite youth tennis players and establish its effects on various physical 

performance measures. Furthermore, this thesis will aim to establish appropriate 

assessment methods that identify and account for variations in biological maturity 

status in order to influence identification, selection and training practices. 

 

The specific research objectives and associated hypothesis of this thesis are:  

 

Chapter 3 

The interrelationships between invasive and non-invasive methods of 

maturity assessment among elite British youth tennis players 

Objectives:  

1. Evaluate the concordance between the criterion standard, skeletal age and 

two non-invasive methods, namely percentage of predicted adult height 

(Khamis Roche method) and predicted age at peak height velocity (Mirwald 

method) in a cross sectional sample of elite youth tennis players of both 

sexes. 

2. Evaluate whether existing predicative methods for categorising youth by 

maturity status are appropriate for elite British youth tennis players. 

 

Hypothesis:  

1. Maturity status as categorised by non-invasive methods will concord with 

maturity status as assessed with a more objective measure, namely 

skeletal age.  
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Chapter 4 

The growth and maturity characteristics of elite British youth tennis players 

 

Objectives:  

1. Determine the growth and maturational characteristics of elite British youth 

tennis players against age and sex specific norms. 

2. Examine the differences in anthropometric characteristics of players of 

varying maturing status (i.e. early, on-time and late). 

 

Hypothesis:  

1. Elite youth tennis players of both sexes will present mean values for height, 

weight and weight for height that fall above the 50th percentile of the general 

population according to their age and sex. 

2. It is predicted that a selection bias towards players advanced in maturation 

will be observed in both male and female players, and that the magnitude of 

these biases will increase with age.  
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Chapter 5 

The differences in fitness and performance measures in elite youth tennis 

players of varying maturity status 

 

Objectives:  

1. Assess the physical fitness and aptitude in elite male and female British 

youth tennis players, while concurrently controlling for chronological age 

and growth and maturity characteristics. 

2. Specifically, this research will compare the functional capacities of players 

of contrasting maturity status combined by competitive age groups, U10 

through U12, and U13 through U16, and then evaluate the relationships 

between skeletal maturity status and functional performance. 

 

Hypothesis:  

1. Male and female tennis players advanced in maturation will present 

superior performances in a range of physical performance measures in 

comparison to players who are on-time or late maturing. 

2. More specifically, we expect boys advanced in maturation to exhibit 

advantages in strength, speed, agility and power measures, with greater 

variation in these components evident between the three maturity 

categories in girls.  

3. It is hypothesised that maturity related advantages in endurance will only be 

evident in the male sample. 
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Chapter 6  

Developmental fitness curves, an innovative strategy for assessing 

acceleration relative to age and maturity in elite youth tennis players 

 

Objectives:  

1. Create age and sex specific developmental curves for elite British youth 

tennis players in measures of acceleration. 

2. Examine the degree to which physical performance in acceleration varies 

relative to chronological and biological age and between different maturity 

categories (early, on-time & late). 

 

Hypothesis:  

1. With respect to the developmental curves, it is predicted that performance 

in terms of acceleration will improve with age. 

2. Assessments of acceleration performance, as determined by percentiles on 

the developmental curves, will vary relative to a player’s chronological and 

biological age.
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2.1 Overview 

Growth, maturation and development are central processes as a child progresses 

from birth to adulthood (Malina, Bouchard, & Bar-Or, 2004). The next chapter 

serves to introduce these concepts, providing an overview of postnatal 

development and the primary factors that regulate growth and maturation (i.e. 

genes & hormones). The chapter will also detail the various methods of 

assessment and examine the available research on maturity-associated variation 

in size, body composition and various physical components of individuals, athletes 

and tennis players alike. 

 

2.2 Growth, maturation and development defined 

Growth, maturation and development are three terms often used interchangeably 

to describe the progress of an individual from birth to adulthood (Malina, 

Bouchard, et al., 2004). Occurring simultaneously, these three processes interact 

to dominate the first twenty years or so of an individual’s life (Malina, Cumming, 

Coelho-e-Silva, & Figueiredo, 2017). During the transition into puberty, sexual 

maturation and the adolescent growth spurt, considerable interaction occurs 

among the three processes (Malina, Cumming, et al., 2017). Whilst growth, 

maturation and development are related, growth and maturation refer to biological 

processes, whereas development is both a biological and behavioural process 

(Malina, Cumming, et al., 2017).   

 

Growth can be defined as an increase in size, physique and body 

composition, as a whole or in part (Beunen & Malina, 1996; Malina, Bouchard, et 

al., 2004; Stratton & Oliver, 2014a). Whilst the predominant changes occur within 

the first two decades of life, changes in size, physique and body composition 

continue throughout adulthood as a result of behaviour, lifestyle, aging effects, or a 
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combination of all three (Jelenkovic et al., 2016; Kuboyama et al., 2003; Malina, 

2014). For example, regular strength training is likely to result in increased muscle 

mass, dietary intake can influence body composition, and a small reduction in 

height is evident as one ages (Charette et al., 1991; Mozaffarian, Hao, Rimm, 

Willett, & Hu, 2011; Thomas, 2007). These non-linear changes occur due to three 

underlying cellular processes, namely an increase in cell number (hyperplasia), 

cell size (hypertrophy) and intercellular substances (accretion) (Malina, Bouchard, 

et al., 2004). The increase in cell number is a function of cell division (mitosis), 

with the increase in cell size involving an increase in functional units within the cell, 

particularly protein and substrates (Malina, Bouchard, et al., 2004). The 

intercellular substances are both organic and inorganic and often function to bind 

or aggregate the cells in complex networks (Malina, Bouchard, et al., 2004). Whilst 

hyperplasia, hypertrophy and accretion all occur during growth, the predominance 

of one or another is dependent on age and relevant tissue (Malina, Bouchard, et 

al., 2004). These cellular processes are also involved in the biological processes 

that underpin maturation and differentiation (Malina, Bouchard, et al., 2004). 

 

Maturation refers to the process of progressing toward the mature state, a 

type of development that proceeds to the same end point in all individuals (Malina, 

Bouchard, et al., 2004; Roche, 1980). Maturation can be considered in terms of 

status, tempo and/or timing (Malina, Bouchard, et al., 2004). Status refers to the 

maturational stage that an individual has reached (i.e., pre-pubertal, circa-pubertal, 

pubertal & post-pubertal), whereas tempo and timing refer to the rate at which 

growth occurs and the time at which maturational events occur (e.g., puberty, 

menarche), respectively (Stratton & Oliver, 2014a). Maturation is a process, 

whereby maturity is a state (Malina, Bouchard, et al., 2004). The timing and tempo 

of maturation varies according to the biological system considered (skeletal, 
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sexual, somatic, dental, neuromuscular) (Malina, Bouchard, et al., 2004). For 

example, sexual maturity refers to a fully functional reproductive system, which 

ends around 17.5 years in boys and 16 years in girls (Coghlan, 2005; Stratton & 

Oliver, 2014a). In contrast, skeletal maturity refers to a fully ossified skeleton, 

which is attained when the distal radial epiphysis fuses (Rajdev et al., 2014; 

Stratton & Oliver, 2014a). This occurs around 21 years in boys and around 19 

years in girls (Malina, 2011). In addition, individual and sex specific variation also 

occurs (Stratton & Oliver, 2014a). 

 

Development refers to a broader concept than growth and maturation and 

can be viewed in either a biological or behavioural context (Malina, Bouchard, et 

al., 2004; Stratton & Oliver, 2014a). In a biological sense, development refers to 

the process of differentiation and specialisation of cells to form tissues, with 

differentiation considered complete when the tissues become functional (Malina, 

Bouchard, et al., 2004; Stratton & Oliver, 2014a). Predominantly occurring 

prenatally (formation of tissue and organs), this type of development continues 

postnatallly, as functions are refined (Malina, Bouchard, et al., 2004; Stratton & 

Oliver, 2014a).  

 

In a psycho-behavioural context, development refers to the acquisition of 

psychosocial skills, with children learning how to interact with their environment 

(based on cultural and social cues), improving intellectual, social, emotional, moral 

and motor competence (Malina, Bouchard, et al., 2004; Stratton & Oliver, 2014a). 

For example, emotional development begins in infancy, with infants displaying 

behavioural reactions to changes in facial expression, excitedly babbling in 

response to familiar events or social interaction (Lerner, Bornstein, & Kagan, 

2017). With age, children develop more sophisticated skills and strategies, 
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becoming aware of their own emotional states and the ability to discern and 

interpret the emotions of others (Lerner et al., 2017). This growing awareness 

leads to empathy and the ability to appreciate the feelings and perceptions of 

others (Lerner et al., 2017). Over a lifetime, brain, biology, behaviour and 

environment interact and influence each other to determine an individuals overall 

development (Lindenberger, 2010). 

 

Growth, maturation and development operate along a time continuum 

referenced according to an individual’s chronological age (CA) (Malina, Bouchard, 

et al., 2004). CA is defined as the number of days elapsed since birth and is 

calculated by subtracting an individual’s date of birth from point of assessment 

(Ries & Pöthig, 1984). For example, any child born on the 1 January 2000 will be 

10 years old on 1 January 2010. The pattern of postnatal growth, i.e. growth 

velocity (stature, weight, individual body segments and body systems), occurs in 

four phases (Malina, Bouchard, et al., 2004). The first phase, termed infancy (0 to 

0.99 years), is characterised by a period of rapid growth in most bodily systems 

and dimensions and rapid development of the neuromuscular system (Malina, 

Bouchard, et al., 2004). Rapid growth and development of infancy continues to 

occur in the second phase of early childhood (1 to 4.99 years), although at a 

decelerating rate (Malina, Bouchard, et al., 2004). The third phase, middle 

childhood (5 years to adolescence), is characterised by a period of relatively 

steady progress in physical growth (5 to 6 cm/year), maturation and behavioural 

development (Malina, Bouchard, et al., 2004). Adolescence denotes the last 

phase, which is defined by the World Health Organization as the ages between 10 

to 19 years (Csikszentmihalyi, 2018). However, with patterns of growth changing 

over time, a more appropriate age range suggested is 8 to 19 years in girls and 10 

to 22 years in boys (Sawyer, Azzopardi, Wickremarathne, & Patton, 2018). 
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Significant changes in growth and maturation occur during this time period, which 

is characterised by structural changes that are influenced by individual and sex 

differences (Malina, Bouchard, et al., 2004). Marked by the onset of the 

adolescent growth spurt, this time period is also characterised by the maturation of 

the reproductive system (Malina, Bouchard, et al., 2004; Stratton & Oliver, 2014a).  

 

 The integrated nature of growth and maturation occurs as a result of the 

complex interaction between genes, hormones, nutrients and the environment, 

with different biological systems proceeding independently of CA (Beunen, Rogol, 

& Malina, 2006; Malina, Bouchard, et al., 2004). Variance in biological maturity has 

significant and substantial genetic underpinnings, with research clearly highlighting 

that height, and to a lesser extent weight, is a highly heritable trait (Thomis & 

Bradford, 2006). The genetic influence on body weight is less, as this is more 

susceptible to environmental influences such as dietary intake and energy 

expenditure (Thomis & Bradford, 2006). Genetic factors have also been found to 

influence the timing and tempo of peak height velocity (PHV) and to a lesser 

extent, the timing and tempo of peak weight velocity (PWV) (Thomis & Bradford, 

2006). Differences in the degree to which genetic factors influence these 

characteristics have been found between the sexes, different ethnic groups and 

between individuals from different socioeconomic backgrounds (Thomis & 

Bradford, 2006). 

 

Hormonal influence plays a critical role in the process of growth and 

maturation, with the endocrine glands producing the key hormones involved in the 

process (Malina, Bouchard, et al., 2004). The main hormones concerned with 

growth are the pituitary growth hormone, the thyroid hormone, the sex hormones 

(testosterone, oestrogen) and the pituitary gonadotropic (sex-gland-stimulating) 
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hormone (Tanner, 2001). During childhood, growth hormone, insulin-like growth 

factors (IGF-I) and the thyroid hormones are primarily responsible for the 

maintenance of normal growth (Malina, Bouchard, et al., 2004). During puberty 

and adolescence, the signal to start the sequence of events is mediated by the 

brain (Tanner, 2001). Once the small amount of circulating sex hormones fails to 

inhibit the hypothalamus, it releases gonadotropin that stimulates the production of 

testosterone and oestrogen (Tanner, 2001). Growth hormone also increases 

during this time (Malina, Bouchard, et al., 2004). The increase in sex hormones 

stimulates the growth of secondary sex characteristics (Tanner, 2001). These 

characteristics undergo a number of changes until they reach a mature state, 

which is characterised by the ability to reproduce sexually (Malina, Rogol, 

Cumming, Coelho-e-Silva, & Figueiredo, 2015; Tanner, 2001). 

 

A number of environmental factors, specific to the individual, have also 

been found to impact growth and maturation (Beunen et al., 2006; Thomis & 

Bradford, 2006). These factors can have both a positive and negative influence on 

the rate of growth and maturation. Stresses such as nutritional imbalance, warfare, 

disease, illness and/or a sedentary lifestyle can be harmful to the growing child, 

whereas nutritional balance and/or a physically active lifestyle can be beneficial 

(Beunen et al., 2006; Cumming, Sherar, Pindus, et al., 2012; Thomis & Bradford, 

2006). For example, rapid and recent economic changes in developing countries 

(e.g. Nigeria, Jamaica) have created different growth environments for children 

than their parents experienced, reducing the total variation of height attributable to 

genes (Thomis & Bradford, 2006). The genetic, hormonal, nutritional and 

environmental influences on biological maturity highlights the limited control an 

individual has over their rate of maturation (Cumming et al., 2017).  
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Variation in the timing, tempo and level (size of change) of biological 

maturation can result in children of the same CA varying by several years with 

regards to their biological age (BA) (Malina, Bouchard, et al., 2004; Stratton & 

Oliver, 2014a). CA is therefore not a good indicator of biological maturity (Beunen 

et al., 2006). In children aged 7 to 8 years, skeletal age (SA) can vary by as much 

as 4 to 5 years, while the timing of the adolescent growth spurt can range from 11 

to 17 years in boys (Cumming, Sherar, Esliger, Riddoch, & Malina, 2014). 

Differences in the tempo of pubertal maturation have seen some youth progress 

from the pre-pubertal to mature state in 2 years, while others can take up to 5 

years (Cumming et al., 2014). Depending on the difference between biological and 

CA, children are either classified as advanced (biologically ahead of their CA), on-

time (BA approximates to CA) or delayed in maturity (biologically behind CA) 

(Lloyd, Oliver, Faigenbaum, Myer, & De Ste Croix, 2014).  

 

Understanding and accounting for individual variation in body size and 

maturation and how it contributes to success in sport, have several implications in 

the identification, selection and development of youth athletes and by inference, 

tennis players (Malina, Bouchard, et al., 2004; Malina & Kozieł, 2013; Ryan, 

Lewin, Forsythe, & Mccall, 2018). Utilising anthropometric measurements obtained 

from talent identification and development models, a player’s maturity status can 

be predicted (Carling, Le Gall, & Malina, 2012). Obtaining regular measurements 

of growth and maturation can provide coaches and support staff with a picture of a 

player’s development over time, allowing for comparison between players and/or 

age groups (Malina, Bouchard, et al., 2004). This would enable physical attributes 

to be evaluated within the context of biological maturity, allowing adjustments to be 

made to training protocols that could maximise athletic potential and minimise the 

risk of injury (Malina, Bouchard, et al., 2004; Ryan et al., 2018). Attaining valid and 
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reliable measures of maturity should therefore be an integral part of assessing 

youth tennis players and a central component of long-term athlete development 

and selection models (Malina, Coelho-e-Silva, Figueiredo, Carling, & Beunen, 

2012; Malina & Kozieł, 2013). 

 

2.3 Assessment methods of biological maturation 

As noted in the previous section, the different times and rates that the tissues and 

organs of the body mature, varies according to the bodily system considered 

(Beunen et al., 2006). The most commonly used systems for assessment of youth 

athletes are skeletal, sexual and somatic maturity, which are underpinned by the 

maturation of the nervous and endocrine systems (Beunen et al., 2006; Malina, 

Ackerman, & Rogol, 2016). Dental maturity is occasionally used, however, tends 

to proceed independently of the other three systems (Beunen et al., 2006). The 

growth and maturation of these systems impacts the physical and functional 

capabilities of youth athletes, especially in the female population. For example, the 

development of the endocrine system impacts the strength, speed and power 

capabilities in males, whereas sexual maturity in females is associated with 

decreased physical activity and increased dropout rates (Cumming, Sherar, 

Gammon, Standage, & Malina, 2012; Cumming, Standage, Gillison, Dompier, & 

Malina, 2009). Understanding and accounting for the confounding effects of 

biological maturity is therefore important for those working in tennis, as the overt 

changes associated with physical and functional development impacts both the 

identification of talented players and the development strategies implemented (i.e. 

training).  

 

 There are a number of methods available to assess skeletal, sexual and 

somatic maturation, each with its own criteria for assessing maturity status and 
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timing (Malina et al., 2012). In order for a method to be valid, it must occur in all 

individuals of the same sex and have the ability to measure, observe and quantify 

maturity status (Malina, Bouchard, et al., 2004). Most indices of maturation are 

closely associated with one another (e.g., skeletal, somatic and sexual maturity), 

however, some are only moderately correlated with other indices (Malina, 

Bouchard, et al., 2004). Dental maturity, for example, is only moderately correlated 

to skeletal, somatic or sexual maturity (Demirjian, Buschang, Tanguay, & 

Patterson, 1985; Perinetti, Contardo, Gabrieli, Baccetti, & Di Lenarda, 2012). 

Correlations among maturity indicators are generally moderate-to-high but tend to 

be lower for boys than for girls (Baxter-Jones et al., 2005). This suggests that 

individuals advanced in sexual maturity typically demonstrate a corresponding 

advancement in somatic maturity. Greater correlational variation exists in early 

pubescence (9 to 10 years in girls and 11 to 12 years in boys) between SA and 

indicators of sexual and somatic maturity (Malina, Bouchard, et al., 2004). 

However, as adolescence progresses SA is increasingly related to these two types 

of maturity indicators (Malina, Bouchard, et al., 2004). It therefore appears that no 

one system can provide a complete picture of the timing and tempo of maturation 

in boys and girls during adolescence. This is due in part to the variation in 

assessment techniques (Malina et al., 2012), as well as the individual timing and 

tempo of sexual and somatic maturity (Baxter-Jones et al., 2005). 

 

2.3.1 Skeletal maturation 

Skeletal maturity is regarded as the best method for evaluating biological 

maturation as it spans the entire period of growth (Baxter-Jones et al., 2005; 

Mirwald, Baxter-Jones, Bailey, & Beunen, 2002). SA is assessed by a standard 

radiograph, which provides an indication of skeletal maturation (Malina et al., 

2015).  Changes in bone ossification from initial to adult state are assessed to 



 

Chapter 2 20 

provide an indication of progress (Malina et al., 2015). Radiographs of the left 

hand-wrist are most commonly used for assessment, but other areas of the body 

can also be assessed, namely the foot, ankle and knee (Beunen et al., 2006). The 

method is costly, requires specialised equipment and expertise and involves 

exposure to a small dose of radiation (Baxter-Jones et al., 2005). The effective 

dose of radiation is calculated relative to the entire body, with radiation exposure in 

extremity x-rays minimal (.001 millisievert) and comparable to three hours of 

natural background radiation (RadiologyInfo.org, 2012). The three most commonly 

used methods for the assessment of skeletal hand x-rays are the Greulich-Pyle 

(GP) method, the Tanner Whitehouse (TW) method, and the Fels method. Each 

method differs in criteria and scoring, and as such has their own strength and 

limitations (Malina, Bouchard, et al., 2004).  

 

The GP method developed their x-ray standards from the Brush Foundation 

Study, which involved 1000 children from high socioeconomic backgrounds in 

Cleveland, Ohio between the ages of 0 and 18 years (Pyle, Greulich, Waterhouse, 

& National Health Examination Survey (U. S.), 1971; Schmidt et al., 2013). 

Originally based upon the work by Todd, this so-called atlas technique involves 

matching the skeletal hand x-ray of a child to the most representative of 100 

radiographs selected for each age level (Schmidt et al., 2013; Todd, 1937). Whilst 

the GP method is considered an easy, quick and simple prediction method of SA, 

it is often applied clinically by comparing the radiograph as a whole to pictorial 

standards, thus not accounting for maturity variation in individual bones (Malina et 

al., 2015). Additionally, this method is not applicable to all children of today, 

especially black girls and Indian children of both sexes, in middle and late 

childhood (Loder et al., 1993; Malina, Bouchard, et al., 2004; Patil, Parchand, 

Meshram, & Kamdi, 2012).  
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The TW method was developed from a cross sectional sample of 

approximately 3,000 healthy British children during the 1950’s (Schmidt et al., 

2013). This bone specific method matches the features of twenty individual bones 

from a radiograph to specific written criteria for each stage of maturation (Garn, 

1986). The twenty bones include the 7 carpals (excluding the pisiform) and 13 long 

bones (radius, ulna, metacarpals and phalanges of the first, third and fifth 

metatarsals) (Tanner et al., 1983), with each bone assigned a point score relative 

to a specific stage. Individual bones scores are combined to provide an estimated 

maturity score (Malina, Bouchard, et al., 2004). The total score is usually 

converted to a SA, referred to as the 20-bone SA, although it can be used in itself 

(Malina, Bouchard, et al., 2004). Scores range from 0 (immature) to a 1,000 

(mature) (Tanner et al., 1983), with fifty percent of the maturity score attributed to 

the sum values of the carpal and short bones as well as the radius and ulna 

(Malina, Bouchard, et al., 2004).  

 

A revised version (TW2) was created in 1975 by altering the scoring 

system, though not the maturity indicators (Tanner, Healy, Goldstein, & Cameron, 

2003; van Lenthe, Kemper, & van Mechelen, 1998). Scores attached to each 

stage were altered (Tanner et al., 2003), with separate maturities provided for the 

20-bone SA, carpal bones, radius, ulna and short bones (RUS) (Malina, Bouchard, 

et al., 2004).  In 2001, further modifications were made to the TW2 method that 

resulted in the TW3 method (Schmidt et al., 2013). Reference data now included 

samples from Britain, Belgium Italy, Spain, Argentina, America (Texas) and Japan, 

with only the RUS bones and carpal SA considered for calculation (20-bone SA no 

longer included) (Malina, Bouchard, et al., 2004; Tanner et al., 2003). The 

changes to the reference values and charts resulted in bones ages slightly, but 

consistently, ahead of TW2 bone ages for children 10 or 11 years and older 
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(Malina, Bouchard, et al., 2004; Tanner et al., 2003). Whilst encompassing a 

broader demographic reference sample, the TW3 method is limited to the 

assessment of the radius, ulna and short bones in the analysis of maturity (Malina, 

Chamorro, Serratosa, & Morate, 2007). Additionally, fusion in the distal radius is 

only identified as having begun, with no further description given to the degree of 

fusion (Malina, Chamorro, et al., 2007). 

 

The bone specific Fels method was developed from 13,283 serial 

radiographs of 355 boys and 322 girls enrolled in the Fels longitudinal Study of 

Growth and Development (Katzmarzyk & Coelho-e-Silva, 2013; Schmidt et al., 

2013). Approximately 15 children from South Western Ohio were enrolled in the 

study annually from 1932 to 1977 (Roche, Chumlea, & Thissen, 1988). Initial 

maturity indicators for each bone were identified and bone width measurements 

were taken (Roche et al., 1988). The criterion for specific grades of each maturity 

indicator was based upon the presence or absence of a particular bone 

characteristic (Malina, Chamorro, et al., 2007). Bone width measurements, to the 

nearest .5 mm, were taken at the widest area of the metaphysis and epiphysis and 

at right angles to the long axis of the metaphysis (Roche et al., 1988).  

 

The potential of each maturity indicator was assessed on its ability to 

differentiate between individuals of the same CA, its universal appearance, 

reliability, validity and completeness (Beunen et al., 2006; Katzmarzyk & Coelho-e-

Silva, 2013). The resultant method encompassed 98 indicators; 85 maturity 

graded indicators for the radius, ulna, carpals, metacarpals and phalanges and 13 

bone width measurements (Roche et al., 1988). A maximum likelihood method is 

used to calculate SA, with the various grades and ratios at a given CA entered in a 

software program (Felshw 1.0) that calculates SA with its associated standard 
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error (Malina, Chamorro, et al., 2007; Roche et al., 1988). Median standard error is 

.3 years from 6 months to 14 years in both boys and girls, which increases to 

approximately .6 and .5 years in boys and girls, respectively by the age of 18 

years (Katzmarzyk & Coelho-e-Silva, 2013). The Fels method is the only SA 

assessment method that includes an estimation of error for the calculated SA 

(Katzmarzyk & Coelho-e-Silva, 2013). 

 

SA can either be expressed relative to a child’s CA, or as the difference 

between SA and CA (SA-CA) (Malina, Bouchard, et al., 2004). SA expressed 

relative to CA provides an indication of maturity; for example, if a child aged 10.5 

years has a SA of 12.5 years, their skeletal development is that of a 12.5-year-old 

child and they are therefore advanced in maturity. Likewise, if a 9-year-old child 

has a SA of 7.5 years they are delayed in maturity relative to their CA. The score 

obtained when SA is expressed as the difference between it and CA also provides 

an indication of maturity. Using the first example, (12.5 years - 10.5 years = +2 

years) the difference indicates that the child is 2 years skeletally advanced in 

relation to his/her chronological age.  

 

2.3.2 Sexual maturation 

The assessment of sexual maturity is based upon the development of secondary 

sex characteristics (Malina, Bouchard, et al., 2004). A continuous process from 

embryonic stage to full sexual maturity, assessment is limited to the pubertal 

phase (Bond et al., 2006). Puberty is considered as the transitional time period 

between childhood and adulthood and involves the appearance of secondary sex 

characteristics, maturation of the reproductive system and the adolescent growth 

spurt (Malina, Bouchard, et al., 2004; Stratton & Oliver, 2014a). In boys, the onset 
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of puberty occurs between the ages of 9 to 13.5 years, with girls commencing 

puberty a little earlier, between the ages of 7 to 13 years (Curtis, 2015). 

 

Assessment of secondary sexual characteristics entails breast 

development, the onset of menstruation (menarche) in girls, and the development 

of the penis and testes and in boys (Bond et al., 2006). In both sexes, the 

development of pubic hair is assessed (Stratton & Oliver, 2014a). The most 

commonly used set of criteria to examine the stages of pubic hair, breast and 

genital maturation are described by Tanner, which is based upon the criteria of 

Reynolds and Wines (Malina, Bouchard, et al., 2004; Tanner, 1962). The Tanner 

Scale categorises the variation associated with growth and maturation into five 

progressive stages for boys and girls, respectively (Marshall & Tanner, 1969, 

1970). Stage 1 denotes the pre-pubertal stage, which is the absence of each 

characteristic (Marshall & Tanner, 1969, 1970). Stage 2 indicates the initial 

development of each characteristic and stages 3 and 4 indicate the continued 

development of each characteristic (Marshall & Tanner, 1969, 1970). Stages 2-4 

indicate the pubertal state, with stage 2 considered as early puberty and stage 3 

and 4 as mid-puberty (Marshall & Tanner, 1969, 1970). Stage 5 indicates the 

mature state for each characteristic (Marshall & Tanner, 1969, 1970). A stage 6 

exists for pubic hair, which describes the growth of pubic hair upwards towards the 

midline of the abdomen (Marshall & Tanner, 1970). This occurs in approximately 

80% of males and 10% of females (Malina, Bouchard, et al., 2004; Marshall & 

Tanner, 1970).  

 

Each pubertal stage is illustrated with figures and descriptive text and 

ratings of the stages are normally made via visual observation in a clinical setting 

(Tanner, 1962). Reproducibility between physicians has generally been found to 
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be good, but a degree of disparity exists in the level of accordance (Malina, 

Bouchard, et al., 2004). Due to the intrusive nature of the assessments, self-

assessments are often used (Bond et al., 2006). Youths are asked to rate their 

sexual characteristic development against stage-specific drawings or photos of the 

various stages (Bond et al., 2006). Correlations between self-ratings and physician 

ratings have been found to be moderate to high, with some data suggesting that 

youths overestimate early stages and underestimate late stages of sexual 

development (Malina, Bouchard, et al., 2004).  

 

Obtaining approval to use either physician examination or stage specific 

drawings or photos of the various pubertal stages may, however, prove 

problematic in a non-clinical setting (Bond et al., 2006). An alternative method 

developed by Peterson et al. (1988) circumvents this problem, by making use of 

verbal self-ratings to assess pubertal status (Bond et al., 2006; Peterson et al., 

1988). Titled the Pubertal Development Scale, youths are required to answer a 

series of questions about the growth spurt, body hair development and skin 

change (see image 2.1) (Bond et al., 2006). Gender specific questions are also 

included, and reference facial hair growth and voice change in boys and breast 

development and the advent of menarche in girls (Bond et al., 2006). Using 

longitudinal data, the score obtained by the Pubertal Development Scale reflects 

the sequencing and timing of pubertal events (Bond et al., 2006; Peterson et al., 

1988). Correlations between interviewer and adolescent self-reported ratings have 

been found to be moderate to high, although lower in boys than girls (Bond et al., 

2006; Peterson et al., 1988). Studies utilising self-administration of the Pubertal 

Development Scale have reported moderate to high correlations between self-

assessment and physician ratings using the Tanner stages (Carskadon & Acebo, 

1993). 
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Image 2.1 Pubertal Development Scale sample 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 From Project on Human Development in Chicago Neighbourhoods (PHDCN): Physical Development Scale, 
Wave 3, 2000-2002,” by Earls, Felton J., Brooks-Gunn, Jeanne, Raudenbush, Stephen W., and Sampson, 
Robert J. Distributed by Ann Arbor, MI: Inter-university Consortium for Political and Social Research, 2006 
(https://doi.org/10.3886/ICPSR13730.v1). In the public domain. 
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The process of sexual maturation is continuous and as such it is at times 

difficult to demarcate the end of one stage and the start of another (Malina, 

Bouchard, et al., 2004). It is therefore possible for individuals who differ in sexual 

maturity to be graded within the same stage (Malina, Bouchard, et al., 2004). A 

likely example is where an individual is at the beginning of a particular stage and 

another individual is at the end of the same stage (Malina, Bouchard, et al., 2004).  

Distinct events within the stages of sexual maturation can, however, provide an 

indication of pubertal timing in girls and boys, respectively (Adesina & Peterside, 

2013; Lee, Pabaya, & Kawachi, 2016).  

 

In girls, the most commonly reported indicator of sexual maturation is 

menarche (Adesina & Peterside, 2013; Malina, Bouchard, et al., 2004), with three 

methods available to determine age at menarche (Malina, Bouchard, et al., 2004). 

The first, referred to as the prospective or longitudinal method, collects longitudinal 

data from both mother and daughter at 3 to 6 month intervals on whether 

menarche has occurred and, if so, when (Malina, Bouchard, et al., 2004). The 

second, and most common method, obtains an estimate for age at menarche for a 

particular sample with an approximate age range of 9 to 17 years (Malina, 

Bouchard, et al., 2004). This method requires both the age of the girl and whether 

or not she has obtained menarche on the reported date (Malina, Bouchard, et al., 

2004). Probits for the percentage of girls who attained menarche are then plotted 

for each CA group, with a straight line fitted to the points (Malina, Bouchard, et al., 

2004). The point at which the plotted line intersects the 50th percentile is 

considered the median age at menarche for that sample (see Figure 2.1 for an 

example) (Malina, Bouchard, et al., 2004). The third, retrospective method, obtains 

information from girls who have attained menarche (premenarcheal girls excluded) 

(Malina, Bouchard, et al., 2004). The girls recollect, to the best of their knowledge, 
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the timing of their first menstrual cycle (Malina, Bouchard, et al., 2004). Accuracy 

of recollection is affected by the length of the interval between menarche and the 

time of recollection, although most women and adolescents have been able to 

recall this information within a range of 3 months (Malina, Bouchard, et al., 2004). 

 

Figure 2.1 Percentages of girls in each chronological age group who have 

attained menarche sample 

 

A corresponding measure of menarche in male adolescents is spermarche, 

which refers to the onset of sperm emission (Hirsch, Lunenfeld, Modan, Ovadia, & 

Shemesh, 1985). The presence of sperm implies that spermatogenesis has 

occurred, which is only likely if the reproductive system is sufficiently mature. 

Whilst Hirsch et al. (1985) felt that spermarche provided a more reflective 

indication of sexual maturity than menarche; the measure of analysis returned a 

high number of false negatives and required participants to provide urine samples 

over a number of years (Hirsch et al., 1985).  
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An alternative measure to assess the onset of sexual maturity in boys is by 

monitoring the variation of testicular volume, with testis volume increasing with age 

and maturation (Malina et al., 2004). Variation is somewhat skewed during 

puberty, and increases in mean volume have been shown to correlate with the 

distribution of pubic hair (Malina, Bouchard, et al., 2004). Small differences exist 

between pubic hair stage 1 and 2 (the transition into puberty), however, increases 

of, on average, 2.5 ml and 3.3 ml have been shown between pubic hair stage 2 

and 3 and pubic hair stage 3 and 4, respectively (Malina, Bouchard, et al., 2004). 

The development of auxiliary hair, facial hair, voice change and the appearance of 

the Adams apple are also used as indicators of secondary sex characteristics in 

males, however, they are less commonly used due to the large individual variation 

in timing, quantity of growth and speed of change (Malina, Bouchard, et al., 2004).  

 

2.3.3 Somatic maturation 

Since the process of growth is difficult to study, indirect methods of assessing 

body size and proportion have been used to assess their overall outcome (Stratton 

& Oliver, 2014a). Though there are numerous measures of body size (grouped via 

breadths, lengths and circumferences), the most commonly used measures of 

body size are that of height and weight (Stratton & Oliver, 2014a). Whilst absolute 

measures of growth, height and weight are not indicators of maturity per se, 

longitudinal measures of these criteria provide a good indication of somatic 

maturity (Beunen et al., 2006; Malina, Bouchard, et al., 2004). Obtaining regular 

measurements (every three months) of height and weight enables changes in 

body size to be identified with reasonable confidence (Stratton & Oliver, 2014a). 

 

Plotting longitudinal measures of height onto growth curves according to CA 

allows for the assessment and comparison of individual growth patterns (Stratton 
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& Oliver, 2014a). During adolescence, this information can provide an indication of 

the inflection in the growth curve that denotes the adolescent growth spurt (Malina, 

Bouchard, et al., 2004). Termed PHV, this process starts from around the age of 9 

to 10 years and continues up until the age of 16 or 17 years in both sexes (Malina, 

Bouchard, et al., 2004). In girls of average maturity, the onset of accelerated 

growth occurs around the ages of 9 to 10 years and peaks around the age of 12 

years (Malina, Bouchard, et al., 2004). In boys of average maturity, this occurs a 

little later, with the onset of accelerated growth occurring around the ages of 10 or 

11 years and peaking around the age of 14 years (Malina, Bouchard, et al., 2004). 

The timing of the rapid growth spurt in adolescence provides a landmark for 

identifying the start of other biological processes and/or physical characteristics, 

and as such can be used to derive indicators of maturity (age at onset of growth 

spurt, age at PHV) (Beunen et al., 2006; Malina, Bouchard, et al., 2004). For 

example, both menarche in girls and peak strength and power development in 

boys occur post PHV (Malina, Bouchard, et al., 2004; Stratton & Oliver, 2014a).  

  

Distinguishing between players that are genetically tall, or tall at a given CA 

due to advanced maturation, may have implications in the identification, selection 

and training practices of youth tennis players (Beunen et al., 1997; Kramer, 

Huijgen, Elferink-Gemser, & Visscher, 2017). Calculating PHV is, however, a 

retrospective measure, relying on multiple measures over a period of time 

(Busscher et al., 2011). As a result, it requires a lot of investment and is only able 

to identify the growth spurt once it has occurred (Busscher et al., 2011). These 

methods are, therefore, limited in their ability to predict PHV. This reduces their 

capability to proactively inform and limits a practitioners ability to adjust training 

volumes and intensities of youth athletes during accelerated periods of growth. 

Further, with parents, sports organisations and ethics committees reluctant to 
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allow the use of radiographs for the assessment of SA (due to the low-level dose 

of radiation) and menarcheal status only applicable to females and considered 

intrusive in some cultures, there is a need to identify non-invasive predicative 

methods for estimating maturity status (Malina, Cumming, Morano, Barron, & 

Miller, 2005). Two of the most commonly used methods in youth sport are the 

Mirwald and Khamis Roche (KR) method (Malina, Dompier, Powell, Barron, & 

Moore, 2007; Meyers, Oliver, Hughes, Cronin, & Lloyd, 2015).  

  

The Mirwald maturity offset method is designed to overcome the limitation 

of retrospective assessments, by providing a simple non-invasive predictive 

method that utilises cross sectional data to estimate age at PHV (Mirwald et al., 

2002). Reference data from three longitudinal studies (Saskatchewan Paediatric 

Bone Mineral Accrual Study, Saskatchewan Growth and Development Study and 

the Leuven Longitudinal Twin Study) were collected between 1991 and 1997 on 

Canadian children who were between 4 years pre-PHV and 3 years post-PHV 

(Mirwald et al., 2002). The final sample consisted out of 79 boys and 73 girls aged 

between 8 and 16 years (Mirwald et al., 2002).  

 

Sex specific predictive equations were developed using independent, 

interaction and ratio variables (Mirwald et al., 2002). Independent variables 

included CA, height, sitting height, subischial leg length and weight (Mirwald et al., 

2002). To reflect the interaction between specific anthropometric variables and 

age, interaction variables such as age and height, age and sitting height, age and 

leg length, age and weight and the interaction between leg length and sitting 

height, were incorporated (Mirwald et al., 2002). The five ratio variables calculated 

were weight divided by height, body mass index (weight divided by height 

squared), sitting height divided by height, leg length divided by height, and leg 
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length divided by sitting height (Mirwald et al., 2002). The sex specific multiple 

regression equations developed from the combined data of the three longitudinal 

studies were as follows:    

 

𝐵𝑂𝑌𝑆: 𝑀𝑎𝑡𝑢𝑟𝑖𝑡𝑦 𝑜𝑓𝑓𝑠𝑒𝑡 (𝑦𝑒𝑎𝑟𝑠)

=  −9.236+ .0002708 𝑥 𝑙𝑒𝑔 𝑙𝑒𝑛𝑔𝑡ℎ 𝑎𝑛𝑑 𝑠𝑖𝑡𝑡𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

−  .001663 𝑥 𝑎𝑔𝑒 𝑎𝑛𝑑 𝑙𝑒𝑔 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

+ .007216 𝑥 𝑎𝑔𝑒 𝑎𝑛𝑑 𝑠𝑖𝑡𝑡𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

+ .02292 𝑥 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑦 ℎ𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑖𝑜,

𝑤ℎ𝑒𝑟𝑒 𝑅 = .94,𝑅! = .891 𝑎𝑛𝑑 𝑆𝐸𝐸 = .592 

 

𝐺𝐼𝑅𝐿𝑆: 𝑀𝑎𝑡𝑢𝑟𝑖𝑡𝑦 𝑜𝑓𝑓𝑠𝑒𝑡 (𝑦𝑒𝑎𝑟𝑠)

=  −9.376+ .0001882 𝑥 𝑙𝑒𝑔 𝑙𝑒𝑛𝑔𝑡ℎ 𝑎𝑛𝑑 𝑠𝑖𝑡𝑡𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

+  .0022 𝑥 𝑎𝑔𝑒 𝑎𝑛𝑑 𝑙𝑒𝑔 𝑙𝑒𝑛𝑔𝑡ℎ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

+ .005841 𝑥 𝑎𝑔𝑒 𝑎𝑛𝑑 𝑠𝑖𝑡𝑡𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

−  .002658 𝑥 𝑎𝑔𝑒 𝑎𝑛𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛

+ .07693 𝑥 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑦 ℎ𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑖𝑜,

𝑤ℎ𝑒𝑟𝑒 𝑅 = .94,𝑅! = .890 𝑎𝑛𝑑 𝑆𝐸𝐸 = .569 

 

Serial measures of anthropometrical data were taken approximately one 

year apart (Mirwald et al., 2002). Leg length (height minus sitting height) to sitting 

height ratio is used to predict the maturity offset (years from PHV) of each 

participant, within a standard error of approximately 6 months (Lloyd et al., 2014). 

As the ratio of leg length to sitting height increases steadily before PHV and 

declines afterwards, if the leg length to sitting height ratio is increasing, it likely 

indicated a participant pre-PHV. Equally, if the leg length to sitting height ratio is 

decreasing, it likely reflects a participant post-PHV (Mirwald et al., 2002).  
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PHV is used as the maturational benchmark, with age at PHV calculated by 

subtracting the maturity offset from CA (Mirwald et al., 2002). For example, a boy 

with a CA age of 11.25 years and a maturity-offset value of -2 years is predicted to 

experience PHV at 13.25 years (11.25 - (-2) = 13.25). Individuals are categorised 

as advanced, on-time or delayed in maturity dependent on where their predicated 

age at PHV falls in relation to the reference mean (boys: 13.8 years, girls: 12.0 

years) (Mirwald et al., 2002). Individuals whose predicted age at PHV falls within ± 

1.0 year of the mean are classified as on-time, with those whose values exceed or 

are less than the mean by ± 1.0 year classified as advanced or delayed in 

maturation, respectively (Sherar, Mirwald, Baxter-Jones, & Thomis, 2005).  

 

Estimated age at PHV is the most commonly used indicator of somatic 

maturity in cross sectional studies of adolescence, providing a nonintrusive, 

gender specific means of predicting age at PHV (Mirwald et al., 2002). Several 

limitations of the method have, however, been highlighted. For example, in 

validation studies of Polish youth from 8 to 18 years, systematic deviation was 

found between predicted and actual age at PHV (Malina & Koziel, 2014). During 

the respective growth spurt time period, predicted age at PHV was later than 

actual age at PHV in boys (+.2 to +.3 years between the ages of 13 to 15 years) 

and girls (+.4 to +.6 years between the ages of 11 to 13 years), respectively 

(Malina & Koziel, 2014). Further, as the protocol of the prediction equation is 

based on individuals from European ancestry, care must be taken when applying 

the protocol to population groups of varying ethnicity (Malina & Kozieł, 2013). 

 

To address some of the limitations associated with the original prediction 

equation, variations of the maturity offset prediction equation have been 

developed. New equations developed by Moore et al. (2015) simplified the original 
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equation, reportedly without a meaningful increase in estimation error or sacrifice 

in the prediction accuracy (Moore et al., 2015). The revised equations identified 

and addressed issues of over fitting and within-subject correlation, which the 

authors felt improved the prediction of maturity offset and age at PHV in growing 

children (Moore et al., 2015). Further, the redeveloped sex-specific regression 

equations did not require sitting height, which the authors argued enhanced the 

usability of the method across disciplines and by various practitioners (Moore et 

al., 2015). 

  

The prediction error from these calculations still, however, increased the 

further an individual was away from their actual PHV, likely reflecting the influence 

of CA and body size on the prediction equations (Fransen et al. 2017; Kozieł & 

Malina, 2018). Predicted age at PHV was also systematically later than actual age 

at PHV in early maturing boys and girls and systematically earlier than actual age 

at PHV in late maturing boy and girls (Kozieł & Malina, 2017). Previous validation 

studies have suggested that this method may be useful for average maturing boys 

between the ages of 13 to 15 years that are close to PHV, however, the method 

has limited efficacy in accurately predicting age at PHV in early and late maturing 

individuals (Kozieł & Malina, 2017; Malina, Choh, Czerwinski, & Chumlea, 2016; 

Malina & Koziel, 2014; Malina & Kozieł, 2013). 

 

A further variation of the original prediction equation was recently 

developed by Fransen et al. (2017), which aimed to provide a more valid 

estimation for children further away from their age at PHV (Fransen et al., 2017). 

This new prediction equation utilised a maturity ratio (CA divided by age at PHV) 

instead of a maturity offset (CA minus age at PHV), and modelled a non-linear 

relationship between anthropometric variables of the original data from Mirwald et 
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al. (2002) (Fransen et al., 2017). This updated equation reportedly explained the 

same amount of variance as the original equation, but without systematic change 

in the prediction error as the maturity ratio changed (Fransen et al., 2017).  

 

Commentary by Nevill and Burton (2018) suggests, however, that the use 

of a common variable (CA) on both sides of the regression equation will lead to 

spuriously high correlations (Nevill & Burton, 2018). Significant correlations will, 

therefore, erroneously lead to the conclusion that maturity offset ratios are 

meaningful and positively associated with CA, or negatively associated with age at 

PHV (Nevill & Burton, 2018). Whilst Fransen et al. (2018) refute the criticism of the 

revised predictive equation, the issues regarding the accurate prediction of age at 

PHV in early and late maturing individuals remains (Fransen, Baxter-Jones & 

Woodcock, 2018). Further, the studies inability to produce sex-specific prediction 

equations means that the prediction equation derived is only applicable in male 

populations (Fransen et al., 2018).  

 

An alternative non-invasive method of providing an estimate of somatic 

maturity between the ages of 4.0 to 17.5 years, is percentage of predicted adult 

height attained at time of measurement (Khamis & Roche, 1994; Malina, 

Bouchard, et al., 2004). This value is calculated from the predicated adult height 

obtained using the KR Method (Khamis & Roche, 1994). This method was 

developed using data from the Fels Longitudinal Study (Khamis & Roche, 1994; 

Roche, Tyleshevski, & Rogers, 1983). The sample included 144 boys and 124 

girls whose stature was measured at 18 years of age (Khamis & Roche, 1994; 

Roche et al., 1983). Any participants suffering from pathological conditions were 

excluded, as well as any African American participants, due to the lack of long-

term serial data available for these ethnic groups (Khamis & Roche, 1994).  
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Using age specific equations, adult height is predicted from three variables, 

namely height, weight and mid-parent height (Khamis & Roche, 1994; Malina, 

Bouchard, et al., 2004). Although Himes and Roche (1982) report a high 

correlation (.84 to .97) between reported and measured heights obtained from 

biological parents, adults generally tend to overestimate when reporting their 

height (Himes & Roche, 1982). Over estimation is therefore accommodated for 

using equations constructed from over 1000 measured and estimated adult 

heights (Cumming, Sherar, Smart, et al., 2012; Epstein, Valoski, Kalarchiant, & 

McCurley, 1995). 

 

To determine the accuracy of the prediction model at each CA, the median 

absolute deviation (MAD) is utilised (Khamis & Roche, 1994). The MAD refers to 

the median of absolute values of the differences (independent of signs) between 

actual and predicted stature at 18 years (Khamis & Roche, 1994).  Adding and 

subtracting the MAD for matching age and gender from a predicted adult stature 

results in a range of values of which 50% of actual adult stature lies (Khamis & 

Roche, 1994). The median error bound MAD between actual and predicted mature 

height at 18 years of age is 2.2 cm in males and 1.7 cm in females (Cumming, 

Sherar, Smart, et al., 2012). Error bounds of 90% MAD provides a range within 

which 90% of actual adult statures lie for a given age and gender (Khamis & 

Roche, 1994). Mean 90% error bounds between actual and predicted height at 18 

years are 5.3 cm in males and 4.3 cm in females (Khamis & Roche, 1994). 

Although further growth can occur past 18 years of age, 18 is accepted as “adult 

stature” (Schmidt et al., 2013). 

 

As noted, percentage of adult height attained at time of observation can serve 

as an indicator of maturity status (Jackson et al., 2013). This method assumes that 
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amongst individuals of the same CA, those closer or further away from their 

predicted adult height are more or less biologically mature (Cumming, Sherar, 

Gammon, et al., 2012; Jackson et al., 2013). For example, the reference mean 

percentage of mature height attained by a 9-year-old girl according to the Berkeley 

guidance study is 81% (Bayer & Bayley, 1959). Therefore, a 9-year-old girl who 

has attained 84% of her predicted adult height is considered more mature than a 

peer of the same CA who has attained 79%. Percentage of predicted adult height 

is compared to half year age and sex specific means of the Berkeley Guidance 

Study to obtain a measure of maturity status, expressed as a z-score (Cumming, 

Battista, Standage, Ewing, & Malina, 2006). Individuals are considered on-time in 

maturation if their z-score falls between -1.0 and +1.0 standard deviation, 

advanced if their z-score falls above +1.0 standard deviation and delayed if their z-

score falls below -1.0 standard deviation (Cumming et al., 2006).  

 

Percentage of adult height attained can also be used as a measure of maturity 

timing. Research performed by Sanders et al. (2017) identified that peak height 

values coincide with 90% of adult height, with a standard deviation of 2.5% in both 

boys and girls (Sanders et al. 2017). The use of 90% of predicted adult height as a 

PHV timing surrogate, allows individuals to be grouped into maturity categories 

according to their percentage of adult height attained (Cummings et al., 2017; 

Sanders et al., 2017). The potential value of this approach was demonstrated in a 

sample of soccer players aged 11.0 to 15.3 years, where the distribution of pubic 

hair stages were related to four bands for percentage of adult height attained at 

time of observation (Cumming et al., 2017). Players who had attained < 85% and 

≥ 85% to 90% of adult height were, respectively, prepubertal (pubic hair 1) and 

early pubertal (pubic hair 2). The majority of players with adult height percentages 
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of ≥ 90% to < 95% and ≥ 95% were classed as mid-pubertal (pubic hair 3) and late 

pubertal (pubic hair 4), respectively (Cumming et al., 2017).   

 

Percentage of adult height attained at time of measurement has been used 

as a maturity measure in a number of studies examining exercise behaviour in 

British youth, physical characteristics of different maturity groups of North 

American football players as well as the functional and sport specific skills of 

Portuguese football and basketball players (Carvalho, Coelho-e-Silva, Eisenmann, 

& Malina, 2013; Cumming et al., 2009; Figueiredo, Coelho-e-Silva, Cumming, & 

Malina, 2010; Malina, Dompier, et al., 2007). Validated against an established 

measure of maturity (SA) in a sample of American youth football players (Malina, 

Dompier, et al., 2007), this method has been found to have moderate concordance 

with status classifications based on SA in American youth football and soccer 

players (Malina et al., 2015). This method has also been shown to have both 

predictive and concurrent validity in samples of UK, North American and 

Portuguese youth (Carvalho et al., 2013; Cumming et al., 2009; Figueiredo et al., 

2010; Malina, Dompier, et al., 2007). 

 

2.4 Functional development and the influence of biological maturation  

All children possess the capability of learning and developing a variety of 

fundamental movement patterns namely, locomotor (walking, running, jumping, 

hopping & skipping), non-locomotor (pushing, pulling, bending, twisting) and 

manipulative skills (throwing, catching, striking, kicking & dribbling) (Malina, 

Bouchard, et al., 2004). Refined through practice and instruction, the quality and 

complexity of performance increases with age (Malina, 2014; Malina, Bouchard, et 

al., 2004). Boys tend to outperform girls, although there is much overlap during 

early and middle childhood (Malina, 2014). The onset of adolescence earmarks a 
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period of divergence, with boys showing a marked improvement in performance, 

with girls only tending to improve up until the age of 13 to 14 years, before making 

either slight improvements or plateauing in their development (Malina, 2014). The 

development of motor competency in infancy and early childhood is reliant on a 

number of morphological, physiological and neurological characteristics influenced 

by growth and maturity, all of which impact physical and functional performance 

(Malina, Bouchard, et al., 2004). Though physical and functional performances are 

influenced by the growth and maturity characteristics in early childhood, the effects 

are most marked during late childhood and early adolescence (Tanner, 1971).  

 

Research examining the impact of maturational timing on athletic 

performance and selection has concentrated on the maturity characteristics of elite 

athletes as well as athletes of different competition levels and playing positions 

(Baxter-Jones et al., 2002; Matthys, Fransen, Vaeyens, Lenoir, & Philippaerts, 

2013; Quatman, Ford, Myer, & Hewett, 2006). The definition of what constitutes an 

elite or expert athlete is, however, subject to considerable confusion and 

inconsistency in the literature (Swann, Moran, & Piggott, 2015). Therefore, in the 

context of this research, elite youth athletes refer to individuals who have 

participated at an international level and/or who play at a national or junior national 

level. With this in mind, the purpose of the next section is to examine how growth 

and maturity as well as individual differences in maturity timing contribute towards 

variance in anthropometry, body composition, strength, speed, power, agility, 

aerobic and anaerobic capacity in elite youth athletes and the general youth 

population alike.  
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2.4.1 Anthropometry and body composition  

Height and weight are commonly used measures to monitor growth and 

maturation in youth and are considered to be of importance in tennis (Malina, 

2014). Several studies have highlighted the substantial role anthropometric 

characteristics play in the success of both professional and youth tennis players, 

with taller players possessing a significant biomechanical advantage over their 

shorter peers (Söğüt, 2018; Vaverka & Cernosek, 2007). The longer levers 

possessed by taller players allow them to generate higher tangential overhead 

racket head speeds, enabling them to produce higher peak service speeds 

(Hayes, Spits, Watts, & Kelly, 2018; Söğüt, 2018). Supporting research has also 

found significant correlations between body height and serve speed, average 

serve speed and second serve speeds in both male and female players (Vaverka 

& Cernosek, 2007). 

 

 Growth patterns among individuals generally follow a similar pattern, 

although large inter-individual and sex variation exists between size attained at 

any age and the timing of the adolescent growth spurt (Malina, Bouchard, et al., 

2004). In girls, stature increase is slightly slower than in boys up to around 7 

months, before being slightly faster until the age of 4 years (Rogol, Roemmich, & 

Clark, 2002). Differences are once again evident from the advent of the adolescent 

growth spurt (Rogol et al., 2002). Girls start their peak height growth spurt earlier 

than boys, however, tend to experience a lower PHV (9 cm versus 10.3 cm) 

(Malina, 2014; Rogol et al., 2002). The longer period of pre-pubertal growth and 

greater PHV in boys, results in an average height difference of 13 cm between 

males and females (Rogol et al., 2002). 
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From approximately 4 years to the onset of puberty, both boys and girls 

achieve an average weight gain of 2.5 kg/year (Rogol et al., 2002). Comparable to 

the spike in stature during puberty, individuals experience a period of significant 

weight gain during this time, with individuals attaining 50% of their weight during 

adolescence (Rogol et al., 2002). Termed peak weight velocity (PWV), this occurs 

around the same age as PHV in boys (around 14 years of age) and averages 

around 9 kg/year (Rogol et al., 2002). In girls, PWV occurs approximately 6 

months after PHV (around 12.5 years of age) and averages 8.3 kg/year (Rogol et 

al., 2002). Whilst growth in height slows to cessation post adolescent growth spurt, 

body weight usually continues to marginally increase into adult life with some 

individuals continuing to increase in weight into their early 20s (Malina, 2014).  

 

Changes in body composition, including the regional distribution of fat, are 

markedly large during puberty, with great variance between the sexes (Rogol et 

al., 2002). In general, boys possess 1 to 3 kg more fat free mass than girls 

between the ages of 5 to 10 years, although both sexes attain fat free mass at 

similar rates (Rogol et al., 2002). Fat mass between these ages are fairly similar, 

although girls possess greater body fat percentages; averaging 1% more fat than 

boys at age 5 years and 6% more fat than boys by age 10 years (Rogol et al., 

2002). During puberty, boys obtain fat free mass at a greater rate and for a longer 

period of time than girls, resulting in girls obtaining young adult fat free mass at 

around 15 to 16 years and boys obtaining these values by 19 to 20 years (Rogol et 

al., 2002). The differences between the sexes during puberty are largely a result of 

the circulating androgens in boys compared to girls, which result in rapid increases 

in fat free mass, small increases in fat mass and an overall decrease in fat 

percentage (decline of 1.15 kg/year) (Stratton & Oliver, 2014a). In contrast, girls 
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body fat increases during puberty, gaining fat mass at a rate of 1.14 kg/year 

(Rogol et al., 2002).  

  

Body shape and composition are appraised using the technique of 

somatotyping, which is defined as the quantification of the present shape and 

composition of the human body (Carter, 2002). Somatotype is expressed as a 

three-number rating, categorising the human body according to three specific 

elements, namely endomorphy, ectomorphy and mesomorphy (Malina, Bouchard, 

et al., 2004).  Endomorphy refers to the softness and roundness of the contours of 

the body and is characterised by the predominance of the digestive organs 

(Malina, Bouchard, et al., 2004). Ectomorphy refers to the linearity and fragility of 

build and is characterised by limited muscular development and predominance of 

surface area over the body (Malina, Bouchard, et al., 2004). Mesomorphy refers to 

relative musculoskeletal development adjusted for stature and is characterised by 

muscle definition (Malina, Bouchard, et al., 2004).  

 

Somatotype assessment of children and adolescents has met with varying 

success rates due to the lack of reference material, cultural bias and rapidly 

changing body proportions (Malina, Bouchard, et al., 2004). Additionally, 

assessment criteria differ depending on the method applied, although several 

trends can be noted (Malina, Bouchard, et al., 2004). In boys, endomorphy 

appears to decrease with age, especially during adolescence (Malina, Bouchard, 

et al., 2004). In contrast, ectomorphy appears to increase with age into 

adolescence, with mesomorphy increasing gradually with age before showing a 

marked increase in late adolescence (Malina, Bouchard, et al., 2004). In girls, 

endomorphy and ectomorphy increase with age, until the adolescent growth spurt 

(approximately 12 years of age), after which ectomorphy declines in girls (Malina, 
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Bouchard, et al., 2004). In contrast, mesomorphy appears to decline with age in 

girls (Malina, Bouchard, et al., 2004). 

 

Individual body size obtained during childhood and early adolescence are 

related in part to biological maturation (Malina, 2007). Early maturing children of 

both sexes are generally taller and heavier compared to age group peers from 6 

years onwards, however, these differences become much greater when these 

early maturing boys and girls enter puberty (Malina, Bouchard, et al., 2004). This 

is partly reflective of the additional variation in timing and magnitude of the 

adolescent growth spurt (Malina, Bouchard, et al., 2004). Whilst children advanced 

in maturation experience a greater PHV than their less mature peers, they stop 

growing in stature first, with those on-time and delayed in maturity growing for 

longer (Malina, Bouchard, et al., 2004).  

 

The height advantage held by early maturers during adolescence dissipates 

with age, with late maturing boys and girls often reaching or surpassing the stature 

of their early maturing peers post puberty (Malina, Bouchard, et al., 2004; 

Pearson, Naughton, & Torode, 2006b). In contrast, early maturing individuals’ 

possess greater body weight as young adults and maintain a greater weight for 

height ratio (Malina, Bouchard, et al., 2004). Body dimensions also differ, with 

early maturing boys and girls inclined to possess broad hips and narrow shoulders 

(relative to hips), with those delayed in maturation possessing relatively narrow 

hips and broad shoulders with longer legs (Malina, Bouchard, et al., 2004). 

 

Mean somatotypes of early maturing boys and girls are, on average, more 

ecto- and mesomorphic, whilst their late maturing counterparts are more 

ectomorphic (Malina, Bouchard, et al., 2004). Boys advanced in maturation tend to 
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have more fat free mass per body unit body size, with differences in body 

composition becoming more marked as puberty progresses (Malina, Bouchard, et 

al., 2004). In contrast, girls advanced in maturity exhibit greater absolute and 

relative fat mass than their less mature peers (Malina, Bouchard, et al., 2004) 

 

With few exceptions, youth athletes possess body sizes that equal or 

exceed age specific reference medians (Kuczmarski et al., 2002; Malina & 

Geithner, 2011). In certain sports this varies according to position (handball and 

football) (Malina et al., 2000; Matthys et al., 2013) and/or discipline (figure skaters) 

(Mattson & Richards, 2010; Vadocz, Siegel, & Malina, 2002). Differences in height 

and weight may be evident as early as childhood, with a sample of female Dutch 

swimmers and gymnasts exhibiting differences as young as 2 years old (Malina, 

Bouchard, et al., 2004).  

 

The differences in athlete’s body sizes can largely be attributed to the 

selective and exclusionary nature of some sports and tempo variation in biological 

maturation (Malina, Bouchard, et al., 2004). For example, elite male youth rowers 

have been found to be 7% taller and 27% heavier than a reference group of the 

same CA and were already taller than average during childhood (Bourgois et al., 

2000). In gymnastics, a sport that demands small physiques, athletes fell below 

the average height in the pubertal years (12 to 16 years) when compared to British 

growth charts (Baxter-Jones & Helms, 1996). By 17 years, gymnasts did reach the 

same height as an average individual on the British growth charts, with the late 

achievement of height indicative of late occurring PHV (Baxter-Jones & Helms, 

1996).	
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Body composition in youth athletes is influenced by growth and maturity 

status and has been shown to be influenced by training (Armstrong & Welsman, 

2005; Malina & Geithner, 2011). There is, however, no evidence to suggest that 

training influences adult stature or maturity timing and tempo (Armstrong & 

Welsman, 2005). Youth athletes tend to be less endomorphic (especially female 

youth athletes) and mesomorphic and more ectomorphic than their non-athletic 

peers (Baxter-Jones et al., 2002), with somatotypes of young athletes resembling 

their national and international counterparts in the same discipline (Carter & 

Heath, 1990). Differences between the sexes highlight that female youth athletes 

appear to show greater variation in relative fatness between the ages of 13 to 18 

years than male youth athletes do between the ages of 14 to 18 years (Malina, 

Bouchard, et al., 2004). On the whole, relative fat differences between the athletic 

and non-athletic youth female population is greater than between the athletic and 

non-athletic male youth population (Malina, Bouchard, et al., 2004). 

 

 

2.4.2 Strength development 

Though the ideal combination of physical characteristics needed to perform in 

professional tennis is multifactorial, many believe that developing a 

comprehensive strength base provides a platform from which other physical 

components can be developed (Kovacs, 2006). Good levels of muscular 

endurance may also help to stave off the effects of fatigue, enabling players to 

maintain their movement quality during matches of long duration (Reid & 

Schneiker, 2008). Moreover, consistently performing tailored strength programmes 

may also help reduce the risk of injury by targeting muscle imbalances created by 

the repetitive, one side dominant nature of the sport (Chandler, Ellenbecker, & 

Roetert, 1998; Todd S.  Ellenbecker, Pluim, Vivier, & Sniteman, 2009). 
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 Defined according to a number of indicators, strength is a valuable attribute 

of most athletes as it acts as a general base to support specific training (Beunen & 

Thomis, 2000; Tan, 1999). In the context of this research, the terms strength and 

endurance are considered, as well as static (isometric) and dynamic strength 

factors (Beunen & Thomis, 2000). Muscular strength can be defined as the 

maximal force or tension that can be produced by any given muscle group; whilst 

muscular endurance can be defined as the ability of a muscle to maintain sub-

maximal force levels for an extended period of time (Heyward, 1984; Stone et al., 

2006). Static strength represents the forces that are exerted against an external 

resistance without any change in the joint angle and small changes in muscle fibre 

length (Brown & Weir, 2001). Dynamic strength, on the other hand, can be defined 

as the force or torque generated by repetitive muscular contractions (Malina, 

Bouchard, et al., 2004). 

 

Strength characteristics follow a growth curve similar to most external body 

dimensions, increasing fairly linearly from early childhood until the onset of puberty 

in boys (around 13 years) and approximately to the end of puberty in girls (around 

15 years) (Beunen & Thomis, 2000; De Ste Croix, 2007). Boys tend to be stronger 

and more powerful than girls with increasing age, although differences become 

progressively greater post adolescence (Beunen & Thomis, 2000; Malina, 

Bouchard, et al., 2004). During puberty, boys experience a marked increase in 

strength approximately 3 months to a year after PHV (Beunen & Thomis, 2000; De 

Ste Croix, 2007). Whilst girls experience a similar increase in strength during the 

pubertal time period, the magnitude of the change is less, with improvements 

slight or plateauing post puberty (De Ste Croix, 2007; Malina, 2014).  
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Muscular endurance shows a similar linear improvement in boys from the 

ages of 5 to 13 or 14 years, after which there is an accelerated period of growth 

(Beunen & Thomis, 2000). In contrast, muscle endurance improves linearly in girls 

up until the ages of 16 to 17 years, with no accelerated period of growth during the 

adolescent phase (Malina, Bouchard, et al., 2004). The divergence in strength 

values between boys and girls during puberty has implications not only for 

performance, but for risk of injury as well (Hewett, Myer, & Ford, 2006). This 

premise is supported by research that highlights an increase in anterior cruciate 

ligament injuries in girls from the onset of puberty (Hewett et al., 2006). The 

increase in risk has been attributed to intrinsic variables of anatomical, hormonal, 

neuromuscular and biomechanical changes that accompany puberty, in addition to 

other factors that instigate the differences in injury risk between boys and girls 

(Hewett et al., 2006). 

 

Strength is related to body size and muscle mass (Beunen & Thomis, 

2000). Correlations vary from .3 to .6, with the highest correlations found between 

13 to 15 years, reflecting the variation in the timing of the adolescent growth spurt 

(Beunen & Thomis, 2000). Sex differences in strength may therefore, in part, be 

reflective of the size advantage held by boys over girls (Beunen & Thomis, 2000). 

Boys possess greater strength per unit body size than girls during childhood and 

adolescence, especially in the trunk and upper body (Beunen & Thomis, 2000). 

When controlling for size, negligible differences exist between the sexes in 

measures of lower body strength (Beunen & Thomis, 2000). 

 

Whilst age and body size are primary factors in influencing the strength and 

motor performance of children, individual differences in sexual and biological 

maturation are confounding factors during adolescence (Beunen & Thomis, 2000; 
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Malina, Bouchard, et al., 2004). Early maturing boys are stronger at all ages, with 

the maturity-associated variation in pushing strength also appearing to increase 

with age (Geithner et al., 2004). The strength difference between those on-time 

and delayed in maturity is small in comparison to the differences between early 

maturers and those on-time and delayed (Malina, Bouchard, et al., 2004). When 

expressed relative to body weight, grip strength differences between boys of 

contrasting maturity classifications is greatly reduced, with boys delayed in 

maturation possessing greater grip strength per unit of mass (Malina, Bouchard, et 

al., 2004). This advantage does, however, not extend to pushing strength, where 

early maturing boys have more strength per unit mass between the ages of 13 to 

17 years (Malina, Bouchard, et al., 2004).  Differences in pushing strength per unit 

mass are negligible between on-time and late maturing boys, especially after 15 

years of age (Malina, Bouchard, et al., 2004).  

 

When strength is expressed relative to height, differences between the 

three maturity categories of boys persist, with early maturing boys possessing 

more strength per unit of stature at all ages, except at 11 years (Malina, Bouchard, 

et al., 2004). Differences in pushing strength are also apparent, with early 

maturing boys possessing greater strength than their on-time and late developing 

peers with increasing age (Malina, Bouchard, et al., 2004). The strength 

advantages held by early maturing boys are likely a result of rapid growth in 

stature during adolescence and the accumulation of larger muscle mass during 

this time period (Viru et al., 1999). A study examining the differences in muscle 

mass and function in middle aged men relative to adolescent maturity 

classifications, found that late maturing boys had better muscle function (isometric 

strength and power) in middle age (45 to 49 years) (Beunen et al., 2009). 
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Comparatively few studies have examined the longitudinal effects of growth 

and maturation on strength in girls. The available data suggests that girls show 

considerable individual variation in strength development depending on the muscle 

group considered (Malina, Bouchard, et al., 2004). In contrast to boys, girls 

advanced in maturation only appear to be stronger between the ages of 11 to 13 

years, with strength differences between maturity classifications dissipating with 

age (Malina, Bouchard, et al., 2004). Post puberty, those girls who are on-time and 

delayed in maturity ‘catch up’ and match the strength of their early maturing peers 

(Malina, Bouchard, et al., 2004). When strength is expressed relative to body 

weight, girls on-time and delayed in maturity possess more strength per unit mass 

than their early maturing counterparts, with no apparent difference between girls 

on-time and delayed in maturity (Malina, Bouchard, et al., 2004). When expressing 

strength as a ratio of height, no differences are found between the three maturity 

categories in girls (Malina, Bouchard, et al., 2004). 

 

2.4.3 Power development 

The ability to generate power is considered a key determinant of success in elite 

level tennis (Reid & Schneiker, 2008). Research has demonstrated positive linear 

relationships between service speed and peak torque for the overhead and 

diagonal throwing action, with the production of ground reaction forces central to 

successful stroke and movement production (Reid & Schneiker, 2008). Therefore, 

the powerful serves and rapid exchanges of groundstrokes that epitomise modern 

day tennis rely on a player’s ability to produce high levels of force in a short period 

of time (Kovacs, 2007). 

 

Mechanical power is defined as the rate of doing work (𝑝 =𝑊/𝑡), and in the 

context of this research refers to the moment where maximal, or near maximal, 
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rate of force development occurs (Knudson, 2009; Stone, Stone, & Lamont, 1993). 

The rate of muscle activation affects the rate of force development, thus rate of 

force development is largely a function of the nervous systems ability to activate 

muscle (Stone et al., 1993). In the adult population, leg power is commonly 

measured using jumping protocols, whereas in the youth population jump height is 

commonly assessed (Beunen & Thomis, 2000; Meylan, Cronin, Oliver, Hughes, & 

McMaster, 2012). Both of these measures have been found to be reliable (Lloyd, 

Oliver, Hughes, & Williams, 2009; Mirwald et al., 2002), with the jumping protocol 

used in the adult population (2 legged countermovement or squat jump) found to 

be valid in estimating explosive power of the lower limbs (Cronin & Hansen, 2005; 

Peterson, Alvar, & Rhea, 2006; Rodríguez-Rosell, Mora-Custodio, Franco-

Márquez, Yáñez-García, & González-Badillo, 2017). 

 

The jumping mechanism involves the stretch shortening cycle, which is 

characterised by an eccentric lengthening of the muscle followed immediately by a 

powerful isometric contraction (Wilson & Wilson, 2008). The stretch shortening 

cycle is categorised by fast and slow actions that are determined by the threshold 

ground contact time of 250 milliseconds (Lloyd, Meyers, & Oliver, 2011). Ground 

contact times of longer than 250 milliseconds are regarded as slow stretch 

shortening cycle activities, whereas as ground contact times of less than 250 

milliseconds are regarded as fast stretch shortening cycle activities (Lloyd, 

Meyers, et al., 2011).  

 

The countermovement jump is regarded as a slow stretch shortening cycle 

activity and developmental trends indicate that as children get older their jump 

heights increase (Lloyd, Meyers, et al., 2011). These improvements have been 

attributed to increased muscle mass and rate coding (Lloyd, Meyers, et al., 2011). 
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Two phases of marked improvements in power have been identified, namely 

between the ages of 5 to 10 years in both sexes and between the ages of 9 to 12 

years in girls and 12 to 14 years in boys (Beunen, 1997). The initial period of 

accelerated development has largely been attributed to enhancements in 

neuromuscular coordination, whilst the second spurt is related to a combination of 

hormonal, muscular and mechanical factors initiated by the onset of puberty (Ford, 

De Ste Croix, et al., 2011).  

 

On average, girls show a linear increase in countermovement jump scores 

up until the age of 14 years, after which the gains are smaller in magnitude 

(Beunen & Thomis, 2000). Boys also show a linear increase in countermovement 

jump scores, however, their values show a progressively steeper incline during 

puberty and continue to improve up until the age of 18 years due to quantitative 

(greater muscle cross-sectional area) and qualitative (increase in biomechanical, 

neuro-motor control) changes (Beunen & Thomis, 2000; Malina, Bouchard, et al., 

2004).  

 

Leg stiffness, a measure of fast stretch shortening cycle activity, has also 

been shown to increase with age, although the mechanisms for such improvement 

are unclear (Lloyd, Meyers, et al., 2011). In addition to leg stiffness, another 

method of representing fast stretch shortening cycle activity is the reactive 

strength index, which measures the ratio between jump height and contact time 

(Lloyd, Oliver, Hughes, & Williams, 2012). Research examining the age-related 

differences in neural regulation during maximal and sub-maximal hopping found 

that reactive strength index increases with age, with both 12 and 15-year-old 

individuals producing significantly greater values than 9 year olds (Lloyd et al., 

2012). These results are supported by research examining the differences in leg 
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stiffness between adult males and boys, with men able to elicit greater relative leg 

stiffness than boys when hopping at greater frequencies (Oliver & Smith, 2010).   

 

Measures of upper body power have utilised medicine ball throws in 

children, adolescents and adult populations (Mayhew et al., 2005; Salonia, Chu, 

Cheifetz, & Freidhoff, 2004) and specifically the overhead ball throw in children 

(Malina, Bouchard, et al., 2004). Medicine ball throws have been found to be both 

a valid and reliable measure of upper body explosive power (Stockbrugger, 2001). 

In line with lower limb power development, distances thrown during the overhand 

medicine ball throw have shown a linear increase in boys during childhood, with a 

marked upward trend during adolescence (Malina, Bouchard, et al., 2004). In girls, 

throwing performance shows only a slight improvement between the ages of 6 to 

14 years after which it becomes stable (Malina, Bouchard, et al., 2004). 

 

Whilst research shows a progressive increase in power output from 

childhood to adulthood in both boys and girls, there is limited research available on 

the levels of power attained in young children (Malina, Bouchard, et al., 2004). 

This is due in part to the great variability in performance between individuals at 

these ages, as well as the large day-to-day variability in performances from the 

same individual (Malina, Bouchard, et al., 2004). That said, available research 

indicates small differences between the sexes, with results favouring boys in both 

jumping and throwing tasks (Malina, Bouchard, et al., 2004). 

 

Research examining the relationship between power and sexual maturity in 

boys and girls aged 10 to 16 years, found significant differences between stages 

of sexual maturation and vertical jump performance in boys, even when the effects 

of mass and stature were controlled for (Ford, De Ste Croix, et al., 2011; Jones, 
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Hitchen, & Stratton, 2000). In contrast, sexual maturity alone was not highly 

correlated to physical fitness measures in girls, with mass and stature possibly 

accounting for a large portion of the unexplained variance (Jones et al., 2000). The 

differing effects of sexual maturity on performance measures between the boys 

and girls sample may be as a result of circulating androgens, particularly greater 

testosterone and growth hormone levels present in males during adolescence 

(Ford, De Ste Croix, et al., 2011; Jones et al., 2000). In support of this premise, 

boys exhibit a neuromuscular spurt (increased power, strength and coordination) 

characterised by increases in both vertical jump height and ability to absorb 

landing forces with increasing age and maturational stage (Quatman et al., 2006). 

Maturity related factors were also found to play a significant role in determining 

absolute leg stiffness at different hopping frequencies in boys aged 11 to 12 years 

(Oliver & Smith, 2010). Conversely, a reduction in both jump height and vertical 

takeoff force in girls, highlights the contrasting effects of maturation on lower limb 

explosive strength between the sexes (Ford, De Ste Croix, et al., 2011; Quatman 

et al., 2006).  

 

When aligning the velocity curve of lower limb development to PHV, it 

appears that an adolescent spurt in muscular power (countermovement jump) 

begins approximately 1.5 years from PHV and peaks .5 to 1.0 years post PHV, 

aligning to peak PWV (Lloyd & Cronin, 2014).	Increases in vertical jump height 

during this time period are attributed to growth and morphological related changes 

in leg length, muscle cross sectional area, angle of pennation and alterations in 

fascicle length (Ford, De Ste Croix, et al., 2011; Lloyd & Cronin, 2014). These 

structural changes appear to override any negative effects of concurrent increases 

in body mass (Butterfield, Lehnhard, Lee, & Coladarci, 2004). In contrast, results 

from a mixed longitudinal study containing elite, sub elite and non-elite footballers, 
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reported peak increases (5.1 cm/year) in power (countermovement jump) that 

coincided with PHV, before declining by 3.3 cm/year in the 12 months after PHV 

(Philippaerts et al., 2006).  

 

Differences in attainment of peak power appear to be dependent on the 

physical performance test implemented. For example, when maximal power was 

evaluated in a mixed longitudinal study containing elite, sub elite and non-elite 

footballers with the standing long jump, peak power was reached, on average, 18 

months before PHV (Philippaerts et al., 2006). After this, increases in maximal 

power output declined until 12 months before PHV, with a gradual increase 

occurring after this time period up until 12 months after PHV (Philippaerts et al., 

2006).  

 

2.4.4 Speed development 

In tennis, players never attain maximum speed during sprinting; therefore first step 

quickness and speed over short distances are more important determinants of 

performance (Cronin & Hansen, 2005; Salonikidis & Zafeiridis, 2008). The faster a 

player can get to a ball, the more time they have to prepare for a shot (Kramer et 

al., 2013). Tennis players therefore need to be able move quickly (Kovacs, 2006), 

either forwards, backwards or laterally, according to the trajectory of the oncoming 

ball (Parsons & Jones, 1998). 

	

Two components of high-speed actions are acceleration and speed (Little & 

Williams, 2005). Acceleration is defined as the rate of change of velocity, or an 

attempt to reach maximal speed as quickly as possible (Little & Williams, 2005). 

Speed is defined as the time taken to cover a certain distance and is measured in 

meters per second (National Strength and Conditioning Association, 2013). A 
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three-fold increase in speed has been reported from infancy to adulthood, with the 

process of development far from linear (Schepens, Willems, & Cavagna, 1998a; 

Viru et al., 1999). Accelerated spurts of improvement are reported both pre-

adolescence and during adolescence (Meyers et al., 2017; Meyers et al., 2015). 

Adaptations in the central nervous system result in the majority of improvement 

pre-adolescence, with further adaptations occurring primarily as a result of 

endocrine-mediated development throughout adolescence (Oliver, Lloyd, & 

Rumpf, 2013). Additional factors have been found to impact speed development 

namely, muscle cross sectional area, limb length, biological and metabolic 

changes, morphological changes to the muscle and tendon, as well as 

biomechanical and coordination factors (Oliver & Rumpf, 2014). With so many 

variables influencing the development of speed, it is challenging to attribute 

improvement to any one component (Oliver & Rumpf, 2014).			

	

In its simplest form, maximal speed is a product of stride length and stride 

frequency (Oliver et al., 2013). Stride frequency has been shown to slightly 

decrease after early childhood before plateauing, with proportional increases in 

speed attributed to stride length (Oliver et al., 2013). In a number of studies, 

examining speed development in pre- and post-pubertal children, improvement in 

speed has largely been attributed to increases in stride length, with stride 

frequency less influential (Oliver et al., 2013). Stride length and stride frequency 

are, however, outcome measures, with factors such as ground contact time and 

derivatives of this (rate of force development, impulse, power, and leg stiffness) 

contributing towards producing long stride lengths and a high stride frequencies 

(Oliver et al., 2013). Published data examining the effects of these factors in a 

youth population are, however, limited (Oliver et al., 2013).  
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Research examining the relationship between vertical stiffness, leg stiffness 

and maximal sprint speed in boys aged 11 to 16 years, established that relative 

vertical stiffness and peak force were important determinants of sprint speed 

(Meyers et al., 2017). Improvements in peak force may be facilitated by 

quantitative (increased muscle mass) and qualitative changes (changes in muscle 

tendon structure), both of which are influenced by maturation (Oliver et al., 2013).  

In adolescents, both muscle power and leg stiffness were found to be key 

determinants of acceleration and maximal speed values (Chelly & Denis, 2001). 

Further, it has been suggested that power and horizontal force may explain nearly 

all variance in maximal running speed in children from pre- to post-pubescence 

(Oliver et al., 2013).  

 

Improvements in muscle power, leg stiffness and peak and horizontal force, 

will likely enable children to produce a longer stride length, thus positively 

impacting sprint times (Oliver et al., 2013). In support of this, Nagahara et al. 

(2018) reported that greater sprinting performance in older boys across a broad 

range of ages (6.5 to 15.4 years), was a product of greater mean propulsive forces 

(measured by ground reaction forces) and longer stride length (Nagahara et al., 

2018). The improvement in stride length was attributed to greater effective vertical 

impulse and height (Nagahara et al., 2018). Longer levers have been shown to 

impact contact length, although this contributes less to stride length than the aerial 

phase (Oliver et al., 2013). Younger children compensate for their shorter legs by 

increasing their stride frequency, more so than that of older children and adults 

(Nummela, Keränen, & Mikkelsson, 2007; Schepens et al., 1998a). However, as 

95% of adult limb length has been attained by 12 years of age, further increases in 

speed are accompanied by relatively small changes in limb length (Oliver et al., 

2013).	 
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When examining speed differences between the sexes, boys generally run 

faster than girls at all ages, although a plateau in performance has been observed 

post 15 years in boys and between the ages of 12 to 13 years in girls 

(Papaiakovou et al., 2009). The plateau in performance post PHV may be 

attributable to the difference in developmental trajectories of various motor skills 

between boys and girls. Specifically, at the age of 12 years, both boys and girls 

have achieved approximately 75% of the sprint speed that they exhibit at 18 years 

(Jeffreys, 2014b; Papaiakovou et al., 2009). In contrast, at the same age, they 

have only attained 40% to 50% of the strength qualities present at 18 years 

(Bassa, Kotzamanidis, Patikas, & Paraschos, 2001; Jeffreys, 2014a; Papaiakovou 

et al., 2009). The discrepancy of 2 to 3 years in the occurrence of the plateau 

between the two sexes may be due to the fact that girls mature 2 years in advance 

of boys (Gillison, Cumming, Standage, Barnaby, & Katszmarzyk, 2017), with the 

plateau in performance seeming to coincide with the period of PHV in girls and 

PWV in boys.  

 

A temporary decline in performance or disruption of motor coordination has 

also been observed in adolescent boys and girls around the time of PHV 

(Philippaerts et al., 2006). Termed “adolescent awkwardness”, the temporary loss 

of motor co-ordination is thought to affect approximately 25% of adolescents and 

has appeared in the literature for the better part of a century without much 

consensus (Butterfield et al., 2004; Oliver & Rumpf, 2014). In a sample of Flemish 

male soccer players, a decline in performance was reported approximately 12 

months prior to PHV (Mean: 13.8 years in boys), with peak sprint performance 

occurring circa PHV (Philippaerts et al., 2006). Similarly, research performed on 

446 adolescent Belgium boys observed a decline in seven motor skills during 

PHV, with 9.5% and 33.5% of the boys evaluated returning decreased vertical 
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jump height and slower shuttle runs, respectively, during this time period 

(Butterfield et al., 2004). The loss of performance has been attributed to the rapid 

increase in limb length during this time, resulting in a temporary loss of motor 

coordination (Oliver & Rumpf, 2014). These individuals need time to adjust to their 

newfound lever length, which may subsequently impact coordination and 

performance in certain motor tasks (Oliver & Rumpf, 2014). Due to the temporary 

nature of the condition, this awkwardness tends to depend more on individual 

patterns and changes in growth and performance (Philippaerts et al., 2006). 

 

During puberty, improvements in sprint performance diverge, with boys 

making greater gains than their female counterparts (Oliver & Rumpf, 2014). 

Hormonal and muscular changes around the period of PHV contribute to these 

changes, with boys experiencing a 10-fold increase in testosterone and muscle 

mass during this time (Meyers et al., 2015; Tønnessen, Svendsen, Olsen, 

Guttormsen, & Haugen, 2017). The increase in testosterone and muscle mass 

impact both concentric strength and power and as such are likely to influence 

sprint speed (Lloyd, Oliver, Hughes, & Williams, 2011; Meyers et al., 2015; Viru et 

al., 1999). In contrast, girls experience less dramatic gains in muscle mass and 

greater fat mass accumulation (Quatman et al., 2006), exhibiting a relatively 

steady linear increase in strength up until the age of 16 or 17 years (Malina, 

Bouchard, et al., 2004).   

	

Maturation has been shown to influence sprint speed, however, studies 

evaluating speed within the context of maturity have largely evaluated speed with 

shuttle runs and plate tapping (upper body speed assessments) rather than with 

actual sprint tests (Malina, Bouchard, et al., 2004; Meyers et al., 2015). That said, 

a study of 350 school boys aged 11 to 15 years did not find boys of increasing 
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maturation returning fasters sprint times (Meyers et al., 2015). Increases in speed 

measures were, however, noted around the time of PHV and attributed to the 

more effective use of additional leg and stride length as both contact time and 

stride frequency stabilise around this time (Meyers et al., 2015). In data presented 

by Malina et al. (2004), early maturing adolescent Belgian boys performed better 

than on-time and late maturing boys in motor performance tasks at most ages 

after 13 years when controlling for variation in body size (Malina, Bouchard, et al., 

2004).  

 

An exception was found in upper body speed assessments (plate tapping), 

where performance differences between different maturing groups were found to 

be small when compared to strength and power tasks (Malina, Bouchard, et al., 

2004). When a subsample of the initial group of boys was re-evaluated at 30 years 

of age, those who were originally classified as advanced in maturation maintained 

their advantage in upper limb movement speed (Malina, Bouchard, et al., 2004). In 

contrast, late maturing boys performed better in speed and agility tasks 

(Taeymans, Clarys, Abidi, Hebbelinck, & Duquet, 2009). It therefore appears that 

late maturing boys improve in motor performance tasks between the ages of 18 

and 30 years, whereas early and average maturing boys show little change or 

decline (Taeymans, Clarys, Abidi, Hebbelinck, & Duquet, 2009).  

 

These results highlight the continued growth experienced by late 

developing boys beyond adolescence and thus the passing effect of maturity 

associated variations on performance during adolescence (Malina, Bouchard, et 

al., 2004). In girls, the limited available data suggests that the physical changes 

(increases in fat mass and physique) associated with advanced maturation may be 

less appropriate for weight baring activities, influencing an individual’s ability to 
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move greater mass at speed without the associated strength and power benefit 

(Cumming et al., 2011). 

	

2.4.5 Agility development  

Tennis is similar to many other intermittent sports, in that play is characterised by 

repeated high intensity short bursts of running and multiple changes of direction 

(Fernandez-Fernandez, Sanz-Rivas, & Mendez-Villanueva, 2009). Players are 

faced with opponents who are able to vary the pace, spin and direction of the ball, 

which has led to tennis often being described as a game of continual emergencies 

(Groppel, 1986). Good court movement and positioning is therefore dependent on 

good agility, with proper positioning needed to apply maximal force onto the ball 

(Groppel & Roetert, 1992).  

 

Agility has been characteristically understood as the ability to change 

direction in an efficient manner (Yanci, Arcos, Grande, Gil, & Cámara, 2014). This 

definition has since evolved to encompass the response to task specific cues 

when rapidly changing direction (Yanci et al., 2014). Efficient agility is therefore 

demonstrated by mastering a number of skills, one of which is the ability to 

accelerate, decelerate, change direction and reaccelerate in a predetermined 

pattern (Cooke, Quinn, & Sibte, 2011). This approach does not account for the 

open nature of agility required during tennis and is therefore referred to as change 

of direction capability (Cooke et al., 2011). In the context of this research, change 

of direction capability will be examined. 

 

Existing research highlights a non-linear improvement in change of direction 

from childhood to adolescence (Eisenmann & Malina, 2003; Jakovljevic, Karalejic, 

Zoran, Marija, & Erculj, 2012; Lloyd et al., 2013; Vänttinen, Blomqvist, Nyman, & 
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Häkkinen, 2011). Girls and boys exhibit similar capacities in the pre-pubescent 

years, with sex-associated differences beginning to appear around the onset of the 

pubertal growth spurt (Eisenmann & Malina, 2003). In boys, peak rate of change of 

direction occurs at approximately 13 to 14 years of age, which coincides with the 

timing of PHV (Vänttinen et al., 2011). Improvements in change of direction are 

likely a result of nervous system development, with enhancements in inter- and 

intramuscular coordination and motor control improvement facilitating change 

(Lloyd et al., 2013). In boys, increases in sex androgen concentrations 

(testosterone, insulin-like growth factor) will further impact change of direction 

ability in circa- and post-pubertal individuals (Lloyd et al., 2013). In contrast to 

boys, girls change of direction performance plateaus or decreases post 13 years 

(Eisenmann & Malina, 2003; Lloyd et al., 2013). 

 

Two key physical components, namely linear speed and force production 

(strength, power), are closely associated with agility performance (Jeffreys, 2014a; 

Sheppard & Young, 2006). As highlighted in earlier text, both have been shown to 

noticeably improve from childhood to adolescence (Beunen & Thomis, 2000; De 

Ste Croix, 2007). In boys, significant improvements in speed have been found to 

occur every 2 to 3 years, indicative of a growth and/or maturity related effect on 

speed development (Papaiakovou et al., 2009). Improvements in force production 

have also been closely linked with sexual maturity in boys (Ford, De Ste Croix, et 

al., 2011; Papaiakovou et al., 2009), suggesting that the effects of growth and 

maturation also influence change of direction measures in boys.  

 

In girls, those advanced in maturation express greater weight, height and 

weight-for-height than their less mature peers of the same age (Cumming et al., 

2011). Whilst heavier individuals have been shown to generate greater force, 
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individuals with a lower body mass tend to execute change of direction tasks faster 

than their heavier counterparts (Bourgeois, McGuigan, Gill, & Gamble, 2017). 

Further, the greater absolute and relative mass obtained by early maturing girls, in 

combination with the plateauing of strength development experienced by girls post 

puberty, may impact the speed of execution in change of direction tasks (De Ste 

Croix, 2007; Malina, 2014). This suggests that late developing girls would perform 

better in change of direction tasks than their more mature peers. 

	

2.4.6 Aerobic and anaerobic capacity  

The ability of a tennis player to repeatedly generate explosive strokes and 

complete rapid on-court movements in a match, and subsequent matches during a 

tournament week, requires a high level of aerobic and anaerobic conditioning 

(Girard, Chevalier, Leveque, Micallef, & Millet, 2006; Kovacs, 2006). Considering 

match play can last anywhere from 90 minutes to 5 hours (Ferrauti, Bergeron, 

Pluim, & Weber, 2001), possessing a good aerobic base enables fast recovery 

between points and contributes to maintained concentration and preparation for 

each point after extended play (Girard et al., 2006).  

 

Cardiovascular fitness is commonly assessed among school children, 

athletic teams and individuals and community-based fitness programs (Black, 

Vehrs, Fellingham, George, & Hager, 2016). The development of cardiovascular 

fitness is reliant on an individual’s capacity for aerobic and anaerobic metabolism, 

which is influenced by a host of physiological and hormonal changes 

encompassed in the natural process of growth and development (Gamble, 2014; 

Patel et al., 2017). The criterion measurement of aerobic capacity is peak oxygen 

consumption (VO2), which can be measured with incremental exercise tests to 

exhaustion (Patel et al., 2017). These tests measure the maximal capacity of an 
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individual to perform aerobic exercise, which occurs as a result of aerobic and 

anaerobic processes (Armstrong, McManus, & Welsman, 2008).  

 

Longitudinal research examining the absolute VO2 in untrained children 

found VO2 increased from 1.0 l/min at age 6 to 2.8 and 2.0 l/min by age 15 for 

boys and girls, respectively (Helmantel, Elferink-Gemser, & Visscher, 2009). After 

this age, absolute values in untrained boys continue to improve, whereas values in 

untrained girls plateau (Helmantel et al., 2009; Krahenbuhl, Skinner, & Kohrt, 

1985). Peak VO2 values have been shown to increase by 150% in boys and 

approximately 80% in girls between the ages of 8 to 16 years (Armstrong et al., 

2008). The increase in peak VO2 values in boys is consistent with longitudinal 

research performed on samples of English, Czech, Canadian and Dutch 

individuals aged between 8 to 16 years (Armstrong et al., 2008). Peak VO2 values 

were found to improve by > 120% during this time, with values doubling from age 

11 to 17/18 years (Armstrong et al., 2008). The largest annual increase in the 

boy’s values occurred between ages 13 to 15 years, suggesting that peak VO2 

values coincide with age at PHV (Armstrong et al., 2008). The results from the 

girl’s samples were less clear, with peak VO2 values improving by 47% in a 

sample of English girls from 11 to 17 years, whilst plateauing in a sample of Dutch 

girls from 13 to 16 years (Armstrong et al., 2008). 

 

Peak VO2 correlates strongly to body size, with age related increases in 

peak VO2 a reflection of the overall increase in body size from childhood through 

adolescence to adulthood (Armstrong et al., 2008). Researchers have attempted 

to control for body size, dividing peak VO2 by body weight expressed as millilitres 

of oxygen per minute per kilogram body weight (ml/kg/min) (Armstrong et al., 

2008). When expressing VO2 relative to body weight, boys’ and girls’ values 
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improve up until about 10 years, after which they plateau in boys (48 to 50 

ml/kg/min) and decline in girls (45 to 35 ml/kg/min) (Armstrong et al., 2008; 

Helmantel et al., 2009; Rowland, 1996). Boys return greater peak VO2 values per 

body weight at all ages from childhood to adolescence in comparison to girls, with 

sex differences reinforced by the greater accumulation of fat mass by girls during 

puberty (Armstrong et al., 2008) 

	

Although max VO2 values are partly genetically determined (Bouchard et 

al., 1999), systematic training has been shown to elicit changes of between 2.4% 

to 39.2% in the youth population, with girls showing a slightly higher mean (12.5%) 

than boys (±10%) (Helmantel et al., 2009). Both children and adolescents exhibit 

comparable gains in cardiovascular fitness with aerobic training (Naughton, 

Farpour-Lambert, Carlson, Bradney, & Praagh, 2000). In boys, absolute VO2 

levels of up to 2.5 l/min were reported up to about 12 years, increasing to 4.39 

l/min by 18 years (Helmantel et al., 2009). In girls, absolute VO2 values of 1.31 to 

2.28 l/min were reported up to about 12 years, with values improving to 2.89 l/min 

by age 17 (Helmantel et al., 2009). Exposure to continued metabolic training 

appears necessary in female athletes if they wish to offset the decline in aerobic 

endurance observed after puberty (Naughton et al., 2000).  

 

Recent research has challenged the notion that young athletes are limited 

in their responsiveness to high intensity anaerobic conditioning (Gamble, 2014). A 

study of pre-pubescent swimmers found positive changes in lactate accumulation 

parameters and significant improvement in endurance performance following high 

intensity, interval based, anaerobic training interventions (Sperlich et al., 2010). 

Further, significant improvements in peak oxygen pulse, oxygen pulse and 

ventilatory threshold were found in a group of school boys aged 9 to 11 years 
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when exposed to high intensity interval training (Mcmanus, Cheng, Leung, Yung, 

& Macfarlane, 2005). Improvements in maximal aerobic velocity and peak VO2 

were also reported in a sample of boys and girls aged 8 to 11 years when exposed 

to intermittent training (Baquet et al., 2010).  

 

Individual responses to cardiovascular exercise have been shown to differ 

according to stage of biological maturation. In boys, those advanced in maturation 

return greater absolute heart volumes and aerobic power than less mature boys of 

the same CA (Malina, Bouchard, et al., 2004). Whilst greater body size 

contributed, VO2 max values were larger than expected from increases in height 

and weight alone (Malina, Bouchard, et al., 2004). Using tanner indices, more 

mature boys returned higher peak VO2 values than less mature boys in samples of 

boys aged 5 to 18 years and 11 to 16 years, respectively (Armstrong, Welsman, & 

Kirby, 1998). Similarly, research examining the effect of maturation (Tanner 

stages) on mass related peak VO2 values in 176 school going 12-year old boys, 

found maturation significantly influenced peak values VO2 independent of body 

mass (Armstrong et al., 1998). Boys in Tanner stage 4 exhibited peak VO2 values 

14% higher than similar aged boys in Tanner stage 1 (Armstrong et al., 2008). In 

girls, the corresponding difference was 12% (Armstrong et al., 2008). When 

accounting for skinfolds, the size effect of maturation was reduced, although 

remained a significant variable in all stages, except Tanner stage 5 (Armstrong et 

al., 2008). Whilst this highlights the influence of fat free mass on the increase in 

peak VO2 values through adolescence, CA and maturation are contributory factors 

regardless of body size and fatness (Armstrong et al., 2008). 

 

When equating the development of aerobic power to measures of somatic 

maturity, both sexes exhibit a growth spurt in peak VO2 during adolescence 
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(Geithner et al., 2004). Girl’s values have been shown to spike earlier than boys, 

although the magnitude of the spike was greater in boys (Geithner et al., 2004). 

Some studies have found the mean ages at peak VO2 coincides with PHV and 

occurs before PWV in both sexes (Geithner et al., 2004). In contrast, other studies 

have reported peak sub-maximal power coinciding with PHV in boys, but occurring 

more than a year after PHV in girls (Malina, Bouchard, et al., 2004). In boys, peak 

VO2 values have been shown to continue to increase after PHV, whilst in girls the 

results are more varied (Geithner et al., 2004). Some longitudinal research has 

reported continued increases in peak VO2 for several years post PHV (Geithner et 

al., 2004), however, when factoring in weight, girls’ values have been shown to 

decline a year or two before PHV (Malina, Bouchard, et al., 2004).  

  

 Athletes have been found to exhibit greater aerobic and anaerobic qualities 

than their non-athletic peers (Armstrong & Welsman, 2005; Malina, Bouchard, et 

al., 2004). Youth swimmers, cyclists, and ice hockey players have all been found 

to possess greater levels of aerobic power per unit body mass when compared to 

non-athletic peers (Malina, Bouchard, et al., 2004). Further, research performed 

on elite football players has found that players possess a higher overall aerobic 

and anaerobic capacity when compared to non-elite players (Reilly, Bangsbo, & 

Franks, 2000). The differences exhibited between athletic and non-athletic 

populations, is partially a result of the intensive training demands associated with 

sport (Armstrong & Welsman, 2005; Maffulli, King, & Helms, 1994b; Smoll & 

Schutz, 1985). Sex differences are evident, with female youth swimmers and 

endurances runners possessing greater VO2max values than non-athletic peers, 

although possess similar values to non-athletic males (Malina, Bouchard, et al., 

2004) 
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2.5 Impact of biological maturation on athletic selection and 

performance 

As evidenced in previous sections, biological maturation and individual differences 

in maturity timing have been shown to impact physical and functional capacity in 

young athletes (Malina et al., 2000; Pearson, Naughton, & Torode, 2006a; Torres-

Unda et al., 2012; Vandendriessche et al., 2012). It is, therefore, no surprise that 

differences in maturity timing also impacts athlete identification, development and 

performance across a range of sports (Malina et al., 2000; Pearson et al., 2006a; 

Torres-Unda et al., 2012; Vandendriessche et al., 2012). The extent to which 

individual differences in biological maturation contribute to athletic performance 

varies between the sexes and is dependent on the nature and demands of the 

sport (Beunen & Malina, 1996; Erlandson, Sherar, Mirwald, Maffulli, & Baxter-

Jones, 2008; Malina, 1994).  

 

Boys advanced in maturity possess a size, strength and power advantage 

over those on-time and delayed in maturation between the ages of 13 to 15 years 

(Malina, Cumming, Kontos, et al., 2005). The physical and functional advantages 

associated with advanced maturation appear to translate into sports where size, 

strength and power are deemed prerequisites for success, for example, American 

football, basketball and rugby (Carvalho et al., 2013; Malina, Cumming, Morano, et 

al., 2005; Malina et al., 2015; Nutton et al., 2012). There are sports where late 

maturing boys are represented in early adolescence e.g. gymnastics, however, 

these sports prioritise smaller sizes and a low centre of gravity (Bencke, 

Damsgaard, Saekmose, Jorgensen, & Klausen, 2002; Romann & Fuchslocher, 

2011).  

 



 

Chapter 2 68 

Some late maturing boys do find greater success in late adolescence (16 to 18 

years) if they persist in and/or are retained within the sport (Cumming et al., 2017; 

Malina et al., 2015; Romann & Fuchslocher, 2011). Termed the “underdog 

hypothesis”, less mature boys effectively overcome the odds by possessing or 

developing specific technical, tactical and psychological skills that allow them to 

remain competitive with their more mature peers (Chorer, Cobley, Büsch, 

Bräutigam, & Baker, 2009; Gibbs, Jarvis, & Dufur, 2012; Malina et al., 2015; 

Schorer, Cobley, Bräutigam, & Baker, 2009). As a result, once the effects of 

maturity related variation on size and performance have dissipated in late 

adolescence, late developers tend to possess a larger repertoire of skills than their 

early maturing peers, making them superior performers in the long run (Chorer et 

al., 2009; Romann & Fuchslocher, 2011; Schorer et al., 2009). Late maturing boys 

are, however, only likely to be persist in a sport if the challenge afforded them is 

manageable and there are systematic efforts to select, nurture, protect and retain 

them within the system (Cumming et al., 2017; Malina et al., 2015). 

 

In girls, those who are taller and heavier are favoured in sports that emphasise 

stature, strength and power, for example, judo, basketball and volleyball (Baxter-

Jones et al., 2002; Cumming, Eisenmann, Smoll, Smith, & Malina, 2005; Sharman, 

1980). In sports where smaller physiques are deemed necessary for performance 

(e.g. gymnastics, figure skating and middle-distance running), girls delayed in 

maturation are more likely to be selected (Erlandson et al., 2008; Malina et al., 

2006). For example, in a sample of competitive artistic gymnasts aged 10 to 12 

years, those with smaller physiques and greater strength to weight ratios were 

better able to control their body position in complex angular skills (Ackland, Elliott, 

& Richards, 2003). In contrast to males, the difference in physical attributes 

(strength, power, aerobic qualities) associated with girls advanced in maturation 
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virtually dissipate by the ages of 13 to 14 years (Armstrong & Welsman, 2005). By 

late adolescence, there is virtually no size or strength difference in girls of 

contrasting maturity (Malina et al., 2015). As a result, early maturing girls may 

experience a perceived lack of ability and/or competence during this time, leading 

to feelings of inadequacy and low self-esteem (Craft, Pfeiffer, & Pivarnik, 2003; 

Malina, Bouchard, et al., 2004). Further, if they fail to adapt to their changing 

bodies, their progress and performance may be affected (Cumming et al., 2005; 

Malina et al., 2015).  

 

The size advantage of early maturers does appear to be preferential to fulfil 

position specific tasks in a number of sports, with large differences in 

anthropometrical and physical characteristics evident between different playing 

positions (Matthys et al., 2013). In adult handball, backs have been found to be 

taller and possess greater body mass than those on the wing (Chaouachi et al., 

2009). These physical attributes are deemed advantageous when shooting from a 

distance, and as the wings rarely encounter physical contact, a taller and heavier 

frame is deemed less important to be successful in this position (Matthys et al., 

2013; van den Tillaar & Ettema, 2004). Similar findings were reported in a sample 

of elite Belgium youth handball players aged 13 to 16 years, with backs taller, 

possessing superior performance in speed, strength and power tasks, and 

significantly more mature than wings or pivots (Matthys et al., 2013). It therefore 

appears as if a selection bias is present, with players selected into elite youth 

teams showing a propensity towards position specific attributes deemed 

necessary for senior performance (Cumming et al., 2005).  

 

While many of the factors resulting in athlete selection are a direct result of 

dissimilarities in maturation, that is body size, strength and cognitive development, 
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there are also a number of more subtle and indirect effects that occur (Mann & 

Ginneken, 2017). Perception of maturity may be as important as maturity itself in 

terms of athletes gravitating towards certain types of sports where they’re more 

likely to be successful. The responses and evaluations of coaches and significant 

others, such as parents and administrators, may further have a profound impact 

on an individual’s perception of their ability to succeed within a specific sport 

(Mann & Ginneken, 2017).  

 

Coaches have been found to react differently to children of varying body size, 

physique and maturity status, acting more favourably towards athletes with 

physiques considered more suitable to success in the sport (Cumming et al., 

2005). Decisions on team selection are therefore often guided by a desire to win, 

with coaches frequently selecting the more skilled and physically developed 

players during critical time periods or matches (Gilbert & Trudel, 2004). 

Corresponding research, examining match-running performances in highly trained 

U15 football players, found that early maturing boys cover greater distances at 

higher speeds and are involved in a greater number of high intensity and repeated 

high intensity efforts (Buchheit & Mendez-Villanueva, 2014). As a result, these 

players are likely to receive greater encouragement and reward for their 

participation, obtain greater playing time and get selected into lead positions 

(Captaincy) (Cumming et al., 2017). These individuals are perceived as more 

talented by coaches and scouts and are, therefore, more likely to be selected and 

retained within high performance systems (Cumming, Brown, et al., 2018; Malina, 

2003). Here they are exposed to higher standards of competition (Cumming, 

Brown, et al., 2018), receive greater investment in terms of expert coaching, and 

obtain access superior training resources (Pearson et al., 2006b; Sherar, Baxter-

Jones, Faulkner, & Russell, 2007).  
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In the pursuit of success, coaches may encourage early maturing athletes to 

play to their physical strengths at the cost of their technical and tactical 

development (Cumming et al., 2017). Failure to develop these skills during the 

crucial developmental phase in adolescence will leave these athletes poorly 

equipped to cope with the rigours of senior competition (Cumming et al., 2017; 

Rynne, Crudington, Dickinson, & Mallett, 2017). As noted above, as these athletes 

are considered more successful, they are labelled as more talented (Wattie & 

Baker, 2017). This creates a level of expectation for continued success from both 

the athlete and others (Wattie & Baker, 2017). As a result, these athletes may 

struggle to cope with the pressure accompanying their athletic success, finding it 

difficult to equate their identity as a successful athlete with performance plateaus 

(Fraser-Thomas, Côté, & Deakin, 2008b). This may, in part, explain why many 

successful youth athletes fail to make the grade at the senior level (Cumming et 

al., 2017).  

 

In contrast, late maturing athletes are less likely to experience success, play in 

key roles or positions or impact the game even if they are selected (Cumming et 

al., 2017). Often viewed as less talented, they are more likely to be overlooked, 

excluded, and 20 times more likely to be deselected, regardless of ability (Cobley, 

2016; Cumming et al., 2017). In research performed on an elite sample of Swiss 

football players aged 12 to 15 years, no late maturing boys reached the highest 

levels of performance, regardless of whether they were highly skilled or 

achievement orientated (Zuber, Zibung, & Conzelmann, 2016). With the 

emergence of talent potentially taking a number of years to manifest, the current 

identification and selection strategies may unwittingly be deselecting a number of 

highly talented, yet late maturing individuals, that could attain success in the senior 

ranks (Cumming, Brown, et al., 2018).  
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There are additional considerations for female athletes, as the physical gains 

associated with advanced maturity are more subdued in girls. A consequence of 

the strength plateau experienced by girls around the age of 13 to 14 years and the 

additional fat mass obtained during puberty is that early maturing girls may 

experience a decline in athletic competence during this period of development 

(Craft et al., 2003; Malina, Bouchard, et al., 2004) (Armstrong & Welsman, 2005; 

Cumming et al., 2011). As a result, coaches may perceive these individuals as 

having less potential for future success than their peers and selectively exclude 

them from the sport (Cumming et al., 2005). Research has, however, highlighted 

that the female athletes who receive greater coaching input and support during 

this time period, report higher levels of enjoyment, self-esteem and are more likely 

to remain involved in sport (Cumming et al., 2005; Malina et al., 2015). Coaches, 

therefore, play a pivotal role in shaping the belief structure, self-concept, 

behaviours and retention rate of both young male and female athletes (Cumming 

et al., 2005). 

  

 Parents can also play a critical role in the general youth sport experience 

and the development of athletic talent (Gould, Lauer, Rolo, Jannes, & Pennisi, 

2006). By modelling appropriate and inappropriate behaviour, parents act as role 

models for their children, influencing their child’s attitude and behaviour in sporting 

environments, which ultimately impacts their motivation and performance (Gould, 

Lauer, Rolo, Jannes, & Pennisi, 2008; Knight, Boden, & Holt, 2010). Due to the 

highly individualised nature of tennis, the costs associated with involvement, and 

the fact that youth tennis players can reach competitive levels at a relatively young 

age, tennis has had highly publicised accounts of poor parental behaviour and 

over-involvement (Gould et al., 2008). Such over-involvement may reduce the 

child’s enjoyment of sport, lower their self-confidence and self-esteem and 
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increase levels of anxiety (Knight et al., 2010). This may ultimately contribute to 

children burning out and leaving the sport (Knight et al., 2010). Moreover, an over 

emphasis on outcome, i.e. the focus on winning and performance, has been 

shown to increase stress levels, affect motivation and create a degree of 

uncertainty and psychological problems in youth tennis players (Gould et al., 

2008). Ironically, the focus on winning may inhibit player development (Gould et 

al., 2006). With some parents treating sport as a job, they remove the fun 

component of competing, which has been shown to impact long-term participation 

and irreparably damage the parent-child relationship (Gould et al., 2008). 

 

Parents can, however, create a positive environment for their child to 

flourish by focusing on long-term development (Gould et al., 2008). Parents, who 

are able to do so, enhance their child’s motivation, reduce the stress of tennis and 

enhance the parent-child relationship (Gould et al., 2008). Appropriate parental 

involvement and support has been associated with high levels of self-esteem, 

player enjoyment and performance (Gould et al., 2006). Therefore, parents who 

focus on instilling core values of effort and attitude, rather than outcome, are seen 

as imbedding critical values needed for tennis success (Gould et al., 2006; Knight 

et al., 2010). By predominantly playing the role of provider and interpreter of 

experiences for their child’s involvement in sport, parents can have a positive 

impact on their child’s enjoyment and continued participation in tennis (Gould et 

al., 2006; Knight et al., 2010).  

 

 The highly competitive and selective nature of elite youth sport has seen it 

evolve from child driven, recreational play, focused on enjoyment to an adult 

driven, highly structured deliberate practice devoted to sport specific training 

(Cumming, Brown, et al., 2018; Jayanthi, Pinkham, Dugas, Patrick, & LaBella, 
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2012). The multifaceted nature of coach and parental involvement in athlete 

development highlighted in the above text strengthens the argument for increasing 

the awareness and understanding of these parties on the impact of growth and 

maturation on the developing child. Providing stage specific education for both 

parents, and coaches of players of different levels and intent, can help maintain a 

healthy sporting environment and ensure that a healthy sporting experience is 

maintained (Harwood & Knight, 2015). This is likely to impact long term 

participation and enjoyment, increasing the likelihood of players achieving their 

sporting potential. 

 

2.6 Physical demands of professional tennis 

Tennis is an intermittent sport based on a high degree of unpredictability and 

variability (Kovacs, 2006). Intensity and duration of play are influenced by a 

number of factors, including sex, game style, weather, level of competition, and 

court surface (Fernandez-Fernandez, Mendez-Villanueva, & Pluim, 2006; Hornery, 

Farrow, Mujika, & Young, 2007a; Kovacs, 2006). Movement around the court is 

characterised by short, rapid movements, with an average distance of 3 m covered 

per shot and 8 to 12 m covered per point (Kramer, Valente-dos-Santos, et al., 

2016; Parsons & Jones, 1998). The majority of points (80%) are played within a 

2.5 m radius of a player’s ready position, with only 5% of points played outside a 

radius of 4.5 m (Fernandez-Fernandez et al., 2006; Gescheit et al., 2017). In a 

three set match, this amounts to between 300 to 500 high intensity efforts 

depending on the surface, sex and tactics of the player (Fernandez-Fernandez et 

al., 2006). 

 

Most high-level matches consist of a work to rest ratio of 1:2 to 1:4, 

although 1:3 to 1:5 have also been reported (Kovacs, 2007; Torres-Luque, 
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Sánchez-Pay, Belmonte, & Ramón, 2011). Players average 4 directional changes 

per point, with mean rally lengths averaging 2.5 to 3 strokes per player 

(Fernandez-Fernandez et al., 2006; Gescheit et al., 2017; Kovacs, 2006). Mean 

point duration can last from as little as 3 seconds on faster surfaces (e.g., grass, 

carpet & indoor courts) to as long as 15 seconds on slower surfaces (e.g., clay) 

(Kovacs, 2006). Total match time varies from 90 minutes to 5 hours, with total 

playing time only 20% to 30% of total match time on clay courts and 10% to 15% 

on hard courts (Ferrauti et al., 2001; Kovacs, 2006; Mendez-Villanueva, 

Fernandez-Fernandez, Bishop, Fernandez-Garcia, & Terrados, 2007). 

 

The activity profiles of tennis players have highlighted a number of 

differences and similarities between the men’s and women’s game (O'Donaghue & 

Ingram, 2001; Reid, Morgan, & Whiteside, 2016). Men play, on average, a greater 

number of shots per second, have shorter rallies and serve significantly more 

aces, unreturnable serves and double faults than women (Gescheit et al., 2017; 

O'Donaghue & Ingram, 2001). In a recent analysis of professional tennis players 

competing at the Australian Open Grand Slam, male tennis players won 14% more 

points on first serve and generated 20% more unreturnable first serves (Reid et 

al., 2016). Equally, a study evaluating the differences in serve kinematics between 

male and female players at the Sydney Olympic games found significant 

differences in serve speeds between male (50.8 ± 3.9 m/s) and female players 

(41.4 ± 3.9 m/s) (Fleisig, Nicholls, Elliott, & Escamilla, 2003).  

 

Service speeds appear to be the characterising difference between the 

male and female game, with differences in power output, lower limb drive, internal 

rotational strength and flexibility, possible causal factors (Reid et al., 2016). The 

difference in serve speeds influences the amount of time male (.7 s) and female 



 

Chapter 2 76 

(1.0 s) players have to return a ball from serve impact, regardless of return 

position (Reid et al., 2016). Differences in second serve speed (male > female) 

does not, however, appear to impact the percentage of unreturned second serves, 

with no significant differences reported between the sexes (Reid et al., 2016). The 

priority placed on the accuracy of the second serve and the increased reliance on 

ancillary abilities such as movement, tactics, and groundstroke performance, may 

mitigate the physical difference in serve speeds between the sexes and influence 

the success on the return of serve (Reid et al., 2016).  

 

Due to the match format in Grand Slams (males: 5 sets, females: 3 sets), 

males cover greater distances than females, however, the average distance 

covered per set (approximately 550 to 575 m per set) does not appear to vary 

between the sexes (Reid et al., 2016). The combination of women playing longer 

rallies and men playing a greater number of points may equate to similar set 

distances (O'Donaghue & Ingram, 2001; Reid et al., 2016). Due to greater 

physicality, men look to play a more attacking style of play, hitting the ball harder, 

favouring an aggressive serving style and approaching the net more often to 

complete a point (O'Donaghue & Ingram, 2001). Nevertheless, the women’s game 

has developed into a dynamic, fast attacking game (Filipčič, Čakš, & Filipčič, 

2011), with evidence to suggest that women compensate for their lower power 

output through enhanced strategical play (Gunter, 1973). In contrast to men, 

women appear to build the point from the baseline, probing for weaknesses in their 

opponent, only approaching the net once they have maximised their chances of 

winning the point (O'Donaghue & Ingram, 2001).  

 

Whilst sport specific skills are the predominate factor in racket sports such 

as tennis, it is widely acknowledged that performance is multi-factorial (Hornery et 
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al., 2007a; Parsons & Jones, 1998). The integration of physiological, 

biomechanical, psychological and perceptual elements all contribute to the 

outcomes of a match, with a well-developed physical profile enabling the 

realisation of a players potential (Hornery et al., 2007a; Reid & Schneiker, 2008). 

Motor skills such as strength, speed, power, and agility have all been found to 

influence tournament success, although the exact combination of these variables 

is yet to be determined (Kovacs, 2006; König et al., 2001; Reid & Schneiker, 

2008). It is, however, widely acknowledged that the powerful serve and stroke 

velocity associated with modern day tennis is partly a result of segmental rotations 

underpinned by strength and power parameters (Reid & Schneiker, 2008). 

Successful stroke and movement production are initiated by muscle contractions 

of the lower extremity, which leads to the production of ground reaction forces 

between the court and the feet (Reid & Schneiker, 2008). Players typically align 

their body segments to optimise the contribution of ground reaction forces to 

racket velocity and court speed and therefore need to be able to generate forces 

through a variety of ranges depending on court surface (Reid & Schneiker, 2008). 

Angular momentum in the trunk aids the transfer of power from the lower 

extremities to the upper extremities (Reid & Schneiker, 2008).  

 

During the serve and forehand, powerful concentric muscle contractions 

occur, with eccentric muscle activations guiding the deceleration of the trunk 

following ball impact (Ellenbecker & Roetert, 2004; Reid & Schneiker, 2008). Co-

contraction of the abdominals and lower back musculature also provide stability to 

the spinal column following ball impact (Ellenbecker & Roetert, 2004). In the 

shoulder, internal, external and peak torque values have all been shown to 

influence service ball velocity, whilst a firm wrist is necessary to prevent the racket 

head from straying from its path upon ball contact (Kovacs, 2006; Reid & 
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Schneiker, 2008). In elite level players, maximum grip strengths of 600 N have 

been reported, with elite players exhibiting greater grip endurance than non-elite 

players (Kovacs, 2006).  

 

The complexity and multiple variations of ball velocity, spin and placement 

requires tennis players to have fast reactive times and first step quickness 

(Kovacs, 2006). Players are not only required to move forward quickly, but laterally 

and multidirectional as well (Kovacs, 2006; Parsons & Jones, 1998). Due to the 

unpredictable nature of the sport, tennis players need to be able to repeatedly 

generate power to maintain explosive stroke production and rapid movement 

around the court (Girard, Micallef, & Millet, 2005; Kovacs, 2006). Impaired muscle 

function (strength and power) during prolonged tennis matches (3 hours) are 

influenced by the regulation of leg stiffness, which is most likely a result of 

neuromuscular activation failure (Girard et al., 2005). High levels of aerobic 

conditioning are therefore also important to stave off the effects of fatigue (Hornery 

et al., 2007a; Hornery, Farrow, Mujika, & Young, 2007b; Kovacs, 2006).  

 

Maximum oxygen uptake (VO2 max) is commonly used to demarcate 

aerobic conditioning and used as a measure of cardiovascular fitness (Kovacs, 

2006). In competitive level tennis players VO2 max values vary between 44 and 69 

ml/kg/min, with the majority of players returning values above 50 ml/kg/min 

(Kovacs, 2006). Different game styles have been shown to impact VO2 max 

values, with aggressive, attacking players returning lower heart rates and VO2 

levels during play than baseline players (Kovacs, 2007). Whilst the average 

duration and moderate heart rates associated with a tennis match points towards 

tennis being an aerobic sport, the rapid changes of direction and the explosive 

nature of the serve and groundstrokes is indicative that a high anaerobic capacity 
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is needed (Fernandez-Fernandez et al., 2009; Fernandez-Fernandez, Zimek, 

Wiewelhove, & Ferrauti, 2011; Kovacs, 2006). The contribution of energy systems 

has been estimated at 70% anaerobic alactic (phoshagen), 20% anaerobic lactic 

(glycolytic) and 10% aerobic capacity (cardiopulmonary) (Barbaros-Tudor, 

Matković, & Rupčić, 2011). Tennis can therefore be described as an intermittent 

activity that alternates short bouts of high intensity work with periods of low 

intensity work, during which active recovery (between points) and passive periods 

(between changeovers) take place (Fernandez-Fernandez et al., 2011). 

 

Innovations in technology have also impacted the performance and physical 

demands of the game (Miller, 2006). Composite materials have enabled 

manufacturers to design and develop a broad range of rackets with varying 

structural stiffness, mass and balance point positions (Allen, Haake, & Goodwill, 

2011). Improved racket composition and design has enabled players to generate 

faster serves, with a reduction in the transverse moment of inertia, allowing 

players to swing their rackets faster (Allen et al., 2011; Haake, Choppin, Allen, & 

Goodwill, 2007). Increasing the mass and shifting the balance point to the tip of 

the racket has also enabled players to produce greater topspin and rebound speed 

(Allen et al., 2011). 

 

In an attempt to match the pace of the court surface with different ball 

types, the International Tennis Federation amended the Rules of Tennis 

(International Tennis Federation Ltd, 2001). The type 2 ball, which is associated 

with the former rules and specifications, is now one of three balls in production 

(Cooke & Davey, 2005). The new type 1 balls are the same size as the type 2 

balls, although they are harder and as a result facilitate faster paced play (Cooke 

& Davey, 2005). Increasing the diameter of the type 2 ball by between 6.0% to 
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8.5% lead to the development of the type 3 ball, which in an intermittent test on a 

sample of 8 competitive tennis players, resulted in different flight characteristics 

(Cooke & Davey, 2005). These characteristics were found to improve 

groundstroke accuracy, delay volitional fatigue and reduce perceived levels of 

exertion (Cooke & Davey, 2005).  

 

The different types of balls have an impact on the ball bounce and 

perceived playing speeds (Cooke & Davey, 2005). Ball manufacturers have also 

varied the felt and weave of tennis balls to influence play on various surfaces 

(Newcomb, 2017). The material of the ball has been switched from flannel to wool-

nylon in order to improve the speed, bounce and aerodynamic qualities of the ball 

(Newcomb, 2017). In the men’s game, extra duty balls are used on hard courts, 

with regular duty balls used on softer surfaces (clay and grass) (Newcomb, 2017). 

In the women’s game, regular duty balls are used on all surfaces (Newcomb, 

2017). The extra duty hard balls are made with a looser weave to ensure 

durability, whereas the regular duty balls have a tighter weave that fluffs quicker 

(Newcomb, 2017). These developments have influenced the nature of the game, 

changing it from one predominantly based on technical and tactical ability to one 

characterised by power and spin (Miller, 2006). 

 

Initial adaptions to the clothing worn by tennis players looked to improve 

mobility and performance (Hall, 2014; Laing & Sleivert, 2002). Closeness of fit has 

been found to influence skin cooling, with research highlighting that compressive 

tights influence recovery post exercise (Laing & Sleivert, 2002). Current fabrics are 

designed to manage moisture, looking to lower body temperature and reduce 

weight loss through sweat (Laing & Sleivert, 2002). The limited available 

information on the interaction between tennis shoes and different court surfaces, 
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indicates that tennis shoes play a significant role in determining the vertical forces 

transmitted to the body (Miller, 2006). Increased lateral support and stability have 

been incorporated into tennis footwear (Laing & Sleivert, 2002), with the ability of 

the shoe to produce adequate friction appearing crucial to the movement efficiency 

of player around the court (Vaverka & Cernosek, 2007). 

 

2.7 Physical demands of elite youth tennis 

A number of similarities are evident between the junior (< 18 years) and senior 

game. In both junior and senior professional tennis players, movement around the 

court is characterised by high accelerations and decelerations, with court surfaces 

impacting physiological demands (Galé-Ansodi, Castellano, & Usabiaga, 2016; 

Hoppe et al., 2014). Total points won, and first serve points won, also strongly 

correlate with match outcomes in both junior and senior elite tennis players 

(Kovalchik & Reid, 2017). That said, junior tennis players are distinctly different to 

their professional peers in a number of match, game and shot characteristics 

(Kovalchik & Reid, 2017).  

 

Professional senior players of both sexes produce a higher number of aces, 

win more points at the net, play a greater number of shots at higher impact speeds 

and achieve a greater percentage of winners to unforced errors than their junior 

counterparts (Hizan, Whipp, & Reid, 2011b; Kovalchik & Reid, 2017). Senior 

players also serve fewer double faults and win a higher percentage of first and 

second serve points (Hizan, Whipp, & Reid, 2011a). Research examining the 

differences between junior and senior players competing at the Australian Open 

Grand Slam Tournament and the Australian National Junior Tennis Singles 

Championship Tournament, attributed the differences in number of aces served 

between the junior and senior level to differences in technical, tactical and physical 



 

Chapter 2 82 

skill level (Hizan et al., 2011a). Supporting research in a sample of Slovenian 

female youth tennis players, attributed the lack of disparity in the number of aces 

reported between different levels of female youth players to insufficient serve 

technique, with players using the first serve to start the point, instead of a weapon 

to gain an advantage or win the point out right (Filipčič et al., 2011). Differences in 

serve characteristics may also be attributable to the reduced accuracy and greater 

serve location variation in the youth population (Kovalchik & Reid, 2017).  

 

In males, professional senior players travel greater distances per point and 

nearly twice the distance in Grand Slam matches when compared to junior boys (5 

versus 3 set matches) (Kovalchik & Reid, 2017). Total work in matches is 

therefore nearly 50% greater in professional men’s tennis matches when 

compared to professional boys matches (Kovalchik & Reid, 2017). In comparison, 

distances travelled in professional and youth female matches are more similar, 

although junior girls perform more work per point (≈ > 84%) and per match (≈ > 

56%) than their senior counterparts (Kovalchik & Reid, 2017). Similar to junior 

boys, junior girls return higher foot speeds and a greater number of direction 

changes per point than their female compatriots (Kovalchik & Reid, 2017). The 

impact of the developing motor and cognitive characteristics of elite youth tennis 

players on match characteristics, highlights the importance of setting realistic 

expectations and developmentally appropriate training programmes (Hizan et al., 

2011a; Kovalchik & Reid, 2017). 

 

The evolution of the modern game appears to have impacted the physical 

demands required for successful participation at the elite junior level (Fett, 

Ulbricht, Wiewelhove, & Ferrauti, 2017). Much like their senior counterparts, elite 

junior players need to possess a well-developed physical profile, with performance 
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underpinned by strength and power characteristics (Fett et al., 2017). In a recent 

study of elite adolescent players, significant positive correlations were found 

between serve speed and measures of strength (isometric mid thigh pull) and 

power (counter movement jump) (Hayes et al., 2018). Similarly, in a sample of 12 

male youth players, speed, power (counter movement jump) and maximal strength 

in the dominant limbs (hand grip strength, plantar flexor) were found to be good 

predictors of tennis performance (Girard & Millet, 2009). Strength differences in 

youth tennis players appears to be sport specific, with both male and female youth 

tennis players exhibiting a greater grip strength in their dominant hand, and male 

youth players exhibiting greater strength in their non-dominate trunk muscles 

(Groppel & Roetert, 1992). Differences between the sexes also exist, with male 

youth players possessing greater strength and power levels than their female 

peers (Ulbricht, Fernandez-Fernandez, Mendez-Villanueva, & Ferrauti, 2016).  

 

Measures of speed, agility and cardiovascular capacity also appear to 

distinguish between players of different levels (Groppel & Roetert, 1992; Kramer, 

Huijgen, Elferink-Gemser, Lyons, & Visscher, 2010; Kramer, Valente-dos-Santos, 

et al., 2016; Roetert, Garrett, Brown, & Camaione, 1992). In a study of 902 

German tennis players, significant differences were found between national and 

regional players in a tennis specific sprint test (Ulbricht et al., 2016). Further, a 

study on male youth tennis players found that elite youth players were faster than 

their sub-elite peers between the ages of 10 to 13 years, although this advantage 

dissipated as the players matured (Kramer, Valente-dos-Santos, et al., 2016).  

 

Cardiovascular capacity also differed between elite and sub-elite players, 

with VO2 max values in males increasing up until 18 years (Kramer et al., 2010). In 

contrast, female youth players only showed an improvement in VO2 max values 
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between the ages of 10 to 16 years (Kramer et al., 2010). That said, recent 

research has highlighted the increasing importance of aerobic fitness in female 

youth players as they mature (Ulbricht et al., 2016). It is likely that the lower 

strength and power values in comparison to their male peers, reduces the impact 

of the serve and results in lower groundstroke velocities (Ulbricht et al., 2016). 

Without the advantages associated with strength and power characteristics, 

female youth players need to possess the necessary cardiovascular capacity to 

cope with longer rallies (O'Donaghue & Ingram, 2001; Reid et al., 2016). 

 

2.8 Impact of biological maturation on youth tennis players 

Whilst the importance of assessing growth and maturity characteristics in elite 

youth tennis players is acknowledged (Kramer et al., 2017; Ulbricht, Fernandez-

Fernandez, & Ferrauti, 2013), research examining the impact of maturational 

timing upon selection and performance in tennis is limited (Erlandson et al., 2008; 

Kramer, Huijgen, Elferink-Gemser, & Visscher, 2016; Kramer et al., 2017; Van 

Den Berg, Coetzee, & Pienaar, 2006). Research has concentrated on the impact 

of maturity timing on general motor and athletic performance between athletes and 

non-athletes, sport selection and success in sport (Baxter-Jones et al., 2002; 

Gastin, Bennett, & Cook, 2013; Johnson, Farooq, & Whiteley, 2017; Malina, 2002; 

Malina, Cumming, Morano, et al., 2005; Quatman et al., 2006; Reilly, Williams, & 

Richardson, 2003; Sherar et al., 2007; Thompson, Baxter-Jones, Mirwald, & 

Bailey, 2003).  

 

In tennis, the degree to which individual differences in maturity timing 

impacts performance may differ depending on the performance characteristic 

studied. With a number of factors influencing performance, strengths in one 

variable may be offset by strengths in another (Kovacs, 2006). For example, the 



 

Chapter 2 85 

physical and functional characteristics associated with advanced maturation (i.e., 

greater size, strength, and power) may afford an advantage in terms of producing 

a heavier weight of shot and/or faster serve (Van Den Berg et al., 2006). Those 

on-time or delayed in maturation may, however, possess an advantage in terms of 

speed of movement, agility, and/or endurance (Van Den Berg et al., 2006).  

 

Differences of the impact of maturity, age and performance levels on the 

improvement of physical fitness have been found between the sexes. Research 

performed on U14 and U16 elite Dutch male tennis players, found that maturity 

influenced power outputs (upper & lower body power) in favour of early maturing 

boys, whereas maturity had no impact on speed and agility measures (Kramer, 

Huijgen, et al., 2016). Research performed by the same authors on U13 and U16 

Dutch players who were part of the talent development program at the Royal 

Dutch Lawn Tennis Association (KNLTB), found a significant correlation between 

ranking and upper body power in boys at age 13 (Kramer et al., 2017). Upper body 

power and speed values were found to be related to age at PHV, indicating that 

the earlier a boy achieved age at PHV, the faster he was, and the greater his 

upper body power values were (Kramer et al., 2017). This would infer that male 

youth tennis players advanced in maturation possess a physical performance 

advantage over their less mature peers. 

 

In contrast, maturity did not predict performance in any physical variable in 

U14 and U16 elite Dutch female players (Kramer, Huijgen, et al., 2016). It was felt 

that the variable fitness levels in female youth tennis players made the level of 

physical fitness in girls the more common predictor of performance (Kramer, 

Huijgen, et al., 2016). Examining factors that predict current and future tennis 

performance in girls, it was found that a combination of maturity and lower body 
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power correlated to tennis performance (Kramer et al., 2017). In the U13 age 

group, early maturing girls had better tennis performances, with maturity the only 

variable that correlated to performance in the U16 age group (Kramer et al., 2017).  

 

When predicting tennis performance from the U13 age group, late maturing 

girls had better tennis performances at U16 (Kramer et al., 2017). With the 

physical advantage held by early maturing girls dissipating post 15 years, it is 

likely that the late maturing female players that remained in contention, developed 

additional attributes (psychological, technical, tactical) that contributed to 

performance (Kramer et al., 2017). This highlights the dilemma facing coaches 

and National Governing bodies on the ideal age to select players for talent 

identification and development programmes (Kramer et al., 2017) and 

necessitates the inclusion of growth and maturity assessments in these 

programmes (Till, Cobley, O'Hara, Chapman, & Cooke, 2013). 

 

The limited available research on elite British youth tennis players highlights 

a predisposition towards early maturing individuals, with no information available 

on the impact of maturity status on physical performance values (Erlandson et al., 

2008). Nonetheless, this suggests that individual differences in growth and 

maturity contributes towards the identification and selection of British youth tennis 

players. Selecting or deselecting individuals based on transient physical attributes 

appears questionable, and may heavily impact the success of development 

programmes (Ford, De Ste Croix, et al., 2011). Adjusting and accommodating 

training programmes based on individual growth and maturity characteristics, may 

allow individuals to capitalise on their capabilities, reduce risk of injury and 

increase the likelihood of long-term success (Cumming et al., 2017).  
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3.1 Abstract 

Purpose. 

To evaluate the concordance of skeletal age (SA) with two predictive estimates of 

biological maturity status in elite youth British tennis players. 

Method.  

Participants were 71 male and female elite youth tennis players aged 9 to 16 

years. Weight, height and sitting height were measured and parental heights 

obtained and adjusted for overestimation. The criterion standard, SA (Fels 

method) was the established indicator of maturity status. Maturity status was also 

estimated with two alternative predictive methods: percentage of predicted adult 

height at the time of observation and predicted age at peak height velocity (PHV). 

Players were classified as late, average (on-time) or early maturing with each 

method. Kappa coefficients and Spearman rank order correlations were used to 

evaluate the concordance of maturity classifications 

Results.  

Kappa coefficients between maturity status classifications were low in both sexes, 

-.11 to .20, while Spearman rank order correlations between maturity status 

classifications based on SA and percentage of predicted adult height were fair in 

males (.35) and females (.25). Corresponding correlations based on predicted age 

at PHV varied, fair and negative in boys (-.37) and low and positive in girls (.11).	 

Conclusion. 

Non-invasive predictive estimates of maturity status had limited concordance with 

skeletal maturation among elite youth tennis players. However, maturity status 

based on percentage of predicted adult height at the time of observation correlated 

better with maturity status based on SA, than did maturity status based on 

predicted age at PHV. 
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3.2 Introduction 

Biological maturation refers to the level or extent to which an individual has 

progressed to their physically mature state (Malina, Bouchard, et al., 2004). It can 

be assessed across a range of biological systems according to the degree of 

maturation obtained at any given point in time (maturity status), or when specific 

maturational events occur (maturational timing) (Malina, Bouchard, et al., 2004). 

Though related, status and timing are not equivalent (Malina, Coelho-e-Silva, et 

al., 2017). Maturation of different systems proceeds independently of chronological 

age (CA), thus an individual may be biologically ahead or behind in relation to their 

CA (Beunen et al., 2006).  

 

Individual differences in biological maturity status and timing impact 

physical fitness and athletic aptitude in youth (Malina, Bouchard, et al., 2004). 

Differences in maturation exist from childhood, however, differences in size and 

function are most apparent during adolescence (Malina, Bouchard, et al., 2004). 

Boys advanced in maturation tend to perform better in strength, power and speed 

tasks, which may partly explain why successful male youth athletes tend to be 

advanced or on-time in maturation (Malina, Cumming, Morano, et al., 2005). In 

girls, the maturity related performance trends are less clear, varying according to 

the demands of the sport. Successful female youth athletes in most sports 

therefore tend to be on-time or delayed in maturation (Malina, Cumming, Morano, 

et al., 2005).  

 

The conflicting effects of biological maturation on performance largely occur 

during the time period when talent identification protocols are implemented and, as 

such, the variance in fitness and physical characteristics amongst individuals may 

heavily favour players advanced in maturity when participating in these protocols 
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(Baxter-Jones et al., 2005). Even when individual differences in physical size and 

physique have been controlled for, an individual’s biological maturity status may 

contribute towards fitness and performance outcomes (Baxter-Jones et al., 2005). 

Therefore, whilst the information provided from Talent Identification protocols are 

often seen as a good indicator of athletic potential, it does not account for 

variances in maturation (Bailey et al., 2010). The biological maturation of an 

individual must be considered if a true picture of their athletic ability (both current 

and potential) is to be obtained from the physical performance results of a talent 

identification protocol (Ford, Collins, et al., 2011)  

 

Obtaining objective, reliable and valid measures of biological status can 

help inform athlete identification and development strategies (Beunen et al., 2006). 

As noted in chapter 2, a variety of methods exist to evaluate biological maturation, 

with variation occurring depending on the biological system assessed (Malina, 

Bouchard, et al., 2004). The more commonly used indicators of biological maturity 

are skeletal, sexual and somatic maturation (Malina et al., 2012). Indicators of 

skeletal, sexual and somatic maturity have all been found to relate positively to 

one another (Malina, Bouchard, et al., 2004), however, correlations tend to be 

lower for boys than for girls (Baxter-Jones et al., 2005). This positive correlation 

suggests that individual’s advanced in sexual maturity will generally show a 

corresponding advancement in somatic maturity. A greater degree of correlational 

variation exists between SA and indicators of sexual and somatic maturity in early 

pubescence (9 to 10 years in girls and 11 to 12 years in boys), however, as 

adolescence progresses, SA is increasingly related to these two types of maturity 

indicators (Malina, Bouchard, et al., 2004). 
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Established indicators of status are SA and stages of pubertal development 

(Malina et al., 2015). SA is based on standard radiographs of the hand-wrist, 

although other areas of the body can also be assessed, namely the knee, foot and 

ankle (Malina et al., 2006). An objective and reliable indicator of maturity status, it 

can be used from childhood to adolescence (Baxter-Jones et al., 2005). Three of 

the most commonly used methods of assessment of skeletal hand x-rays are the 

Greulich-Pyle method, the Tanner Whitehouse method and the Fels method 

(Malina, Coelho-e-Silva, et al., 2017) (see pg. 21-23). Secondary sex 

characteristics (stages of breast, pubic hair and genital development) are also 

reliable and objective indicators of maturity status, but are only useful during the 

interval of puberty (Malina, Coelho-e-Silva, et al., 2017). 

 

Whilst providing objective indices of maturation, SA and stages of pubertal 

development are invasive, in that the former requires a small dose of radiation and 

the latter is often considered an invasion of personal privacy (Malina et al., 2015). 

Both methods also require trained and experienced assessors (Baxter-Jones et 

al., 2005). As a result, there is increased interest in “non-invasive” or predictive 

methods of assessment. The most commonly used method to examine somatic 

maturity in athletic populations is predicted maturity offset and in turn, age at PHV 

(Matthys et al., 2013; Mendez-Villanueva et al., 2011; Mirwald et al., 2002; Torres-

Unda et al., 2012). Using sex-specific equations that include age, height, weight, 

sitting height and estimated leg length, time before age at PHV is predicted and 

termed maturity offset (Mirwald et al., 2002). CA at prediction minus maturity offset 

provides an estimate of predicted age at PHV (Mirwald et al., 2002). Calculated 

using the Mirwald method, age at PHV, of course, is an indicator of maturity 

timing. Predicted maturity offset and age at PHV are widely used to classify youth 

as pre-PHV, circum-PHV and post-PHV, i.e., they are used to indicate maturity 
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status at the time of observation. In this context, the protocol is generally applied 

to samples of youth spanning relatively broad CA ranges and, at times, to 

combined samples of boys and girls (Malina, 2014).  

 

Alternative methods examining the percentage of predicted adult height 

attained at the time of observation have also been utilised, namely the Bayley-

Pinneau method, the Roche-Wainer-Thissen method, the Tanner-Whitehouse 

method and the Khamis-Roche (KR) method (Malina, Bouchard, et al., 2004). 

Each of these methods uses different measures of somatic growth and has an 

associated error percentage. The Bayley-Pinneau method utilises height and 

Greulich-Pyle SA to estimate percentage of adult height attained at the time of the 

hand-wrist x-ray (Malina, Bouchard, et al., 2004). The Roche-Wainer-Thissen 

method uses CA, recumbent length (not height), weight, mid-parent height and 

Greulich-Pyle SA to predict stature at 18 years of age (Malina et al., 2004). The 

Tanner-Whitehouse method has a number of versions to predict adult stature. The 

Mark 1 version utilises CA, height and the radius-ulna-short bone (RUS) SA, 

whereas a later Mark 2 version was created for when not all the incremental data 

is available (Cameron, 1984). For example, when the RUS SA is missing from the 

first two assessments, but height is present (Cameron, 1984). Both versions 

contain separate sets of equations to account for girls who are pre- or post-

menarcheal (Cameron, 1984).  

 

The Bayley-Pinneau and Roche-Wainer-Thissen methods appear to over 

predict adult height, whereas the Tanner-Whitehouse method generally under 

predicts adult height (Malina, Bouchard, et al., 2004). The Bayley-Pinneau, Roche-

Wainer-Thissen and Tanner-Whitehouse method all rely on skeletal age to 

determine adult height, although the Roche-Wainer-Thissen method has been 
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modified to provide an estimate of adult height without skeletal age (Malina, 

Bouchard, et al., 2004). Alternatively, the KR method is able to provide age 

specific equations for the calculation of adult height without skeletal age, returning 

standard errors that are only slightly greater than the Roche-Wainer-Thissen 

method, which requires skeletal age (Malina, Bouchard, et al., 2004). 

 

The KR method calculates predicted adult or mature height from the CA, 

height and weight of the youngster, in addition to mid-biological parent height 

(Khamis & Roche, 1994). Height of the youngster at observation is then expressed 

as a percentage of the predicted adult height, which is used as an indicator of 

maturity status (Malina, 2014; Roche et al., 1983). Among youngsters of the same 

CA, those closer to adult height are considered advanced in maturation compared 

to those further from adult height (Sherar et al., 2005). The KR method has been 

implemented in studies of physical activity (Cumming, Standage, Gillison, 

Dompier, & Malina, 2009) and sports alike (Carvalho et al., 2013; Malina, 

Cumming, Morano, et al., 2005). 

 

Among male soccer players 11 to 14 years, classifications of maturity status 

based on predicted age at PHV and percentage of predicted adult height have 

been shown to have moderate concordance with classifications based on SA, 

although Kappa coefficients were low for the former (.11 and .13) and latter (.12 

and .02) (Malina et al., 2012). Among boys aged 9 to 14 years participating in 

American football, classifications of maturity status based on percentage of 

predicted adult height had moderate concordance with classifications based on SA 

(Malina, Dompier, et al., 2007). However, in contrast to observations on soccer 

players, Kappa coefficients varied with age and were fair to moderate, .31 to .50. 
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Corresponding observations for participants in individual sports and for female 

youth athletes are lacking. 

 

To date, no predictive method is validated in relation to SA within a sample 

of elite youth tennis players. With this in mind, the purpose of this study is to 

evaluate the concordance between maturity status based on SA, percentage of 

predicted adult height and predicted age at PHV in a cross-sectional sample of 

elite youth tennis players of both sexes. A central question of interest is whether 

the existing predictive methods for categorising youth by maturity status are 

appropriate among elite youth tennis players. 

 

3.3 Methods 

3.3.1. Participants 

Participants included 40 elite male youth tennis players aged 9.9 to 16.0 years and 

31 elite female youth tennis players aged 9.0 to 16.3 years. The sample 

represented the top eight players in the Great Britain National rankings in their 

respective age groups (U10, U11, U12, U13, U14, U15, & U16). It should be noted 

that players in an age category might be of the upper age limit. For example, a 10 

year old may be competing in the U10 age group. Based on self-ascribed ethnicity, 

all 71 participants identified as Caucasian. Thirteen players (4 males, 9 females) 

included in the initial sample were non-Caucasian; they were not included in the 

analysis as prediction equations for two predictive maturity indicators were 

developed on Caucasian samples (Khamis & Roche, 1994; Mirwald, 1978). There 

is ethnic variation in the proportions of leg length and sitting height (Malina, 

Bouchard, et al., 2004), and the interaction of leg length and sitting height is a 

component of the prediction equation for the derivation of age at PHV (Mirwald et 

al., 2002). 
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3.3.2. Ethical clearance 

The study received ethical approval from the Research Ethics Approval Committee 

for Health at the University of Bath. Written assent and consent was obtained from 

both participants and parents/guardians. Both parents and players received 

information pertaining to the nature of the study that detailed the need for each 

participant to undergo a small dose of radiation (3 mSv). The long-term health 

risks associated with the procedure were also specified. Participants were made 

aware of their right to withdraw from the study at any time without incurring any 

negative repercussions, in accordance with the Declaration of Helsinki (World 

Medical Association, 2013).  

 

3.3.3. Data collection procedures 

The selected participants attended a National Training Camp for their respective 

age group at the National Training Centre in Roehampton, the home of the Lawn 

Tennis Association. Anthropometrical assessments of weight, height and seated 

height were measured. Weight was measured to the nearest .1 kg using a 

calibrated Marsden Weighing Company DP2400 BMI Indicator scale. Wearing only 

a T-shirt and shorts, participants stood barefoot, with their feet positioned on the 

demarcated area on the scale. Participants were instructed to stand still, with their 

arms hanging loosely by their side, and their body mass evenly distributed over 

both feet.  

 

 Height was measured to the nearest .1 cm using a calibrated Harpenden 

stadiometer fixed to the wall following standard procedures (Malina, 1995). 

Participants stood barefoot, with their feet together, and heels touching a metal 

plate attached to the wall. All headgear was removed and participant’s arms hung 

loosely by their side. Participants took a deep breath in just prior to a trained 
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technician firmly placing the headboard of the stadiometer on their head. 

Measurement was then recorded. In order to measure seated height, a 41 cm 

bench was placed against the wall where the stadiometer was attached. 

Participants were required to sit upright with their backs pressed firmly against the 

stadiometer. Depending on their lower limb length, players either dangled their 

legs free of the floor, or extended their lower leg at the knee. Seated height was 

calculated to the nearest .1 cm, as the difference between the measure obtained 

from the stadiometer minus the height of the bench.  

 

For the purpose of assessing skeletal maturity, x-rays of the left hand-wrist 

were taken onsite by a trained and certified technician. Signed consent and assent 

was obtained from both parents and participants for the left hand-wrist x-ray. The 

Fels method of assessment was used to estimate SA (Roche et al., 1988). The 

Fels method was selected due to the wide range of assessment criteria used to 

calculate SA and, how unlike other methods, it provides a standard error 

associated with each assessment (Malina, Bouchard, et al., 2004).  

 

The skeletal hand-wrist x-rays were taken using a Sovereign portable x-ray 

unit, max 90 kV, 20 mA, with the exposure varied according to the size of the 

hand; 65/75 kV, .25/.32 seconds at 18mA (giving 4.5 mAs and 5.76 mAs 

respectively. Individual exposures were recorded on the x-ray request form. Agfa 

cassettes using CPB 100 detail screens were filmed with AgfaCP-BU.  Radiation 

exposure was kept to a minimum and modified according to the size of the 

participant. The approximate radiation dose (in Millisievert Units) experienced by 

each participant was .001 mSV, equivalent to three hours exposure to naturally 

occurring background radiation (RadiologyInfo.org, 2012). An amount considered 

negligible in presenting a risk to the health of the participant (KidsHealth, 2014).  
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For the skeletal hand x-ray assessment, participants placed their forearm, 

palm and fingers in contact with the cassette. Participant’s fingers were splayed 

and fully extended, with their third finger positioned in line with their forearm. In 

order to calculate SA with associated standard error, each participant’s sex, CA 

and grades for all bone assessments and ratios were entered into the Fels 

software program (Felshw 1.0 Software) (Roche et al., 1988). CA was calculated 

as the difference between date of birth and date of skeletal assessment. Maturity 

status was expressed as the difference between SA and CA (SA-CA). Participants 

were classified as late if their predicted SA was 1 year behind their CA (SA < CA 

by 1.0 year), on-time if their predicted SA fell between  -1.0 and 1.0 year of their 

CA (within ± 1.0 year of CA) and early if their predicted SA was 1.0 year ahead of 

their CA (SA > CA by 1.0 year) (Malina, 2011). 

 

The maturity offset for each participant (i.e. the time before or after PHV) 

was predicted with sex-specific multiple regression equations based on sample of 

Canadian youth and cross-validated on a combined sample of Canadian and 

Flemish youth (Mirwald et al., 2002). The gender specific equations included 

interaction terms for estimated leg length and sitting height, CA and estimated leg 

length and CA and sitting height, and the weight by height ratio. Leg length was 

obtained by subtracting seated height from standing height. CA minus maturity 

offset provided a predicted age at PHV which was used to classify each participant 

as late, on-time (average) or early maturing relative to the mean ages at PHV for 

the boys and girls upon whom the prediction equations were developed; 13.8 

years in boys and 12.0 years in girls (Malina, Bouchard, et al., 2004; Tanner, 

Mourilyan, & Preece, 2008). A predicted age at PHV within ±1.0 year of the sex-

specific means (12.8 to 14.8 years in boys and 11.0 to 13.0 years in girls) defined 

a participant as average or on-time. Predicted ages at PHV above 14.8 years or 
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below 12.8 years classified boys as late and early, respectively, while predicted 

ages at PHV above 13.0 years or below 11.0 years classified girls as late and 

early, respectively.  

  

Adult or mature height was predicted with sex-specific equations developed 

on participants from the Fels Longitudinal Study (Khamis & Roche, 1994). The 

protocol required CA, height and weight of the participant and mid-parent height, 

the average of maternal and paternal height (Cumming, Sherar, Gammon, et al., 

2012). Each participant’s biological parents reported their respective heights, 

which were subsequently adjusted for overestimation using sex specific equations 

(Epstein et al., 1995). The height of each participant was expressed as a 

percentage of his/her predicted adult height in order to provide an estimate of 

maturity status at the time of observation (Roche et al., 1983). The percentage of 

predicted adult height for each participant was converted to a z-score, based on 

age- and sex-specific reference values for the longitudinal Berkeley Guidance 

Study of the University of California (Bayer & Bayley, 1959; Cumming et al., 2009). 

A z-score between -1.0 and +1.0 classified a participant as average or on-time, a 

z-score of < -1.0 classified a participant as late, while a z-score of > +1.0 classified 

a participant as early maturing (Malina et al., 2012).  

 

3.3.4 Statistical analyses 

Consistent with the method applied by Malina et al. (2012), descriptive statistics 

(means and standard deviations), cross tabulations of maturity status 

classifications based on specific pairs of maturity indicators, percentage 

agreement, Cohen’s Kappa coefficients and Spearman rank order correlations (rs) 

were calculated. A P value of < .05 was considered as significant correlation. All 

statistical data analysis was performed using SPSS Statistics version 22.0 (IBM 
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Corp., 2013a). In addition, scatter plots of SA-CA differences and z-scores for 

percentage of predicted adult height, and of SA-CA differences and the differences 

of predicted age at PHV and the sex-specific reference means were prepared. Of 

note, for both SA-CA and z-scores for percentage of predicted adult height, 

differences of greater than -1.0 and +1.0 indicate late and early maturity status, 

respectively. In contrast, a negative score between predicted age at PHV and the 

reference indicates early maturity status, and a positive score indicates late 

maturity status. As such, the y-axis was inverted for consistency with SA-CA 

differences. 

 

3.4 Results 

3.4.1 Inter-rater reliability 

The mean difference in measurement between the technicians performing the 

anthropometric and skeletal measures were calculated, with associated standard 

deviations, relative technical error and intraclass correlation coefficient (ICC) 

reported. The mean difference and associated standard deviation in height 

measurements between the two technicians evaluated was -.23 cm (SD = .16 cm), 

with a relative technical error of .12%. The ICC between assessments was 

excellent (ICC r=1.00). For seated height, the mean difference and associated 

standard deviation between the two assessors was .09 cm (SD = .10 cm), with a 

relative technical error of .3%. The inter-investigator reliability was excellent (ICC 

r=1.00). As different instruction in stance and foot position may influence weight 

measurements, inter-tester reliability was assessed. The mean difference and 

associated standard deviation in replicate measurements between the two 

assessors was .0 kg (SD=.0), with a relative technical error of .10%. The inter-

investigator reliability was excellent (ICC r=1.00). 
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The same trained technician, in addition to an experienced independent 

assessor, assessed all x-ray films. The mean SA difference and standard 

deviation between assessors was -.13 years and .27 years, respectively, with a 

relative technical error of .2%. High intraclass correlations were demonstrated 

(r=.99) with a 95% confidence interval (CI) of between .99 and 1.00 Bland-Altman 

plots were performed to provide an estimate of bias and limit of agreement 

between the two assessors (Figure 3.1). A slightly negative, yet statistically 

significant slope, was found between the two assessors. Six outliers (>2 standard 

deviations) were found at .44, .44, .45, -.84, -.99 and -1.16 years at a mean 

skeletal age of 13.06, 16.28, 15.97, 13.22, 15.71 and 17.22 years, respectively. 

 

Figure 3.1. Bland and Altman Plot of the data obtained from 71-paired samples 

analysed on the Fels 1.0 software. Correlation R = .0496 (P=.68). Slope = -.006 

(P=.68). Intercept = -.052 (P=.78) 
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3.4.2 Descriptive statistics 

Descriptive statistics by sex were calculated for CA, body size, SA and the two 

prediction estimates of maturity status and are summarised in Table 3.1. The boys 

are, on average, taller than the girls, however, mean weights of the boys 

approximate to the girls values. SA approximates CA, on average, in the boys, but 

is slightly in advance of CA in the girls. The trends in the SA-CA relationship are 

also suggested in the z-scores for percentage of predicted adult height in boys, but 

not in girls.  
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Table 3.1 Descriptive statistics by sex for growth and maturity characteristics of 

elite youth British tennis players 

 
Male 

n = 40 

Female 

n = 31 

 M (SD) M (SD) 

Chronological age (CA), (years) 12.52 (1.81) 12.75 (2.01) 

Weight (kg) 48.00 

(12.87) 

48.17 (10.61) 

Height (m) 1.59 (.14) 1.58 (.97) 

Sitting Height (m) .83 (.07) .83 (.05) 

Estimated leg length (m) .77 (.08) .74 (.05) 

Skeletal Age (SA) (years) 12.65 (2.47) 13.10 (2.07) 

SA minus CA (years) .13 (1.11) .35 (1.02) 

Fathers height (m) 1.83 (.58) 1.79 (.57) 

Mothers height cm 1.68 (.55) 1.66 (.49) 

Predicted Adult Height (m) 1.83 (.55) 1.67 (.39) 

Height as % of adult height (%) 86.9 (6.9) 93.6 (5.8) 

Height as % of adult height* (z-score) .22 (.60) -.11 (.60) 

Age at Peak Height Velocity (years) 13.42 (.45) 12.00 (.56) 

Predicted maturity offset (years) -.91 (1.78) .75 (1.61) 

* Z-score calculated from reference values 
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 Table 3.2 illustrates descriptive statistics by sex and age group for the 

growth and maturity characteristics of the present sample. On average, the boys 

are taller and heavier than the girls at all age groups, with the exception of the U12 

age group, where the girls are heavier than the boys. With predicted PHV 

occurring, on average, at 11.28 years in this age group, it is likely that the girls in 

this age group are experiencing peak weight velocity, whereas the boys are yet to 

experience any accelerated period of weight gain. This may possibly explain the 

difference in mean weights between the boys and girls in this age group. The 

boy’s heights and weights also progressively increase through the age groups, 

whereas the girl’s heights appear to plateau from U14 onwards. Allowing for the 

small sample sizes, SA is slightly delayed in the boys U10 and U12 age groups, 

whilst slightly ahead in the U14 and U16 age group. In contrast, SA is in advance 

of CA in the girls U10, U12 and U16 age groups and approximates to CA in the 

U14 age group. 
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Table 3.2 Descriptive statistics by sex and age group for growth and maturity characteristics of elite youth British tennis players 

                   U 10                 U12              U14                U16 

 Male 
n = 12 

Female 
n = 5 

Male 
n = 12 

Female 
n = 12 

Male 
n = 12 

Female 
n = 10 

Male 
n = 4 

Female 
n = 4 

 M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) 
Chronological age (CA) (years) 10.45 (.25) 9.73 (.63) 12.07 (.65) 11.87 (.66) 14.04 (.64) 14.09 (.66) 15.49 (.39) 15.81 (.37) 
Weight (kg) 36.8 (3.3) 33.5 (8.0) 43.1 (7.2) 44.3 (5.2) 56.7 (8.0) 55.5 (5.7) 71.2 (6.5) 59.83 (8.11) 
Height (m) 1.46 (.04) 1.40 (.09) 1.52 (.08) 1.56 (.06) 1.70 (.08) 1.63 (.02) 1.82 (.06) 163.20 (6.50) 
Sitting Height (cm) 76.1 (2.5) 74.3 (5.3) 78.6 (3.2) 82.5 (2.7) 88.8 (3.9) 86.5 (2.2) 94.6 (4.3) 86.10 (3.84) 
Estimated leg length (cm) 70.0 (2.4) 65.6 (4.1) 73.7 (5.7) 73.5 (3.5) 81.9 (4.9) 76.6 (2.0) 87.7 (3.2) 77.10 (5.12) 
Skeletal Age (SA) (years) 10.02 (1.17) 10.73 (1.74) 11.90 (1.12) 12.16 (.62) 14.91 (1.11) 14.15 (1.56) 16.02 (.57) 16.26 (.16) 
SA minus CA (years) -.43 (1.08) 1.00 (1.23) -.17 (.85) .29 (.76) .87 (1.13) .06 (1.31) .53 (.62) .46 (.27) 
Fathers height (m) 1.83 (.05) 1.81 (.05) 1.81 (.05) 1.79 (.06) 1.81 (.06) 1.80 (.05) 1.88 (.08) 173.36 (5.24) 
Mothers height (m) 1.68 (.04) 1.66 (.03) 1.66 (.04) 1.68 (.04) 1.70 (.07) 1.65 (.05) 1.68 (.09) 160.02 (4.64) 
Predicted adult height (m) 1.84 (.04) 167.71 (.04) 1.80 (.05) 1.68 (.04) 1.83 (.07) 1.67 (.03) 1.86 (.03) 164.04 (6.58) 
Height as % of adult height (%) 79.52 (1.08) 83.43 (4.43) 84.47 (3.15) 92.27 (2.06) 93.19 (2.48) 97.97 (1.32) 97.82 (1.38) 99.49 (.61) 
Height as % of adult height (z) 

score) 

-.11 (.51) -.06 (1.01) .12 (.67) -.04 (.65) .53 (.50) -.12 (.40) .59 (.35) -.33 (.25) 
Age of peak height velocity (years) 13.15 (.22) 11.59 (.39) 13.71 (.30) 11.68 (.28) 13.46 (.60) 12.19 (.28) 13.26 (.45) 13.01 (.52) 
Predicted maturity offset (years) -2.70 (.33) -1.86 (.87) -1.64 (.64) .19 (.60) .58 (.67) 1.90 (.47) 2.23 (.84) 2.80 (.39) 
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The distributions of maturity status classifications of male and female 

players with each of the three maturity indicators are summarized in Table 3.3. 

Stages reached are indicative of the time of examination and are not reflective of 

when the stage was reached, or how long the participants had been in that stage 

(Malina et al., 2012). The majority of players are classified as on-time or average 

in maturity status, although proportionally more are classified as on-time with 

percentage of predicted adult height and predicted age at PHV compared to SA. In 

contrast, proportionally more players in both male and female samples are 

classified as early maturing with SA compared to percentage of predicted adult 

height, while no players are classified as early maturing with predicted age at 

PHV. Proportionally few players are classified as late maturing with the three 

methods. 

 

Table 3.3 Distribution of players by maturity status based on each of the three 

maturity indicators1 
                

 

 

 

 

 

 

 

 

1Criteria for defining maturity status with each indicator are indicated in the text 

 

 

 

 

 

 
Male  

(n = 40)  

Female 

(n = 31) 

  Late On-Time Early Late On-Time Early 

Skeletal Age 4 27 9 2 21 8 

   % Predicted adult height 1 35 4 2 28 1 

Predicted age at PHV 2 38 0 2 29 0 
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3.4.3 Concordance 

Cross-tabulations of maturity status classifications between specific pairs of 

maturity indicators and related statistics are summarised in Tables 3.4 and 3.5 for 

male and female players, respectively. Concordance was assessed using 

percentage agreement and Cohen’s un-weighted Kappa (Lowry, 2013). 

Spearman’s rank order correlation coefficients were implemented to discern the 

degree to which the three measures of maturity categorised the data in the same 

manner.  

 

Although the percentage concordance of maturity classifications for specific 

pairs of indicators is moderate to high among male players (68% to 85%), Kappa 

coefficients are low and Spearman rank order correlations are at best moderate 

(Table 3.4). Although significant and similar in magnitude, the Spearman rank 

order correlation for cross-classification of maturity status based on SA and 

predicted age at PHV is negative (rs = -.37), whilst that based on SA and 

percentage of predicted adult height is positive (rs = .36). Among the female 

players, relative concordance of maturity classifications for specific pairs of 

indicators is also moderate to high (61% to 84%). Kappa coefficients and 

Spearman rank order coefficients are, however, low. Spearman rank order 

correlations for cross-classification of maturity status based on SA and percentage 

of predicted adult height are positive and significant (rs = .25), whilst that based on 

SA and predicted age at PHV are positive but non-significant (rs = .11) (Table 3.5). 

 

The highest relative concordance is between maturity classifications based 

on percentage of predicted adult height and predicted age at PHV in players of 

both sexes (Males: 85%, Females: 84%). This is due to the fact that predicted 

maturity status with both methods predominantly classifies male and female tennis 
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players as average or on-time. Among males, 35 and 38 of the 40 players, 

respectively, are classified as on-time by percentage of predicted adult height and 

predicted age at PHV (Table 3.3). Among females, 28 and 29 of the 31 players are 

classified as on-time by percentage of predicted adult height and predicted age at 

PHV, respectively. Additionally, both percentage of predicted adult height and 

predicted age at PHV are indicators of maturity within the same biological system, 

i.e. that of somatic maturation (Malina et al., 2012). Specifically, percentage of 

predicted adult height measures the progress in height towards the mature or adult 

value, and predicted age at PHV indicates the timing of the maximal rate of growth 

during the growth spurt (Malina et al., 2012). 
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Table 3.4 Frequencies and cross tabulations of maturity status classifications1 between three different measures of maturity timing, 

Spearman rank order correlations (rs) and Cohen’s unweighted kappa in elite male British youth tennis players 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Maturity indicator and categories       

Maturity indicator and categories Late On-Time Early Total % Agreement [95% CI] K rs 

% Predicted adult height                            SA-CA difference    

Late  0 1 0 1    

On-Time 4 25 6 35 70% [53, 83] .22* .36* 

Early 0 1 3 4    

Total 4 27 9 40    

Age at peak height velocity                           SA-CA difference    

Late  0 0 2 2    

On-Time 4 27 7 38 68% [51, 81] .08 -.37* 

Early 0 0 0 0    

Total 4 27 9 40    

% Predicted adult height                  Age at peak height velocity    

Late  0 1 0 1    

On-Time 1 34 0 35 85% [70, 94]        .10 -.29 

Early 1 3 0 4    

Total       2               38         0      40       
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Table 3.5 Frequencies and cross tabulations of maturity status classifications1 between three different measures of maturity 

timing, Spearman rank order correlations (rs) and Cohen’s unweighted kappa in elite female British youth tennis players 

  Maturity indicator and categories       

Maturity indicator and categories Late On-Time Early Total % Agreement [95% CI] K rs 

% Predicted adult height                            SA-CA difference    

Late  0 2 0 2    

On-Time 2 19 7 28 65% [45, 80] .05 .25* 

Early 0 0 1 1    

Total 2 21 8 31    

Age at peak height velocity                           SA-CA difference    

Late  0 2 0 2    

On-Time 2 19 8 29 61% [42, 78] .11 .11 

Early 0 0 0 0    

Total 2 21 8 31    

% Predicted adult height                  Age at peak height velocity    

Late  0 2 0 2    

On-Time 2 26 0 28 84% [66, 94] .12 -.03 

Early 0 1 0 1    

Total 2 29  0 31       
                                          1Criteria for defining maturity status with each indicator are indicated in the text. 

                          *Significant at the .05 level  
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Scatter plots of absolute SA-CA differences and z-scores for percentage of 

predicted adult height are shown in Figure 3.2 and of SA-CA differences and 

differences between predicted age at PHV and the sex-specific reference means 

are shown in Figure 3.3. The cut-off points for defining maturity status with each 

indicator are also noted in the graphs. Spearman rank order correlations for 

absolute values for both indicators are moderate and significant in boys, .58 

(p<.001) for SA and percentage of predicted adult height and .40 (p<.01) for SA 

and predicted age at PHV. Corresponding correlations for both absolute indicators 

are lower and one is of marginal significance in girls, respectively, .32 (p=.08) and 

.18. 

 

 

 

 

 

 

 

 

 

Figure 3.2 Scatter plots of absolute SA minus CA differences and z-scores for 

percentage of predicted adult height at the time of observations in boys (left) 

and girls (right) 
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Figure 3.3 Scatter plots of absolute SA minus CA and of predicted age at PHV 

and sex specific reference mean ages at PHV in boys (left and girls (right). Note 

the y-axis is inverted as a negative score for the difference of the predicted age at 

PHV minus the respective reference mean indicates early maturity status, and a 

positive score indicates late maturity status	

 

Corresponding analyses for players in more narrowly defined CA groups 

are of interest in youth tennis, as players are generally categorised into age 

groups. Results are summarised in Tables 3.6 through 3.9. Participants from two 

age groups were combined together, i.e., U10 and U12 (24 males, 17 females) 

and U14 and U16 (16 males, 14 females). Allowing for smaller samples in each 

group, percentage concordance between classifications based on SA and 

classifications based on the two prediction indicators range from 63% to 81% for 

percentage of predicted height attained at the time of observation and from 50% to 

71% for predicted age at PHV, while the corresponding percentages for the two 

predictive indicators range from 81% to 88%.  

 

 



 

Chapter 3 112 

Kappa coefficients are, however, consistently low (-.17 to .21), with the 

exception of a moderate coefficient (.56 p<.05) between SA and percentage of 

predicted adult height among 16 male tennis players in the U14 and U16 

competitive age group (Table 3.7); Spearman rank order correlations are also 

moderate and significant for this age group (.62, p<.05). In contrast, Spearman 

rank order correlations are negative between classifications based on predicted 

age at PHV and percentage of predicted adult height (-.54, p<.05) in this age 

group. Among U10 and U12 male participants, Spearman rank order correlations 

are moderate and negative (-.40, p<.06) between classifications based on SA and 

predicted age at PHV (Table 3.6). The remaining correlations in this combined age 

group are zero. 



Chapter 3   113 

Table 3.6 Cross-tabulations of maturity status classifications1 between specific pairs of maturity indicators, percentage 

concordance, Cohen’s Kappa, and Spearman rank order correlations in U10 and U12 male youth tennis players 

 Maturity indicator and categories    
Maturity indicator and categories Late On-Time Early Total % Agreement [95% CI] K rs 

% Predicted adult height SA-CA difference    

Late 0 1 0 1    

On-Time 4 15 3 22 63% [41, 81] -.11 .00 

Early 0 1 0 1    

Total 4 17 3 24    

Age at peak height velocity SA-CA difference    

Late 0 0 1 1    

On-Time 4 17 2 23 71% [49, 87] .07 -.40* 

Early 0 0 0 0    

Total 4 17 3 24    

% Predicted adult height Age at peak height velocity    

Late 0                1 0     1    

On-Time  1               21     0            22    

Early  0                1     0             1                 88% [67, 97]           -.04   .00 

Total   1               23       0             24    
                            1Criteria for defining maturity status with each indicator are indicated in the text. 

                  *p=.06 
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Table 3.7 Cross-tabulations of maturity status classifications1 between specific pairs of maturity indicators, percentage 

concordance, Cohen’s Kappa, and Spearman rank order correlations in U14 and U16 male youth tennis players 

 Maturity indicator and categories    
Maturity indicator and categories Late On-Time Early Total % Agreement [95% CI] K rs 

% Predicted adult height SA-CA difference    

Late 0 0 0 0    

On-Time 0 10 3 13 81% [54, 95] .56* .62* 

Early 0 0 3 3    

Total 0 10 6 16    

Age at peak height velocity SA-CA difference    

Late 0 0 1 1    

On-Time 0 10 5 15 63% [36, 84] .09 -.33 

Early 0 0 0 0    

Total 0 10 6 16    

% Predicted adult height Age at peak height velocity    

Late 0            0 0      0    

On-Time  0           13     0           13    

Early  1            2     0             3               81% [54, 95]         .21     -.54* 

Total            1           15      0           16    
            1Criteria for defining maturity status with each indicator are indicated in the text. 

                  *p<.05 
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Spearman rank order correlations could not be calculated for female 

players due to the fact that classifications are constant (i.e., all players are 

classified as average) for predicted age at PHV in U10 and U12 players (n=17) 

and for percentage of predicted adult height in U14 and U16 players (n=14).  

While Spearman rank order correlations are somewhat moderate (.40, ns) for 

classifications based on SA and percentage of predicted adult height in U10 and 

U12 female players (Table 3.8), it approaches zero (.06, ns) for classifications 

based on SA and predicted age at PHV in U14 and U16 female players (Table 

3.9). 
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Table 3.8 Cross-tabulations of maturity status classifications1 between specific pairs of maturity indicators, percentage 

concordance, Cohen’s Kappa, and Spearman rank order correlations in U10 and U12 female youth tennis players 

 Maturity indicator and categories    
Maturity indicator and categories Late On-Time Early Total % Agreement [95% CI] K rs 

% Predicted adult height SA-CA difference    

Late 0 2 0 2    

On-Time 0 10 4 14 65% [39, 85] .12 .40 

Early 0 0 1 1    

Total 0 12 5 17    

Age at peak height velocity SA-CA difference    

Late 0 0 0 0    

On-Time 0 12 5 17 71% [44, 89] .00 * 

Early 0 0 0 0    

Total 0 12 5 17    

% Predicted adult height Age at peak height velocity    

Late 0                0 0      0    

On-Time  0               13    0             13    

Early  1                2    0               3     82% [56, 95]       .00        * 

Total   1               15     0              16    
                                    1Criteria for defining maturity status with each indicator are indicated in the text. 

                      *Statistic could not be calculated, as classifications based on age at PHV are constant 
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Table 3.9 Cross-tabulations of maturity status classifications1 between specific pairs of maturity indicators, percentage 

concordance, Cohen’s Kappa, and Spearman rank order correlations in U14 and U16 female youth tennis players 

 Maturity indicator and categories    
Maturity indicator and categories Late On-Time Early Total % Agreement [95% CI] K rs 

% Predicted adult height SA-CA difference    

Late 0 0 0 0    

On-Time 2 9 3 14 64% [36, 86] .00 * 

Early 0 0 0 0    

Total 2 9 3 14    

Age at peak height velocity SA-CA difference    

Late 0 2 0 2    

On-Time 2 7 3 12 50% [24, 76] -.17 .06 

Early 0 0 0 0    

Total 2 9 3 14    

% Predicted adult height Age at peak height velocity    

Late 0                0 0    0    

On-Time  2               12     0           14    

Early  0                0     0            0               86% [56, 97] .00    * 

Total   2               12      0           14    
                                        1Criteria for defining maturity status with each indicator are indicated in the text. 

                         *Statistic could not be calculated, as classifications based on percentage of predicted adult height are constant 
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3.5 Discussion 

The concordance of maturity status classifications based on SA and two non-

invasive predictive indicators was considered in a sample of elite male and female 

youth tennis players of Caucasian ancestry. Whilst associations between all three 

measures were apparent, the concordance between the methods was poor. It 

appears that non-invasive measures are limited in their ability to classify elite 

youth tennis players according to their maturity status, specifically at the extremes 

(late, early) of the maturity status continuum. Nevertheless, the results of this 

research suggest that the maturity status based on percentage of predicted adult 

height at the time of observation correlated better with maturity status based on 

SA, than did maturity status based on predicted age at PHV. 

 

Data for skeletal maturation within the tennis population is limited. Among 

males in the present study, SA estimated with the Fels method approximated to 

CA, on average, whilst in the female sample, SA was slightly in advance of CA 

(Table 3.1). The data for males were consistent with observations for 11 year-old 

Finnish players (n=9), among who mean SA assessed with the Greulich-Pyle 

method equalled mean CA (Mero, Jaakkola, & Komi, 1989). In contrast, a two year 

longitudinal study of the skeletal ages of elite, national Japanese youth players 

(n=6 of each sex), assessed with the Tanner-Whitehouse radius-ulna-short bone 

method (TW2 RUS), indicated, on average, skeletal ages in advance of 

chronological ages at 12, 13 and 14 years of age (Kanehisa, Kuno, Katsuta, & 

Fukunaga, 2006). Unfortunately, the studies did not address the issue of variation 

in maturity status within the respective samples. Nevertheless, variation in SA as 

reflected in the standard deviations was greater than for CA. Allowing for 

differences in methods of SA assessment and perhaps for ethnic variation, results 
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for the three samples were generally consistent (Malina, Coelho-e-Silva, et al., 

2017). 

 

Concordance of classifications for specific pairs of maturity indicators 

among the samples of tennis players ranged from moderate to high. This was due 

in large part to the proportionally high number of players classified as average or 

on-time in maturity status by SA, percentage of predicted adult height attained at 

the time of the study, and predicted age at PHV (Table 3.3).	The low Kappa 

coefficients and at best moderate Spearman rank order correlations were likely a 

result of the small number of players classified as early or on-time with each 

method, respectively (Tables 3.4 and 3.5). Several Spearman rank order 

correlations were negative, which contrasted expected relationships.  

 

As in other studies comparing maturity classifications of youth athletes 

(Kozieł & Malina, 2018; Malina, Dompier, et al., 2007; Myburgh, Cumming, 

Coelho, Cooke, & Malina, 2016b), a window of plus/minus one year was used to 

define average or on-time maturity status. The window allows for errors associated 

with the assessment of SA and the measurement of body dimensions used in the 

prediction equations, in addition to errors associated with the prediction equations. 

Some studies, however, have used narrower bands for SA, for example, a band of 

±3 months among adolescent boys and girls (Kemper, Verschuur, & Ritmeester, 

1986) and a band of ±.5 year in 14 year old soccer players (Ostojic et al., 2014). 

Both studies used the Tanner-Whitehouse RUS SA method, which unfortunately, 

does not provide an estimate of error associated with each assessment (Malina, 

Coelho-e-Silva, et al., 2017). Standard errors for estimates of SA in individuals 

with the Fels method in the present study ranged from .27 to .60 year, and were 

similar to the range of standard errors, .27 to .70 year, noted in three series of 
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soccer players aged 11 to 17 years (Figueiredo, Gonçalves, Coelho-e-Silva, & 

Malina, 2009b; Malina, Dompier, et al., 2007; Malina et al., 2000). Higher errors 

were noted in youth approaching skeletal maturity.  

 

Standard errors of estimate for the maturity offset prediction equations were 

.59 years in boys and .57 years in girls (Mirwald et al., 2002). The 50% error 

bounds for the height prediction protocol across 4 to 17 years were, on average, 

2.2±.6 cm in boys and 1.7±.6 cm in girls, while the mean 90% error bounds were, 

on average, 5.3±1.4 cm in boys and 4.3±1.6 cm in girls (Khamis & Roche, 1994). 

The error bounds, however, varied with age. Among boys, the median 50th and 

90th percentile error bounds for height predictions without SA were stable at 9 to 

11 years, increased from 12 to 14 years, and then declined to 16 years. The 

corresponding error bounds for girls increased from 9 through 12 years and then 

declined to 16 years. Given the preceding observations for SA and for predicted 

maturity offset and adult height, the band of plus/minus one year to define maturity 

groups allows for errors associated with assessments and predictions.  

 

The results for the relatively small sample of male youth tennis players were 

generally consistent with corresponding studies of participants in club level soccer 

and community level American football that used the same methodology (Table 

3.10) (Malina et al., 2012; Malina, Dompier, et al., 2007). Maturity status 

classifications based on predicted age at PHV had moderate concordance with 

classifications based on SA (Fels method) in youth soccer players, but Kappa 

coefficients were low, .11 and .13 (Malina et al., 2012), as in the present study. 

Classifications of maturity status based on percentage of predicted adult height 

(Khamis & Roche, 1994) also had moderate concordance with classifications 

based on SA (Fels method) in American football (Malina, Dompier, et al., 2007) 
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and soccer players (Malina et al., 2012). Kappa coefficients were fair to moderate 

(.31 to .50) and varied with age in the football players. In contrast, Kappa 

coefficients were low in tennis (Tables 3.4, 3.5 and 3.6) and soccer players (.23 in 

11 to 12 and 13 to 14 year olds). Corresponding data for female athletes in 

different sports are lacking.  

 

Table 3.10 Distributions of male athletes in three sports by maturity status 

defined by the same indicators as in the present study1 

 Maturity Status  

 Late On-Time Early  

Skeletal age  

Tennis (9.88-15.95 yrs, n=40)   n     4 27 9 

   %   10 67 23 

American football (9.27-14.24 yrs, n=143) n    15 52 76 

   %   11 36 53 

Soccer (10.98-15.25 yrs, n=180)   n    21 100 59 

   %   12 56 33 

% Predicted adult height 

Tennis   n     1 35 4 

   %    2 88 10 

American football   n     6 91 46 

   %    4 64 32 

Soccer   n     5 131 44 

   %    3 73 24 

Predicted age at PHV 

Tennis   n    2 38 0 

   %   5 95 0 

Soccer   n    15 161 4 

   %    8 89 2 
 

1Criteria for defining maturity status with each indicator are indicated in the text, and were the same in each study. 
Frequencies and percentages for the total samples American football and soccer players were calculated after 
Malina et al. (2007, 2012). 
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Predicted ages at PHV in the male and female tennis players were, 

respectively, 13.4 ± .5 years and 12.0 ± .6 years (Table 3.1). Data for age at PHV 

based on longitudinal data for tennis players are lacking, except for an estimate of 

11.6 ± .9 years in 16 Japanese female players who were successful at the 

prefecture level (Fujii & Demura, 2005). The predicted mean ages at PHV for the 

tennis players were within the range of observed ages at PHV in longitudinal 

samples of European athletes in several sports, except for gymnasts of both sexes 

(Malina et al., 2015). The standard deviations for tennis players were lower, except 

for those noted in short term longitudinal studies of male ice hockey players (n=6), 

cyclists (n=4) and rowers (n=11); standard deviations based on graphic estimates 

of ages at PHV were similar to that noted in male tennis players (Malina et al., 

2015).  

 

The reduced variation in predicted ages at PHV in tennis players was 

consistent with observations in validation studies of the original (Malina & Koziel, 

2014; Malina & Kozieł, 2013) and modified (Kozieł & Malina, 2018) maturity offset 

prediction equations in two independent longitudinal samples, i.e., variation in 

predicted ages at PHV within single year CA groups was reduced compared to 

variation in observed ages at PHV. Variation with the modified equations was 

reduced compared to the original equations. A similar trend for reduced standard 

deviations for predicted ages at PHV was also noted in a longitudinal sample of 

Belgian artistic gymnasts (Malina et al., 2006). 

 

Other limitations of the maturity offset prediction equations should be noted. 

Predicted maturity offset decreased and age at PHV increased, on average, with 

CA at prediction in the validation studies (Malina & Koziel, 2014; Malina & Kozieł, 

2013). This likely reflected the predictors, which included leg length x sitting 
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height, CA x estimated leg length, CA x sitting height, and CA x weight (in girls 

only) interactions, and the weight by height ratio (Mirwald et al., 2002). Given the 

variation in predictions with CA, intra-individual variation in predicted ages at PHV 

was considerable. Of potential interest, tennis apparently selects for height; the 

current sample of elite players of both sexes was, on average, taller than 

reference values (Myburgh, Cumming, Coelho, Cooke, & Malina, 2016a). 

Predicted ages at PHV with the original and modified equations were also 

consistently later than observed ages at PHV in early maturing, and earlier than 

observed ages at PHV in late maturing youth of both sexes (Kozieł & Malina, 

2018; Malina, Choh, et al., 2016; Malina & Koziel, 2014; Malina & Kozieł, 2013). 

Allowing for the preceding, it appears that percentage of predicted adult height 

attained at the time of observation is a more practical protocol than predicted 

maturity offset/age at PHV in this sample of youth tennis players. The results also 

highlight the need for longitudinal studies of youth athletes in different sports.  

 

3.5.1. Applications and implications of this research 

The present study aims to identify whether existing predictive methods for 

categorising youth by maturity status are appropriate among elite youth tennis 

players. Whilst the impact of maturation on the performance of youth athletes is 

well documented (Carvalho et al., 2011; Cunha et al., 2011; Ford, Collins, et al., 

2011; Matthys et al., 2013; Matthys, Vaeyens, Coelho-e-Silva, Lenoir, & 

Philippaerts, 2012; Meylan et al., 2010; Torres-Unda et al., 2012), many talent 

identification and development models are yet to account for differing biological 

maturity within age group classifications. In tennis, the increased popularity of the 

sport (Pluim et al., 2007) has lead to an abundance of information pertaining to the 

performance characteristics of the sport (Fett et al., 2017; Hayes et al., 2018; Kilit 

& Arslan, 2017; Kolman et al., 2018; Kovacs, 2006, 2007; Kovalchik, Bane, & 
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Reid, 2017; Pereira et al., 2017; Reid & Schneiker, 2008; Söğüt, 2018), yet very 

little has been published on the growth and maturity characteristics of the youth 

population (Baxter-Jones, Helms, Maffulli, Baines-Preece, & Preece, 1995; 

Kramer et al., 2017; Van Den Berg et al., 2006). 

 

The difficulty in categorising players according to their biological rather than 

CA may lie in obtaining a simple, inexpensive, non-invasive measure of maturity. 

Whilst skeletal maturity provides an established maturity indicator (Malina et al., 

2012), it is expensive, requires specific training for evaluation, and entails a small 

dose of radiation (Baxter-Jones et al., 2005). As noted, obtaining measures of 

secondary sex characteristics is a simple procedure, however, it is considered 

invasive and only pertains to the pubertal time period (Bond et al., 2006; Malina et 

al., 2015). Further, individuals classified as pre-pubertal (no overtly signs of 

secondary sex characteristics) have been found to differ in skeletal maturation 

(Malina, Dompier, et al., 2007). In contrast, percentage of predicted adult height is 

a practical, continuous variable and can provide a measure of maturity status 

within a pre-pubertal population (Malina, Dompier, et al., 2007). 

 

 Use of percentage of predicted adult height as a maturity indicator is, 

however, not without its limitations. As such, it would seem prudent to consider 

additional factors when estimating a player’s maturity status and/or grouping 

players for training or competitive purposes. Obtaining measures of a player’s 

growth velocity (height and weight velocity) would enable practitioners and medical 

staff to cross check this information with the information obtained from the non-

invasive maturity estimates and more accurately determine whether a player is 

pre, entering, circa, exiting, or post a period of accelerated growth. Obtaining 

multiple measures of height and weight over a period time would further improve 
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the accuracy of these assessments and prediction methods. Moreover, 

incorporating information on a player’s stage of pubertal development (menarche 

in girls, secondary sexual characteristics in boys) would increase a practitioner’s 

confidence in categorising individual players and aid training recommendations.  

 

Identifying and accounting for differing maturity status is integral in youth 

sports (Malina, Dompier, et al., 2007). Recent research has highlighted the 

benefits in doing so, from creating diverse learning environments, increasing 

awareness of maturational differences, to reducing the risk of injury (Cumming, 

Brown, et al., 2018; Malina, Dompier, et al., 2007). Further, adapting training 

responses based on biological maturity would ensure appropriate exposure to 

challenges and enable players to develop a compliment of skills (Cumming et al., 

2017). In the instance of the advanced maturer, this would prevent them from 

relying on physical traits, whereas for those delayed in maturation this may 

improve their ability to remain competitive and therefore involved in the game for 

longer (Cumming et al., 2017). The concept of grouping children according to 

biological rather than CA is not new, having first been proposed in the early 20th 

century (Crampton, 1908). Recent initiatives trialling the concept, termed bio-

banding, have shown promise (Cumming et al., 2017). Further detail on the impact 

of bio-banding on player performance and evaluation will be discussed in detail in 

chapter 5. 

 

3.5.2. Limitations of this research 

The aim of this study was to investigate the concordance of two predictive 

methods for estimating the maturity status with an accepted method (SA) in elite 

youth tennis players. The elite nature of the sample and the practical constraints 

(number and availability) and prohibitive assessment costs (skeletal hand wrist x-
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rays) provided challenges in obtaining adequate sample sizes (Bacchetti, Deeks, 

& McCune, 2011). The results are, thus, specific to a relatively small sample of 

elite British youth tennis players of Caucasian ancestry. Generalisation to players 

from other countries, or of other ethnicity, needs to be done with care. The select 

nature of the sample, i.e. the concordance results are specific to the top 8 ranked 

players within Great Britain, also limits the applicability of the results to players 

competing at different levels. Further research examining the concordance 

between different methods within a broader demographic, i.e. encompassing 

players at grassroots level tennis where you might find a greater variation of early, 

on-time and late maturers, would be of benefit. Additionally, the small sample 

sizes limited the statistical power of the analyses conducted. Further work needs 

to be done with larger sample sizes and longitudinal data to better establish the 

reliability and validity of the predictive methods.  

 

It should also be noted that the protocol for the prediction of adult height 

(Khamis & Roche, 1994), the Berkeley Guidance Study reference values for 

percentage of predicted adult height attained at each CA (Bayer & Bayley, 1959), 

and the maturity offset prediction equations (Mirwald et al., 2002) have not yet 

been validated within United Kingdom samples. As already noted, validation 

studies of the maturity offset prediction protocols in independent samples of 

European and American youth have indicated major limitations (Malina & Koziel, 

2014). Nevertheless, allowing for inter- and intra-individual differences in maturity 

status assessed by different methods, it is likely that no one system provides a 

complete picture of maturity status (Baxter-Jones et al., 2005). Corresponding 

variation in the timing and tempo of maturation is a further concern.  
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 It is also important to note that the estimates of maturation employed in the 

current study assess different maturational processes. Whereas skeletal age 

assesses the maturation of the skeletal system, percentage of adult height and 

predicted age at peak height velocity are indices of somatic maturation, i.e. the 

change in body size and composition (Malina et al., 2012). It is possible that the 

assessment of biological maturity within different biological systems influences the 

correspondence between the three methods, and as such one would not expect a 

perfect correspondence (1:1) (Malina et al., 2012). That is, the maturation of 

different biological systems, though related, does not proceed simultaneously.  

 

The categorising of players as early, on-time or late would further influence 

the sensitivity of the measurements. For example, an individual who returned a SA 

z-score of .99 would be classified the same as an individual who returned a SA z-

score of -.99, i.e. on-time. In contrast, an individual whose SA z-score was .99 

would be classified differently to an individual whose SA z-score was 1.1; on-time 

versus early, respectively. The different categorisation methods (years, z-scores, 

standard deviations) employed may also have impacted the level of concordance 

between the three maturity assessment methods, by influencing the number of 

players assigned to each category (early, on-time, late). As a band of ±1 year of 

SA from CA approximates, yet does not equal, ±1 standard deviation from CA. 

 

3.5.3. Conclusions and recommendations for future research 

In summary, the aim of this study was to investigate the concordance of two 

predictors of biological maturity status with an established method (SA) in elite 

youth tennis players. Whilst the three indicators considered were interrelated, 

there was relatively poor agreement between maturity classifications based on SA 

and those based on somatic maturity. Therefore, whilst somatic indicators provide 
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an inexpensive, practical and less invasive means of measurement, the limitations 

associated with these methods should be recognised.  

 

The results from this study also highlight that the maturity-offset method 

appears to be a rather problematic measure, which would suggest caution when 

implementing it within a youth sporting population. Ideally an organisation would 

incorporate a range of methods. Therefore if utilising the Khamis Roche method, it 

should be as part of a range of factors that are used to evaluate maturity status. 

Incorporating it as part of a larger program would ensure a more holistic program 

of assessment. In conclusion, future research in this area should examine non-

invasive methods relative to SA with longitudinal data, in order to better establish 

the reliability and validity of the predictive methods.
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4.1 Abstract 

Purpose. 

To describe the anthropometric characteristics and maturity status of elite British 

youth tennis players. 

Methods.  

Participants were 91 elite male (n=47) and female (n=44) youth tennis players 

aged 8 through 17 years of age (12.5±1.9 years). The sample represented the top-

ranked players in the Great Britain National rankings in their respective age 

groups. Height and weight were measured and skeletal x-rays of the left-hand 

wrist were taken. Skeletal age was estimated with the Fels method and contrasted 

to chronological age. 

Results.  

Mean heights and weights of participants fell above the 75th percentile for each 

age group, relative to age and sex specific reference values for British youth. The 

only exception was observed in the U10 female age group where mean weights 

fell between the 50th to 75th percentile. Male players were late or on-time in 

maturity in the U10 and U12 age groups, however, were predominantly advanced 

in SA in both the U14 and U16 age groups. Female players were advanced in SA 

in all four competitive age groups.  

Conclusion. 

These findings suggest that elite British youth tennis players are identified and 

selected based on body size and physical attributes, with a propensity towards 

selecting taller and heavier players who are advanced in maturation. Those 

involved with youth sport need to be made aware of the physical and functional 

differences associated with advanced maturation, which has implications for talent 

identification and development programmes.  
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4.2 Introduction 

Sport favours and selects for athletes who possess the physical and functional 

qualities most suitable for success in the given sport, i.e. selection is based on the 

direct demands of the sport (Leone, Lariviere, & Comtois, 2002). For example, in 

sports such as gymnastics, which favour a distinct anthropometric profile, athletes 

typically present with shorter sizes and body mass (Vandorpe et al., 2011). In 

contrast, in sports such as rowing, where long stroke lengths and high levels of leg 

drive are associated with superior performance, elite athletes present with greater 

height, weight and lever length (Mikulić, 2008). Player selection can also be 

indirectly influenced by a number of psychosocial factors, including athlete 

motivation and perceptions of competence, in addition to evaluations and 

reactions of coaches, parents and peers (Harwood & Knight, 2015; Henriksen & 

Stambulova, 2017; Knight, 2017; Rynne et al., 2017). During adolescence, the 

correct identification and selection of athletes into high performance youth sport 

programmes becomes even more challenging, as variance in size and 

performance can be confounded by individual differences in growth and 

maturation (Vandendriessche et al., 2012). 

 

In tennis, contemporary adult male and female players present above 

average height and body mass (Burke, 2007; Kovacs, 2007; Reilly, 1990). Mean 

height values for senior male elite players have increased steadily over the years, 

in contrast to the average population (Cole, 2000). Current male players stand on 

average 10 to 12 cm taller than their female peers and 9 cm taller than players of 

20 years ago (International Tennis Federation, 2013; Robson, 2011). Male tennis 

players also tend to be, on average, 10 kg heavier than female players as a result 

of greater height and higher absolute and relative muscle mass (International 

Tennis Federation, 2013). The anthropometric characteristics of both male and 
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female tennis players are comparable with athletes in sports that favour strength, 

speed and power (football, basketball, swimming) (Rees et al., 2016; Sedeaud et 

al., 2014; Ziv & Lidor, 2009). Tennis players are also markedly taller than athletes 

competing in sports with an aesthetic component (gymnastics) (Claessens, 

Lefevre, Beunen, & Malina, 2006; Erlandson et al., 2008). 

 

The secular change in the heights of tennis players reflects the importance 

of size relative to service speed (Söğüt, 2018). Height accounts for as much as 

50% of the variance in service speed (Vaverka & Cernosek, 2007), with an 

additional inch of racket length (i.e., height of service) increasing first serve 

success rate by as much as 5% (Brody & Smith, 2001). With service speeds of up 

to 263 km/hr being recorded, and taller players serving faster than their shorter 

counterparts (Association of Tennis Professionals, 2012; Vaverka & Cernosek, 

2007), it is not surprising that tallness is an increasingly desirable attribute when 

identifying and selecting tennis players.  

 

Studies of the growth and maturity characteristics of youth tennis players 

are limited and not contemporary, with the preponderance of available research 

dating to the 1980s and early 1990s (Baxter-Jones, Helms, Baines-Preece, & 

Preece, 1994; Baxter-Jones et al., 1995; Mero et al., 1989). Three studies of male 

youth players in the United States, Italy and Finland, showed mean heights that 

varied between the 25th
 and 50th percentiles for U.S. reference values in late 

childhood and early adolescence, while mean body mass approximated to the 

median (Malina, 1994). In contrast, two studies from the former Czechoslovakia 

indicated mean values for height and weight that approximated the reference 

medians in players aged 12 to 13 years (Chvalova, Chytrackova, & Kasalicka, 

1988; Kovalcikova, Mikulova, & Zak, 1989; Malina, 1994). Trends from a mixed-



 

Chapter 4 133 

longitudinal study of select Australian youth players followed in the 1980s revealed 

mean values for height and body mass of male players that were consistently 

above the reference median from 11 to 17 years of age (Bloomfield, Blanksby, 

Beard, Ackland, & Elliott, 1984).  

 

Data from a mixed-longitudinal sample of elite UK tennis players spanning 

1987 to 1992 (Training of Youth Athletes, TOYA) presented mean heights of male 

youth players that were above UK reference median at 10 to 12 years, at the 

reference median at 13 to 15 years and approximated the 75th
 percentile at 16 to 

18 years (Maffulli, King, & Helms, 1994a). Mean body masses were at the 

reference median from 10 through 15 years and above the reference median from 

16 to 18 years (Maffulli et al., 1994a). Corresponding data in four studies of female 

tennis players (Australia, former Czechoslovakia) indicated mean heights above 

the reference medians, specifically during adolescence, but mean values for body 

mass close to the reference median (Malina, 1994). In a mixed-longitudinal study 

of select Australian youth players followed in the 1980s, mean values for height 

and body mass of female players were initially below the reference median but 

approximated the reference median at 15 and 17 years of age (Bloomfield et al., 

1984).  

 

Mean heights of female players from a mixed-longitudinal sample of elite 

UK tennis players (Training of Youth Athletes, TOYA) were slightly above the U.K 

reference medians from 10 to 12 years and then moved to approximate at the 75th 

percentile by 15 years and remained at this level (Maffulli et al., 1994a). Mean 

body masses of females were at the reference median at 10 and 11 years, but 

then increased with age and approximated the 75th percentile by 14 years, 

remaining just below this level through to 18 years of age (Baxter-Jones & Helms, 
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1996; Erlandson et al., 2008). Data from more recent tennis studies are generally 

consistent with observations from the TOYA sample (Bass et al., 2002; Bergeron, 

McLeod, & Coyle, 2007; Ducher, Bass, Saxon, & Daly, 2011; Girard & Millet, 2009; 

Juzwiak, Amancio, Vitalle, Pinheiro, & Szejnfeld, 2008; Sánchez-Muñoz, Sanz, & 

Zabala, 2007). Overall, the available data for youth tennis players are consistent 

with the secular trend indicated for elite adult male tennis players, though the 

magnitude of the trend appears smaller.  

 

Maturity status of youth athletes has been shown to vary according the 

nature and physical demands of a sport (Malina, 1994). During late childhood and 

early adolescence, girls and boys advanced in maturation tend to be taller, heavier 

and carry greater absolute and relative mass than those who are delayed in 

maturation (Malina, 2007; Malina & Geithner, 2011). These physical attributes are 

considered desirable for performance in male youth sports, with those advanced in 

maturation dominating in sports that favour strength, speed and power, especially 

in the older and more elite samples (Malina, Ribeiro, Aroso, & Cumming, 2007; 

Sherar et al., 2007; Torres-Unda et al., 2012). The latter is reflective of the 

increased sensitivity and or exclusivity of sport as youth pass through adolescence 

(Malina, Ribeiro, et al., 2007). In contrast, female youth athletes tend to be on-time 

or delayed in maturity in sports that require an aesthetic component (gymnastics, 

ballet dancers), however, are predominantly advanced in maturation in sports with 

a strength and power component (swimming, rowing) (Baxter-Jones et al., 2002; 

Malina, Ackerman, et al., 2016).  

 

Data on the maturity status of youth tennis players is very limited, especially 

at the elite level. Testicular volume of male players in the TOYA study 

approximated reference values for boys, suggesting no clear bias towards those 
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advanced or delayed in maturation (Baxter-Jones et al., 1995). Skeletal ages of 

nine Finnish players did not differ, on average, from chronological age at 11 years 

(Mero et al., 1989), while skeletal ages of 6 elite youth national Japanese players 

were, on average, in advance of chronological age (CA) from 12 to 14 years 

(Kanehisa et al., 2006).  

 

Corresponding data for age at menarche in girls are limited, as samples 

include girls who have and have not attained menarche and are limited in CA 

range considered (Ducher et al., 2011). Mean ages at menarche of 13.2 and 13.3 

years were reported for the sample of players in the TOYA study (Baxter-Jones et 

al., 1994; Erlandson et al., 2008), suggesting later maturation than the norm (12.8 

years) at the time of collection (Malina & Bouchard, 1991). Skeletal ages for 6 elite 

youth national Japanese female tennis players were, on average, advanced (by 

one year) relative to chronological ages from 12 to 14 years (Kanehisa et al., 

2006). In contrast, skeletal ages of 14 elite female tennis players from the former 

Czechoslovakia were, on average, equivalent to their chronological ages at 14 and 

17 years (Novotny, 1981).  

 

Size and athletic performance characteristics are related, in part, due to 

individual differences in biological maturation during childhood and adolescence 

(Malina, 2007; Malina, Bouchard, et al., 2004). Maturity associated differences in 

both size and functional capacity (i.e. speed, strength, power) may influence 

selection (coaches’ perception), socialisation (developmental experiences and 

interactions) and favour those advanced in maturation due to physical and 

functional advantages (Cumming et al., 2005; Figueiredo, Gonçalves, Coelho-e-

Silva, & Malina, 2009a; Malina, Bouchard, et al., 2004; Valente-dos-Santos et al., 

2012). However, due to the paucity of research, the degree to which variation in 
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biological maturity status within age groups contributes towards the selection and 

performance of elite youth tennis players remains unclear (Baxter-Jones et al., 

2005; Van Den Berg et al., 2006). 

 

In light of the previous discussion, this study aims to describe the growth 

and maturational characteristics of a sample of elite British youth tennis players 

and compare these values against age and sex specific population norms. Further, 

this study will examine the differences in the anthropometric characteristics of 

players of varying maturity status (i.e. early, on-time, late). Consistent with 

previous research (Baxter-Jones et al., 1995; Erlandson et al., 2008; Malina, 

1994), it hypothesised that elite youth tennis players of both sexes will present 

mean values for height, weight and weight-for-height, that fall above the 50th 

percentile of the general population for their age and sex. Given the physical and 

functional demands associated with superior performance in tennis, it is predicted 

that a selection bias towards players advanced in maturation will be observed in 

both males and females (Reid et al., 2016; Reid & Schneiker, 2008).  

 
 
4.3 Methods 

4.3.1 Participants 

Participants included 91 elite male (n=47) and female (n=44) youth tennis players 

aged 8 through 17 years of age (12.5±1.9 years). The competitive status of the 

players and details of the study have been previously described in chapter 3 (pg. 

94). On 41 occasions (males: 16, females: 25), a top eight player was unable to 

attend the National Age Group Training Camp (NAGTC) for assessment. In 16 

instances (males: 6, females: 10) the next highest ranked player within the 

respective age group was invited to participate, while no additional players were 

invited in the remaining 25 cases. The males included 43 individuals self-identified 
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as Caucasian, 2 as mixed race, 1 as black, and 1 as Indian. The females included 

37 individuals self-identified as Caucasian, 4 as black, 2 as mixed race and 1 as 

Indian. 

 

4.3.2 Ethical clearance 

A detailed description of the ethical approval obtained for this study can be found 

in Chapter 3 (pg. 95). 

 

4.3.3. Data collection procedures 

Data was collected at a three-day camp held Monday to Wednesday at the 

National Training Centre in Roehampton, London. Participants arrived the day 

before and were required to abstain from any vigorous physical activity prior to 

assessment. Height and weight were measured and x-rays of the left-hand wrist 

was taken onsite by a trained and certified technician for the purpose of assessing 

skeletal maturity. For further information on the data collection methods of the 

anthropometric and skeletal maturity measures, please refer to chapter 3 (pg. 95). 

Maturity status was expressed as the difference between skeletal age (SA) and 

CA (SA-CA). Participants were classified as late if their predicted SA was 1 year 

behind their CA (SA < CA by 1.0 year), on-time if their predicted SA fell between -

1.0 and 1.0 year (within ± 1.0 year of CA) and early if their predicted SA was 

ahead of their CA (SA > CA by 1.0 year) (Malina, 2011). 

 

4.3.4 Statistical analyses 

Descriptive statistics (means, standard deviations) were calculated for CA, height, 

body mass, SA and SA-CA. Height and body mass of individuals were plotted 

relative to reference data for British youth (World Health Organization, 2013). Z-

scores for height and weight were calculated to reflect mean values obtained 
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relative to World Health Organisation sex specific norms (World Health 

Organization, 2018). Chi-square analysis was performed to determine if the 

distributions of the maturity groups differed in each age group of the male and 

female samples. All statistical data analysis was performed using SPSS Statistics 

version 24.0 (IBM Corp., 2013a). 

 

4.4 Results 

Descriptive statistics by sex and competitive age groups for CA, height, body 

mass, SA and SA-CA are summarised in Table 4.1. Mean SA of male youth 

players are slightly below mean CA of the U10 age group and approximated to 

mean CA in the U12 age group. In contrast, mean SA of U14 and U16 male youth 

players are in advance of their respective mean CA. In the female sample, mean 

SA are in advance of mean CA in all four competitive age groups, with mean SA-

CA differences varying by .30 to .89 years. 
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Table 4.1 Means and standard deviations for chronological age (CA), height, 

weight, skeletal ages (SA), and the difference between SA and CA (SA minus CA) 

by age groups of elite British male and female youth tennis players  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          

*Z-Scores for height and weight reflect mean values relative to WHO sex specific norms 

 

 

                              Age Groups 

 U-10 
n=13 

U-12 
n=14 

U-14 
n=7 

U-16 
n=13 

Males M (SD) M (SD) M (SD) M (SD) 

CA (years) 10.48 (.26) 12.01 (.63) 13.49 (.32) 15.01 (.76) 

Height (m) 1.46 (.04) 1.53 (.08) 1.71 (.09) 1.76 (.07) 

Height Z-Score* .81 .70 1.50 .86 

Weight (kg) 36.2 (3.3) 43.7 (7.3) 56.3 (9.0) 64.7 (9.3) 

Weight Z-Score* .53 .73 1.06 .85 

SA (years) 10.07 (1.09) 12.10 (1.17) 14.72 (.91) 15.84 (1.28) 

SA-CA (years) -.41 (1.03) .09 (1.02) 1.23 (.85) .75 (.99) 

Females 

U-10 
n=10 

 
M (SD) 

U-12 
n=17 

 
M (SD) 

U-14 
n=12 

 
M (SD) 

U16 
n=5 

 
M (SD) 

CA (years) 9.81 (.59) 11.79 (.61) 14.11 (.60) 15.67 (.45) 

Height (m) 1.42 (.07) 1.56 (.07) 1.64 (.05) 1.66 (.09) 

Height Z-Score* .68 1.08 .62 .53 

Weight (kg) 33.1 (5.5) 44.5 (5.6) 57.0 (6.5) 61.3 (7.73) 

Weight Z-Score* .24 .66 .76 .73 

SA (years) 10.59 (1.48) 12.18 (.73) 14.40 (1.56) 16.56 (.68) 

SA-CA (years) .78 (1.11) .39 (.75) .30 (1.35) .89 (1.00) 
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Table 4.2 presents the distribution of elite male and female British youth 

tennis players by maturity status and age group. In the male sample, 32% are 

classified as advanced, 57% as on-time and 11% as delayed in maturation. The 

three maturity groups (late, on-time & early) are present in the U10 and U12 age 

groups, however, no players delayed in maturation are present in the U14 and 

U16 age groups. An equal number of advanced maturers are present in the U14 

and U16 age groups. In the female sample, 29.5% are classified as advanced, 

66% represent those on-time and 4.5% are classified as late maturers. In contrast 

to the male sample, only 2 female players (U14) are classified as late maturers 

across all age groups, the rest are classified as either on-time or early. A chi-

square distribution analysis was performed to determine whether the three 

maturity groups were equally preferred in each age group of the male and female 

samples, respectively. In the male sample, the three maturity groups were not 

equally distributed, χ2 (6, N = 47) = 14.07, p = .03, indicating an increased 

preference towards early maturing males in the older age groups (U14 and U16). 

In the female sample, distributions of maturity was homogeneous, χ2 (6, N = 44) = 

9.26, p = .16, with early maturing females dominant in all age groups. 
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Table 4.2 Distribution of elite male and female youth British tennis players by 

maturity status and age group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.3 details the CA, height and body mass by sex, competitive age 

group and maturity category of elite male and female British youth tennis players. 

In the male sample, those advanced in maturation are taller (baring the U16 age 

group) and heavier across all four competitive age groups. Similarly, in the female 

sample, those advanced in maturity are taller and heavier than those on-time or 

delayed in maturity across all four age groups. The only exception being the U14 

age group, where females advanced in maturity are comparatively shortest in 

stature, and those on-time are lightest in body mass.  

 

 

 Age 

Group 
Late 

On-

Time 
Early χ2 P Total 

M
al

es
 

U10 4 7 2   13 

U12 1 10 3   14 

U14 0 2 5 14.07 .03 7 

U16 0 8 5   13 

Total 5 27 15   47 

 U10 0 5 5   10 

Fe
m

al
es

 

U12 0 14 3   17 

U14 2 6 4 9.26 .16 12 

U16 0 4 1   5 

Total 2 29 13   44 
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Z-scores were calculated to interpret sample means between the three 

maturity groups. Mean z-scores for height in the male sample highlighted that 93% 

of the reference population were shorter than those advanced in maturity, 79% 

were shorter those on-time and 58% were shorter than those delayed in maturity. 

Mean z-scores for weight in the male sample indicated that 90% of the reference 

population weighed less than those advanced in maturity, 76% weighed less than 

those on-time and 60% weighed less than those delayed in maturity.  

 

In the female sample, mean z-scores for height indicated that 79% of the 

reference population is shorter than those advanced in maturity, 69% are shorter 

than those on-time and 70% are shorter than those delayed in maturity. 

Comparative mean z-scores for weight indicated that 81% of the reference 

population weighed less than those advanced in maturity, 68% weighed less than 

those on-time and 78% weighed less than those delayed in maturity. Comparative 

values between sexes revealed that males are taller and heavier than their female 

counterparts across all three maturity groups.  
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Table 4.3 Descriptive statistics for height and weight by maturity status and age groups in elite male and female British youth tennis. 

Age Group Maturity Status n 

Male 

n 

Female 

Height  

(m) 

M (SD) 

Height 

Z-Score 

Weight  

(kg) 

M (SD) 

Weight 

Z-Score 

Height  

(m) 

M (SD) 

Height 

Z-Score 

Weight  

(kg) 

M (SD) 

Weight 

Z-Score 

U10 

Late 4 1.43 (.03) .35 35.6 (3.9) .44 - - - 

-.62 

- - 

 On-Time 7 1.47 (.04) 

0.80 (3.96) 

.86 35.8 (3.2) .47 5 1.39 (.05) .48 30.60 (1.70) .01 

Early 2 1.51 (.04) 1.69 38.5 (3.9) .95 5 1.45 (.09) .86 35.7 (.75) .43 

U12 

Late 1 1.44 -.37 34.2 -.49 - - - 

.99 

- - 

On-Time 10 1.52 (.08) .49 43.0 (6.6) .60 14 1.55 (.06) .99 43.9 (4.9) .58 

Early 3 1.60 (.04) 1.73 49.1 (7.9) 1.37 3 1.59 (.08) 1.47 47.4 (9.1) .92 

U14 

Late - - - - - 2 1.64 (.03) - 

. 

57.7 (3.3) - 

 On-Time 2 1.61 (.03) .24 47.2 (7.9) .14 6 1.66 (.06) .88 55.3 (7.9) .57 

Early 5 1.75 (.07) 2.01 60.0 (6.9) 1.37 4 1.62 (.02) .26 59.2 (6.1) .98 

U16 

Late - - - - - - - - 

 

- - 

On-Time 8 1.76 (.09) .85 62.3 (10.7) .60 4 1.63 (.07) .01 59.8 (8.1) .54 

Early 5 1.75 (.05) .65 68.6 (5.5) 1.07 1 1.79 2.6 67.0 

 

1.43 

143 
        C

hapter 4 
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Height and body mass of male youth tennis players with corresponding age 

group means were plotted relative to UK reference values (World Health 

Organization, 2013) and illustrated in Figures 4.1 and 4.2. Heights and body 

masses of male youth players ranged from the 25th to in excess of the 95th 

percentile. Mean heights fell between the 75th and 90th percentiles for the U10 and 

U12 age groups, approximated at the 90th centile for the U14 age group and 

approximated at the 75th percentile for the U16 age group (Figure 4.1). Mean body 

masses approximated at the 75th percentile for the U10 age group and fell 

between the 75th and 90th percentiles for all other age groups (Figure 4.2).  

 

Heights and body masses of individual female players and corresponding 

age group means are illustrated in Figures 4.3 and 4.4. Heights and body masses 

of female youth players ranged from the 5th to in excess of the 95th percentile of 

the respective reference values. Mean heights approximated at the 75th percentile 

in the U10, U14 and U16 age groups and fell between the 75th and 90th percentiles 

for the U12 age group (Figure 4.3). Mean weights approximated at the 75th 

percentile in the U12, U14 and U16 age groups and fell between the 50th and 75th 

percentiles for the U10 age group (Figure 4.4). 
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Figure 4.1 UK Growth Charts depicting the distribution of UK elite male youth 

tennis players’ heights relative to age 

130 

140 

150 

160 

170 

180 

190 

8 9 10 11 12 13 14 15 16 17 18 

H
ei

gh
t (

cm
) 

Age (yr) 

95% 

75% 

50% 

25% 

5% 

10% 

90% 

 
Mean Age Group Value 



 

Chapter 4 146 

 

 

 

Figure 4.2 UK Growth Charts depicting the distribution of UK elite male youth 

tennis players’ weights relative to age   
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Figure 4.3 UK Growth Charts depicting the distribution of UK elite female youth 

tennis players’ heights relative to age 
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Figure 4.4 UK Growth Charts depicting the distribution of UK elite female youth 

tennis players’ weights relative to age 
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4.5. Discussion 

This study described the growth and maturity characteristics of elite British male 

and female youth tennis players. Consistent with previous literature, both sexes 

were, on average, taller and heavier compared to UK age and sex specific 

reference values (Erlandson et al., 2008). As in previous studies examining the 

growth and maturity status of youth athletes, male players were, on average, 

advanced in skeletal maturity in the older age groups (U14 and U16), while female 

players were, on average, advanced in skeletal maturity in all four competitive age 

groups (Malina, Bouchard, et al., 2004). These results suggest that individual 

differences in growth and maturity characteristics contribute to the identification 

and selection in elite youth tennis. The nature and magnitude of their contribution 

to these processes in athletic youth development are not known. 

 

Although the players in the current sample presented, on average, greater 

height and body mass in comparison to UK reference values, variation in height 

and body mass did exist, with not all players exceptionally tall. Similar to findings 

in other studies, a reasonable degree of uniformity was apparent in the 

distributions of both heights and body masses at the elite level, which is 

suggestive of a high degree of selectivity (Sánchez-Muñoz et al., 2007). Only 15% 

of male and 16% of female players returned below average heights for age. 

Similarly, only 19% of male and 20% of female players returned below average 

body mass for age (see Figures 4.1 to 4.4). In the male sample, the small height 

and low mass reflected those who are on-time or delayed in maturation. In 

contrast, the females with below average height and body mass included a small 

percentage of advanced maturers. 
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Male players in the U10 and U12 age groups had mean values for height 

and body mass that exceeded reference medians. Players in these age groups 

were, however, slightly delayed in skeletal maturation (Table 4.1). This 

observation is in contrast to findings from 9 Finnish youth tennis players of similar 

ages, whose SA was equivalent to their CA (Mero et al., 1989). Of interest, the 

player’s final predicted heights were in excess of the reference median of adult 

males. Whilst mindful of the small sample sizes, the results of the current study 

suggest that larger physical size, with a predisposition for tallness and 

independent of maturity status, is the most important predictor in tennis selection 

in the youngest boys age groups. In contrast, a clear bias towards selection of 

males advanced in maturation was observed in the older age groups (U14 and 

U16). The observation of selection towards early maturing males in the older age 

groups is consistent with research conducted across most sports that demand 

speed, strength and power for male youth athletes (Malina, 2011) and is in 

accordance with trends reported in a longitudinal sample of 6 elite youth national 

Japanese players aged 11 to 14 years (Kanehisa et al., 2006).  

 

The under-representation of late maturing boys in the older age groups is 

also reflective of other male youth sports including soccer, American football, 

swimming and athletics (track and field) (Malina, 2011). The athletic advantages 

associated with early maturers relative to age group peers (i.e., greater size, 

strength, speed, and power) are most evident between the ages of 13 to 17 years 

(Malina, Bouchard, et al., 2004). During this time period, those advanced in 

maturation may be close to full maturity, while late maturing males may still be in 

the initial stages of puberty (Malina, Bouchard, et al., 2004). The greater 

proportion of early maturing males in the older age groups may also be reflective 

of age associated changes in the nature of the game (increased physicality), 
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selection or exclusion by the coaching staff, talent identification protocols, 

individual selection, or a combination of these factors (Bailey et al., 2010; Malina, 

Bouchard, et al., 2004).  

 

In the female sample, players consistently presented mean values for 

height and weight that fell above the reference mediums for age and sex. A 

selection bias towards females advanced in maturation was also observed in all 

age groups (Table 4.1). While data on the maturational status of female youth 

tennis players is limited, this observation is consistent with trends presented in a 

longitudinal sample of 6 elite youth national Japanese players aged 11 to 14 years 

(Kanehisa et al., 2006); although in contrast to observations of 14 Czechoslovak 

players whose SA at 14 years was equivalent to CA (Novotny, 1981). It should be 

noted that only 2 players were classified as late maturing in the U14 age group, 

with classifications in the U16 age group influenced by reduced SA variation as 

skeletal maturity approached.  

 

The predominance of early maturing girls in all age groups, suggests that 

the athletic advantages associated with increased size and advanced maturity are 

apparent from an early age. These advantages (greater size and absolute 

strength) may offset the performance disadvantages (e.g. power to weight ratio 

and aerobic/anaerobic ability) associated with absolute and relative fat mass 

gains. Additionally, the high physical activity levels associated with regular training 

may positively impact fat to muscle mass ratio, reducing the impact of fat 

accumulation associated with early puberty in female players, although data on the 

body composition of youth athletes is not extensive (Malina & Geithner, 2011). The 

predominance of early maturing females across all age groups in comparison to 

the males, where early maturers are favoured in the older age groups (U14 and 
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U16) only, is reflective of the differing maturation rates between the sexes. With 

girls maturing on average 2 years in advance of boys (Gillison et al., 2017), it is 

perhaps not surprising that a selection bias towards early maturing females exists 

in the younger age groups in comparison to their male peers. 

 

The growth characteristics of the players in the current sample (i.e. taller 

and heavier than average for their age) are comparative to other youth athletes 

(baring gymnasts and middle-distance runners) (Malina & Geithner, 2011) as well 

as elite and sub-elite youth tennis players (Baxter-Jones et al., 2005; Erlandson et 

al., 2008). In the older age groups (U14 & U16), mean heights and body mass of 

the male and female players in the current sample exceed values obtained from 

both higher and lower ranked elite Dutch youth tennis players (Kramer, Huijgen, et 

al., 2016). The only exception occurs in the U16 girls age group, where the higher 

ranked Dutch girls were marginally taller than the girls in the current sample (1.69 

m to 1.66 m) (Kramer, Huijgen, et al., 2016). 

 

Relative to the 28 national teams who participated in the 2005 and 2006 

Davis cup, mean heights and weights for the U16 age group in the current sample 

varied according to sex. In the male sample, mean heights were comparatively 

less (.009 m), however, body mass was substantially smaller (<5.2 kg). In 

contrast, both height (.009 m) and body mass (1.4 kg) of the female players in the 

current sample exceeded equivalent values (Sánchez-Muñoz et al., 2007). The 

smaller mean values for weight in the current male sample may be reflective of the 

mean difference in ages, with the players in the current sample over a year 

younger (1.2 years), on average, than the mean age of players reported in the 

Sánchez-Muñoz et al. (2007) study (Sánchez-Muñoz et al., 2007). The selection of 

taller and heavier players in the female sample may be indicative of the secular 
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trend evident in elite senior populations. These differences are worthy of greater 

investigation with a larger sample size. 

 

4.5.1. Applications and implications of this research 

These findings have several important implications for tennis. Firstly, the evidence 

suggests that elite British youth tennis players are being identified and selected 

according to physical attributes, with a preference towards players with greater 

body sizes and/or who are advanced in maturity. As noted earlier, individual 

differences in timing and tempo of growth and maturation are evident from as 

young as 6 years of age (Malina, Bouchard, et al., 2004), with many talent 

identification and selection protocols implemented during childhood or early 

adolescence (Breitbach, 2014). As a consequence, those advanced in maturation 

may possess a physical and functional advantage over their less mature peers, 

enabling them to perform better in physical assessment protocols, thus influencing 

their selection into elite performance programs (Figueiredo et al., 2009a).  

 

The advantages associated with advanced maturity are, however, transient, 

with late maturing individuals often catching up and even surpassing those 

advanced in maturation in early to mid-adulthood (Nahhas, Sherwood, Chumlea, 

Towne, & Duren, 2013; Philippaerts et al., 2006). Favouring those players more 

physically gifted as youth may therefore be counterproductive in the long term. 

The pressure to succeed, parental expectations and playing to physical 

advantages at a cost of developing technical, tactical and/or psychological skills, 

may impact performance and explain why many promising youth athletes fail to 

achieve senior success (Fraser-Thomas, Côté, & Deakin, 2008a). Accordingly, 

those involved in tennis need to be aware of, and accommodate for, the physical, 
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functional, and performance advantages associated with advanced maturation 

(Bailey et al., 2010).  

 

 Given the apparent selection bias towards early maturing males and 

females in the current sample, it is important that the regular systematic 

procedures to assess growth and maturation are implemented in talent 

identification and development models in tennis. As highlighted, the dynamic 

nature of growth and maturation and the individual variance associated with its 

progress, questions the use of one-off anthropometric and physical assessments 

to predict talent and/or evaluate performance (Till et al., 2013).  

 

Obtaining longitudinal data of an individual’s growth and maturity 

characteristics would allow practitioners to control for individual differences when 

evaluating ability and future potential (Till et al., 2013). In contrast to snapshot 

singular assessments, this approach may impact perceptions on capability and 

future potential, as well as better inform coaches and sporting bodies on those 

who should be selected, retained and/or released from high performance youth 

programmes (Till et al., 2013). Incorporating regular growth and maturity 

assessments into athlete monitoring systems could also enable coaches and 

practitioners to identify periods of greater injury risk, i.e. during peak height 

velocity (Cumming et al., 2017; Van Der Sluis, Elferink-Gemser, Brink, & Visscher, 

2015). This may be especially important for those advanced in maturation, who 

experience a more intense growth spurt, as well as for those delayed in maturation 

who experience their growth spurt during late adolescence, when training volumes 

and intensities typically increase (Cumming et al., 2017; Van Der Sluis et al., 

2015).  
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A number of strategies could be put in place to better consider and control 

for individual differences in biological maturation. A simple and practical approach 

to make selectors and coaches aware of the difference in maturity status during 

talent identification days, may be to place maturity ranked shirt numbers on 

participating players. Incorporated with PSV Eindhoven football club as part of an 

experiment on the effects of relative age, age numbered shirts were assigned to 

players based on their relative age (Mann & Ginneken, 2017). When selectors 

were made aware of the differences in relative age, selection bias towards 

relatively older individuals was eliminated (Mann & Ginneken, 2017). This strategy 

could equally be applied to combat differences in maturity within a given age group 

and offers a promising means of levelling the playing field between players of 

differing maturity. 

 

Methods such as bio-banding, where players are grouped for competition 

and/or training purposes via maturational status rather than age, may also have 

potential benefit (Cumming et al., 2017). Whilst not a new concept, bio-banding 

has recently been implemented alongside age group competitions in the 

academies of premier league football clubs, with evidence suggesting that it can 

be of benefit to both early and late maturing boys (Cumming, 2018; Cumming, 

Brown, et al., 2018; Cumming et al., 2017; Ilyas, 2018). Physical performance 

results are also assessed within the context of maturity, with players evaluated 

and coached according to their stage of maturation instead of within age group 

categories (Cumming et al., 2017). The further application of this concept in the 

context of tennis will be discussed in detail in chapter 5. 

 

Relevant strategies may need to be implemented at different ages for boys 

and girls in order to account for the differing maturity rates between the sexes 
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(Malina, Bouchard, et al., 2004; Mann & Ginneken, 2017). With girls experiencing 

peak height velocity between the ages of 11 to 13 years and boys approximately 

two years later at 13 to 15 years (Mann & Ginneken, 2017), schemes to combat 

selection bias towards early maturers need to be introduced at an earlier age in 

girls. Alternatively, there is an argument for delaying selection into high 

performance programs until after puberty, when the effects of maturation have 

abated (Tucker, 2013; Vaeyens, Gullich, Warr, & Philippaerts, 2009). This would 

reduce the time period to predict performance and as such increase prediction 

accuracy (Vaeyens et al., 2009). Further, this would eliminate the uncertainty over 

motivational factors or other psychological and socio-cultural factors (Baker & 

Horton, 2004). Coined “Mature age talent identification” by Vaeyens et al. (2009), 

selection of athletes at later ages may lead to a more efficient and careful 

individual investment pattern, which would delay reward, but lead to higher returns 

in the long run (Vaeyens et al., 2009). 

 

To support initiatives that account and accommodate for players of different 

maturity, it is important that coaches, players, parents and practitioners are 

educated on the subject of growth and maturation (Cumming et al., 2017). 

Providing stage-specific educational workshops would help improve the 

understanding and confidence of each on how best to maximise individual 

potential and performance (Cumming, 2018; Harwood & Knight, 2015). For 

example, coaches have been shown to provide more positive and encouraging 

instructions to players of larger body sizes, and by association maturation (Mann & 

Ginneken, 2017). Increasing their awareness of the differences in maturity may 

lessen their bias and ensure their sessions are tailored to each player’s expected 

skill level based on maturation (Mann & Ginneken, 2017). Educating players on 

the strengths and weaknesses associated with differing maturity statuses, may 
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increase their awareness on the expected skill level based on their age and/or 

maturation (Mann & Ginneken, 2017). This may help reduce player complacency 

and reliance on certain physical attributes, improve personal development and 

hopefully impact dropout rates. (Cripps, Hopper, & Joyce, 2016). 

 

The importance of family in the development of talented athletes is also well 

recognised (Knight, 2017). The “right” family environment can help talented 

athletes reach their sporting potential, whereas the “wrong” family environment 

can lead to athlete burnout and cessation of sporting activity (Knight, 2017). 

Educating parents on the different rates of growth and maturation could arm 

parents with the emotional awareness to best manage their responses to their 

child’s success or failure at the youth level, and provide them with the necessary 

skills to offer the appropriate amount of support to enable their child to maximise 

their enjoyment and performance in tennis (Harwood & Knight, 2015). 

 

Educating practitioners on the process of growth and maturation by 

establishing systematic assessment procedures, would aid their understanding of 

how best to assess, monitor and interpret differences in player development 

(Cumming, 2018). By regularly collecting growth and maturity assessments, 

coaches and practitioners would be able to adjust daily training volumes and/or 

focus according to a player’s stage of growth or maturity (Cumming, 2018). This 

information could also be integrated into fitness data, allowing for the creation of 

physical reference standards that evaluates a player’s performance relative to 

biological, rather than CA (Mann & Ginneken, 2017). This would allow practitioners 

to account for maturity when monitoring players physical ability and determining 

physical priority areas (Cobley, Baker, Wattie, & Mckenna, 2009; Ryan et al., 

2018). Practitioners could therefore target physical traits according to a player’s 
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progress along their maturational pathway, maximising opportune time periods 

(i.e. strength development post puberty and hormonal influx) (French, Jones, & 

Kraemer, 2014).  

 

4.5.2. Limitations of this research 

Limitations of the current study should be noted. Firstly, the number of participants 

was limited due to the elite nature of the sample and confined to the United 

Kingdom. As such, these results may not apply to players competing at different 

levels and/or from different countries. The cross-sectional and descriptive nature 

of the study also implies that it is not possible to confirm any cause-and-effect 

associations between growth, maturation, and selection. Future research, 

employing longitudinal or mixed longitudinal designs, and including measures of 

physical, functional and psychosocial attributes, are required in order to better 

understand how the processes of growth and maturation contributes toward 

athlete identification and selection in youth tennis. 

 
4.5.3. Conclusions and recommendations for future research 

In summary, the present article provides insight into the growth and maturity 

characteristics of elite British youth tennis players. It is evident that a selection bias 

towards early maturing players of greater weight and stature is present in both 

male and female youth tennis players selected into UK high performance 

programmes. Accordingly, systems to control and account for the effects of growth 

and maturity need to be implemented, with coaches, parents, players and 

practitioners educated on the effects of growth and maturity in order to enhance 

the support provided to youth tennis players. Further research needs to examine 

how maturity influences the selection bias and whether it can be attributed to 

performance attributes or more subtle effects.
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5.1 Abstract 

Purpose. 

To evaluate the maturity-associated differences in physical performance measures 

of elite male and female British youth tennis players.  

Method.  

Participants were 88 elite male (n=44) and female (n=44) youth tennis players 

aged 8 through 16 years of age (12.4±1.9 years). Height and weight were 

assessed, alongside measures of acceleration, speed, strength, power, agility and 

endurance. Radiographs of the left-hand wrist were taken, with skeletal age 

estimated with the Fels method and contrasted to chronological age.  

Results.  

Male players advanced in maturation possessed a physical advantage over less 

mature peers in measures of acceleration, speed, strength, upper and lower body 

power, but not in agility or endurance. In the female sample, those advanced in 

maturation possessed a physical advantage over less mature peers in measures 

of strength, overhead power and certain measures of agility, but not in endurance 

or certain measures of lower body power. 

Conclusion. 

Advanced maturity affords an athletic advantage in tests of strength, power and 

agility in elite youth tennis players. This has implications for the identification and 

selection of elite youth tennis players during adolescence. Strategies that consider 

the maturity status of youth athletes need to be implemented into talent 

identification and selection protocols, in order to more satisfactorily identify athletic 

potential rather than transient physical capabilities. 
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5.2 Introduction 

Modern-day tennis is characterised by fast, dynamic, attacking actions, 

encompassing rapid exchanges and repetitive overhead play (Fernandez-

Fernandez et al., 2006; Filipčič et al., 2011). Match play entails quick accelerations 

and decelerations in multiple directions, with work rates fluctuating between short 

periods of high intensity and longer periods of moderate to low intensity 

(Fernandez-Fernandez et al., 2006). Match duration can last anywhere from 90 

minutes to 5 hours, with different court surfaces impacting the volume and 

intensity of play (Kovacs, 2006). Given the preceding variety and nature of match 

play, a combination of physical components is required of players, although as 

noted, the exact combination of these variables is yet to be determined (Kovacs, 

2007). Nevertheless, evidence supports the contention that tennis players require 

relatively high levels of strength, speed, power, agility and endurance levels in 

order to compete at the elite level (Ochi & Campbell, 2009; Reid & Schneiker, 

2008; Smith, 2012).  

 

The physical demands of youth tennis appear to largely resemble that of 

the senior game, with the success of a cohort of young players attributed to 

consistent and powerful shots (Roetert et al., 1992). Recent research has 

highlighted the correlation between physical attributes and stroke velocity, with 

lower limb power (countermovement jump, peak force and impulse at 300 ms) 

shown to influence peak service speeds in male and female youth tennis players 

(Hayes et al., 2018). Physical fitness attributes such as agility, jump height, upper 

body power and maximal strength in the dominant limbs have also been shown to 

impact competitive ranking and tennis performance (Girard & Millet, 2009; Kramer 

et al., 2017; Roetert et al., 1992).  
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Physical fitness attributes vary with growth and maturation, with the impact 

of biological maturation on physical performance measures in youth well 

documented (Baxter-Jones et al., 2005; Baxter-Jones et al., 2002; Erlandson et 

al., 2008; Jackson et al., 2013; Malina, Bouchard, et al., 2004; Rodrigues et al., 

2010; Thompson et al., 2003). Differences in size and physical fitness measures 

are most marked during adolescence (Malina, 1994; Malina, Bouchard, et al., 

2004), with contrasts greater in boys than girls (Baxter-Jones & Helms, 1996; 

Ford, De Ste Croix, et al., 2011; Malina, Bouchard, et al., 2004). Boys show linear 

improvements in physical fitness measures up to the age of 18 years, with a 

progressively steeper curve from 13 or 14 years (De Ste Croix, 2008). As noted, 

boys experience a rapid acceleration in absolute strength, power (vertical jump 

height) and cardiovascular capability around the time of peak height velocity (PHV) 

(Armstrong et al., 2008; Beunen & Thomis, 2000; Quatman et al., 2006). In girls, 

the increase in physical fitness measures is not as intense (Viru et al., 1999). 

Physical attributes also appear to vary dependent on the muscle group assessed 

as well as the type of quality measured (e.g. absolute strength, speed-strength) 

(Malina, Bouchard, et al., 2004). 

 

When examining the physical differences between individuals of the same 

chronological age (CA) but differing maturity, the association between 

performance and maturity becomes apparent. In a cross-sectional sample of 52 

Portuguese football players aged 11 to 17 years, performance in a number of 

physical attributes highlighted a performance gradient, with those advanced in 

maturation out performing those on-time, who respectively out performed those 

delayed in maturation (Valente-dos-Santos et al., 2012). These results are 

consistent with observations in a sample of 110 Danish football players, where 

elite players who were taller and more mature than their non-elite counterparts, 
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presented greater strength (isometric) and power (broad jump) values (Hansen, 

Bangsbo, Twisk, & Klausen, 1999). Similar findings have been reported in other 

sports, namely basketball (Torres-Unda et al., 2012), handball (Matthys et al., 

2013) and Australian football (Gastin et al., 2013); sports where elite samples are 

predominantly characterised by advanced maturers. The extent to which maturity 

associated variance in physical performance translates into a competitive 

advantage in match play is, however, unknown. 

 

In girls there is limited longitudinal data examining the effect of maturity on 

physical performance measures (Malina, Bouchard, et al., 2004). Unlike boys, the 

advantages associated with advanced maturation are variable and dictated by the 

sport (Malina, Ackerman, et al., 2016). As a result, the average female athlete 

tends to be on-time in maturity (Malina, Bouchard, et al., 2004). These findings are 

supported by research performed on both recreational and elite female youth 

athletes, with the maturity associated variation in body size and fat mass impacting 

physical capacities and performance (Cumming et al., 2006). This is evident when 

evaluating absolute functional capacities (strength, aerobic power), with females 

advanced in maturation performing better than their less mature peers (Armstrong, 

1999). Sports that favour taller and heavier females are therefore likely to attract 

those advanced in maturation (Cumming et al., 2005).  

 

When, however, body size is accounted for, girls on-time and late in 

maturity return greater strength per unit mass than their early maturing peers, with 

strength differences between those on-time and late in maturity negligible (Malina, 

Bouchard, et al., 2004). Further, when accounting for height, no strength 

differences are evident between the three maturity groups (Stratton & Oliver, 

2014a). Similarly, when aerobic power is expressed relative to weight, no 
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difference is found between girls of differing maturity categories (Froberg & 

Lammert, 1996). As such, the shorter stature, lighter weight and greater lean mass 

of the late maturing females lends itself to performance in weight baring and 

endurance tasks (Cumming et al., 2006).  

 

Data addressing the physical performance of youth tennis players in the 

context of maturity are limited (Erlandson et al., 2008; Kramer et al., 2017; Van 

Den Berg et al., 2006). The available data on biological maturation in tennis 

indicates that maturity impacts tennis performance in youth players, with 

differences evident between the sexes (Kramer, Huijgen, et al., 2016; Kramer et 

al., 2017). As noted, in a sample of elite U13 male and female youth Dutch tennis 

players, who were part of the talent development program of the Royal Dutch 

Lawn Tennis Association (KNLTB), maturity and physical fitness were partly 

related to tennis performance (i.e. ranking) (Kramer et al., 2017). In boys, upper 

body power correlated with ranking, which in turn was related to age at peak 

height velocity (PHV) (Kramer et al., 2017).  

 

In the elite female Dutch sample of the KNLTB, maturation influenced 

ranking in the U13 age group, with early maturing players associated with better 

tennis performance (Kramer et al., 2017). This advantage dissipated by 16 years, 

with late maturing girls returning better tennis performances in the U16 age group 

(Kramer et al., 2017). In further analysis performed on elite Dutch tennis players 

aged 14 to 16 years, maturity was a significant predictor for upper and lower body 

power in boys, but not for speed and agility (Kramer, Huijgen, et al., 2016). In 

contrast, maturity was not a predictor for performance for any physical variable in 

the girls aged 14 to 16 years, however, lower body power, speed and agility 
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appeared to be important physical variables associated with tennis performance 

(Kramer, Huijgen, et al., 2016). 

 

As noted in chapter 4, there is a clear selection bias towards players with 

greater body sizes who are advanced in maturity. As such, it makes sense that 

biological maturation might play a significant role in the selection and performance 

of elite youth tennis players. The larger body sizes, increased strength and power 

associated with advanced maturation, particularly during adolescence, may prove 

advantageous, especially in boys (Malina, Bouchard, et al., 2004). On the other 

hand, changes in body composition associated with advanced maturation in girls 

(specifically in absolute and relative fatness) may negatively impact performances 

that require rapid movement through space (Quatman et al., 2006). For example, 

runs, jumps and changes of direction (Quatman et al., 2006). Given the limited 

research pertaining to the study of the effects of biological maturation on youth 

tennis performance, there is a pressing need to investigate the nature and 

direction of the relations amongst these constructs.  

 

In light of the preceding discussion and chapter, the purpose of this study is 

to evaluate the extent to which variation in biological maturity contributes to 

differences in physical and functional capacity in elite youth tennis players. It 

specifically compares the physical qualities of players of contrasting maturity 

status combined by competitive age groups, U10 through U12, and U13 through 

U16, and then evaluates the relationships between skeletal maturity status and 

physical performance. Given the previously documented selection biases towards 

boys and girls advanced in maturity (see chapter 4), it is hypothesised that players 

advanced in maturity will present greater strength and power values than those 

on-time and late. Further, it is predicted that both boys and girls advanced in 
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maturation will present greater speed and agility measures, consistent with the 

demands of the sport. Due to the variability associated with advanced maturation 

in females, it is hypothesised that maturity related advantages in endurance will 

only be evident in the male sample. 

  

5.3 Methods 

5.3.1 Participants 

Participants included 88 elite male (n=44) and female (n=44) youth tennis players 

aged 8 through 17 years of age (12.5±1.9 years). The competitive status of the 

players and details of the study have been previously described in chapter 3 (pg. 

94). In 16 instances, a top eight player was unable to attend the National Age 

Group Training Camp (NAGTC) for assessment. In these cases, the next highest 

ranked player within the respective age group was invited and attended the 

NAGTC (6 male; 10 female). In the remaining cases, no additional players were 

invited. Based on self-ascribed ethnicity, 73 participants identified as Caucasian 

(males 40; females 33), 6 as mixed race (males 2; females 4), 7 as Black (males 

1; females 6), and 2 as Indian (male 1; female 1). 

 

5.3.2 Ethical clearance 

The Research Ethics Approval Committee for Health at the University of Bath and 

the Lawn Tennis Association approved the study. Written assent and consent was 

obtained from both participants and parents/guardians. For further information 

pertaining to the ethical approval obtained for this study, please refer to Chapter 3 

(pg. 95). 
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5.3.3. Data collection procedures 

Selected participants attended a three-day NAGTC held at the National Tennis 

Centre in London, UK, from a Monday to a Wednesday. Participants arrived the 

day before and were asked to abstain from any vigorous activity prior to 

assessment. Height, weight and skeletal x-rays of the left hand wrist were taken. 

CA was calculated as the difference between date of birth and date of radiograph, 

which was used to ascertain skeletal maturity. For a detailed description of the 

anthropometric and skeletal assessment methods, please refer to chapter 3 (pg. 

95). Participants were classified as a late maturer if their skeletal age (SA) was 

younger than their CA by 1.0 year, an on-time maturer if their SA was within ± 1.0 

year of their CA, and an advanced maturer if their SA was older than their CA by 

1.0 year. Relative SA was calculated as the difference between SA and CA (SA 

minus CA).  

 

After a standardised warm up, participants performed a series of physical 

performance assessments in the following sequence: strength, speed, power, 

agility and endurance (Bishop, 2003). All assessments were performed on the 

indoor tennis courts located at the National Tennis Centre. Three attempts were 

given for each test, with the best performance retained for analysis. All participants 

were familiar with the protocol of each physical performance assessment, 

however, were allowed to complete a practice attempt prior to the three trials in 

order to attenuate the possibility of a learning effect. Participants were afforded a 

minimum of one-minute rest between efforts. Right and left hand grip strength, 5 

m, 10 m and 20 m sprints, the countermovement jump and the forehand, 

backhand and overhead medicine ball throws were measured in all age groups. 

The remaining measures were limited to specific tests, as outlined by the National 

Governing Bodies’ physical testing protocol. Agility on the hexagon test was 
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measured in the U10 and U12 age group participants, whilst the squat jump, 

forehand and backhand agility and the Yo-Yo Intermittent Level 1 Recovery Test 

were measured in the U14 and U16 age group participants, respectively.  

 

Handgrip strength was measured to the nearest .5 kg using a Takei A5401 

digital handgrip dynamometer. The grip of the dynamometer was adjusted for each 

participant so that the proximal part of the middle phalange of the hand rested on 

the handle and the first metacarpal rested on the base of the dynamometer. The 

dynamometer was set to zero before the start of the test. From a raised arm 

position, with palm facing inwards, each participant lowered his/her arm through a 

180-degree arc for approximately three seconds, whilst maximally gripping the 

dynamometer. The digital reading at the end of the movement was recorded. The 

testing sequence was performed on the right, then left arm. Handgrip strength has 

been found to be a reliable measure of upper body strength in youth athletes 

(Gerodimos, 2002). 

 

 Linear acceleration and speed were measured at 5 m, 10 m, and 20 

m intervals with electronic timing gates (Smartspeed, Fusion Sport pte, Australia). 

The participants lined up in a tennis ready position (feet square on), 30 cm behind 

the start line. In their own time, participants sprinted as fast as possible through all 

the electronic timing gates, ensuring that they did not slow down as they ran 

through the 20 m electronic timing gate. Linear acceleration and speed 

assessments conducted with electronic timing gates have been found to offer high 

degrees of accuracy and reliability (Fernandez-Fernandez, Ulbricht, & Ferrauti, 

2014). 
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 Lower body power was measured with the squat jump and 

countermovement jump using the Yard-Stick (perform Better UK). Reaching height 

was assessed by recording the number of the highest reachable plastic vanes 

displaced by a participant’s dominant hand when they stood side on to the Yard-

Stick, with their feet together. For the squat jump, participants faced side-on to the 

Yard-Stick before dropping into a squat position with their dominant hand raised 

above. Without any further movement, participants jumped as high as possible, 

displacing the plastic vanes of the Yard-Stick at the height of the jump. For the 

countermovement jump, participants performed a rapid dip and drive, swung their 

arms and displaced the plastic vanes at the height of the jump. For both jumps, the 

distance between the reaching and jumping height was calculated to the nearest 1 

cm. The squat jump and countermovement jump have been shown to be reliable 

measures of lower body power in both active individuals and high-level athletes 

(Markovic, Dizdar, Jukic, & Cardinale, 2004; Slinde, Suber, Suber, Edwen & 

Svantesson, 2008; Sattler, Sekulic, Hadzic, Uljevic & Dervisevic, 2012). 

  

Upper body power was measured with medicine ball (1 kg) throws from the 

forehand, backhand and overhead position. For the forehand medicine ball throw, 

participants stood in a closed stance at the baseline. Holding a medicine ball, 

participants took a step backward whilst simultaneously rotating their arms and 

trunk to the forehand side. Participants then took a rapid step forward and 

explosively threw the medicine ball as far as possible, ensuring that they didn't 

step over the baseline (see Image 5.1). The same sequence was repeated on the 

backhand side for the backhand medicine ball throw. For the overhead medicine 

ball throw, participants stood in a serve position at the baseline. Holding a 

medicine ball, participants elevated and flexed their arms so that the ball was held 

behind their head. Simulating the tennis serve action, participants looked to propel 



 

Chapter 5 
	

170 

the medicine ball as far forward as possible. Leg flexion/extension and 

trunk/shoulder rotation were permitted, but no step forward (see Image 5.2). Each 

throw was measured to the nearest .01 m.  

 

Image 5.1 Forehand medicine ball throw 

 

 
 
 
 
 
 
 
 
 
 
 
Image 5.2 Backhand medicine ball throw 

 

 

 

 

 

 

 

 

 

 

 Agility was measured with the hexagon agility test, as well as the forehand 

and backhand agility test. The hexagon agility test required participants to stand 

facing forwards in the middle of a hexagon marked out on the tennis court in 
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masking tape. Each side measured 60 cm with angles of 120 degrees. With feet 

together, participants initiated the test by hopping over the side directly in front on 

them. Participants then navigated around each of the six sides of the hexagon, 

hopping forwards and backwards whilst keeping their hips facing square on. The 

time taken to complete three rotations was recorded to the nearest .1 seconds 

(Fastime 0 Stopwatch). A penalty of .5 seconds was given each time a participant 

touched a line, with a 1.0 second penalty given if a participant failed to follow the 

correct sequence. The hexagon test has been shown to be a reliable measure of 

agility (Beekhuizen, Davis, Kolber & Cheng, 2009; Fernandez-Fernandez et al., 

2014). 

 

For the forehand agility test, participants lined up 30 cm off the centre line 

of the baseline, facing the tennis court in the tennis ready position (feet square 

on). Initiating the test with a split step, participants then turned and sprinted 

through a set of electronic timing gates (Smartspeed, Fusion Sport pte, Australia) 

that was placed perpendicular to the baseline. Upon reaching a cone placed at the 

juncture of the inside tramline and baseline on the forehand side, participants 

touched the cone and turned and sprinted back through the timing gates. The 

same sequence was repeated to the backhand side for the backhand agility test. 

Time for both the forehand and backhand agility test was recorded to the nearest 

.1 seconds. 

 

 Aerobic endurance was measured with the Yo-Yo Intermittent Level 1 

Recovery Test. Participants were required to run shuttles between two cones 

placed 20 m apart. Participants received a 10 second active recovery time period 

between every 2 x 20 m shuttle. An audio metronome set the pace of the shuttle, 

with the tempo progressively increasing from an initial speed of 10.0 km/h. 
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Participants were required to place one foot on, or over, each set of cones when 

the audio metronome sounded a beep. Participants either stopped the test under 

their own volition, or were removed from the test after one warning. Participants 

received a warming the first time they were unable to keep pace with the audio 

beep. A participant’s score was calculated as the total distance covered before 

they were unable to maintain the required pace (Mujika, 2010). The test-retest 

reliability of the distance covered in the Yo-Yo Intermittent Level 1 has been 

shown to be adequate in high-level pubertal athletes (U13 – U15) and highly 

reproducible in older age groups (U17) (Deprez, Coutts, Lenoir, Fransen, Pion, 

Philippaerts & Vaeyens, 2014). 

 

5.3.4 Statistical analyses 

Due to the small sample sizes, participants were combined into two age groups for 

analysis, namely U10 through U12 and U13 through U16. Sex and age group 

descriptive statistics were calculated for all variables. The small group of late 

maturing participants (5 males, 2 females) was combined with the on-time group 

and titled as, late + on-time participants, and compared to the early maturing 

participants in each age group. Descriptive statistics were therefore also provided 

for two maturity subgroups within each age group. Sex differences in size, SA and 

functional capacities across the two combined age groups were analysed with a 

series of univariate analyses of covariance (ANCOVA), with CA as the covariate.  

 

Given the limited number of participants, further analysis was based upon 

the total sample of males and females, respectively. Partial correlations, 

controlling for age, were implemented to examine the association between skeletal 

maturity (SA/CA ratio) and each of the physical fitness measures. A series of 

univariate ANCOVAs controlling for CA were used to evaluate the effect of 
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maturity (late + on-time versus early maturing) on a variety of physical 

performance measures by age groups and sex. 

 

Due to the limited sample size and the exploratory nature of the study, the 

criteria for statistical significance was set at p<.1. This decision was made on the 

basis that it was more important to avoid Type I over Type II errors (Lamb, 2009). 

That is, it was important not to overlook factors that may explain variance in fitness 

or performance that did not achieve statistical importance due to a limited sample 

size. It should also be noted that effect size, which reflects the magnitude of an 

association or difference, is also reported. An effect size value ≤ .20 was 

considered a small effect, .50 a moderate effect and ≥ .80 a large effect (Cohen, 

1998). Effect size is often viewed as more meaningful than significance (Cohen, 

1988; Nye & Drasgow, 2011), due to the fact that significance is greatly influenced 

by sample size.  

 

5.4 Results 

5.4.1. Descriptive statistics 

Descriptive statistics (means and standard deviations) for all variables of male and 

female tennis players in the U10 to U12 and U13 to U16 age groups are 

summarised in Table 5.1. Among U10 to U12 participants, girls are advanced in 

SA per se and in skeletal maturity expressed as SA minus CA. Otherwise, very 

little variation is apparent in body size between the sexes, with a great deal of 

homogeneity occurring between the physical performance results. Differences are 

apparent between power and agility values; with girls returning faster forehand and 

backhand agility scores and higher squat jump values and boys returning greater 

upper body power values (Forehand, backhand and overhead medicine ball 

throw). Both boys and girls are advanced in SA and skeletal maturation in the U14 



 

Chapter 5 
	

174 

to U16 age group, with boys more advanced than girls. No players were skeletally 

mature. Body size varies according to height and weight, with boys significantly 

taller than girls, however, marginal differences are apparent in weight. In all the 

physical performance tests, boys perform significantly better than girls. 

  

All physical performances results improved from the younger to older 

groups in the male sample. Whereas age-related gains in physical performance 

measures in the male sample were relatively consistent; improvements were much 

more variable in the female sample. A number of physical attributes demonstrated 

little improvement or declined from the younger to older age groups (see Table 

5.1). For example, whilst grip strength and power (countermovement jump, 

medicine ball throws) improved, on average, from the younger to older age groups 

in both sexes, power measured in the squat jump and endurance in the Yo-Yo 

Intermittent Recovery test declined in the older female age group players. 

Additionally, acceleration (5 m sprint) and agility (forehand & backhand agility) 

showed negligible differences between the younger and older female age groups.  
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Table 5.1 Descriptive statistics for chronological age, body size, skeletal age, and 

physical performances of elite youth tennis players by sex and age group. 

              U10 – U12 U13 – U16 
 Male  

n = 27 
Female 
n = 27 

Male 
n = 17 

Female 
n = 17 

 M (SD) M (SD) M (SD) M (SD) 
CA (years) 11.2 (.9) 11.1 (1.1) 14.4 (1.0) 14.6 (.9) 
Fels SA (years) 11.1 (1.5) 11.6 (1.3) 15.5 (1.3) 15.0 (1.7) 
SA-CA -.2 (1.0) .5 (.9) 1.1 (.9) .5 (1.3) 
Height (m) 1.50 (.01) 1.51 (.01) 1.73 (.01) 1.65 (.01) 
Weight (kg) 40.1 (6.8) 40.3 (7.8) 60.6 (9.0) 58.7 (7.8) 
BMI (kg/m2) 17.7 (1.8) 17.6 (1.6) 20.1 (1.9) 21.6 (1.9) 
RHGS (N) 23.9 (5.3) 23.8 (7.0) 40.0 (9.4) 34.1 (5.7)3 
LHGS (N) 21.2 (4.8) 20.0 (5.8) 38.5 (9.5) 31.2 (5.1)3 
5m Sprint (s) 1.20 (.07) 1.19 (.06) 1.06 (.05) 1.18 (.07) 
10m Sprint (s) 2.06 (.10) 2.05 (.08) 1.85 (.09) 1.99 (.11) 
20m Sprint (s) 3.59 (.93) 3.60 (.15) 3.25 (.16) 3.47 (.16) 
Hexagon (s) 11.80 (.93)1 11.74 (.98)2  NA NA 
FAT (s) 2.46 (.06)5 2.39 (.05)4 2.26 (.11) 2.36 (.09) 
BAT (s) 2.54 (.06)5 2.47 (.07)4 2.36 (.10) 2.45 (.10) 
CMJ (cm) 39.0 (5.4) 40.3 (6.4) 50.2 (7.0) 41.9 (5.4) 
SJ (cm) 36.2 (2.5)5 38.1 (5.3)4 41.2 (5.9) 36.1 (5.0) 
FHMBT (m) 10.6 (1.5) 10.0 (1.9) 15.9 (2.0) 12.7 (1.4) 
BHMBT (m) 9.9 (1.3) 9.3 (2.0) 15.6 (2.2) 12.1 (1.2) 
OHMBT (m) 7.9 (1.3) 7.2 (1.6) 11.7 (2.5) 10.0 (1.5) 
YYIRT (m) 1336 (231)5 1286 (173)4 1736 (329) 1065 (223) 

1n=22, 2n=20, 3n=16, 4n=7, 5n=5 
CA: Chronological Age, SA: Skeletal Age, SA-CA: Skeletal Age – Chronological Age, BMI: Body Mass Index, RHGS: Right 
Hand   Grip Strength, LHGS: Left Hand Grip Strength, FAT: Forehand Agility Test, BAT: Backhand Agility Test, CMJ: 
Counter Movement Jump, SJ: Squat Jump, FHMBT: Forehand Medicine Ball Throw, BHMBT: Backhand Medicine Ball 
Throw, OHBMT: Overhead Medicine Ball Throw, YYIRT: Yo-Yo Intermittent Recovery Test. 
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5.4.2. Maturity associated differences in physical performance measures 

Descriptive statistics for functional performances of contrasting maturity groups 

within each age group of male and female youth tennis players are summarised in 

Table 5.2 for the U10 to U12 age group and Table 5.3 for the U13 to U16 age 

group. Among U10 to U12 boys, those advanced in maturation return greater grip 

strength (right and left), upper (forehand, backhand and overhead medicine ball 

throw) and lower body power (countermovement jump), with negligible 

performance differences in speed and agility measures. Corresponding 

comparisons in the U10 to U12 girls are more variable. Those advanced in 

maturation perform better in measures of hand grip strength (right and left) and 

select measures of agility (forehand and backhand) and lower body power 

(countermovement jump), with those delayed in maturation performing better in 

select measures of agility (hexagon), lower body (squat jump) and upper body 

power (forehand, backhand, overhead medicine ball throw). Negligible differences 

are apparent in measures of speed and endurance between the maturity groups of 

the U10 to U12 girls. 

 

The results from the ANCOVAs and associated effect sizes are reported for 

boys and girls in Table 5.2 for the U10 to U12 age group and Table 5.3 for the U13 

to U16 age group. In the male U10 to U12 age group, no significant differences 

were observed between maturity groups and physical performance measures. In 

the older male age groups (U13 to U16), significant small to moderate differences 

were observed between maturity groups in measures of strength, acceleration, 

speed and power. More specifically, early maturing males reported an athletic 

advantage in measures of grip strength (right & left), 5 m and 20 m sprints, 

countermovement jumps and forehand, backhand and overhead medicine ball 

throws.  
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In the female sample, girls in the U10 to U12 age group reported significant 

small to moderate differences between maturity groups in measures of strength 

and agility. More specifically, early maturing girls reported a physical advantage in 

measures of grip strength (right & left) and forehand and backhand agility (see 

Table 5.2). In the older female age group (U13 to U16), significant small 

differences between maturity measures were only observed in measures of agility, 

with advanced maturers returning lower (faster) scores in the forehand agility test 

(see Table 5.3). 
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                       Table 5. 2 Descriptive statistics for functional performance of elite male and female youth tennis players by skeletal  

                        maturity status in the U10 to U12 age group 

  
  U10 – U12    

       Male                     Female  

 
Late & On-

Time                            
n=22  

   Advanced                            
n=5 F  ηp

2 
Late & On-

Time                            
n=19 

Advanced       
n=8 F     ηp

2 

  M (SD) M (SD)   M (SD) M (SD)   

RHGS (N) 23.7 (5.03) 24.5 (6.8) .23† .01 22.9 (6.8) 25.7 (7.7) 4.62* .16 

LHGS (N) 20.9 (4.53) 22.3 (6.5) .49† .02 19.0 (4.8) 22.2 (7.6) 7.10* .22 

5m Sprint (s) 1.20 (.08) 1.19 (.04) .13† .01 1.19 (.06) 1.20 (.06) .05† .00 

10m Sprint (s) 2.07 (.10) 2.01 (.05) 1.48† .06 2.05 (.08) 2.05 (.09) .09† .00 

20m Sprint (s) 3.61 (.16) 3.50 (.06) 2.81† .10 3.60 (.14) 3.61 (.18) .05† .00 

Hexagon (s) 11.84 (1.04)f 11.65 (.40) .14† .01 11.55 (.93)e 12.20 (1.04)d 1.17† .07 

FAT (s) 2.46 (.06)c NA NA NA 2.41 (.04) c 2.33 (.04)a 7.37** .65 

BAT (s) 2.54 (.06)c NA NA NA 2.49 (.07) c 2.42 (.03)a 6.76** .63 

CMJ (cm) 38.6 (5.2) 40.8 (6.8) 1.63† .06 39.8 (6.2) 41.6 (7.3) 1.43† .05 

SJ (cm) 36.2 (2.5)c NA NA NA 38.6 (6.1)c 37.0 (4.2)a .81† .17 

FHMBT (m) 10.5 (1.5) 11.0 (1.5) 2.16† .08 10.1 (1.7) 9.9 (2.5) .83† .03 

BHMBT (m) 9.8 (1.3) 10.4 (1.3) 2.87† .10 9.4 (1.8) 9.1 (2.6) .72† .02 

OHMBT (m) 7.8 (1.3) 8.3 (1.4) 1.33† .05 7.2 (1.3) 7.0 (2.4) .31† .01 

YYIRT (m) 1336 (231)c NA NA .00 1288 (159)c 1280 (283)a .19† .05 
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                           Table 5.3 Descriptive statistics for functional performance of elite male and female youth tennis players by skeletal  

                           maturity status in the U13 to U16 age group

              U13 – U16    
     Male                      Female  

 
Late & On-

Time                            
n=7  

Advanced                            
n=10 F ηp

2 
Late & On-

Time                            
n=12 

Advanced       
n=5 F ηp

2 

  M (SD) M (SD)   M (SD) M (SD)   

RHGS (N) 36.8 (8.6) 42.2 (9.7) 3.40* .20 33.5 (6.1)  35.8 (4.6)b 2.52† .16 

LHGS (N) 32.9 (7.5) 42.4 (9.0) 10.31* .43 30.9 (5.1) 32.0 (5.7)b 1.21† .08 

5m Sprint (s) 1.08 (.04) 1.05 (.05) 3.92** .23 1.18 (.07) 1.16 (.07) .46† .03 

10m Sprint (s) 1.87 (.07) 1.83  (.10) 2.71† .17 2.01 (.09) 1.96 (.14) 1.56† .10 

20m Sprint (s) 3.30 (.11) 3.21 (.18) 4.59* .26 3.49 (.14) 3.44 (.20) .76† .05 

Hexagon (s) NA NA NA NA NA NA NA NA 

FAT (s) 2.22 (.12) 2.28 (.10) 1.25† .08 2.39 (.09) 2.30 (.07) 6.26* .31 

BAT (s) 2.35 (.06) 2.37 (.12) .12† .01 2.45 (.11) 2.43 (.06) .35† .02 

CMJ (cm) 47.4 (4.4) 52.1 (8.0) 4.03** .23 42.0 (4.9) 41.6 (7.2) .00† .00 

SJ (cm) 40.1 (2.2) 42.0 (7.6) 1.40† .10 35.9 (5.0) 36.4 (5.6) .03† .00 

FHMBT (m) 14.4 (1.4) 17.0 (1.7) 20.24* .60 12.7 (1.5) 12.8 (1.2) .56† .04 

BHMBT (m) 13.9 (1.6) 16.8 (1.8) 18.41* .57 12.0 (1.2) 12.1 (1.4) .37† .03 

OHMBT (m) 10.3 (1.9) 12.6 (2.5) 11.89* .50 9.6 (1.4) 10.9 (1.7) 7.60† .35 

YYIRT (m) 1760 (281) 1720 (373) .03† .00 1068 (222) 1056 (251) .00† .00 
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5.4.3. Maturity associated variances in physical performance tests 

Partial correlations controlling for age, were conducted to examine the 

associations between skeletal maturation (reflected in the SA/CA ratio) and 

physical performance measures in combined samples of younger and older 

players for each sex. The results are presented in Table 5.4. Overall, correlations 

range from low to moderate (-.22 to .72). Among male players, correlations 

between skeletal maturity and grip strength (left) and skeletal maturity and upper 

body power (forehand, backhand & overhead medicine ball throw) are significant, 

positive and generally moderate. Correlations between skeletal maturity and other 

physical performance values in male players are non-significant, positive and low. 

Corresponding correlations among female players are significant, positive and 

moderate for grip strength (left & right), agility (forehand) and upper body power 

(overhead medicine ball throw), but are more variable for the other physical 

performance values; low for the sprints, jumps and endurance, but higher for 

agility (backhand). Correlations between skeletal maturity and sprints, jumps, 

agility (backhand) and endurance are non-significant. 
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Table 5.4 Partial correlations (one tailed) between physical performance tests and 

skeletal age in youth British tennis players 

 

 

 

 

                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Physical Performance Tests SA/CA 

 Male 
n = 41 

Female 
n = 40 

RHGS (N)  .21 .41** 

LHGS (N)  .33* .41** 

5m Sprint (s) A .12 .08 

10m Sprint (s) A .17 .15 

20m Sprint (s) A  .22 .20 

Hexagon (s)  .16b .39a 

FAT (s) A .04b .72c*** 

BAT (s) A .22b .34c 

CMJ (cm)  .04b .13c 

SJ (cm) .00b .10c 

FHMBT (m)  .61b** .35 

BHMBT (m)  .64b*** .19 

OHMBT (m)  .38b*  .51c** 

YYIRT (m)  .12b -.22c 

an= 17, bn = 19, cn = 21 
* p<.05, ** p< .01, ***p < .001 
ASigns for the timed performances were inverted since a lower time  
reflects a better performance.  
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5.5 Discussion 

This study examined the differences in physical performance among players of 

varying maturity status (i.e. early, on-time, late). The results highlight the 

performance advantage of elite male youth tennis players who are advanced in 

maturity. These advantages were especially marked in measures of strength, 

speed and power. The performance associated advantages in elite female youth 

players of advanced maturation were less apparent. Advantages were limited to 

strength, forehand agility and overhead power.  

 

The observed athletic advantages afforded by advanced maturation is 

consistent with findings in previous studies of male youth athletes in other sports, 

which indicate similar maturity related trends, albeit with variation (Kramer, 

Huijgen, et al., 2016; Malina, Bouchard, et al., 2004). In a sample of soccer 

players aged 13 to 15 years, approximately 21% to 50% of the variance in 

measures of speed (30 m sprint), power (vertical jump) and endurance (Yo-Yo 

Intermittent Recovery Run Test) was accounted for by body size, stage of sexual 

maturity and years of training (Malina, Eisenmann, Cumming, Ribeiro, & Aroso, 

2004). Advanced (Greulich-Pyle, SA) French youth soccer players aged 13.5 ± .4 

years, also returned better results in measures of power (vertical jump), running 

speed (10 m, 20 m, 40 m) and leg strength (Cybex, quadriceps) (Carling et al., 

2012).  

 

The failure to observe maturity-associated variance in agility and endurance 

measures with the current male sample is consistent with observations in soccer. 

In a sample of youth soccer players aged 11 to 12 years, no differences in speed, 

agility and power (countermovement jump, squat jump) were found between 

players of contrasting maturity status (based on Fels SA) (Figueiredo et al., 
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2009b). Similarly, a sample of elite U14 regional French soccer players reported 

no differences between maturity status (Greulich Pyle) and measures of aerobic 

power (20-minute continuous progressive track run) (Carling et al., 2012).   

 

 In female youth athletes, corresponding observations of maturity related 

differences in physical performance measures are limited. Among adolescent girls 

in general, a positive relationship between maturity status and strength is apparent 

(Little, Day, & Steinke, 1997; Malina, Bouchard, et al., 2004). Differences in 

physical performance of girls of contrasting maturity status in measures of speed, 

agility and power have, however, been found to be negligible (Baxter-Jones et al., 

2002; Malina, Bouchard, et al., 2004). Limited data on the physical performance of 

adolescent girls of contrasting maturity status indicates inconsistent trends from 

task to task across ages, with considerable overlap among groups (Little et al., 

1997; Malina, Bouchard, et al., 2004). Supporting research in a sample of 200 girls 

participating in school sports (track & field, basketball, volleyball, football, softball, 

handball, swimming, karate) indicated that maturity impacted measures of strength 

(grip strength) between the ages of 14 to 15 years (Malina et al., 2011). Significant 

variation was, however, evident across the four indicators measured (grip strength, 

standing long jump, 2 kg medicine ball throw, 20 m sprint) due to differences in 

height, weight and adiposity (Malina et al., 2011). That said, it is difficult to 

generalise from the general population of adolescent girls to elite youth female 

athletes in a specific sport. 

 

 Data available on the influence of maturation on physical performance 

measures in elite youth tennis players is also limited. The available data on male 

youth tennis players suggests that early maturing boys possess greater upper and 

lower body power and faster sprint times (5 m and 10 m sprints) than their less 
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mature peers (Kramer, Huijgen, et al., 2016; Kramer et al., 2017). Measures of 

maturity (age at PHV), however, do not appear to predict tennis (Kramer et al., 

2017) or speed and agility performance (Kramer, Huijgen, et al., 2016). In contrast, 

maturity has been found to impact tennis performance in youth female tennis 

players, with positive correlations evident between maturity, lower body power and 

tennis performance in a sample of U13 elite youth Dutch tennis players (Kramer et 

al., 2017). Late maturing girls identified at U13 did, however, have better tennis 

performances (i.e. ranking) at U16 (Kramer et al., 2017). In support of these 

findings, research performed on a sample of U14 provincial tennis players from 

South Africa, reported performance advantages for early maturing girls (Biological 

Maturation Identification Questionnaire) in measures of strength (grip strength) 

and upper body power (overhead medicine ball throw, reverse overhead medicine 

ball throw) (Van Den Berg et al., 2006). Late maturing girls did, however, return 

faster sprint times over 5 m and 10 m distances (Van Den Berg et al., 2006). 

 

In females, the discrepancies noted in speed and power measures between 

female tennis players and those of the general population may be in part related to 

the tests compared. Specific physical performance tests were used with the youth 

female tennis players, whereas general motor performance tests were used when 

evaluating girls of the general population (Malina et al., 2011). Another related 

factor may be body composition. The greater absolute and relative fat mass 

obtained by early maturing girls, may negatively influence performances that 

require the body to move or project through space (runs, jumps), as suggested in 

previous research (Armstrong, 1999; Baxter-Jones & Helms, 1996). Further, 

greater relative limb length differences in early maturing individuals may negatively 

influence balance and coordination and therefore adversely influence speed and 

agility scores (Armstrong, 1999; Baxter-Jones & Helms, 1996). These 
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observations are in line with other sports that demand a combination of physical 

components in relation to a particular skill set (Figueiredo et al., 2010; Matthys et 

al., 2012). The contradiction of the influence of maturation on ranking at U13 and 

tennis performance at U16 in a sample of elite Dutch female youth tennis players 

highlights the dynamic and continuous state of physiological development in the 

young female tennis player (Kramer et al., 2017; Turner, 2007). Further, the 

results appear to confirm the transient nature of the physical advantages 

associated with early maturing youth athletes (Philippaerts et al., 2006).  

 

As noted in previous sections, advanced maturers of both sexes are, 

however, able to take advantage of their physical attributes during early 

adolescence in order to achieve superior performance (Cumming et al., 2017). In 

contrast, those delayed in maturation need to dedicate additional time to develop a 

compliment of skills in order to remain competitive with their older, more mature 

peers (Turner, 2007). Superior psychological and/or technical and tactical skills 

are also likely to be masked during childhood and early adolescence, only 

becoming more prominent in late adolescence (Cumming, Searle, et al., 2018). As 

a result, those delayed in maturation may appear as less talented or physically 

capable than their early maturing peers during this time period (Stratton & Oliver, 

2014b). Once, however, the effects of maturation diminish in late adolescence, 

those with a superior skill set are more likely to succeed (Chorer et al., 2009; 

Cumming, Searle, et al., 2018; Turner, 2007). This benefits the late maturer, as 

evidenced in the sample of elite Dutch youth female tennis players, however, only 

if they are selected and/or retained within the system (Cumming, Searle, et al., 

2018; Kramer et al., 2017). 
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5.5.1. Applications and implications of this research 

The findings of this study have various implications for tennis. With the physical 

advantages associated with early maturing male and female tennis players 

highlighted in the text above, it is likely that these players may experience greater 

success on the tennis court, as early maturers are able to overpower those 

physically less able (Albuquerque, Fukunda, Da Costa, Lopes, & Franchhini, 

2016). Greater success on the court will have a direct influence on the competitive 

ranking of a player, with higher ranked players more likely to obtain recognition 

and the necessary financial aid to receive expert coaching and sport science 

support (Sherar et al., 2007).  

 

As noted, the benefits associated with early maturation are largely evident 

during adolescence, with late maturing athletes catching up and often surpassing 

their early maturing peers post adolescence (Malina, Bouchard, et al., 2004) 

Talent identification and selection programs are, however, largely implemented 

during adolescence, when the differences between maturity groups are at their 

greatest (Vaeyens et al., 2008). The selection of athletes into high performance 

programmes based on physiological tests therefore provide a snapshot of 

performance that is largely reflective of a biological process, rather than true 

athletic potential (Ford, Collins, et al., 2011). 

 

In order to combat the effects of age, size and maturity on athlete selection 

and performance, a number of practical solutions have been suggested 

(Albuquerque et al., 2016; Cumming et al., 2017). Implemented largely to combat 

the effects of relative age, these strategies could equally apply to combating the 

effects of growth and maturity in youth tennis players. In combat sports such as 

boxing, judo, taekwondo, and wrestling, players are grouped by age and weight, in 
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order to ensure competition equity and player safety (Cumming et al., 2017). 

Contact sports such as rugby have also embraced this strategy, imposing weight 

restrictions on various positions and limiting the involvement of certain sized 

players (World Rugby).  

 

Alternative suggestions have been to establish multiple squads based on 

different standards (Musch & Grondin, 2001). Players are allowed to drop down a 

level should they not be able to perform to the desired standard, allowing them an 

opportunity to compete at their ability whilst remaining involved in the sport (Musch 

& Grondin, 2001). The practical implementation of this strategy may, however, be 

limited by the difficulty in implementing testing strategies for the different levels of 

players, as well as the cooperation and coordination required between 

organisations, administrators and coaches (Mann & Ginneken, 2017; Musch & 

Grondin, 2001).  

 

 One strategy to combat the maturity differences between players of the 

same age is that of bio-banding. Bio-banding refers to the practice where players 

are grouped into maturity categories using percentage of predictive adult height at 

the time of observation, instead of CA (Cumming et al., 2017). Largely 

implemented as an adjunct to regular age group competitions, bio-banding may 

offer a solution to account for the large variances in physical capabilities between 

players of differing maturity (Cumming et al., 2017). Matching players up with their 

respective physical competitors may aid players to develop a full complement of 

skills (physical, technical, tactical, psychological) required to compete at the elite 

level (Cumming et al., 2017).  
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Although bio-banding was initially proposed for matching athletes in 

competition, it has equal application in terms of assessment and evaluation 

(Cumming et al., 2017). Evaluating players' physical performances against both 

age and maturity derived standards would provide one solution to many of the 

criticisms faced by current long-term athlete development (LTAD) models 

(Cumming et al., 2017). Key criticisms of these models include the use of CA 

groups for defining key phases of development, suggesting that the failure to 

exploit “windows of opportunity” will lead to inhibited physical development, and 

the overemphasis on the importance of the adolescent growth spurt (Bayli, 2001; 

Cumming et al., 2017). 

 

Alternative models have been advanced to combat the limitations of the 

LTAD model, which provide a more detailed framework for understanding athlete 

development within the context of maturity. These models contend that all fitness 

attributes are trainable throughout childhood and adolescence (Lloyd & Lloyd, 

2012). The most effective training modalities are, however, those that complement 

the physiological adaptations occurring as a result of growth and maturation (Lloyd 

et al., 2016). Specifically, in a meta-analysis examining boys aged 11 to 17 years, 

plyometric training elicited the greatest improvement in boys who had not yet 

reached PHV, whereas a combination of strength and plyometric training was 

most effective in boys post PHV (Rumpf et al., 2012). Considering individual 

differences in maturation, the provision of developmentally appropriate training 

programmes may enable practitioners to optimise physical development, whilst 

potentially reducing the risk of injury (Cumming et al., 2017). 
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Recent research has also suggested evaluating physical fitness data by 

establishing rolling averages according to both CA and maturity status (Till, 

Morrison, Emmonds, Jones, & Cobley, 2018). Utilising the rolling averages for 

anthropometric and fitness qualities, z-score estimates can be established (Till et 

al., 2018). This would allow for direct individual-to-individual assessments, 

individual evaluation according to a data set and longitudinal trajectory 

comparisons (Till et al., 2018). This method of analysis allows for both 

chronological and biological maturity to be considered when evaluating fitness 

data, improving the accuracy of interpretation and prescription of training 

programmes (Till et al., 2018). 

 

In tennis, evaluating player development within the context of maturity 

would aid game style selection and enable physical trainers to tailor athletic 

development to ensure players possess the necessary attributes to support their 

developing game style (Roetert & Kovacs, 2011). Game style refers to a players 

style of play, with coaches commonly categorising players into four distinct styles, 

namely serve and volleyer, counterpuncher, aggressive baseliner and all-court 

player (Roetert & Kovacs, 2011). The serve and volleyer relies on the serve to 

dictate the point, after which they explode towards the net (Roetert & Kovacs, 

2011). A counterpuncher will chase down every ball, aiming to make their 

opponent play as many balls as possible (Roetert & Kovacs, 2011). Aggressive 

baseliners are more comfortable hitting hard aggressive groundstrokes from the 

back of the court, looking to take the ball early at every opportunity (Roetert & 

Kovacs, 2011). Similarly, all court players look to be aggressive hitting 

groundstrokes, however, they are happy to follow aggressive shots to the net to 

finish points (Roetert & Kovacs, 2011).  
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Whilst game style selection is multifactorial, body size and physical 

characteristics influence both the energy consumption and effectiveness of 

different strokes (Girard & Millet, 2004). For example, height has been shown to 

impact serve speed and success rate, with taller players achieving a greater 

number of aces and percentage first serve rate, with shorter players more 

successful in return points (O’Donoghue & Brown, 2008; Söğüt, 2018). Greater 

lever length may, however, impact movement around the court, with taller players 

struggling to navigate the confines of the court quickly (Fishwick, 2017; Söğüt, 

2018). In contrast, shorter players may overcome their reduced serve speeds and 

lack of aces by possessing increased physical, technical and psychological 

attributes (Söğüt, 2018). As a result of these anthropometrical and physical 

differences, taller players tend to be categorised as aggressive baseliners or serve 

and volleyers, whereas shorter players tend to be categorised as all court players 

or counterpunchers (Roetert & Kovacs, 2011).  

 

Accounting for maturity when evaluating physical performance results 

would allow coaches and practitioners to tailor the tactical and physical work of 

elite youth tennis players to support the identified game style. For example, if an 

early developing male player was predicted to be short in the context of tennis (< 

1.83 cm), their selected game style might be tailored to that of an all-court or 

counter-puncher instead of an aggressive baseliner or serve and volleyer. This 

may well likely have been the selected game style based on their physical results 

(greater strength, speed, power values) alone. Further, with serve and volleyers 

and aggressive baseliners requiring high levels of strength and power and counter 

punchers and all court players requiring high levels of agility and aerobic and 

anaerobic conditioning work, physical trainers could look to prioritise the 

respective physical attributes in the player’s development strategy. Whilst 
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additional research is needed to explore programme specifics, it is clear from 

these findings that a physical pathway needs to be developed that accommodates 

for players of differing maturity. This will hopefully allow each player to be 

developed as an individual, rather than prescribing to the notion that players 

should work on the same physical attributes during certain time periods. 

 

5.5.2. Limitations of this research 

This study examines the relationship between skeletal maturity status and the 

functional capacities of elite British youth tennis players, As such, the study is 

limited to a small, cross sectional sample of elite youth tennis players from the UK. 

The results may therefore not apply to a more general sample of players or elite 

players from other countries. There is a need to longitudinally follow the growth 

and performance trajectories of youth players through adolescence and young 

adulthood. There is also a need to consider the characteristics of players who drop 

out, or who are systematically eliminated by the sport. 

 

5.5.3. Conclusions and recommendations for future research 

In summary, the current findings highlight the significant role that biological 

maturity plays in influencing the assessment and interpretation of physical 

performance measures in elite British youth tennis players. The present data 

demonstrates the distinct advantage that advanced maturers have in measures of 

strength, speed and power, although variation between the sexes does occur. 

Further, these findings highlight the importance of accounting for the effects of 

growth and maturation when evaluating physical performance measures and the 

impact this has on player development. Future research should therefore look to 

examine practical strategies to analyse player development within the context of 

maturity, with consideration given to possible variance between the sexes.
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6.1 Abstract 

Purpose. 

The purpose of this study was twofold. The first was to create age and sex specific 

developmental curves for acceleration in elite youth tennis players. The second 

was to examine the degree to which performance on these curves varied as a 

function of the player’s chronological and biological ages. 

Method.  

Historical measures of age, sex and acceleration were collected from 3120 elite 

youth tennis players attending National and Regional Talent Identification days 

held between 2009 to 2014 to create developmental curves for acceleration. 

Equivalent data collected from a different sample of elite youth players aged 

between 8.9 to 15.1 years, who attended National Age Group Training Camps 

held between 2011-12 and 2016-17, was then used to determine the extent to 

which assessments of player acceleration varied relative to chronological and 

biological age.  

Results.  

Results demonstrated that acceleration varied as a function of chronological and 

biological age when considered relative to developmental curves. Specifically, 

early maturing males and females demonstrated significantly poorer performance 

when acceleration was considered relative to biological age. Significant 

discrepancy in percentiles obtained with biological versus chronological age was 

also evident between early and late maturers of both sexes. 

Conclusion. 

This research highlights the extent of the advantage afforded those advanced in 

maturation. Evaluating a player’s physical performance relative to their maturity on 

developmental curves provides a practical means of analysing long-term athlete 
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development. This will have an impact on the identification, development and 

training program design of elite youth tennis players. 

 

6.2 Introduction 

Physical performance testing is routinely implemented in elite level youth sport 

programmes to assess the physical and functional capacities of young athletes. 

Such practices are commonplace in elite youth tennis programmes and are 

generally used to inform talent identification and monitor athletic development 

(Fernandez-Fernandez et al., 2014; Fieke, Mckenna, Cobley, & Till, 2018). The 

physical performance tests applied in tennis typically focus on attributes that are 

considered a requisite for success at the adult level, such as strength, speed, 

power, agility and endurance (Pearson et al., 2006b; Ulbricht et al., 2013). 

 

As noted earlier, measures of speed have been found to be good predictors 

of tennis performance in youth populations, distinguishing between players of 

different abilities (Girard & Millet, 2009; Groppel & Roetert, 1992; Kramer, Huijgen, 

Elferink-Gemser, Lyons, & Visscher, 2010; Kramer, Valente-dos-Santos, et al., 

2016; Roetert, Garrett, Brown, & Camaione, 1992). Supporting research in a 

sample of German Federation players, found distinct differences between national 

and regional players (U12) in a tennis specific sprint test (Ulbricht et al., 2016). 

Similarly, a study on male youth tennis players found that elite youth players were 

faster than their sub-elite peers over 5 m and 10 m, although this advantage 

dissipated as the players matured (Kramer, Valente-dos-Santos, et al., 2016). 

 

Tennis players, however, never attain maximum velocity during sprinting 

due to the constant changes of direction and the fact that 80% of movement 

occurs within a 2.5 m radius of a player’s ready position (Kramer, Valente-dos-



 

Chapter 6 195 

Santos, et al., 2016; Parsons & Jones, 1998, Fernandez-Fernandez et al., 2014; 

Cronin & Hansen, 2005; Salonikidis & Zafeiridis, 2008). Speed over 4-5 m is 

instead prioritised, in order to optimise court positioning and maximise percentage 

of return play (Salonikidis & Zafeiridis, 2008). Measures of first step quickness and 

acceleration (i.e. 5 m sprints) would therefore appear to be better predictors of 

performance in tennis than assessments of maximal velocity (Cronin & Hansen, 

2005; Salonikidis & Zafeiridis, 2008). 

 

The development of acceleration and speed in youths does not, however, 

follow a linear pattern of improvement, with accelerated periods of development 

being reported both prior to, and during, adolescence (Meyers et al., 2017; Meyers 

et al., 2015). Improvements prior to adolescence occur between the ages of 5 to 9 

years in both sexes and results from changes in the central nervous system and 

improvement in movement coordination and efficiency (Oliver & Rumpf, 2014; Viru 

et al., 1999). During the adolescent growth spurt, which typically occurs between 

the ages of 12 to 16 years in boys and 11 to 14 years in girls, sprint times between 

the sexes diverge (Oliver & Rumpf, 2014). Boys experience a period of 

accelerated improvement between the ages of 12 to 14 years; with significant 

improvement in speed expected every second year (Papaiakovou et al., 2009; Viru 

et al., 1999). In girls, no such improvement is evident, with sprint performance 

plateauing approximately 2 to 3 years earlier than boys (Papaiakovou et al., 2009; 

Viru et al., 1999).  

 

As previously noted, the increases in limb length, hormonal levels and 

muscle mass that are associated with pubertal development, impacts strength, 

power, stride length and stride frequency stabilization, highlighting the potential 

maturational component of speed development (Meyers et al., 2017; Meyers et al., 
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2015). Further, this is suggestive of a maturational threshold for the development 

of sprinting velocity due to the maturity-related improvements in strength, power 

and increased lever length observed around the time of PHV (Meyers et al., 2015). 

Evidence supporting this contention is limited, however, research conducted on a 

sample of elite youth soccer players demonstrated that early maturers (Greulich 

Pyle SA) performed better than their later maturing peers in 10 m, 20 m and 40 m 

sprint tests (Carling et al., 2012). Longitudinal research evaluating a number of 

different physical abilities in male youth soccer players also observed that peak 

velocities in the 30 m sprint were achieved around peak height velocity (PHV), 

before levelling off after the growth spurt (Philippaerts et al., 2006). Available 

research in tennis suggests that late maturing girls are faster than their early 

maturing counterparts over 5 m and 10 m distances (Van Den Berg et al., 2006), 

however, comparative data for male tennis players is lacking.  

  

The individual differences in the timing and tempo of puberty present 

significant challenge to those involved in the implementation and interpretation of 

physical performance testing in young athletes (Baxter-Jones et al., 2005). That is, 

differences at the age at which children enter puberty may mask or enhance 

athletic performance during this stage of development (Cumming, 2018). As 

discussed in chapter 5, boys, and to a lesser extent girls who are advanced in 

maturity, tend to present superior scores on tests of absolute upper and lower 

body strength (Breitbach, 2014; Malina, Bouchard, et al., 2004). Similarly, early 

maturing boys also tend to score higher on tests of power, speed and endurance 

in relation to their less mature peers (Malina, Cumming, Kontos, et al., 2005). If 

differences in maturity are not accounted for, practitioners may falsely assume that 

early developing males possess greater ability and potential than their later 

maturing peers. As previously noted, maturity associated differences in size and 
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function are transient and typically attenuated, or in some cases reversed in 

adulthood (Philippaerts et al., 2006). Thus, tests of physical fitness taken during 

puberty may not present an accurate representation of athletic ability and/or 

potential at the adult level (Baxter-Jones et al., 2005; Ford, Collins, et al., 2011).  

 

Talent identification programmes are founded on the premise that success 

at the junior level can be extrapolated to the senior level/adulthood (Vaeyens et 

al., 2008). Accordingly, those athletes who are most successful in childhood and 

adolescence are deemed to have a greater potential for success at the adult level 

(Vaeyens et al., 2008). This contention assumes that performance and fitness 

measures remain stable throughout puberty and improve in a linear fashion 

(Vaeyens et al., 2008). As demonstrated in measures of speed, physical and 

athletic development is, however, far from linear (Malina, Bouchard, et al., 2004; 

Oliver & Rumpf, 2014), with children experiencing periods of accelerated adaption 

before, during, and after puberty (Ford, De Ste Croix, et al., 2011; Meyers et al., 

2017; Meyers et al., 2015).  

  

Till et al. (2018) and Cumming et al. (2017) have advocated the 

development of maturity sensitive strategies for assessing physical performance in 

youth (Cumming et al., 2017; Till et al., 2018). Traditionally, those assessing the 

physical fitness of youth athletes have relied upon the comparison of physical 

fitness measures relative to age specific standards (U12, U13, U14) (Cumming et 

al., 2017; Golle, Muehlbauer, Wick, & Granacher, 2015; Till et al., 2018). More 

recently, practitioners have considered the use of fitness standards derived for 

maturation status and/or biological age (BA) (Cumming et al., 2017; Golle et al., 

2015; Till et al., 2018). This approach, though a step in the right direction, is limited 

in that it generally involves assessments at a single point in time and often 
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requires the categorisation of athletes according to specific maturity bands (i.e. 

rounding up or down of players CA and BA). Additionally, evidence suggests that 

children tested on a longitudinal basis often achieve higher fitness values than 

those assessed with cross sectional analysis (Andersen, Seliger, Rutenfranz, & 

Skrobak-kaczynski, 1976; Golle et al., 2015). The creation of developmental 

curves to monitor and track the differences in physical performance values 

achieved with biological versus chronological age (CA), may therefore afford a 

more appropriate criterion reference for evaluating athletic ability and potential in 

youth athletes (Laurson, Saint-Maurice, Welk, & Eisenmann, 2017). 

 

Developmental norms, as represented by percentile curves, can be used to 

assess and monitor physical development over time and are not a new concept in 

the field of auxology. Francis Galton introduced the notion of height percentiles as 

early as 1875, with the first growth curve for height produced by Tanner in 1962 

(Cole, 2012; Tanner, 1962). Initially aimed at identifying “suboptimal conditions of 

health”, the use of anthropometrical data was altered to provide clinical 

assessments by the turn of the 20th century (Pan & Cole, 2012). Selected 

percentiles were calculated by splitting the data into age groups and calculating 

the mean and probable error or standard deviation of normally distributed data 

(Cole, 2012). A variety of alternative methods exist, however, a review carried out 

by the World Health Organization (WHO) in 2006, recommended the General 

Additive Model for Location, Scale and Shape (GAMLSS) (Cole, 2012). Based 

upon the Lambda, Mu and Sigma (LMS) method, which assumes that the 

measurement at each age can be transformed to a normal distribution using a 

Box-Cox transformation and three parameters (the Box-Cox power λ, the median 

µ and the coefficient of variation σ), the GAMLSS method was selected due to its 

ability to adjust for kurtosis and skewness in a distribution (Cole, 2012). 
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Percentile curves for physical fitness have been created to help identify 

children and adolescents with specific physical fitness characteristics (talent 

promotion) and to provide objective recommendations for the assessment of 

physical fitness parameters during physical education (Golle et al., 2015). Large-

scale multi-national studies, incorporating musculoskeletal fitness tests of civilian 

youth have also been used to create national and international fitness standards 

(percentiles) for both boys and girls (Laurson et al., 2017). Such standards have 

proved particularly useful in terms of comparing fitness standards across nations 

and in terms of evaluating the effectives of interventions designed to improve 

physical fitness in youth. Percentile curves are created using either the GAMLSS 

(De Miguel-Etayo et al., 2014; Vanhelst et al., 2017) or LMS method (Golle et al., 

2015; Laurson et al., 2017; Santos et al., 2014). The LMS method creates centile 

curves that reflect the distribution of performance as a factor over time (Golle et 

al., 2015). Curves are fitted using penalised likelihood; with fitness parameters 

fitted as cubic splines by nonlinear regression and smoothing applied in terms of 

degrees of freedom (Golle et al., 2015; Laurson et al., 2017; Santos et al., 2014).  

 

Percentile curves for physical fitness have been created for children and 

adolescents in America (Laurson et al., 2017), Australia (Tomkinson & Catley, 

2013), Africa (Olds, Tomkinson, Léger, & Cazorla, 2006) and Europe (Belgium, 

France, England) (De Miguel-Etayo et al., 2014; Vanhelst et al., 2017). However, 

to date, limited data is available using physical fitness percentiles within tests that 

are routinely implemented in athletic populations. Such comparative data is limited 

to a single study, that reports percentiles obtained for a variety of physical fitness 

measures for both chronological and BA of the best male and female German 

tennis players (Ulbricht et al., 2013).  
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The difficulty in obtaining systematic fitness data for a large number of 

athletes at an appropriate level makes the creation of developmental curves and 

fitness percentiles a prohibitive task. As noted, many of the physical performance 

tests used to assess fitness in a general population on civilian children and 

adolescents are not implemented in athletic populations. These testing batteries 

also tend to include tests of fitness that are easy to administer and perform, 

involve minimal equipment and personnel, and enable a large number of 

participants to be tested in a fairly short period of time (Golle et al., 2015). In 

contrast, performance testing within an elite environment generally requires 

specialist equipment, trained personal and is limited to a select few (Australian 

Institute for Sport, 2013).  

 

In light of the aforementioned limitations, the aim of this study is to create 

age and sex specific physical performance developmental curves for elite British 

youth tennis players in the 5 m sprint test. The 5 m sprint test was purposefully 

chosen because of the impact it has on tennis performance and its close 

association with biological maturity (Meyers et al., 2015; Parsons & Jones, 1998). 

A secondary objective is to determine the degree to which biological maturation 

impacts player’s acceleration scores relative to the developmental curves. For 

example, do early maturing players score markedly higher or lower percentiles 

when their acceleration scores are assessed relative to their biological rather than 

CA. It is hypothesised that those players advanced in maturation will present 

higher (poorer) percentile scores when their acceleration scores are compared 

relative to biological rather than CA, whilst those delayed in maturation will present 

lower (improved) percentile scores when acceleration is compared relative to BA 

rather than CA.  
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6.3 Methods 

6.3.1 Developmental curve participants 

The initial analysis involved the creation of the 5 m sprint developmental curves. 

These curves were derived from data collected by the Lawn Tennis Association as 

part of National (NTID) and Regional Talent Identification (RTID) days. A total of 

3120 participants (male: n=1850; female: n=1270) were assessed biannually 

between 2009 and 2014. Players were grouped according to two-year CA group 

categories; namely U8 (Male: 499, Female: 287), U10 (Male: 904, Female: 573), 

U12 (Male: 309, Female: 299) and U14 (Male: 138, Female: 111). It should be 

noted that players in an age group category could be of the upper age limit. For 

example, a 12-year-old could compete in the U12 age group. In the event that a 

player fitting the criteria in the respective age group was unable to attend a talent 

identification day (TID), no replacement player was selected. Although multiple 

measurements were observed for each child, each measurement was treated as 

an independent measure. 

 

Attendance at the TID days was by invitation, with selection criteria varying 

by sex and age group. In males, the Tennis Performance Manager nominated 

players in the U8 and U9 age group category, with nominations overseen by the 

Age Group Captain in the U10 age group. Male players selected for the U11 and 

U12 NTID represented the top 16 players on the National seasonal rankings list. In 

the U13 age group, nominated male players either constituted the top 10 players 

in the National seasonal rankings list and/or were ranked within the top 125 on the 

Tennis Europe rankings list. Those nominated to attend the U14 NTID days 

represented the top 10 players on the National season’s rankings list and/or were 

ranked within the top 50 on Tennis Europe rankings or within the top 150 Tennis 

Europe Combined rankings. Female participants in each age group were required 
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to meet the same ranking criteria, however, the criteria differed in the U14 age 

group. The female players selected to attend the U14 NTID days represented the 

top 8 players on the National seasonal rankings list and/or were ranked within the 

top 50 for the U14 age group on Tennis Europe rankings or within the top 500 on 

the International Tennis Federation rankings. 

 

6.3.2 National age group training camp participants 

For the analysis comparing the player’s acceleration scores relative to age and 

maturation, data collected during the 2011-2012 and 2016-2017 National Age 

Group Training Camps (NAGTC) were plotted onto the developmental curves. 

More specifically, each player had their performance score plotted independently 

for both CA and BA. This enabled player’s percentile scores for acceleration to be 

compared across CA and BA. A cross sectional sample of 258 participants (male: 

n=145; female: n=113) aged between 8.9 and 15.1 years were obtained from the 

NAGTCs held throughout each designated year. The attending players 

represented the top eight players in their respective age groups according to the 

Great Britain National rankings at the time of selection. Only participants fulfilling 

the inclusion criteria (ranking, maturity information and 5 m sprint times) were 

included in the analysis.  

 

6.3.3 Ethical clearance 

The Lawn Tennis Association acquired written parental consent and player assent 

for each confirmed player attending a NTID and RTID day. Both parents and 

players were informed of the potential for the collected data to be used for 

research in the information packet provided and given the opportunity to withdraw 

their consent/assent at any stage without incurring any negative repercussions. As 

such, ethical approval was sought and attained by the University of Baths Ethics 
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Approval Committee for Health for the retrospective use of this anonymised data. 

Additionally, ethical approval for the participant data superimposed onto the 

developmental curves was obtained from the Research Ethics Approval 

Committee for Health at the lead author’s host University, with the approval of the 

Lawn Tennis Association. As the majority of participants were <16 years of age, 

written assent and consent was obtained from both participants and 

parents/guardians.  

 

6.3.4 Maturity measures 

Consistent with the methods proposed by Gillison and colleagues, percentage of 

adult height attained at time of measurement was compared to age and sex 

specific reference standards obtained from the UK 1990 growth reference data 

(Freeman et al., 1995; Gillison et al., 2017). This enabled a BA index to be created 

for each participant. Sex specific reference standards for percentage of adult 

stature attained were calculated at approximately .1 yearly intervals, with 

percentages at each age interval based upon mean attained height values at the 

specific ages and at and above 18 years of age (177.6cm in males and 163.7 cm 

in females) (Gillison et al., 2017). For example, a boy of 12.5 years who had 

attained 88% of his predicted adult height would have achieved the same mean 

percentage of predicted adult height attained by a UK boy of 13.2 years of age. 

Accordingly, his BA would be ascribed as 13.2 years of age. An estimate of 

maturity status was obtained by subtracting CA from BA (BA - CA), with 

participants classified as on-time if the difference between BA and CA fell between 

-1.0 and 1.0 years, advanced if the difference fell above 1.0 year, and delayed if 

the difference fell below -1.0 year. Based on this calculation, the boy in this 

example would’ve been classified as on-time (13.2 - 12.5 = .7 years). 
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6.3.5 Data collection procedures  

For both samples, participant’s acceleration was measured over 5 m linear 

intervals with electronic timing gates (Smartspeed, Fusion Sport pte, Australia). 

Consistent with measures described in Chapter 3 (pg. 95) and 5 (pg. 168), 

participants anthropometrical and acceleration data was collected on the indoor 

tennis courts at the National Training Centre in Roehampton, London on both TID 

and NAGTC days after a standardised warm up (Bishop, 2003). The same trained 

technician was assigned to a specific testing measure at each respective venue on 

both TID and NAGTC days. 

 

6.3.6 Statistical analyses 

Developmental curves of selected quantiles (10th, 25th, 50th, 75th and 90th) were 

created for the reported times of the 5 m-sprint test as a function of age for both 

sexes. Quantile regression was calculated with the R package quantreg (Koenker, 

2016; R Core Team, 2017). Smoothness of fit was controlled via B-splines with 

different penalties (male: 5 λ, female: 3 λ) for each respective sex. This non-

parametric technique, yielding medians and percentiles, was used as it is robust to 

outliers and makes no assumption on the underlying distribution of the data.  

  

Descriptive statistics on both data sets (NTID, RTID & NAGTC) were 

performed using SPSS version 22 (IBM Corp., 2013b). A visual inspection of the 

histograms, normal Q-Q plots and box plots was also performed to evaluate the 

normality of the percentile difference attained with BA and CA. Distributions of 

continuous variables were examined for skewness and kurtosis using the Shapiro 

Wilk’s test (p< .05) and associated z-values (Shapiro & Wilk, 1965).  
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In order to determine the extent to which 5 m sprint time carried as a 

function of BA and CA within maturity categories (e.g. BA percentile versus CA 

percentile achieved by early maturers), a series of Wilcoxon Signed Rank Tests 

were conducted (Laerd Statistics, 2015). Percentile discrepancy scores were 

calculated for BA and CA percentile values by subtracting the percentile attained 

with CA from the percentile attained with BA (BA percentile – CA percentile). For 

example, if a player’s 5 m sprint score placed them on the 45th percentile with their 

CA and the 75th percentile with their BA, their percentile discrepancy score was 

30% (75% - 45% = 30%). Separate analyses were conducted male and female 

players in each maturity category (early, on-time & late). To determine the extent 

to which BA impacted acceleration scores between different maturity categories 

(early versus on-time versus late), a series of Mann Whitney U Tests were 

conducted (Laerd Statistics, 2015). Independent analyses were conducted for 

males and females. 

 

Comparison of small sample sizes is prone to Type II errors. As such, a 

significance value of p < .10 was utilised. Effect sizes for nonparametric data (z-

score divided by the square root of total sample number) were calculated to 

indicate the magnitude of differences in each variable (Rosenthal, 1991). An effect 

size value ≤ .20 was considered a small effect, .50 a moderate effect and ≥ .80 a 

large effect (Cohen, 1998). 
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6.4 Results  

6.4.1 Developmental curve results 

Descriptive statistics (means & standard deviations) by sex and age group were 

calculated for decimal age, anthropometrical data (height, weight, BMI) and the 5 

m sprint scores obtained from the NTID and RTID days (Table 6.1). Mean 

anthropometrical and performance data values appear fairly homogeneous 

amongst both sexes across all age groups. As expected, mean height, weight, 

BMI and acceleration data show a progressive increase across the age groups in 

both sexes.  
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Table 6.1 Mean chronological age, anthropometrical and performance values of elite tennis players attending NTID and RTID                                                       

days by sex and age group 

 

 

 

 

 

 

 

 

 

                     U8      U10    U12   U14 

  Male                                                                        
n=499 

Female                                     
n=287 

Male                                                                        
n=904 

Female                                     
n=573 

Male                                                                        
n=309 

Female                                     
n=299 

Male                                                                        
n=138 

Female                                     
n=111 

 M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) 

CA (years) 8.5 (.3) 8.5 (.4) 9.8 (.5) 9.9 (.6) 12.0 (.6) 12.0 (.6) 13.8 (.5) 13.8 (.6) 

Height (m) 1.33 (.06) 1.33 (.06) 1.41 (.06) 1.41 (.07) 1.55 (.08) 1.54 (.07) 1.67 (.09) 1.66 (.08) 

Weight (kg) 29.0 (3.9) 29.2 (4.1) 33.8 (5.0) 33.9 (5.2) 45.3 (8.0) 44.3 (7.2) 56.5 (8.1) 55.1 (8.6) 

BMI (kg/m2) 16.4 (1.5) 16.5 (1.5) 17.1 (1.7) 17.0 (1.6) 18.9 (2.2) 18.6 (2.0) 20.2 (1.8) 20.1 (2.1) 

5 m Sprint (s) 1.306 (.082) 1.315 (.083) 1.265 (.074) 1.268 (.073) 1.220 (.072) 1.220 (.076) 1.114 (.071) 1.131 (.069) 
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6.4.2 National age group training camp results 

The descriptive statistics associated with the NAGTC data according to sex are 

presented in Table 6.2. Male players are on average, taller, heavier and faster 

than their female peers, although the mean age of the male sample is 

comparatively older than that of the female sample. BA approximates CA in both 

the male and female sample and is most likely reflective of the number of on-time 

participants in both sexes (males: 88%, females: 82%).  

 

 The descriptive statistics associated with the NAGTC data according to sex 

and maturity status are presented in Table 6.3. As expected, early maturing 

players present higher mean values for height, weight and acceleration scores. 

Whilst mindful of the variation in CA within each maturity category, the largest 

change in 5 m sprint scores is evident between those advanced and on-time, with 

minimal change in acceleration scores between those on-time and delayed in both 

the male and female sample. 

 

Table 6.2 Mean chronological age, anthropometrical and performance values of 

elite youth tennis players attending a National Age Group Training Camp by sex 

 

 
 

Male                                                                        
n=145 

Female                                     
n=113 

 M (SD) M ± SD 

Chronological Age (years) 12.5 (1.2) 11.6 (1.3) 

Biological Age (years) 12.8 (1.4) 11.8 (1.6) 

Height (m) 1.59 (.01) 1.53 (.09) 

Weight (kg) 45.8 (9.0) 41.8 (9.2) 

Percentage of adult height (%) 86.8 (5.0) 90.6 (5.1) 

Percentage of adult height (z-score) .31 (.74) -.10 (.80) 

5 m Sprint (s) 1.144 (.743) 1.194 (.080) 
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Table 6.3 Mean chronological age, anthropometrical and performance values of elite youth tennis players attending a National 

Age Group Training Camp by sex and maturity status 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

                                Male                  Female 

 
Late                                                                         
n=3 

On-Time                                    
n=127 

Early                                                                        
n=15 

Late                                                                         
n=4 

On-Time                                    
n=93 

Early                                                                        
n=16 

 M (SD) M (SD) M (SD) M (SD) M (SD) M (SD) 

Chronological Age (years) 12.7 (1.3) 12.5 (1.3) 12.8 (.9) 10.8 (1.0) 11.6 (1.3) 11.8 (.7) 

Biological Age (years) 11.6 (1.3) 12.6 (1.4) 14.0 (.9) 9.7 (1.0) 11.6 (1.5) 13.1 (.8) 

BA-CA (years) -1.1 (.6) .2 (.4) 1.2 (.23) -1.1 (.2) .0 (.5) 1.3 (.3) 

Height (m) 1.52 (.07) 1.60 (.1) 1.70 (.11) 1.38 (.1) 1.52 (.1) 1.63 (.0) 

   Weight (kg) 36.3 (2.1) 45.0 (8.3) 54.5 (10.8) 28.5 (4.0) 40.6(8.4) 52.0 (4.9) 

Percentage of adult height (%) 82.7 (3.8) 86.4 (4.9) 91.5 (3.9) 83.6 (3.4) 90.1 (5.0) 95.1 (2.2) 

Percentage of adult height (z-score) -1.37 (.21) .21 (.60) 1.47 (.49) -1.50 (.27)  -.26 (.59) 1.20 (.34)  

5 m Sprint (s) 1.150 (.043) 1.149 (.074) 1.097 (.066) 1.218 (.070) 1.202 (.080) 1.144 (.065) 
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To examine the distribution of acceleration scores of the NAGTC players, 

their 5 m sprint data was plotted for CA onto the 5 m sprint developmental curves. 

Data for males and females are presented in Figures 6.1 and 6.2, respectively. It 

should be noted that due to the nature of the task, lower percentile scores reflect 

superior performance (i.e., less time taken), whilst higher percentile scores reflect 

inferior performance (i.e., more time taken). For example, a player scoring below 

the 10th percentile would be considered faster than a player scoring above the 90th 

percentile. In the male sample, almost three quarters of the players (72%) returned 

5 m sprint times below the mean (i.e. faster) in relation to their CA, with almost a 

half of those players (35%) returning sprint scores within the 10th percentile (top 

10%). A minority (12%) of the total male sample returned sprint scores that placed 

them above the 75th percentile. In the female sample, the majority of players (61%) 

returned 5 m sprint times below the mean (i.e. faster) in relation to their CA, with 

approximately a quarter (14%) of those players achieving values within the 10th 

percentile (top 10%). Similar to the males, only a minority of the total sample 

(15%) achieved sprint values that placed them above the 75th percentile. Female 

players were proportionally spread between the 10th to 75th centile, with 23%, 24% 

and 24% of players returning 5 m sprint times between the 10th to 25th percentile, 

25th to 50th percentile and 50th to 75th percentile, respectively.   
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Figure 6.1 Developmental curve depicting 5 m sprint score distribution of elite male tennis players according to chronological age 
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 Figure 6.2 Developmental curve depicting 5 m sprint score distribution of elite female tennis players according to chronological age 
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In order to determine the degree to which maturity impacted acceleration 

scores, NAGTC players 5 m sprint scores were then plotted for BA onto the same 

developmental curves. Data specific to the early and late maturing male players 

are presented in Figures 6.3 and 6.4, respectively. Of the total male sample (early, 

on-time & late), just over a half (55%) of the players returned higher (poorer) 

percentile values when 5 m sprint times were evaluated relative to BA. A quarter 

(25%) of the boys exhibited no change in 5 m sprint percentile values between BA 

and CA, and a minority (17%) of the boys returned lower (improved) percentile 

values. The male players who achieved lower (improved) percentile values were 

either on-time or delayed in maturity, with a mixture of those on-time and 

advanced in maturity returning higher (poorer) percentile values when 5 m sprint 

times were compared to BA rather than CA. Mean percentile difference between 

BA and CA in the 5 m sprint test was 26% and 22% in advanced and delayed 

maturing boys, respectively.   

 

A similar procedure was conducted for the female players. Data specific to 

the early and late maturing female players are presented in Figures 6.5 and 6.6, 

respectively. Of the total female sample (early, on-time & late), approximately a 

third (34%) of the girls returned higher (poorer) percentile values when 5 m sprint 

times were evaluated relative to BA. A minority (13%) of girls exhibited no change 

in 5 m sprint percentile scores between BA and CA, with just less than a third 

(31%) of girls returning lower (improved) percentile values. Those who achieved 

lower (improved) percentile scores were either on-time or delayed in maturity, with 

a mixture of those on-time and advanced in maturity returning higher (poorer) 

percentile values. Advanced female maturers percentile scores declined by, on 

average, 16%, with late maturing girls mean percentile values improving by, on 

average, 17%.  
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As evidenced in Figures 6.3 and 6.5, early maturing male and female 

players scored higher (poorer) on the developmental curves when their 5 m sprint 

times were evaluated relative to BA rather than CA. In some instances, the 

increase in percentile achieved was quite marked. For example, in Figure 6.3, 

male player A scored just above the 10th percentile with his CA, whereas the 

percentile obtained with his BA approximated the 75th percentile. Similarly, in the 

female sample (Figure 6.5), player A achieved a percentile value of 40% when her 

5 m sprint time was evaluated according to her CA, a much lower value than the 

approximate percentile value of 75% obtained when her 5 m sprint times were 

evaluated with her BA. 

 

All of the late maturing male (n=3) and female (n=4) players achieved lower 

(improved) percentiles when their 5 m sprint times were evaluated with BA rather 

than CA (Figures 6.4 and 6.6). Again, the difference in percentile attained with BA 

versus CA was quite marked in some individuals. For example, in Figure 6.4, male 

player B’s percentile changes by 31%, with their 5 m sprint time approximating the 

50th percentile when evaluated relative to CA, but improving to within the 10th 

percentile when evaluated relative to BA. In the female sample (Figure 6.6), player 

B’s percentile places them just above the 75th percentile with their CA, which 

improves to just above the 50th percentile with their BA. 
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        � Denotes individuals CA,  Denotes individuals BA,         : Denotes directional change between CA and BA 

Figure 6.3 Developmental curve depicting 5 m sprint score distribution of early maturing elite male tennis players according to 

biological and chronological age215 
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       � Denotes individuals CA,  Denotes individuals BA,         : Denotes directional change between CA and BA 

  Figure 6.4 Developmental curve depicting 5 m sprint score distribution of late maturing elite male tennis players according to                               

biological and chronological age
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        � Denotes individuals CA,  Denotes individuals BA,         : Denotes directional change between CA and BA 

  Figure 6.5 Developmental curve depicting 5 m sprint score distribution of early maturing elite female tennis players according to 

biological and chronological age217 
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         � Denotes individuals CA, Denotes individuals BA,         : Denotes directional change between CA and BA 

Figure 6.6 Developmental curve depicting 5 m sprint score distribution of late maturing elite female tennis players according to   

biological and chronological age 
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To examine the degree to which 5 m percentile sprint scores for CA and BA 

varied as a function of maturation status, mean percentiles and standard errors of 

5 m sprint times were calculated for each maturity classification (i.e., early, on-

time, late). Results are presented in Figures 6.7 and 6.8 for males and females, 

respectively. When early maturing males 5 m sprint times were evaluated with CA, 

the mean percentile obtained (19%) approximates to the mean percentile obtained 

(20%) by late maturing males when their 5 m sprint times are evaluated with BA. 

Equally, the mean 5 m sprint percentile of early maturing males according to their 

BA (45%) is similar to the 5 m sprint percentile scores obtained by late maturing 

males when their 5 m sprint times are evaluated according to their CA (42%). 

 

A similar pattern of results was observed in the female sample (Figure 6.8). 

Mean 5 m sprint percentiles obtained by early maturing females with CA (22%), 

corresponds to the mean 5 m sprint percentiles obtained by late maturing females 

when evaluated according to BA (24%). Likewise, early maturing girls obtained 

mean 5 m sprint percentiles with their BA (38%) that resembled the mean 5 m 

sprint percentiles obtained by late maturing girls with their CA (41%). 



 

Chapter 6 220 

	  

Figure 6.7 Mean percentile values and standard errors of 5 m sprint times relative 

to the biological and chronological age of different maturity categories in elite male 

youth tennis players 

	

	   

 

Figure 6.8 Mean percentile values and standard errors of 5 m sprint times relative 

to the biological and chronological age of different maturity categories in elite 

female youth tennis players 

  

19 

45 
35 38 

42 

20 

-20 

0 

20 

40 

60 

80 

100 

Early (CA) Early (BA) On Time (CA) On Time (BA) Late (CA) Late (BA) 

Pe
rc

en
ta

ge
  

Maturity Status 

22 

38 
43 43 41 

24 

0 

20 

40 

60 

80 

100 

Early (CA) Early (BA) On Time (CA) On Time (BA) Late (CA) Late (BA) 

Pe
rc

en
ta

ge
  

Maturity Status 

� Denotes mean CA percentile achieved, u Denotes mean BA percentile achieved 

� Denotes mean CA percentile achieved, u Denotes mean BA percentile achieved 



 

Chapter 6 221 

To ensure that the appropriate method of statistical analysis was applied, 

the normality of the data was assessed using the Shapiro Wilk’s test (p<.05) and 

associated z-values (Shapiro & Wilk, 1965). In the male sample, skewness values 

of 1.363 (SE = .226) and kurtosis values of 3.543 (SE = .449) were observed. In 

the female sample, skewness values of -.473 (SE = .201) and kurtosis values of 

2.740 (SE = .400) were observed (Cramer, 1998; Cramer & Howitt, 2004; Doane & 

Seward, 2011). Calculated z-values for skewness (M: -2.35, F: 6.03) and kurtosis 

(M: 6.85, F: 7.89) in both the male and female samples fell largely above the 3.29 

value recommended for medium sized samples (Kim, 2013). The null hypothesis 

was therefore rejected and the distribution of the sample was declared non-

normal. Given the non-normal distribution of the data in both the male and female 

samples, the non-parametric Wilcoxon Signed Rank Test and Mann Whitney U 

test were implemented to evaluate the data.  

 

The results from the Wilcoxon Signed Rank Test are summarised in Figures 

6.9 and 6.10. In males, significantly higher percentile scores were achieved when 

5 m sprint times were evaluated with BA versus CA in early and on-time maturers 

(p < .05). No significant differences were observed in late maturing males when 5 

m sprint times were evaluated with BA versus CA (see Figure 6.9). In females 

significantly higher percentile scores were achieved when 5 m sprint times were 

evaluated with BA versus CA in early (p < .05) and late maturing females (p < .10), 

however, no significant difference in percentile scores were present in those on-

time (see Figure 6.10).   
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     *Significant difference between CA & BA 5 m sprint percentiles within a maturity group (p < .05),  

     ** Significant difference between CA & BA 5 m sprint percentiles within a maturity group (p < .10),  

    †Non-significant difference in 5 m sprint percentiles within a maturity group 

Figure 6.9 5 m sprint performance percentiles by maturity and chronological age 

specific standards in early, on-time, and late maturing elite male youth tennis 

players. 	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
    *Significant difference between CA & BA 5 m sprint percentiles within a maturity group (p < .05),  

    ** Significant difference between CA & BA 5 m sprint percentiles within a maturity group (p < .10),  

    †Non-significant difference in 5 m sprint percentiles within a maturity group 

Figure 6.10 5 m sprint performance percentiles by maturity and chronological age 

specific standards in early, on-time, and late maturing elite female youth tennis 

players. 
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The results from the Mann Whitney U Test are presented in Figure 6.11. In 

the male sample, early maturing boys achieved moderate (r =-.63) and 

significantly (ρ<.05) higher (i.e. slower) percentile discrepancy scores than late 

maturing boys. Significant (p<.05) differences in percentile discrepancy scores 

were also evident between early and on-time, and on-time and late maturing boys, 

although these differences were negligible (r =-.00 & r =-.01, respectively). In the 

female sample, early maturing girls achieved moderate (r =-.68) and significantly 

(ρ<.05) higher (i.e. slower) percentile discrepancy scores than late maturing girls. 

Similar to the male sample, significant differences (p<.05) in percentile 

discrepancy scores were also evident between early and on-time, and on-time and 

late maturing girls, although these differences were negligible (r =-.04 & r =-.00, 

respectively) 

 

 

Figure 6.11 Discrepancies in 5 m sprint performance percentiles across age and 

maturity specific standards in male and female tennis players of varying maturity 

status 
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6.5 Discussion 

To our knowledge, this is the first study to create developmental curves for the 

purpose of evaluating acceleration scores on the basis of biological and CA in elite 

youth tennis players. As expected, acceleration scores were poorer for early 

maturers when evaluated relative to BA, rather than CA. In contrast, acceleration 

scores were superior for late maturers when evaluated relative to BA, rather than 

CA, in both sexes. The differences in mean percentile scores achieved when 

assessed by BA versus CA in both early and late maturers are consistent with 

previous literature (Ulbricht et al., 2013). The difference in percentiles achieved 

with BA versus CA was most pronounced among individuals at the opposite ends 

of the spectrum (early and late maturers), with the percentage change between BA 

and CA greater in males than females. The non-significant results in the late 

maturing male sample, were contrary to expectations, yet is likely a result of the 

small sample sizes (Male: 3), rather than a lack of meaningful differences. 

 

Comparative data on physical fitness percentiles, more specifically the 5 m 

sprint test, within an athletic population is lacking. The present findings are 

therefore compared with results from cross sectional and mixed longitudinal 

design (Kramer, Valente-dos-Santos, et al., 2016). Consistent with previous 

research, performances in the 5 m sprint test in the current study were superior in 

the older age groups (Cheuvront, Carter III, DeRuisseau, & Moffatt, 2005; Kramer, 

Valente-dos-Santos, et al., 2016). Comparative to other sports, male and female 

players in the current sample returned faster 5 m sprint times than high level youth 

sprint and endurance runners (Yanci, Cámara, Vizcay, & Young, 2016), elite U14 

male handball players (Matthys et al., 2011) and a combination of female 

Australian ball-sport athletes (Hoare & Warr, 2000). Male sprint times in respective 

age groups were comparatively higher than those obtained by elite and sub-elite 
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youth Dutch tennis players aged between 10 to 15 years (Kramer, Valente-dos-

Santos, et al., 2016), although were lower than 12 male youth players with an 

International Tennis Federation number ranging from 3 to 6 (1.19 versus 1.11 

seconds) (Girard & Millet, 2009). In relation to the 5 m sprint times of players part 

of talent development program of the Royal Dutch Lawn Tennis Association, mean 

sprint times in the current sample were higher in the U12 age group than 

comparative age groups in both the Dutch male and female sample (M: 1.11s and 

F: 1.22s versus 1.00s for both sexes) (Kramer et al., 2017).  

 

As noted, age and/or maturity related differences in sprint performance with 

age might be attributed to increases in stride length, a component influenced by 

growth (Kramer, Valente-dos-Santos, et al., 2016; Meylan et al., 2013; Schepens, 

Willems, & Cavagna, 1998b). Taller individuals tend to have longer legs than 

shorter individuals of the same age and by inference, greater stride length than 

shorter players during a sprint, which may impact sprint times (Kramer, Valente-

dos-Santos, et al., 2016; Malina, Bouchard, et al., 2004, Meyers et al. 2015). As 

boys and girls who are advanced in maturity are generally taller than their less 

mature, yet same aged peers, one could surmise that greater lower limb lever 

length is a contributing factor to the faster sprint times achieved by both male and 

female players advanced in maturation. Further, hormonal influences 

(testosterone, growth hormone), neuromuscular factors and gains in muscle mass 

and power are known to improve between the ages of 10 to 15 years in boys and 

would therefore contribute to faster sprint times in this cohort (Kramer, Valente-

dos-Santos, et al., 2016; Rowland, 2005) 
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A particular benefit in creating developmental curves for fitness tests is that 

it enables practitioners to consider physical performance as it relates to both 

biological and CA. Further, developmental curves allow for fitness to be quantified 

relative to each standard (i.e., CA & BA). In the male sample, mean percentiles 

declined by 26% in the early maturing males when sprint values were evaluated 

with BA. In comparison, percentile values of late maturing boys improved by, on 

average, 22%. The change in percentile values was further highlighted by the 

similarity in mean percentiles obtained when early maturing males 5 m sprint times 

were compared with CA and late maturers 5 m mean percentile sprint times were 

compared with BA. In this instance, the percentiles obtained were similar (Figure 

6.7). In the female sample, early maturing girls achieved a slightly lower percentile, 

with percentile achieved with BA declining by, on average, 16%. In contrast, late 

maturing girls improved the percentile achieved by 17% when their 5 m sprint was 

evaluated with their BA. Similar to the male sample, mean percentiles obtained in 

developmental curves with CA by early maturing girls, approximated mean 

percentiles obtained with BA by late maturing girls (Figure 6.8). 

 

Consistent with previous research, males and females who were advanced 

in maturation possessed a distinct advantage in the acceleration phase of the 

sprint when compared to late maturing same-aged peers (Cripps et al., 2016). This 

advantage was evident in the similarity of the mean percentiles achieved between 

early and late maturers when 5 m sprint times were evaluated with BA rather than 

CA in both the male and female samples (see Figure 6.7 and 6.8). That is, early 

and late maturing players demonstrated similar levels of athleticism when 

considered relative to their stage of development. Comparative data on percentile 

changes within physical fitness measures between maturity classifications in 

tennis is limited to one study on male youth tennis players, with no comparative 
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data available on female youth tennis players or within an athletic population. The 

present findings are therefore compared with research reporting the effects of 

maturity status on sport selection and physical performance within a variety of 

sports and the limited available information in tennis. 

 

The athletic advantage in terms of acceleration, afforded by early 

maturation in the current sample, is consistent with findings in elite youth football, 

handball and basketball (Buchheit & Mendez-Villanueva, 2014; Coelho-e-Silva et 

al., 2010; Matthys et al., 2012; Meylan et al., 2010). Comparative to adolescent 

males participating in these sports, those advanced in maturation possessed a 

distinct advantage in measures of strength, speed and power (Buchheit & 

Mendez-Villanueva, 2014; Coelho-e-Silva et al., 2010; Matthys et al., 2012; 

Meylan et al., 2010). In contrast, research performed on a sample of 159 

Portuguese male soccer players observed no difference in functional capacities 

between boys of contrasting maturity status within each age group (Figueiredo et 

al., 2009b).  

 

The substantial differences in percentiles achieved between BA and CA in 

advanced male maturers are consistent with research performed on elite male 

German youth tennis players (Ulbricht et al., 2013). Whilst comparative data is 

limited to two individuals, percentiles achieved with BA versus CA varied by 

approximately 20% between the early and late maturing boy (Ulbricht et al., 2013). 

When evaluating sprint times with both BA and CA, the boy advanced in 

maturation returned sprint values within the top 10% over a two year time period 

(Ulbricht et al., 2013).  

 



 

Chapter 6 228 

The greater percentage discrepancy difference between BA and CA in the 

male sample may be due to the increased physical benefits associated with 

advanced maturation in males. Data relating to a number of performance tasks in 

boys show a well-defined increase during adolescence (Malina, 2014). Peak gains 

in static and functional strength and power are achieved post PHV, with peak 

measures of agility and speed achieved pre and during PHV, respectively (Malina, 

2014; Meyers et al., 2015). On average, boys advanced in maturation achieve 

greater gains in absolute and relative fat free mass, possess greater physical size 

and superior speed, strength and power values (Cumming, Sherar, Gammon, et 

al., 2012).  

 

In female athletes, the advantages associated with advanced maturity are 

less clear and variable by sport (Malina, Ackerman, et al., 2016). Information 

pertaining to the impact of maturity on acceleration measures in female athletes is 

lacking and the available information on the advantages associated with 

maturation in female athletes is scare. The findings of the current research are, 

however, supported in other sports that require strength and power, with early 

maturing girls dominating (Baxter-Jones et al., 2002; Erlandson et al., 2008). The 

limited available information on maturity associated variance in speed measures in 

girls, found no difference in sprint times (20 m sprint) between adolescent girls of 

contrasting maturity (Little et al., 1997).  

 

The available literature examining the effects of maturity on acceleration 

and speed in a sample of youth female tennis players aged 12 to 14 years, were in 

contrast to the current findings (Van Den Berg et al., 2006). Mindful of the small 

sample size, late maturing girls were found to possess a physical advantage in 

measures of acceleration and speed (5 m & 10 m sprints) (Van Den Berg et al., 
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2006). Comparison between the two samples may, however, be confounded by 

the maturity assessment of different biological systems (somatic versus sexual 

maturity), as well as the competitive nature of the sample (elite versus 

competitive). 

 

The smaller percentile discrepancy score difference in the female sample in 

comparison to their male compatriots may be due to the biological and physical 

characteristics associated with advanced maturation in girls (i.e. greater absolute 

and relative fat mass, more endomorphic physique and inferior physical fitness) 

(Gillison et al., 2017). The greater absolute and relative fat mass obtained by early 

maturing girls in combination with the inferior gains in muscle strength, may 

impede their ability to move or project their body quickly through space 

(Armstrong, 1999; Baxter-Jones & Helms, 1996; Malina, 2014). Whilst increased 

stature associated with advanced maturation, and by inference lower limb length, 

may positively impact sprint times, this advantage may be negated in females 

advanced in maturation due to their greater absolute and relative fat mass. 

Further, the girls in the current sample are more mature in relation to the boys, due 

to the fact that girls mature on average 2 years in advance of boys (Gillison et al., 

2017). It is therefore likely that the girls in the younger age groups (U10, U12) are 

already experiencing the effects of puberty compared to their male counterparts.  

 

6.5.1. Applications and implications of this research 

These findings raise key implications for practice. Firstly, it highlights the 

differences in physical performance when biological maturity is accounted for. 

Whilst previous research has highlighted the physical advantages possessed by 

early maturers during adolescence, to the best of the author’s knowledge, this is 

first time that this advantage has been quantified. The novel approach of this 
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study, i.e. plotting individual sprint scores on developmental curves, provides a 

means of obtaining measurable differences between individual’s acceleration 

scores according to both their biological and CA. Therefore, whilst a player may 

achieve a 5 m sprint score within the top 10th percentile with their CA, their result 

according to their BA could place them much lower in comparison to those within 

the same age group and of similar biological maturity.  

  

 With practitioners seeking to negate the impact of external factors 

(standardised protocols, precise equipment, environmental factors) when 

attempting to identify worthwhile change in sprint times, reducing the error 

associate with physical assessments increases the confidence of interpreting 

changes in performance (Duthie, Pyne, Ross, Livingstone, & Hooper, 2006). 

Previous research on the accepted error percentage associated with sprint testing 

in short sprints (10 m), has indicated that a typical error of ≈ 2% represents a good 

test (Duthie et al., 2006). With the effects of maturity reported in this study 

influencing sprint times by far more than ≈ 2% in both the male and female 

samples, this paper provides a practical solution for organisations, administrators 

and practitioners to account for the differences in maturity when identifying and 

assessing young tennis players. 

  

 Obtaining multiple measurements of an individual over a period of time and 

cross referencing it with their growth data will assist in identifying periods of 

accelerated development and or decline. Available research on this topic provides 

conflicting information, with plateaus in performance noted post 15 years in boys 

and between with ages of 12 to 13 years in girls, and declines in performance 

noted 12 months prior to PHV in one study and during PHV in another (Butterfield 

et al., 2004; Papaiakovou et al., 2009; Philippaerts et al., 2006). The variances in 
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sample size, groups analysed, and age range of the individuals may have 

confounded the results (Butterfield et al., 2004; Papaiakovou et al., 2009; 

Philippaerts et al., 2006). Future research on this topic is warranted in tennis. 

 

Cross referencing periods of accelerated improvement and or decline with 

growth data may also assist in determining whether any change in performance is 

a result of normal growth and maturation or due to a training stimulus. This 

information would help align strength and conditioning strategies for individuals 

according to their stage of maturation rather than their CA. Volume, intensity and 

type of training modality implemented (body weight vs. weighted) could be 

individualised and look to maximise a player’s capabilities along the 

developmental pathway. This strategy has been effectively implemented at the 

premier league football club Arsenal, where players are grouped according to their 

stage of growth and training moderated according to whether they are pre, circa or 

post the adolescent growth spurt (Ryan et al., 2018).  

 

Obtaining serial data over an extended period of time would also help 

denote the direction and magnitude of trends in acceleration within elite youth 

British tennis players (Duthie et al., 2006). Literature regarding the developmental 

changes of sprint speed in youth athletes in specific sports is scarce (Kramer, 

Valente-dos-Santos, et al., 2016). In tennis, the available data is limited to one 

study that evaluated the longitudinal development of sprinting in males only, with 

maturity status not accounted for (Kramer, Valente-dos-Santos, et al., 2016). 

Understanding the development of youth tennis players within the context of 

acceleration would inform practice, educate coaches and practitioners and likely 

impact injury rates due to individualised training programmes that accommodate 

different rates of growth and maturation (Cumming et al., 2017). 
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6.5.2. Limitations of this research 

A number of limitations with the current study should be noted. Firstly, as this 

study examined the differences in acceleration scores according to the CA and BA 

of elite British youth tennis players, the results may not apply to players from other 

countries or of different playing ability. Secondly, by the elite nature of the sample 

(top 8 players in each age group), sample size was limited. The small sample 

sizes would have limited the statistical power of the analysis. Thirdly, the non-

invasive measure of maturity assessment employed by Gillison et al. (2017), has 

not yet been validated within United Kingdom samples (Gillison et al., 2017). 

Moreover, the measure of maturity assessment employed in this study examines 

somatic maturity, therefore results may vary according to the biological process 

assessed. Whilst alternative non-invasive measures of maturity assessment are 

available, each has their own strengths and weaknesses. It is therefore likely that 

no one system provides a complete picture of maturity status (Baxter-Jones et al., 

2005).  

 

The developmental curves created represented the acceleration scores of 

elite British youth tennis players according to CA. As such, differences in biological 

maturation were not accounted for, nor were variances in anthropometrical 

measures (e.g. height and weight). Future attempts at creating developmental 

curves should be mindful of the influence of these attributes and look to account 

for differences in maturity within a given age or age group. Additionally, the 

creation of non-linear developmental curves requires a large number of 

measurements without which considerable over fitting may occur (Grimm, Nilam, & 

Hamagami, 2011). Future research incorporating greater sample sizes at each 

respective age will reduce the likelihood of this occurring.  
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6.5.3. Conclusions and recommendations for future research 

In summary, the present article provides a novel approach to monitoring and 

evaluating physical development in acceleration measures in elite youth British 

tennis players. Whilst the impact of maturity on athletic performance is widely 

acknowledged and well documented (Carvalho et al., 2013; Ford, Collins, et al., 

2011; Malina et al., 2015; Valente-dos-Santos et al., 2012), methodological and 

practical issues surrounding the accurate monitoring of BA as well as a distinct 

lack of longitudinal data has impacted the success of various models (Ford, 

Collins, et al., 2011). Whilst highlighting the extent of advantage afforded to 

players advanced in maturation, this research provides a practical means of 

quantifying the effects of biological maturation in acceleration measures. Future 

research should look extend this strategy to other physical performance measures 

within a greater sample.
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7.1 Conclusions and key findings  

This PhD was funded by the Lawn Tennis association (LTA) to better understand 

how individual differences in growth and maturation impact player selection and 

performance in the context of tennis. It was also concerned with examining 

available methods of maturity assessment and determining the most appropriate 

method to use within a tennis playing population. Strategies to counter and 

accommodate for players of differing maturity during the adolescent years were 

also examined, with the aim of informing practice and policy as it pertains to the 

development of youth tennis players. Accordingly, the purpose of this chapter is to 

summarise the key findings of the research, detail how it has impacted practice 

and outline future research avenues. 

 

7.1.1 Chapter 3: Key findings and resultant strategies  

The first study examined a number of invasive and non-invasive measures of 

maturity assessment to determine whether existing methods of categorizing youth 

by maturity status are appropriate for elite youth tennis players. Based on the 

findings of the study, it appears that non-invasive measures of assessment appear 

to be limited in their ability to classify elite British youth tennis players according to 

their maturity status. That said, of the available non-invasive methods explored, 

obtaining maturity status from percentage of predicted adult height at time of 

observation appears to be the better non-invasive method for use in this sample, 

though its limitations should be noted. 

 

 The implementation of a non-invasive maturity method has enabled the LTA 

to routinely collect maturity information on the players entering, as well as those 

within, the high performance pathway. This information is entered into a central 

database that all sports science and medical staff can access; creating an online 
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system to help monitor and track physical performance in relation to maturity 

status. This has helped inform practice and professional development amongst the 

staff, providing a platform for practitioners to discuss individual player development 

within the context of maturity.  

  

The limitations identified with the selected non-invasive measure of maturity 

assessment has highlighted the need to collect additional growth factors (regular 

height and weight measurements), in order to increase practitioner’s confidence in 

identifying an individual’s stage of maturity. This information is entered into the 

central database, along with the maturity information, and used to produce 

maturity dashboards (see Image 7.1). These dashboards detail a number of 

growth and maturity related factors (e.g., maturation status, growth velocity, 

biological age, peak height velocity) and are utilised in individual player’s 

performance reviews, selection and retention meetings, and to aid physical 

development strategies. 

 

Image 7.1 Example of a growth and maturity data dashboard 
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The benefit of a centralised database containing physical performance 

values, screening results and injury incidence, has meant that the maturity status 

of an individual can now be considered when evaluating mechanisms of injury 

within our youth population. It has been suggested that the adolescent growth 

spurt can be a time period of increased injury risk to youth athletes, and careful 

monitoring of training and recovery strategies during this time period is required 

(Cumming et al., 2017). Whilst correlating screening and physical performance 

results to the risk of injury incidence is still in its infancy, overuse injuries have 

begun to be evaluated within the context of a player’s growth and maturity 

information. Currently, the information is recorded and considered when 

prescribing rehabilitation strategies.  

 

Increasing the understanding of the growth and maturity characteristics of 

the elite youth tennis players within the high performance network has highlighted 

the need to provide additional support to the parents, players, coaches and 

practitioners involved with youth players in the wider network. As such, the LTA 

has looked to disseminate information on the organisation’s efforts to account for 

the effects of growth and maturation, as well as how best to manage players of 

different maturity. Parents of National Age Group Training Camp (NAGTC) players 

have been invited to attend educational talks on the topic (presentation: 

https://prezi.com/hn9k-m4k5qzj/growth-maturation-presentation/), where they have 

been provided the opportunity to discuss their child individually. Further 

opportunity for discussion is also provided at the end of each NAGTC, during 

individual meetings with each parent. In these meetings, the progress (physical, 

technical, tactical, psychological) and individual development plans are discussed 

within the context of maturation. Educational workshops for parents and coaches 

have also been arranged in tandem with the biannual National Testing Days, with 
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information pertaining to the effects of growth and maturation on performance 

presented by experts in the field (see Image 7.2).  

 

Image 7.2 National testing day schedule 
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*Elite male youth tennis players advanced in maturation exhibited a distinct advantage in physical performance measures 

assessing strength, speed and power. Elite female youth tennis players advanced in maturation possessed a physical 

advantage in relation to their less mature peers in measures of strength, agility and overhead power. 
dynamometer	

7.1.2 Chapters 4, 5 and 6: Key findings and resultant strategies  

Chapter 4 examined the growth and maturity status of elite youth tennis players, 

with Chapter 5 examining how the effects of maturity impacted certain physical 

performance measures in this population. The sixth and final study explored a 

novel approach for accounting and controlling for the effects of maturity on a 

selected physical performance measure (acceleration). The results of Chapter 4 

highlighted a selection bias towards early maturing players of greater body size 

and stature in both sexes. This research also demonstrated that larger physical 

size, independent of maturity status, plays a role in the selection of elite youth 

male tennis players in the younger age groups (U10 & U12 age group). By 

establishing the direct benefit of advanced maturation on measures of strength, 

speed, agility and power* in chapter 5, the LTA has instituted a number of changes 

in the assessment procedures and protocols implemented as part of their talent 

identification and development programs. The plotting of acceleration scores 

according to both biological and chronological age (CA) on developmental curves 

in chapter 6, provided the LTA with a means of quantifying the percentage of 

advantage or disadvantage afforded players of differing maturing status. This 

provided a practical solution to account for the effects of growth and maturation 

when assessing physical performance. 

 

On the basis of these findings, physical performance results are now 

routinely assessed in relation to maturity status, with results evaluated on an 

individual basis or compared to players of similar maturity (see Images 7.3 & 7.4). 

Physical performance results are also evaluated relative to key maturational 

events (e.g. peak height velocity), with an improvement, maintenance and/or a  
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decline in results considered according to training age and stage of development. 

This information has helped guide training recommendations for players attending 

NAGTC and has been integrated into the performance reviews of the players 

selected onto the Pro Scholarship Program (Lawn Tennis Association, 2017). 

 

 The ability to quantify the advantage afforded early maturing players has 

opened new possibilities when analysing physical performance testing data. With 

consistent data collection, the LTA is looking to create benchmarks for individual 

performance measures across a number of physical attributes based on biological 

rather than CA. Due to the fact that this strategy requires longitudinal data 

collected over a number of years, the LTA has ensured that all personal collecting 

growth and maturation data are highly skilled in this area and regular assessment 

points have been scheduled throughout the calendar year in order to collect this 

data.  
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                 Image 7.3 Radar graph examining a player’s physical performance results relative to age and maturity standards 

 

 

 

 

 

 

 

 

 

 

 

 

PAH: Percentage Adult Height, 5m: 5 m sprint test, 10m: 10 m sprint test, 20m:  20 m sprint test, Turning Deficit L: Agility, Turning Deficit R: Agility, CMJ: Countermovement Jump,    

Ppower/BW: Peak power per kilogram body weight, Isopull: Mid-thigh isopull test, DJ: Drop jump, RSI: Reactive strength index, Shuttle 1, 2,3: Aerobic & anaerobic test 241 
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          Image 7.4 Example of a physical performance data dashboard  
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7.2 Future developments and research recommendations 

This research has highlighted the importance of monitoring growth and maturation 

within the elite youth British tennis playing population, and as such has been 

incorporated into the new athletic development framework of the LTA. In the 

process of being revised, the new framework places high consideration on 

individual growth and maturation. Further, an individual’s growth and maturity 

status will play a key role in the identification and selection of players onto 

performance pathways, with due consideration given to the biological maturity 

status of an individual during selection and/or retention meetings.  

  

Consistent collection of growth and maturity data is needed to improve the 

robustness of assessment measures in relation to biological maturity. Larger data 

sets will allow the LTA to create physical performance percentile curves for a 

variety of performance measures relative to biological instead of CA. In this 

manner, reference values for individuals advanced, on-time and delayed in 

maturation can be created. Player’s functional and physical performance can then 

be evaluated relative to their stage of maturation, rather than age group norms. 

Further, these percentile curves may help identify periods of acceleration and 

stagnation of various physical attributes that occur as a result of normal growth 

and maturation, thus improving the interpretation of physical performance 

measures (Cumming et al., 2017). Additionally, with relative age also impacting 

identification and selection protocols, future development of the percentile curves 

may look to evaluate physical performance measures within the context of maturity 

status and birth quartile divisions (e.g. Quartile 1 (Jan-Mar) and early maturer, 

Quartile 1 and on-time maturer, Quartile 1 and late maturer) (Müller, Gonaus, 

Perner, Müller, & Raschner, 2017). 
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 Obtaining serial measures of growth, maturity and physical performance 

results will also enable the development of maturity dashboards that track long-

term player development. In this manner, the timing of certain biological events 

(e.g. peak height velocity) can be predicted and accounted for, improving the 

efficacy of training prescription. Certain physical attributes can be also be targeted, 

if appropriate, during time periods of increased endocrine mediated development, 

i.e. targeting strength and power development post PHV. Training volume and 

intensity can also be moderated, if necessary, during periods of accelerated 

growth, allowing players time to adjust to their newfound limb length whilst 

reducing the risk of injury. Tracking player development longitudinally will also 

improve the evaluation of training strategies/prescription, ensuring players 

maximise available training time according to biological maturity and training 

history.  

 

Expanding the data collection of growth and maturity characteristics to a 

broader demographic of players involved in the LTA’s player pathway, namely 

National Academies, Regional Player Development Centres and Local Player 

Development Centres, will allow the LTA to examine the concordance between 

different non-invasive predictive methods. Further, including players from different 

ethnicities will allow the LTA to establish the reliability and validity of these 

methods in a population more representative of the British players participating in 

the sport. Evaluating players from the grassroots level through to elite will also 

enable the LTA to determine whether there is an institutional bias towards players 

advanced in maturity throughout the player pathway (Lawn Tennis Association, 

2018d). Whilst maturity is one of many components that influences participation in 

sport (Baker, Cobley, Schorer, & Wattie, 2017), understanding its role within the 
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wider British tennis playing community will inform selection and retention initiatives 

and allow for a targeted response at any identified age group.  

  

In an effort to understand the coach’s perception of players of differing 

maturity, the LTA is looking to evaluate the current scouting practices within the 

association. Coaches currently evaluate players relative to certain measures that 

are considered to contribute to performance (see image 7.5). The number and 

type of questions vary relative to age group, however, questions pertaining to the 

physical attributes (Legs: Did the player look in good physical condition?) of a 

player are included in the survey. Obtaining the maturity status of the player in 

question will allow the LTA to determine whether coaches have any bias towards 

athletes relatively older or biologically more mature. Further, examining the data 

obtained from the coaches’ input into the player-scouting app may highlight 

additional perceived advantages or disadvantages associated with players of 

differing maturity.  
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Image 7.5 Data entry page for LTA’s player scouting app  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 7 247 

Raising the awareness of the effects of growth and maturation of players at 

different points along the player development pathway is essential to player 

development and retention. Utilising the information obtained from the analysis of 

the player-scouting app, the LTA is looking to incorporate the findings into the 

educational workshops that form part of the current coaching qualifications and 

continual professional development (CPD) activities of the coaches. In this 

manner, the LTA hopes to ensure the topic of growth and maturation is a central 

thread of the curriculum when discussing player development strategies. Further, 

the LTA is looking to develop CPD courses for practitioners in the network that 

encompasses the effects of growth and maturation, how to standardise 

anthropometrical measurements, as well as how best to interpret and utilise the 

information obtained from non-invasive maturity estimates.  

 

With the welfare of the player central to the LTA’s new player pathway 

(Lawn Tennis Association, 2018c), the LTA is looking at initiatives to support 

players of varying maturity within the structure. Initially trialling support on 

NAGTCs, players will receive educational and psychological support regarding the 

implications of their maturity status. For example, the transient nature of their 

physical ability will be highlighted to individual’s advanced in maturation and if 

appropriate, technical and tactical development strategies recommended to 

complement their profile. Late maturers may be encouraged to play to their tactical 

and/ or psychological strengths, whilst developing fundamental movement patterns 

to support physical development when it occurs. Additionally, group discussion 

sessions may be incorporated into the NAGTC weeks to provide players with an 

opportunity to relate their experiences and perceptions of performing against 

players of differing maturity. 
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The LTA is also actively looking at a number of strategies to address the 

effects of growth and maturation. One strategy growing in prominence among 

sport scientists, coaches and teams is that of bio-banding (Cumming, 2017). 

Proponents of this method suggest that restricting players according to size and 

strength enables young players of all sizes the opportunity to improve their game 

(Cumming, 2017). Banding players according to their maturity status can be 

applied in both the training and competition setting. With players aged 10 to 16 

years attending week-long NAGTCs held at the National Training Centre, these 

weeks provide an opportune time to expose players across the age group 

spectrum to the concept of bio-banding.  

 

Within the current structure, players participate in match-play sessions every 

afternoon, partnered according to ranking. The LTA is looking to utilise some of 

these match play sessions to expose players to the concept of bio-banding. 

Players would be matched according to age and percentage of adult height 

attained. For example, on an U12 National Age Group Camp, players would be 

paired with an individual who has attained a similar percentage of adult height to 

them (e.g. 85% and 86%). Providing psychological support and educational 

workshops alongside these match play sessions, would help create a unique 

learning experience and development opportunity for the players in question 

(Cumming, 2017). 

 

The LTA is aiming to extend these bio-banded sessions into the competitive 

arena. Running numerous age-grouped tournaments of various lengths (one day, 

weekend and week-long) for both boys and girls of differing ages each week, 

these tournaments would be implemented as a compliment to those already 

provided (Lawn Tennis Association, 2018a). Players would be matched according 
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to age bands and percentage of adult height attained. For example, tournament 

entry would entail players aged between 11 to 13 years, whose percentage of 

adult height fell between ≥85% and <89% of their predicted adult height. Bio-

banding players in competition does, however, not preclude the consideration of 

psychological and technical skills (Cumming et al., 2017). These attributes would 

be taken into consideration, with input from the player’s coaching team, when 

accepting entrants (Cumming et al., 2017). 

 

One of the touted advantages of bio-banding is that it is effective in 

reducing injury risk (Cumming et al., 2017). Empirical work on this topic is, 

however, lacking. In implementing bio-banded strategies, the LTA may in the 

future explore the application of this strategy, with particular emphasis on whether 

it reduces injury risk during certain phases of the growth cycle. The intention of the 

LTA is to determine whether the growth spurt, or a combination of factors (size, 

age, training and competition volume and intensity) in addition to the growth spurt, 

contributes towards the risk of injury. By increasing the understanding of load 

tolerance in players of differing maturity at different ages, training prescription both 

on and off the court can be moderated. This is likely to improve the management 

of training volume and intensity around sensitive time periods of growth, impacting 

injury risk and optimising athletic development. 

	

7.3 Concluding remarks 

National Governing Bodies and sporting organisations alike invest significant 

amounts of time and money into identifying potential outstanding performers 

(Abbott, Collins, et al., 2002). Historically, this has followed a rather simplistic 

physiological approach, with individuals tested and screened in a number of skill 

assessments and physical and physiological testing batteries (Fraser-Thomas et 
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al., 2017). Whilst these models have evolved to encompass a more holistic view of 

talent development, which includes psychological and social constructs, the 

optimal balance between performance and personal development in youth sport 

settings has not yet been attained (Fraser-Thomas et al., 2017).  

 

 As such, there is a need to develop more comprehensive models that 

account for the non-linear process of development (Schorer, Wattie, Cobley, & 

Baker, 2017). Addressing the multifaceted nature of talent identification and 

development is out of the scope of this thesis, however, it aimed to critically 

appraise the current methods of analysis adopted by the LTA and provide practical 

solutions to monitoring and evaluating elite youth tennis players within the British 

system.  

 

By identifying the LTA’s preference towards advanced players who are 

taller and heavier than UK reference values, this thesis has informed current 

selection policy. This will hopefully improve decision-making in selection meetings 

that will aid the efficacy of the talent identification program. By ascertaining simple, 

non-expensive, non-invasive measures of maturity, practitioners throughout the 

greater British tennis network are afforded the opportunity to evaluate the players 

within their academies and centres. Increased normative data on players of 

differing maturity status within the wider network, will further aid the understanding 

of growth and maturation characteristics of British players and influence training 

practices both on and off the court. The provision of a practical longitudinal 

assessment method that helps identify the different phases of athletic 

development, will allow physical assessment data to be evaluated on an individual 

bases and within the context of maturity. This will enable athletes to develop at 

their own pace and hopefully improve participation and retention numbers. 
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Improving the effectiveness of talent identification models and creating 

optimal environments to develop talent is a long-term process that requires the 

integration of multiple variables from multiple disciplines (Schorer et al., 2017). 

Understanding the variations in growth, maturation and development and how 

these factors affect immediate and long-term outcomes is integral to improving the 

success of these models (Schorer et al., 2017). This thesis addressed this issue 

and answered some immediate questions surrounding the current policies and 

structures of talent identification and development within British tennis. This 

research does, however, only contribute to a “piece of the puzzle” and further 

research is necessary to provide a more comprehensive profile of the factors 

related to talent identification and athlete development within British tennis.
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Appendix A. Ethical documentation submitted for studies 3 to 5 

 

ANNEX ONE 

 

Department for Health 

Research Ethics Approval Committee for Health 

 

Checklist for all researchers 

 

The Department for Health requires all members of staff and students who are 

planning research projects to consider the ethical implications of the work which 

they undertake.  This is important in all research projects, but is essential in those 

projects which involve human participants. 

 

The Department has agreed on an ethical review process which has a fast track 

for those projects which either do not have ethical implications and thus do not 

require full scrutiny, or where scrutiny will be given by another body (in particular 

an NHS Research Ethics Committee [REC]). Projects which fall outside of these 

categories will need to make a full submission to the Research Ethics Approval 

Committee for Health. 

 

Name Gillian Myburgh 

Project 

Title 

Assessing how the maturity status of elite young tennis players 

influences indices of their physical performance.     
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PART A: Determining the nature of your research and the route for ethical 

approval you need to follow (please tick the route you will follow for your ethical 

approval): 

 

My research project has been successful in receiving external funding by the 

ESRC (full consideration is required by the SSREC. Further details can be 

obtained from: http://www.bath.ac.uk/internal/research/ssrec/. For audit 

purposes a copy of the  SSREC application & decision letter as well as this 

form and EIRA1 will need to be returned to the Department for Health 

Department Co-ordinator) (Annex 3)  ! 

 

My proposal is currently at the stage of application for funding (tick box) 

Please complete annex 1 & 2 for REACH audit purposes. Further approval may be 

required once funding is approved (please refer to relevant statement below)  ! 

 

My research project does not involve the use of human subjects 

(full consideration is not required, complete the checklist and the 

implications form for audit purposes and return to the Department 

Coordinator; Principal investigator, second reader and researcher to sign 

and return to the Department Co-ordinator (Annex 2 or 3) ! 

 

My research meets the requirements for submission to an NHS REC (e.g. Involves 

human subjects, requires access to NHS patients or will be conducted on NHS 

premises) (full consideration is required by the appropriate NHS REC; 

complete the checklist and ethical implications form for audit purposes and 

return to the Department Co-ordinator (Annex 2 or 3) together with the 

evidence of NRES approval) ! 
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My research has received approval from another Department within the University 

of Bath or another UK University ethics committee. Complete the checklist and 

submit with evidence of the institutions approval, together with Annex 2 or 3 ! 

 

My research involves human subjects and does not take place in an NHS context 

(full consideration is required by REACH (Annex 2 or 3 and Annex 4) þ 

 

My research involves human subjects and takes place outside of the UK, and for 

which particular consideration needs to be given (full consideration is required 

by REACH - Annex 2 or 3 and Annex 4)  ! 

 

My research involves working with children and/or vulnerable adults (a CRB check 

may also be required in addition to the above) þ 

 

My research involves the collection and storage (for more than 48 hours) of human 

tissue. (Full consideration from an NRES approved committee is required in 

addition to the above)  ! 

 

Where NHS REC approval is required, please provide details of who is sponsoring 

this project ! 
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ANNEX TWO 

 

Department for Health 

Research Ethics Approval Committee for Health 

 

ETHICAL IMPLICATIONS OF POSTGRADUATE RESEARCH PROJECT 

 

This template should accompany the postgraduate research student application 

for candidature form submitted to the Board of Studies. 

(Additional departmental information may be incorporated as appropriate). 

 

Please note that this procedure is intended to help student and supervisor 

consider ethical implications of the proposed research project, and as such is a 

‘light-touch’ approach.  Supervisors are responsible for deciding whether a more 

extensive ethical review is necessary (by submission to the Research Ethics 

Approval Committee for Health or an external ethical approval body, such as the 

NHS REC). 

 

Brief Title of Project 

 

 

Assessing how the maturity status of elite young 

tennis players influences their performance in a 

variety of testing and screening protocols.     

Student Gillian Myburgh 

Supervisor (s) Sean Cumming 
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Are there ethical implications concerned with the following general issues? 

 Comments from Supervisor 

Source of the funding 

 

Lawn Tennis Association 

What steps will or have been taken to 

ensure competency of the student? 

The student is adequately trained to 

perform the various measures of 

physical fitness and performance, 

and anthropometric characteristics, 

having performed these 

assessments on previous occasions 

as part of her position at the LTA. As 

her supervisor, I will provide the 

student with the necessary training 

in the assessment of skeletal age 

from hand wrist x-rays. 

Are there any data storage issues? 

(Including confidentiality, availability, 

length of storage, etc.) 

The data will be kept separate from 

the routinely collected data and 

stored in a safe and secure location 

at the Lawn Tennis Association 

centre in Roehampton. The data will 

be kept until student for five years 

following completion of the study.   

Dissemination of results:   

1. Are any ethical issues likely to arise? 

2. Are there appropriate plans for the 

dissemination? 

As participant data will be 

anonymised, no ethical issues 

regarding dissemination are likely to 

arise. The plan is to disseminate the 

results of the study through 
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publication of a manuscript in a 

relevant peer reviewed journal.  

Effect on/damage to the environment None 

In which aspects of the research 

process have you actively involved, or 

will you involve patients, service 

users, or members of the public? 

Please tick all that apply 

!  Design of the research 

!  Management of the research 

!  Undertaking the research 

!  Analysis of results 

!  Dissemination of findings 

x  None of the above 

Give details of patient, service users 

or public involvement, or if none 

please justify the absence of 

involvement. 

 

 

Demonstration of Ethical Considerations 

To be completed by the student and supervisor. Please provide a paragraph 

describing the ethical issues, which will need to be managed during the course 

of the activity. See overleaf for possible areas for consideration. 
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The main ethical issues of this project are (a) ensuring that the radiation 

exposure experienced by each player during the wrist x-ray does not negatively 

impact their long-term health, and (b) ensuring that participant responses 

remain confidential and data is securely stored. Both of these potential concerns 

are addressed in full in Appendix 4.  

 

The performance testing protocol performed by the players is the standard 

testing protocol performed by all players who attend a National Camp. No 

additional time is needed outside of the current schedule to complete the 

testing. The players are familiar with the tests performed and the level of 

discomfort experienced in each test therefore does not raise any additional 

burden or ethical issues. 

 

Issues for additional consideration:  (This list is indicative and is not necessarily 

exclusive). Please tick which categories apply to your research. 

 Yes No 

1. Does the study involve participants who are particularly 

vulnerable or unable to give informed consent?  (e.g. 

children, people with learning disabilities) 

 

ü 

 

2. Will the study require the co-operation of a gatekeeper for 

initial access to the groups or individuals to be recruited?  

(e.g. students at school, members of self-help group, 

residents of a nursing home) 

  

ü 

3. Will it be necessary for participants to take part in the 

study without their knowledge and consent at the time? 

(e.g. covert observation of people in non-public places) 

  

ü 
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 Yes No 

4. Will the study involve discussion of sensitive topics? (e.g. 

sexual activity, drug use) 

 ü 

5. Are drugs, placebos or other substances (e.g. food 

substances, vitamins) to be administered to the study 

participants or will the study involve invasive, intrusive or 

potentially harmful procedures of any kind? 

  

ü 

6. Will blood or tissue samples be obtained from 

participants? 

 ü 

7. Is pain or more than mild discomfort likely to result from 

the study? 

 ü 

8. Could the study induce psychological stress or anxiety or 

cause harm or negative consequences beyond the risks 

encountered in normal life? 

  

ü 

9. Will the study involve prolonged or repetitive testing?  ü 

10. Will financial inducements (or other reasonable expenses 

and compensation for time) be offered to participants? 

 ü 

11. Will the study involve recruitment of patients or staff 

through the NHS? 

(Note: If the answer to this question is ‘yes’ you will need 

to submit an application to appropriate NHS Research 

Ethics Committee.) 

  

ü 

12. Will the study involve obtaining or processing personal 

data relating to living individuals, (e.g. involve recording 

interviews with subjects even if the findings will 

 

ü 
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 Yes No 

subsequently be made anonymous)? 

(Note: If the answer to this question is ‘yes’ you will need to 

ensure that the provisions of the Data Protection Act are 

complied with.  In particular you will need to seek advice to 

ensure that the subjects provide sufficient consent and that 

the personal data will be properly stored, for an appropriate 

period of time). Information is available from the University 

Data Protection Website and dataprotection-

queries@bath.ac.uk  

13. Will the study involve the use of animals?  ü 

14. Does the study raise any other ethical issues which you 

wish to be raised and reviewed by the Research Ethics 

Approval Committee for Health? 

If yes, what are they, please expand here: 

  

ü 

 

I confirm that the statements above describe the ethical issues which will need to 

be managed during the course of this research activity. 

Principal Investigator/ 

Supervisor/Project Supervisor 

Signature:  

Date: 27 July 2011 

Researcher/Student 

 

Signature:  

Date: 27 July 2011 

 

Please submit this form to the Department Co-ordinator 
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ANNEX FOUR – Application form for full submission for research ethics 

approval 

 

Department for Health 

Research Ethics Approval Committee for Health 

 

Title of study 

 

Assessing how the maturity status of elite young 

tennis players influences indices of their physical 

performance.     

Chief investigator 

(for research student 

projects, put research 

supervisors name here) 

(for undergraduate 

projects, put project 

supervisors name here) 

Name: Sean Cumming 

 

e-mail: S.Cumming@bath.ac.uk 

 

Telephone: 01225386251 

Other investigators 

(for research student 

projects, put students 

name here) 

(for undergraduate 

projects, put student(s) 

name here) 

Name: Gillian Myburgh 

 

e-mail:  

 

Telephone:  

Source of funding for 

the study 

Lawn Tennis Association 

Proposed dates of 

study 

July 2011 – July 2013 
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Research question § The purpose of this study will be to determine the 

extent to which biological maturation and physical 

characteristics contribute to variance in the 

physical fitness and performance of elite youth 

tennis players, irrespective of chronological age. 

 

§ Determining the variation in physiological 

parameters between boys and girls who possess 

the same degree of maturation. 

Background (less than 

100 words) 

Most talent identification protocols use a battery of 

tests to ascertain whether an athlete has the 

necessary physical attributes to perform in their 

chosen sport.  

 

These tests commonly focus on speed, strength 

and power without factoring in the maturity status 

of the athlete and therefore may favour those 

individuals who are physically more mature at a 

younger age.  

 

Because the current identification protocol has 

lead to such a small percentage of successful 

players, it appears a rethink may be necessary in 

the identification of talented young tennis players.  

 

This research aims to enlighten this process by 

examining the extent to which variation in size and 
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maturity contributes to physical fitness and 

performance in youth tennis. 

Methods  

(less than 300 words) 

A cross sectional sample of approximately 150 elite 

junior tennis players selected from the under ten to 

under sixteen age group across the UK will be 

asked to participate in the study. 

The sample of players will include both sexes of an 

elite standard as defined by their top eight ranking 

within their respective age group in the UK.  

After parental consent is obtained, each player will 

perform a physical testing protocol, which will 

include anthropometrical measurements of height, 

sitting height and weight. The physical tests will 

entail the 5m, 10m, 20m sprint; hand grip strength 

and vertical jump. 

The tennis specific tests included will measure 

rotational and overhead power through 1kg 

medicine ball throws (best of three attempts), and 

the planned and reactive agility (best of three 

attempts, electronic timing gate system utilised).  

The player’s height and seated height will be 

measured on an individual basis with a fixed 

stadiometer to the nearest 0.1cm and their weight 

will be measured with a calibrated electronic scale 

to the nearest 0.1kg. 
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Skeletal maturity will be assessed using the 

procedure for the Fels method as well as the non-

invasive Khamis-Roche protocol. Radiographs of 

the player’s tennis playing hand will be taken 

individually by a trained technician in a private 

room. The Khamis-Roche protocol requires the 

decimal age, height and weight of the player as well 

as the midparent height [(mother's height + father's 

height)/2] to determine maturity. Biological parent’s 

heights will be requested when acquiring parental 

consent. 

The players speed will be measured using an 

electronic light gate timing system (best of three 

attempts) and their lower limb explosive power with 

vertical jump height (best of three attempts). An 

indication of strength will be obtained with the hand 

grip dynamometer (best of three attempts on both 

hands). 

Anthropometric and physical performance 

characteristics will be measured by two 

experienced test leaders and the skeletal wrist x-

ray by a trained technician.  

The testing battery will be performed indoors 

following normal guidelines and test descriptions. 
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Sample size (or 

equivalent qualitative 

approach) 

Approximately 150 of both male and female tennis 

players. 

Proposed Analysis 

 

Since this study is cross sectional in nature, the 

investigators will use methods to examine the 

associations between maturity, chronological age, 

skeletal age and anthropometric and physical 

performance variables. This will include simple 

correlations and regressions but will also extend to 

multivariate logistic regression and multivariate 

analysis of variance (MANOVA) 

Potential risks to 

volunteers 

 

The wrist x-ray exposes the player to an effective 

dose of 0.001 millisievert (mSv). Considering that 

the average person receives an effective dose of 

about 3 mSv per year from naturally occurring 

radioactive material the x-ray poses a negligible risk 

to the long term health of the player.  

Potential for 

pain/discomfort 

The player will experience no more discomfort than 

they are used to when participating in their sport. 

Benefits to participants 

 

§ The information obtained from this study will 

aid the evaluation of the current testing 

protocol implemented for talent identification. 

§ Furthermore taking into account each player’s 

maturity status when selecting players from a 

talent identification testing protocol will 

ensure a fair appraisal of each individual’s 

physical attributes. 
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§ Understanding the effects of maturity status 

on testing results will allow improved analysis 

of the player’s results and allow the players 

development to be aligned to their current 

stage of growth and maturation. 

How will participants 

be recruited? 

§ The identified players will receive an invitation 

to attend a National Performance Camp in 

their respective age group. 

§ Upon acceptance and parental consent the 

player will participate in the study when they 

attend the Camp. 

Exclusion/inclusion 

criteria 

 

§ The players identified to participate in the 

study are the top eight British ranked players 

in their respective age group. 

How will participants 

consent be taken? 

§ Written parental consent will be obtained for 

each player identified to participate in the 

study. 

§ The player will also have the opportunity to 

opt out of the research at any point during the 

study, 

How will confidentiality 

be ensured? 

§ Hard copies of data will be stored in a locked 

filing cabinet at the Lawn Tennis Association.   

§ Electronic data will be stored on password 

protected computers at the Lawn Tennis 

Association.   

§ All data will be retained for 5 years following 

completion of the study.  
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§ Names will not appear on either hard copies 

or electronic data.     

§ Where these are collected for the purposes of 

matching children’s data, a list of names to 

British Tennis Membership numbers will be 

held by the principal investigator and 

destroyed after the completion of data 

collection. 

 

Attach the following (where relevant): 

 

1. Participant information sheet 

2. Consent Form 

3. Health history questionnaire 

4. Poster/promotional material 

5. Copy of questionnaire/ proposed data collection tool (questionnaire; interview 

schedule/ observation chart/ data record sheet/ participant record sheet) 

 

Signed by: Principal Investigator or Student Supervisor 

 

______________________ Date: 27 July 2011       

 

Signed by:  Student or other researchers 

 

______________________ Date: 27 July 2011       
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Demonstration of Ethical Considerations: 

The main ethical issues of this project are: 

 

(a) Ensuring that the radiation exposure experienced by each player does not 

negatively affect their long term health, and  

 

(b) Ensuring that participant responses remain confidential and data is stored 

securely.  

 

(a): Radiation Exposure 

Everyday we are exposed to small amounts of radiation from soil, rocks, building 

materials, air, water, and cosmic radiation referred to as naturally occurring 

background radiation. The radiation used in X-rays and CT scans has been 

compared to this background radiation in order to determine the risk of undergoing 

such procedures. 

 

Simply put, one can compare the radiation exposure from an x-ray to the 

equivalent amount of radiation experienced from the natural surroundings. For 

example, in the case of a chest x-ray the amount of radiation experienced equates 

to 10 days worth of exposure to naturally occurring background radiation. 

Although this comparison refers to a whole body dose, which is not truly 

comparable to studies that image only a portion of the body, it may be helpful in 

understanding the relative radiation dose a player will receive when undergoing a 

wrist-hand x-ray. 
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Millisievert Units (mSv) is one method used to evaluate the comparable effective 

dose experienced during an x-ray examination to naturally occurring background 

radiation and is used in the table below. 

 

Comparisons of effective radiation dose with background radiation exposure for 

several radiological procedures: 
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The table above indicates that a player undergoing a wrist x-ray is exposed to an 

effective dose of .001 millisievert (mSv). This is the equivalent of being exposed to 

3 hours of naturally occurring radioactive material. The likelihood of developing 

fatal cancer as a result of undergoing the wrist x-ray is 1 in 1,000,000 and 

therefore considered negligible in developing future health problems. 

 

We will however look to minimise the risk to the players undergoing the x-ray by: 

§ Using the lowest amount of radiation for adequate imaging based on the 

size of the child. 

§ Ensuring that the child is exposed to the radiation for the shortest duration 

possible needed to achieve an adequate image. 

§ Imaging only the tennis playing wrist. 

§ Imaging only once. 

 

(b): Confidentiality 

Every effort will be made to preserve the confidentiality of the player including the 

following: 

§ Assigning code numbers to the players that will be used on all researcher 

notes and documents.  
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§ All data and information collected on each participant will be kept in a 

locked file cabinet in the personal possession of the researcher.  

 

§ The researcher and the members of the researcher’s committee will review 

the researcher’s collected data. Information from this research will be used 

solely for the purpose of this study and any publications that may result 

from this study.  

 

§ Any final publication will not identify any of the participants involved in the 

study and their anonymity will be maintained.  
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Appendix A. Participant information form with parent and player consent 

and assent forms for studies 3 to 5. 

 

 

 

 

 

BIOLOGICAL MATURATION AND PHYSICAL 

PERFORMANCE IN ELITE BRITISH JUNIOR 

TENNIS PLAYERS 

SPORT AND EXERCISE SCIENCE 

Department of health 

 

Dear Parent and Player: 

Players attending a National Camp during the 2011-2012 year have been 

invited to take part in a research study conducted by my colleagues and I from 

the University of Bath in conjunction with the LTA. The study will be conducted 

during attendance at a National Camp and will require no further time 

commitment afterwards. The research is optional, so we would like to give you 

the chance to see what is involved before both you and your child decide 

whether you would be happy for them to take part.   

 

Further Information 
If you have any queries regarding 

this study please contact:  
Gill Myburgh 

Lawn Tennis Association 
100 Priory Lane 

Roehampton 
SW15 5JQ 
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Identifying and developing talented young tennis players are an important part 

of producing future champions and as a result many National Governing 

Bodies, the LTA included, have implemented both talent identification 

protocols and development campaigns. In addition to assessing tennis playing 

capability, these protocols include a battery of physical tests that are used to 

ascertain whether a player is physically progressing in line with the desired 

norms of their peer group. 

 

Understanding the variety of factors associated with performance, the interplay 

of these factors and the individuality involved when assessing young athletes 

is a challenging task. Taking into consideration that the tests in these protocols 

commonly focus on speed, strength and power they may favour those 

individuals who are physically more mature at a younger age. In addition, by 

performing these tests during adolescence the effects of growth and 

maturation can play a confounding role in the analysis of the results.  

 

In order to create a fair and level playing field for all players performing a 

physical testing protocol we would like to investigate the effect that maturation 

status plays on the physical performance of a young tennis player. We hope 

that the findings will enable us to determine how the maturity status of a player 

influences their testing scores and as a result enable us to provide a more 

reflective picture of the players’ progress and developmental areas. 

Procedure 

Players who wish to take part will perform the performance testing protocol 

currently implemented on the National Training Camps in addition to a skeletal 

x-ray of their tennis playing hand. The physical testing will be performed first 

thing on a Monday morning by two experienced LTA personnel familiar with 
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the performance testing procedure. The players will be tested as a group, 

however, their individual results will be kept confidential from the other players. 

The players will be given full instruction on how to perform the tests and will 

have the opportunity to ask questions should they need additional clarification. 

 

The skeletal x-ray will be performed by a trained technician in a private room 

on an individual basis. The wrist x-ray will expose the player to an effective 

dose of .001 millisievert (mSv), which is equivalent to 3 hours of environmental 

exposure. Considering that the average person receives an effective dose of 

about 3 mSv per year from naturally occurring radioactive material the x-ray 

poses a negligible risk to the long-term health of the player. 

Confidentiality 

Every effort will be made to preserve the confidentiality of the player including 

the following: 

§ Assigning code numbers to the players that will be used on all researcher 

notes and documents.  

§ All data and information collected on each participant will be kept in a 

locked file cabinet in the personal possession of the researcher.  

§ The researcher and the members of the researcher’s committee will review 

the researcher’s collected data. Information from this research will be used 

solely for the purpose of this study and any publications that may result 

from this study.  

§ Any final publication will not identify any of the participants involved in the 

study and their anonymity will be maintained.  
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This research is of course entirely optional. If you are happy for your child to 

take part, please complete the attached consent form. If your child is a willing 

participant they will need to complete the Participants Accent Form also 

included with this letter. If both you and your child would prefer not to take 

part, both you and your child will need to complete an ‘opt out’ form included 

with this letter. Included in this letter is a pre-paid envelope. Please place the 

completed forms in the envelope and post it back to us at the address 

indicated at the top of this letter. Please feel free to contact us should you 

have any queries or concerns regarding the study. The players will also be 

able to opt-out at any time during a National Camp, and we would like to 

reassure both you and them that whether or not they take part will not affect 

their assessment on the National Camp in any way.  

Further Information  

If you have any queries regarding the present study please contact Mrs Gill 

Myburgh (Tel:  or Dr. Sean 

Cumming (Tel: 01225 386251; Email: S.Cumming@bath.ac.uk).   

 

Yours sincerely, 

 

Gill Myburgh 
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IMPORTANT 

Maturation Status 

To accurately assess your child’s maturation status, we also need to know  

your height (biological mother and father if available; in feet and inches or cm). 

Therefore, if you have this information available, please could you note it  

down at the bottom of the parental consent form where indicated.  

-----------"---------------------"---------------------"----------------------"---------------- 

University of Bath Research Project  

Biological Maturation and Physical Performance in Elite 

British Junior Tennis Players 

 

PARENTAL CONSENT FORM 

Please complete and return if you would like your child to take part in this  

research. 

 

I am happy for my child ……………………………………………..………… 

(name) to take part in the research. 

  

By signing this consent form, I confirm that I have read and understood the 

information and have had the opportunity to ask questions. I understand that  

my child’s participation is voluntary and that I am free to withdraw them at  

any time, without giving a reason and without cost. I understand that I will  

be given a copy of this consent form. 

 Please sign below: 

	
  Signature:     Date:      
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-----------"---------------------"---------------------"----------------------"----------- 

University of Bath Research Project  

Biological Maturation and Physical Performance in Elite 

British Junior Tennis Players 

PARTICIPANT ASSENT FORM 

 

Please complete and return if you would like to take part in this research. 

 

I …………………………….…..  (Name) am happy to take part in the research. 

  

By signing this consent form, I confirm that I have read and understood the 

information and have had the opportunity to ask questions. I understand that my 

participation is voluntary and that I am free to withdraw them at any time, without 

giving a reason and without cost. I understand that I will be given a copy of this 

consent form.  

 

 Please sign below: 

 

	
  Signature:     Date:      
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-----------"---------------------"---------------------"----------------------"------------- 

University of Bath Research Project  

Biological Maturation and Physical Performance in Elite 

British Junior Tennis Players 

 

PARENTAL OPT OUT FORM 

 

Please complete and return if you would prefer your child NOT to take part in  

this research. 

 

I would prefer my child ……………………………………  (name) not to take  

part in the research. 

  

 Please sign below: 

 

	
  Signature:     Date:      
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-----------"---------------------"---------------------"----------------------"-------------- 

University of Bath Research Project  

Biological Maturation and Physical Performance in Elite 

British Junior Tennis Players 

 

PARTICIPANTS OPT OUT FORM 

 

Please complete and return if you would prefer NOT to take part in this  

research. 

 

I ……………………………………….  (name) would prefer not to take part in  

the research. 

  

 Please sign below: 

 

	
  Signature:     Date:      
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Appendix A. Medical questionnaire 
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Appendix A. Evidence of ethical approval for study 6 

REACH initial review: 13 July 2016  

REACH approval Ref: EP 15/16 280 

 

Appendix A. Ethical documentation submitted for study 6 

 

ANNEX ONE                            

Department for Health 

        Research Ethics Approval Committee for Health 

Checklist for all researchers 

 

The Department for Health requires all members of staff and students who are 

planning research or consultancy projects to consider the ethical implications of 

the work which they undertake. This is important in all research and consultancy 

projects, but is essential in those projects which involve human participants. 

 

The Department has agreed on an ethical review process which has a fast track 

for those projects which either do not have ethical implications and thus do not 

require full scrutiny, or where scrutiny will be given by another body (in particular 

an NHS Research Ethics Committee [REC]).   

Projects that fall outside of these categories will need to make a full 

submission to the Research Ethics Approval Committee for Health.  
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SECTION ONE 

 

Name  

(PI or Student and Supervisor) 

Gillian Myburgh 

Project 

Title 

Maturity Status of Elite British Youth Tennis Players relative to 

Functional Performance Tests. 

 

 Please tick the description that applies to your project 

Externally funded research 

project  

 Consultancy  PhD/PD/RPD/MD 

research project 

✔ 

Unfunded research project 

 

 KTP    

 

SECTION TWO 

Determining the nature of your research and  

the route for ethical approval you need to follow 

 

Described below are 4 routes for ethical approval (A-D) with corresponding 

research project features. Please read through all and tick the description that 

applies to your project.  

Provide the completed and signed documents as detailed in the corresponding 

grey box to the REACH Secretary. If you have any queries as to which option to 

select, please contact the REACH Secretary for guidance. 
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A. SUBMISSION OF EIRA1 FOR NOTING AT REACH 

1 My proposal is currently at the stage of application for funding  

2 My research project does not involve the use of human subjects or data 

from human subjects 

 

3 I intend to request the University act as Sponsor for my research. Apply 

for University Sponsorship.  N.B. subsequent Option D pathway below 

will be required once University Sponsorship and NHS REC approval 

have been granted.                                                                                                                                

 

• this Annex One  

• EIRA1 (Annex Two or Three) 

 

 

B. SUBMISSION OF EIRA1 AND EVIDENCE OF APPROVAL FROM OTHER 

UNIVERSITY OF BATH ETHICS COMMITTEE FOR REVIEW BY REACH  

4 My research has received approval from another ethics committee within 

the University of Bath, e.g. SSREC for ESRC funded projects, 

Psychology Ethics Committee 

 

• this Annex One  

• EIRA1 (Annex Two or Three)  

• Application and Approval letter from other University of Bath Ethics 

Committee 

N.B.  Annex Four is not required (as detailed in section C) 
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C. FULL CONSIDERATION IS REQUIRED BY REACH 

5 My research involves human subjects and does not take place in an 

NHS context 

� 

6 My research involves the collection human tissue that will be 

destroyed within a matter of hours or days and certainly no longer 

than a week. 

 

7 My research project involves analysis of secondary data originating 

from human subjects        

 

8 My research involves human subjects and takes place outside of the 

UK, and for which particular consideration needs to be given 

 

9 My research involves working with children and/or vulnerable adults  � 

10 My research has received approval from another UK University ethics 

committee 

 

• this Annex One  

• EIRA1 (Annex Two or Three) 

• Annex Four & attachments (Annex Four is not required if approval from 

another ethics committee within the University of Bath has been 

received, see category  B. above) 

• Annex Five (Option 6 only) 

• Confirmation the University Child Protection and Safeguarding Policy 

will be followed (Option 7 only) 

• Application and Approval letter from other University Ethics Committee 

(Option 8 only) 
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D. FULL NHS REC CONSIDERATION IS REQUIRED BY THE APPROPRIATE 

NHS REC, SUBMISSION OF DOCUMENTS FOR NOTING BY REACH  

 

11 My research meets the requirements for submission through the HRA 

IRAS system, that is, includes:  

• access to NHS patients 

• adults lacking capacity 

• collection and storage of human tissue (i.e. human tissue not 

destroyed within a matter of hours or days and certainly no 

longer than a week).  

• the use of ionising radiation  

• a clinical trial of an investigation medicinal product (CTIMP) 

 

 

• this Annex One  

• NHS REC approved study protocol, Participant information sheet and 

Consent form 

• Formal confirmation of NHS REC approval 

• EIRA1 (Annex Two or Three) 

• Annex Five (if study involves collection and storage of human tissue) 

• Details of who is Sponsoring this project 
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ANNEX TWO 

Department for Health 

Research Ethics Approval Committee for Health 

 

ETHICAL IMPLICATIONS OF POSTGRADUATE RESEARCH PROJECT 

 

This template should accompany the postgraduate research student application 

for candidature form submitted to the Board of Studies. 

(Additional departmental information may be incorporated as appropriate). 

 

Please note that this procedure is intended to help student and supervisor 

consider ethical implications of the proposed research project, and as such is a 

‘light-touch’ approach.  Supervisors are responsible for deciding whether a more 

extensive ethical review is necessary (such as submission to an NHS REC). 
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SECTION 1: COMPLETION FOR ALL RESEARCH 

Demonstration of Ethical Considerations 

Please outline the ethical issues which will need to be managed during the 

course of the activity.  

The main ethical issues of this project are ensuring that participant responses 

remain confidential and data is securely stored.  

The performance testing protocol performed by the players was the standard 

testing protocol performed by all players who attended a National or Regional 

Talent Identification day. As retrospective data will be used, no additional time is 

needed outside of the current schedule to complete the testing. The players 

were familiar with the tests performed and the level of discomfort associated 

with each test. Accordingly, the nature of the tasks did not raise any additional 

burden or ethical issues. 

Specific Issues 

10.  Does the research/project involve human 

participants in any way?  (Please note if you are 

processing personal data you need to tick ‘Yes’.) 

Yes 

✓ 

Complete 

Section 2 

11. Does the research/project involve animals in 

any way?  Please note that this includes all 

creatures (vertebrates and invertebrates) and 

their cells or tissues, whether living or post 

mortem 

Yes 
Complete 

Section 3 

12. Does the research require ethical approval by 

SSREC, REACH, Psychology Ethics 

Committee or the University Ethics Committee 

Panel? 

Yes 

REACH 

13th July 

2016 
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Declarations 

I confirm that the statements in Sections 1-3 describe the ethical issues that will 

need to be managed during the course of this research activity and that 

consideration has been given to whether further ethical approval is required and 

how this will be sought. 

Principal Investigator/ 

Supervisor/Project Supervisor 

Signature:  

 

Date: 27 June 2016 

Print Name: Sean Cumming 

Second reader(PhD/DHealth/ 

MPhil/MD only)(normally external 

to the project team) 

Signature: 

Date: 

Print Name: 

Researcher/Student 

 Signature:  

Date: 27 June 2016 

Print Name Gillian Myburgh 

 

Please return this form to the Secretary for the Research Ethics Approval 

Committee for Health (REACH).  (Issues will be monitored for incorporation 

into an annual departmental report to be submitted to the University Ethics 

Committee.)		 	
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SECTION 2: FOR COMPLETION IF YOUR RESEARCH INVOLVES 

HUMAN PARTICIPANTS 

 

If any of the answers to these questions are ‘yes’, please confirm in the  

space below how the ethical issues will be managed during the course of  

the activity. 

 

Compulsory question for consideration by all disciplines: 

 Yes No 

Will the study involve obtaining or processing personal data 

relating to living individuals, (eg involve recording interviews 

with subjects even if the findings will subsequently be made 

anonymous)?       

Note: If the answer to this question is ‘yes’ you will need to 

ensure that the provisions of the Data Protection Act are 

complied with. In particular you will need to seek advice to 

ensure that the subjects provide sufficient consent and that the 

personal data will be properly stored, for an appropriate period 

of time). Information is available from the University Data 

Protection Website http://www.bath.ac.uk/internal/data-

protection/ and dataprotection-queries@lists.bath.ac.uk       

Note: For Consultancy Projects you are encouraged to ask the 

client to arrange/liaise with living individuals and have the data 

delivered to you for analysis.   

✓  

 

Departments may amend the following list to include topics of particular 

relevance to their discipline(s). 
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 Yes No 

1. Does the study involve participants who are particularly 

vulnerable or unable to give informed consent?  (e.g. children, 

people with learning disabilities) 

 ✓ 

2. Will the study require the co-operation of a gatekeeper for initial 

access to the groups or individuals to be recruited?  (e.g. 

students at school, members of self-help group, residents of a 

nursing home) 

 ✓ 

3. Do you require a DBS (Disclosure and Barring Service) check 

and if so have you obtained the necessary documents and 

approval? 

 ✓ 

4. Will it be necessary for participants to take part in the study 

without their knowledge and consent at the time? (e.g. covert 

observation of people in non-public places) 

 ✓ 

5. Will the study involve discussion of sensitive topics? (e.g. sexual 

activity, drug use) 

 ✓ 

6. Are drugs, placebos or other substances (e.g. food substances, 

vitamins) to be administered to the study participants and/or will 

the study involve invasive, intrusive or potentially harmful 

procedures of any kind? 

 ✓ 

7. Will blood or tissue samples be obtained from participants?  

Note: If the answer to this question is ‘yes’ you will need to be 

aware of obligations under the Human Tissue Act, see further 

information at 

http://www.bath.ac.uk/research/governance/ethics/hta.html   

 ✓ 



 

Appendices 345 

 Yes No 

8. Is pain or more than very mild discomfort likely to result from the 

study? 

 ✓ 

9. Could the study induce psychological stress or anxiety or cause 

harm or negative consequences beyond the risks encountered in 

normal life? 

 ✓ 

10. Will the study involve prolonged or repetitive testing?  ✓ 

11. Will financial inducements (or other expenses and compensation 

for time) be offered to participants? 

 ✓ 

12. Will the study involve recruitment of patients or staff through the 

NHS?    

Note: If the answer to this question is ‘yes’ you will need to 

submit an application to the NHS through IRAS (Integrated 

Research Application System), see: 

http://www.hra.nhs.uk/research-community/applying-for-

approvals/ 

 ✓ 
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Section 2:  Demonstration of Ethical Considerations 

 

Every effort will be made to preserve the confidentiality of the player including 

the following: 

§ Assigning code numbers to the players that will be used on all researcher 

notes and documents.  

§ The researcher and the members of the researcher’s committee will 

review the researcher’s collected data. Information from this research will 

be used solely for the purpose of this study and any publications that may 

result from this study.  

§ Any final publication will not identify any of the participants involved in the 

study and their anonymity will be maintained.  

 

Furthermore, every effort will be made to store the data securely which will 

include: 

§ All data and information collected on each participant will be kept in a 

locked file cabinet in the personal possession of the researcher.  

§ Electronic data will be stored on password-protected computers at the 

Lawn Tennis Association.   
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SECTION 3: FOR COMPLETION IF YOUR RESEARCH INVOLVES ANIMALS 

 Yes No In 

progress 

1. Has the project been submitted to and approved by 

the Animal Welfare and Ethical Review Body? 

You should contact the Animal Research Liaison 

Officer (ARLO: arlo@bath.ac.uk) to register your 

project.   All projects involving animals must be 

registered with the ARLO and approved by the local 

Animal Welfare and Ethical Review Body (AWERB). 

   

2. If your project is governed by the Animals 

(Scientific Procedures) Act incorporating EU Directive 

2010/63/EU [new A(SP)A], have you obtained the 

relevant Home Office licenses? 

   

3.  If your project is not controlled by the new A(SP)A, 

is it controlled by any other UK legislation? If so, 

please specify 

   

4. If the research is not controlled by any of the above 

legislation, have the ethical implications of the project 

been considered by the Animal Welfare and Ethical 

Review Board? Please complete the Ethical Review 

Form accessible from: 

http://www.bath.ac.uk/research/governance/ethics/  

accessed via Resources/Forms/Animals – Ethical 

Review Form 
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Section 3:  Demonstration of Ethical Considerations 

This section is available for submission of further details relevant to Section 3. 

 

ANNEX FOUR – Application form for full submission for research ethics 

approval 

Department for Health 

Research Ethics Approval Committee for Health 

Title of study 

 

 

Maturity Status of Elite British Youth Tennis 

Players Relative to Functional Performance 

Tests. 

Chief investigator 

(for research student projects, 

put research supervisors name 

here) 

(for undergraduate 

projects, put project 

supervisors name here) 

Name: Dr. Sean Cumming 

 

e-mail: S.Cumming@bath.ac.uk 

 

Telephone: 01225386251 

Other investigators 

(for research student 

projects, put students 

name here) 

(for undergraduate 

projects, put student(s) 

name here) 

Name: Gillian Myburgh 

 

email:  

 

Telephone:  

Source of funding for the study Lawn Tennis Association 

Proposed dates of 

Study 

October 2016 – October 2017 
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Research question § The primary purpose of this study will be to 

generate developmental trajectories for a 

variety of functional capacity tests of elite 

level British tennis players. 

 

Questions of interest include: 

 

§  To what extent does individual variance in 

biological maturity and growth 

characteristics contribute to variance in 

physical fitness and performance? 

 

§ Is it possible to model the effects of 

biological maturation in relation to athlete 

development on single motor performance 

tests for speed, strength, agility, power and 

endurance? 

Background (less than 100 

words) 

Talent identification protocols are 

implemented to identify promising youth and 

accelerate their progress. However, most 

models do not account for the dynamic nature 

of talent and the capacity of an individual to 

develop these characteristics. Furthermore, 

the confounding factor of maturity further 

complicates the ability to identify true athletic 

potential. 
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A long-term approach to testing and 

monitoring would measure a player’s 

progress over a period of time rather than a 

one off performance. Therefore the aims of 

this research are to develop progressive 

developmental trajectories of a variety of 

functional performance tests and ascertain 

the performance of players of differing 

maturity status within the same age group. 

Methods (less than 300 words) Retrospective data pertaining to the 

performance of male and female elite junior 

British tennis players will be used to generate 

a series of developmental trajectories from a 

set of standardised physical tests.  Data 

collected by the LTA from 2010 To 2016 will 

be used in this study.  

 

The participants in this study include elite 

British youth tennis players in each age group 

from U8 to U16, with the qualification criteria 

dependent on the age group evaluated. 

Players selected for the U8 and U9 Regional 

Talent Identification Days were determined by 

the Tennis Performance Manager of the 

region, however, included top Nationally 

ranked players. Tennis Performance 

Managers selected the players for the U10 
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National Talent Identification days (NTID) that 

were confirmed by the relevant age group 

Captains. The Top 16 ranked players were 

selected for the U11 and U12 NTID. The top 

10 female players on the National Seasonal 

Ranking list and those within the top 125 U14 

Tennis Europe rankings were selected for the 

U13 NTID. The top 8 female players on the 

National Seasonal Ranking list, those within 

the top 50 U14 Tennis Europe ranking and 

top 500 ITF ranking were eligible to attend the 

U14 NTID. Male players selected to attend 

the U13 NTID fell within the top 10 players on 

the National Seasonal Rankings List or within 

the top 125 Tennis Europe rankings. Male 

players selected to attend the U14 NTID fell 

within the top 10 players on the National 

Seasonal Rankings List, within the top 50 on 

the Tennis Europe rankings or within the top 

150 for Tennis Europe combine rankings 

The Fels method for calculating skeletal age 

from hand x-rays will be used as a 

retrospective index of maturation status on a 

superimposed sample of the data. The 

superimposed data will be anonymous, 

coming from existing LTA data that has 

previously received ethical clearance from 
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REACH (7th September 2011). 

Sample size (or 

equivalent qualitative 

approach) 

Approximately 3500 junior male and female 

tennis players. 

Proposed Analysis 

 

The study will employ a number of methods 

of analysis including descriptive statistics, 

person product moment correlations, curve 

estimation procedures, and regression 

analyses. 

Potential risks to volunteers 

 

As the data is retrospective and the 

participant’s will be anonymised, there is no 

risk to participants. 

Potential for pain/discomfort 

 

During the standardised tests, the participants 

would have experienced no more discomfort 

than they were used to when participating in 

their sport. 

Benefits to participants 

 

The creation of developmental trajectories 

across a series of functional tests will allow 

practitioners to better monitor and evaluate 

player performance over a period of time. It 

will also ensure an enhanced appraisal of 

each individual’s physical attributes and allow 

players to be compared to peers of the same 

maturity. 

 

Understanding the effects of maturity status 

on testing results will allow improved analysis 
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of the player’s results and assist in aligning 

the players physical development to their 

current stage of growth and maturation. 

 

The information obtained from this study will 

also aid the evaluation and selection of British 

youth tennis players hoping to be selected for 

the Pro Scholarship Programme 

How will participants be 

recruited? 

Participants are not being recruited for this 

study. 

Exclusion/inclusion criteria 

 

The analysis will be restricted to players who 

are ranked within the top 16 in the country 

and those that have passed the selection 

criteria for both the Regional and National 

Talent Identification Days. 

How will participants consent 

be taken? 

As the data is retrospective, there is no need 

to seek consent from the participants. 

How will confidentiality be 

ensured? 

Hard copies of data will be stored in a locked 

filing cabinet at the Lawn Tennis Association.   

Electronic data will be stored on password-

protected computers at the Lawn Tennis 

Association.   

All data will be retained for 5 years following 

completion of the study.  

Participant’s names will be removed and 

replaced with a British Tennis Membership 

Number to ensure anonymity. Therefore, no 
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participant’s names will appear on either hard 

copies or electronic data.     

Where these are collected for the purposes of 

matching children’s data, a list of names to 

British Tennis Membership numbers will be 

held by the principal investigator and 

destroyed after the completion of data 

collection. 

 

Attach the following (where relevant): 

1. Participant information sheet 

2. Consent Form 

3. Health history questionnaire 

4. Poster/promotional material 

5. Copy of questionnaire/ proposed data collection tool (questionnaire; interview 

schedule/ observation chart/ data record sheet/ participant record sheet) 

Signed by: Principal Investigator or Student Supervisor 
 
 
_______________________ Date: ___27 June 2016_________ 
 
 
Signed by:  Student or other researchers 
 
 
_______________________ Date: ____27 June 2016________ 
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Appendix A. Participant information form for study 6 

 
 
 
 
 
 
 

 

 
BIOLOGICAL MATURATION AND 

PHYSICAL PERFORMANCE IN ELITE 
BRITISH JUNIOR TENNIS PLAYERS 

 
SPORT AND EXERCISE SCIENCE 

 
     Department of Health 
 

Dear Parent and Player: 

 

Players attending a National Camp during the 2017-2018 year have been 

invited to take part in a research study conducted by my colleagues and I from 

the University of Bath in conjunction with the LTA. The study will be conducted 

during attendance at the National Screening Days and will require no further 

time commitment afterwards. The research is optional, so we would like to 

give you the chance to see what is involved before both you and your child 

decide whether you would be happy for them to take part.   

 

Identifying and developing talented young tennis players are an important part 

of producing future champions and as a result many National Governing 

Bodies, the LTA included, have implemented both talent identification 

protocols and developmental campaigns. In addition to assessing tennis 

playing capability, these protocols include a battery of physical tests that are 

Further Information 
If you have any queries regarding 

this study please contact:  
Gill Myburgh 

Lawn Tennis Association 
100 Priory Lane 

Roehampton 
SW15 5JQ 
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used to ascertain whether a player is physically progressing in line with the 

desired norms of their peer group. 

	

Understanding the variety of factors associated with performance, the interplay 

of these factors and the individuality involved when assessing young athletes 

is a challenging task. Taking into consideration that the tests in these protocols 

commonly focus on speed, strength and power they may favour those 

individuals who are physically more mature at a younger age. In addition, by 

performing these tests during adolescence the effects of growth and 

maturation can play a confounding role in the analysis of the results.  

 

In order to create a fair and level playing field for all players performing a 

physical testing protocol, we would like to investigate the effect that maturation 

status plays on the physical performance of a young tennis player. Whilst we 

have conducted initial research on this in 2011, we would like to include the 

current playing group to determine whether our findings remain topical. We 

hope that the discoveries will enable us to accommodate for maturity when 

evaluating physical performance and as a result provide a more reflective 

picture of the players’ progress and developmental areas. 

Procedure 

Players who wish to take part will perform the performance testing protocol 

currently implemented on the National Assessment days in addition to a 

skeletal x-ray of their left hand. The physical testing will implemented by two 

experienced LTA personnel familiar with the performance testing procedure. 

The players will be tested as a group, however, their individual results will be 

kept confidential from the other players. The players will be given full 

instruction on how to perform the tests and will have the opportunity to ask 

questions should they need additional clarification. 
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The skeletal hand x-ray will be performed by a trained technician in a private 

room on an individual basis. The wrist x-ray will expose the player to an 

effective dose of 0.001 millisievert (mSv), which is equivalent to 3 hours of 

environmental exposure. Considering that the average person receives an 

effective dose of about 3 mSv per year from naturally occurring radioactive 

material, the x-ray poses a negligible risk to the long-term health of the player. 

Confidentiality 

Every effort will be made to preserve the confidentiality of the player including 

the following: 

§ Assigning code numbers to the players that will be used on all researcher 

notes and documents.  

§ All data and information collected on each participant will be kept in a 

locked file cabinet in the personal possession of the researcher.  

§ The researcher and the members of the researcher’s committee will review 

the researcher’s collected data. Information from this research will be used 

solely for the purpose of this study and any publications that may result 

from this study.  

§ Any final publication will not identify any of the participants involved in the 

study and their anonymity will be maintained.  

 

This research is entirely optional. If you are happy for your child to take part, 

please complete the online survey at the link provided in your invitation. 

Additionally, each child will need to complete the Participants Accent Form at 

the same link if they are happy to take part in the research project. If both you 

and your child would prefer not to take part, both you and your child will need 

to tick the ‘opt out’ box at the link provided. Please feel free to contact us 

should you have any queries or concerns regarding the study. The players will 
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also be able to opt-out at any time, and we would like to reassure both you 

and them that whether or not they take part will not affect their assessment on 

the National Assessment Day in any way.  

Further Information  

If you have any queries regarding the present study please contact Mrs. Gill 

Myburgh (Tel:  or Dr. Sean 

Cumming (Tel: 01225 386251; Email: S.Cumming@bath.ac.uk).   

 

Yours sincerely	

 

Gill Myburgh 

IMPORTANT 

Maturation Status 

To accurately assess your child’s maturation status, we also need to know your 

height (biological mother and father if available; in feet and inches or cm). Please 

could you supply this information at the link provided. If you are unable to provide 

this information, please put ‘NA’ in the box online.  
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Appendix A. Sample of online parent and player consent and assent form 
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Appendix B. Publications emanating from this research 
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