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INTRODUCTION 

As children progress toward adulthood, they experience the two more important 

biological activities, i.e., growth and maturation. Each of these processes has its specific 

dynamic features, and although clearly distinct from each other, a closely relationship 

exists between the two. The target is the adult state – maturity, and the processes imply 

several physiological and morphological alterations until the maturity state is attained. 

Young athletes experience an additional physiological phenomena resulting 

from the regular intense training they undergo. While stature is largely dependent on the 

timing and tempo of maturation, sports training potentially decreases body fat levels and 

increases fat-free mass (FFM), with significant variations among the proportions of the 

various components of the FFM. Where is the frontier between the growth-associated 

and the exercise-induced body composition changes remains difficult to be established.  

The ability to accurately quantify body components within the specific 

biological contexts of growth and sports training has been leading an imperative need to 

assemble data addressing the associated underlying principles, i.e., the five-level model 

and a dynamic relation between body components, instead of the well defined adult 

steady-state between components. In the biological context of growing, maturation and 

sports training, the existence of systematic dynamic relations between body components 

make the rules vulnerable and almost impractical, which emphasizes the importance of 

using multi-component approaches to assess body composition in pediatric athletic 

populations.  

The influence of exercise in growing and maturing children and adolescent and 

the associated changes in body composition has been widely study, especially in 

relation to body fat, lean mass and bone mineral content. However, unfortunately, 

research on body composition in athletic pediatric populations is often based on indirect 
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methods rather than multi-component approaches and direct measurements of body 

components. Critical to most indirect methods is the assumption that FFM closely 

approaches that of the adults and does not change significantly in its composition during 

growth, maturing and sports training. 

Considerable evidence exists demonstrating changes in the chemical 

composition in growing children and the fact that chemical maturity in humans does not 

occur until postpubescence is reached (1). As a result, several available methods 

validated in adults, based on two-component models, and thus assuming the chemical 

maturity of FFM, that is, its constant composition, are likely inaccurate when applied 

among children and adolescents. It is recommended the replacement of two-component 

models, partitioning the body into fat and FFM, by multi-compartment approaches that 

account for the variability of the proportions of the fat-free body components, in order 

to provide valid and accurate estimates of body composition among pediatric 

populations.   

Nevertheless, the use of multi-component models for body composition 

estimates is expensive, time consuming and thus unpractical for a variety of 

investigations or settings. The limitations of body composition methods that do not 

account for the variability of the FFM composition observed in young populations may 

be partially overcome by using age- and gender-specific constants of FFM components 

(1), although the intra-variability within each subject’s age and gender (depending on 

the level of exercise training, for example) remains uncontrolled. 

The main purposes of the current dissertation were to step forward the 

knowledge about the proportions of the various body compounds in young Portuguese 

athletes engaged on selected sports and its associations with exercise training, while 
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affording a practical means to accurately assess total body water by taking into account 

the variability of the composition of the fat-free mass and also skeletal muscle mass. 

Firstly, in Chapter 1, a brief review of the main features of growth and 

maturation is provided. Important aspects of body composition in children and 

adolescents athletes are discussed, including the variability of the composition of the 

FFM and the available methodologies for body composition estimates among children 

and adolescents. Then, the main characteristics of young athletes is focused, including 

body size, physique and maturation, sports training, the chemical maturity of FFM, 

body composition profiles and the methods used for body composition evaluations in 

athletes.  

Chapter 2 provides a description of the methods used throughout the five 

investigations that make up this dissertation (Chapter 2).  

Chapters 3 and 4 include two important methodological aspects of body 

composition measurements in adolescent athletes. Chapter 3 presentes few aspects 

related to the methods used to estimate total body water in children and adolescents and 

their validity when used among young athletes. Chapter 4 refers to a new developed 

method for muscle mass estimates in young athletes.  

Body composition profiles related to participation in sports training is discussed 

throughout Chapters 5, 6, and 7. Accordingly, comparisons between cellular and 

molecular body components depending on the amounts of training and types of exercise 

were provided in Chapters 5 and 6, respectively. Chapter 7 presents a detailed 

comparison between bone parameters among athletes and non-athletes. Finally, 

Chapter 8 discusses the main findings of the five investigations, while the overall 

conclusions are presented in Chapter 9.  



Chapter 1        Introduction 

Faculdade de Motricidade Humana – LabES 5 
 

GROWTH AND MATURATION  

Children and youth experience, for approximately the first two decades of life, 

three interacting, yet distinct processes: growth, maturation and development, which 

occur simultaneously. While development refers to the acquisition of behavioral 

competence, i.e., the learning of culturally appropriate behaviors expected by the 

society, growth and maturation are characterized by individual variations and refer 

respectively to the increase in the size of the body as a whole, and of its parts, and the 

progress towards the biologically mature state. From infancy and childhood until 

adolescence, important changes occur in the body and among its components, which 

will be briefly described bellow.  

 

Growth patterns  

Weight and stature (or height) are the most used measurements of growth. 

Weight refers to body mass, which is a result of body fat plus fat free mass (and its 

components). Stature is a composite of linear dimensions contributed by the lower 

extremities, the trunk, the neck, and the head.  

Generally, both weight and stature follow the same four-phase growth pattern: 

rapid gain during infancy and early childhood, rather steady gain during middle 

childhood, rapid gain during the adolescent growth spurt, and slow increase until 

growth ceases with the attainment of adult stature, while body weight continues to 

fluctuate into adult life. 

Gender differences in the size of most dimensions are small during the 

preadolescent period. In early adolescence girls become temporary taller, heavier and 

size advanced, because of their earlier growth spurt, whereas boys surpass girls in most 
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dimensions as their adolescent spurts occur and, on the average, become taller, heavier 

and larger in adulthood (2).  

Reference data from large samples of healthy children from infancy to young 

adulthood is usually used for assessing the growth status of a single child or a sample of 

children (2-4). These reference data is often presented in the form of curves representing 

different percentiles at different ages. Percentiles are useful when evaluating children 

and adolescents. For instance, if a girl’s stature is at the 50th percentil and her body 

weight is at the 75th percentile, for her age, indicates that she has an excessive weight 

for her height. On the other hand, if a boy’s stature is at the 10th percentile for is age, 

this boy is proportionally small.  

The curves indicating the rate or velocity of growth (cm/year or kg/year), i.e., 

the velocity curves, have different forms than those for size attained in stature and body 

weight. Stature and weight have different growth rates during infancy and childhood. 

Until the adolescent spurt, stature growths at a constantly decelerating rate, and the 

lowest rate point is reached just before the initiation of the adolescent spurt. At this 

point, the rate curve begins to accelerate. Specifically, liner growth velocity rapidly 

decelerates from birth to 2 years (about 9 cm per year) and from 2 years to 5 years 

(about 7 cm per year). Liner growth continues decelerating, on average, at about 5 to 8 

cm per year until the onset of adolescence. By approximately 9 to 10 years in girls and 

11 to 12 years in boys, the rate of growth in stature begins to increase, marking the 

adolescence growth spurt. The acceleration in the rate of growth in height goes on until 

it reaches the higher peak (peak of height velocity – PHV). Reported mean ages at PHV 

in European girls and boys vary, respectively, between 11.4 and 12.2 years and 13.8-

14.4 years (5).  This period of rapid growth is highly variable among individuals. Girls 

experience their adolescent spurt and PHV on average, approximately 2 years before 
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boys (5, 6). By about 16 years of age, girls stop growing in stature, whereas boys 

continue to grow for more 2 or 3 years. The gender difference in young adult stature is 

approximately 13 cm (2).  

The growth spurt in body weight begins slightly later than the growth spurt on 

stature. Body weight curve decelerates during infancy and the second year and then 

accelerates constantly until the adolescent spurt.  

Regarding body fat, expressed as a percentage of body weight, it increases 

rapidly during infancy in both boys and girls, and then gradually declines during early 

childhood. Throughout infancy and childhood, girls have slightly greater percent body 

fat than boys, and from 5 to 6 years of age on, girls consistently display greater percent 

body fat than boys, especially during adolescence. In boys, percent body fat also 

increases gradually until just before the adolescent growth spurt (about 11 to 12 years) 

and then gradually declines, reaching its lowest point at about 16 to 17 years. From 

these ages, body fat tends to increase into adulthood. The rapid increase in girl’s percent 

body fat is due to the gender-specific hormonal changes, while boys experience rapid 

growth rates in their FFM. The growth pattern of FFM is similar to that of body mass, 

and depends of the variations that occur in the FFM components, which will be 

discussed in a later section. 

Besides stature and weight, other body dimensions are commonly measured in 

children and adolescents to provide information about general growth patterns during 

infancy, childhood and adolescent spurt. Skeletal breadths are indicators of the 

robustness of the skeleton, limb circumferences are used as indicators of muscularity 

level, skinfolds thickness are a measure of subcutaneous adipose tissue and head 

circumference is routinely used during infancy and childhood, to monitor the growth of 

the brain.  
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Sexual maturation 

Children at the same age can vary considerably in their biological maturity status 

and this variation can be important when evaluating growth and body composition 

among children and adolescents. 

As stated previously, maturation refers to the progress from prepubertal 

childhood to adulthood and has two main components: 1) timing (time when specific 

maturational events occur, i.e., age when menarche is attained, age at the beginning of 

breast development, age at the appearance of pubic hair, or age at maximum growth 

during the adolescent growth spurt) and 2) tempo (rate at which maturation progresses – 

how quickly or slowly a person asses from initial stages of sexual maturation to the 

mature state) (6).  

Children can be grouped into one of the following maturity categories: early 

(advanced), average (on time) and late (delayed). Independently of the group, every 

child reaches the same endpoint by becoming fully mature. Among the maturity 

indicators usually used to classify children, the most easily to assess is the age at 

menarche among individual girls (7), and the secondary sex characteristics among both 

genders, as indicated by Tanner (8).  

On average, girls experience their menarche at about 9 years through 17 years. 

Among European girls, the estimated median ages at menarche from the mid-1960s 

through 1980s ranged between 12.5 years and 13.5 years of age (6). 

There is an intimately association between growth, maturation and body 

composition. It appears that early-maturing children of both genders are taller and 

heavier then children who mature later. Moreover, late-maturing children seem to 

display a more linear physique, i.e., less weight-for-height and relative long legs. The 

size and physique differences among children of contrasting maturity status are most 
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apparent during adolescence (9). Sexual maturation is also accompanied by small gains 

in bone, muscle mass and strength, a widening of the hips relative to the shoulders, and 

substantial gains in fatness among girls. Indeed, more mature children in a given age-

group display larger measurements of bone, muscle and body fat mass in comparison to 

lees mature children. As for size and physique, the differences between children of 

different skeletal maturity increase with age and, particularly muscle mass in boys 

appears to have more pronounced differences during adolescence, with early-maturing 

boys having larger muscle mass, FFM and overall body size than lat-maturing 

individual. During adolescence, girls display smaller increases in muscle mass and 

FFM, though early-maturing girls become larger and with more muscle mass and FFM 

than late-maturing girls (9).  

 

FAT-FREE BODY MASS PARTITIONING 

A multicomponent body composition approach divides FFM into three main 

components: water, mineral and protein. Body composition studies have pointed out 

that the contribution of these FFM components changes during growth and becomes 

relatively stable just when postpubescence is reached (1, 10). Accordingly, the water 

content of the human body decreases sharply from 80.6% at birth to about 74% at the 

age of 20 (1). In contrast to the high water content of the FFM of newborns and infants, 

the estimated contribution of mineral to FFM is relatively stable during infancy and 

early childhood and then increases until it reaches the higher peak at the adolescence. 

The relative contribution of protein to FFM increases linearly with age (1, 10). Thus, 

with growth and maturation, the relative contribution of the estimated solid components 

of the FFM (mineral and protein) increases, whereas the relative contribution of the 

estimated water component declines, as indicated in Table 1.1.. 
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Table 1.1. Estimated composition of the fat free mass (FFM) during growth1 

  FFM compartments (%) 
Age (years) 

  Water Protein Mineral 
Potassium (g/kg) Density (g/cm3) 

Males         
Birth    80.6 15.0 3.7 1.9 1.063 

1    79.0 16.6 3.7 2.2 1.068 
3    77.5 17.8 4.0 2.4 1.074 
5    76.6 18.5 4.3 2.5 1.078 
7 - 9  76.8 18.1 5.1 2.4 1.081 
9 - 11  76.2 18.4 5.4 2.5 1.084 

11 - 13  75.4 18.9 5.7 2.5 1.087 
13 - 15  74.7 19.1 6.2 2.6 1.094 
15 - 17  74.2 19.3 6.5 2.6 1.096 
17 - 20  74.0 19.4 6.6 2.6 1.099 

Females         
Birth    80.6 15.0 3.7 1.9 1.064 

1    78.8 16.9 3.7 2.2 1.069 
3    77.9 17.7 3.7 2.4 1.071 
5    77.6 18.0 3.7 2.4 1.073 
7 - 9  77.6 17.5 4.9 2.3 1.079 
9 - 11  77.0 17.8 5.2 2.3 1.082 

11 - 13  76.6 17.9 5.5 2.4 1.086 
13 - 15  75.5 18.6 5.9 2.4 1.092 
15 - 17  75.0 18.9 6.1 2.4 1.094 
17 - 20   74.8 19.2 6.0 2.4 1.095 

1 Adapted from (1, 10) 

 

Gender differences regarding the relative contribution of FFM components 

become apparently in early childhood. After about 3 years, boys display less water and 

more protein and mineral than girls, which result in a greater density of FFM in boys 

after the age of 3.  
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Chemical maturity of FFM  

The importance of establishing the age-associated variation in the composition 

of the FFM was conceptualized by Moulton (11), early in 1923. This investigator 

introduced the term of “chemical maturity”, which is one of the most important 

concepts of body composition research in children and adolescents. The chemical 

maturity refers to the chemical stability of the fat-free cells. As previously showed, 

during growth the relative contribution of the FFM components changes, and when 

one’s FFM mass composition reaches the average of the adult value (i.e., 73.8% of 

water, 6.8% of mineral and 19.4%, with their densities of 0.9937, 3.038, and 1.34 

g/cm3, respectively, at 36ºC), and consequently the assumed adult density value of 

1.100 g/cm3 (12), the individual is said to be chemically mature. Evidence indicates that 

children and youth do not become chemically mature until they are between 15 and 18 

years of age (1). 

 

FFM Hydration 

The water fraction of the FFM exerts a strong influence on its density, because it 

is the largest single component, and has a relatively low density comparing to the 

mineral and protein fractions (13).  

Age- and gender-specific values of FFM hydration for children from birth to 10 

years were first calculated from multiple data sources by Fomon et al (10). In 1989, 

Lohman (14) made modifications to the values previously published (10), by accounting 

predicted linear changes with age of the water and mineral components of FFM. 

Fomon’s et al (10) and Lohman’s et al values (14) agree within 1% of each other 

throughout the age-range of 1-10 years, with the Lohman values being slightly higher 

throughout in each gender. Empirical values for FFM hydration during infancy were 
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recently provided (15), which were close to those from the reference child in each 

gender. Boileau et al (13), Roemmich et al (16), Wells et al (17) and Bray et al (18) 

focused on an average age of 10 years and demonstrated a relatively good agreement 

(within 1%) with the values of both Fomon (10) and Lohman (14). Data provided by 

Bray (18) among boys were the only exception, and did not show good agreement with 

the previous data (10, 14). In addition, while all the other studies were based on 

theoretical calculations and models, Bray et al (18) used DXA for measurements of lean 

soft tissue, which makes these values dependent on the accuracy of DXA. 

Hewitt et al (19) used deuterium dilution to estimate TBW and a multi-

component model based on body density, TBW and bone mineral to estimate FFM, in 

children with a mean age of 8.5 years. The values obtained showed poor agreement with 

the previous values (10, 14). 

Wang et al (20) developed a physiological models, in which FFM hydration is 

shown to be determined by the hydration of body cell mass, by the hydration of 

extracellular fluid, by the ratio of extracellular solids and TBW and by the ration of 

extracellular water and intracellylar water. The authors reported a close agreement 

between the values of the reference child and their model. 

Figure 1.1 represents the FFM hydration values for boys and girls, according to 

theoretically derived reference data and empirical studies. As summarized in Table 1.1, 

the water content of the FFM decreases with age and the values are slightly different at 

each age, according to the methods used to estimate it. 
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Figure 1.1. Hydration of fat-free mass in (a) boys and (b) girls (21):  
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BODY COMPOSITION ASSESSMENT IN CHILDREN AND YOUTH 

The rules of body composition research  

 

There were identified two fundamental concepts within the body composition 

rules area: 1) the five-level model of human body composition; 2) a body composition 

steady state (22, 23). 

The five-level model states that more than 30 main body components make up 

the human body and are organized into five distinct, still interconnecting levels of 

increasing complexity: atomic, molecular, cellular, tissue-system and whole-body (22). 

By summing all components at each level, body weight is obtained. The main 

components at these body composition levels are illustrated in Figure 1.2. This five-

level model approach implies that the components from a lower level and those at the 

higher-levels are linked. For instance, among athletes who are regularly active in sports 

training, it is expected that the greater level of skeletal muscle mass is a result of an 

increase in the respective components at the lower levels (ex. protein and water). 

 

 

 

 

 

 

 

 

 

Figure 1.2. The five-levels of human body composition (22). 
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The second main rule of body composition research states that a “body 

composition steady-state” exists. Indeed, during certain periods, the proportions of the 

various body components are constant, or relatively constant, within and between 

individuals (23).  

Assembling information regarding the stable (or relatively stable) associations 

between elements and also between elements and components at higher body 

composition levels is central to development of body composition models and methods 

(23). On the other hand, the known steady-state relationships or “rules”, are dependent 

on the accuracy of the methods used to estimate the respective components, which, in 

turn, are closely associated with the biological homeostasis of the human body. 

In the current dissertation we propose a replacement of the second rule of human 

body composition research, i.e., the “steady-state of body components” for the 

“dynamic relation between body components”. This concept suggests a relationship 

between body components and specific physiologic features. In the context of growth 

and regular exercise training, children and adolescents are exposed to specific 

physiologic processes, which alter the fractions of body components. This approach is 

known as “dynamic body composition models”. 

 

Multi-component molecular-level models 

All multi-component molecular models (≥ 2 components) share a common 

feature: all assume constant densities for fat and for fat-free mass components. Table 

1.2. presents the assumed densities of molecular components, used in molecular level 

multi-component models. 
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Table 1.2. Assumed constant densities of the various molecular components (24). 

Molecular component  Density (g/cm3) 
Fat (at 36º C)  0.9007 
Fat-free mass (at 36ºC)  1.100 
Water (at 36º C)  0.99371 
Protein (at 37 ºC)  1.340 
Mineral  3.038 
     Bone (at 37 ºC)  2.982 
     Soft tissue (at 40ºC)  3.317 
Glycogen (at 37 ºC)  1.520 
Residual mass (at 37 ºC)  1.404 

 

Multi-component molecular models are developed from simultaneous equations, 

which incorporate molecular components, thus diminishing the errors associated with 

the assumptions required on the simple two-component model. In other words, as more 

components are added into the model, the assumptions-associated errors become lower. 

This is the main reason why multi-component models are often considered the criterion 

against which other methods for body fat estimates are validated. 

A practical example for a better understand of multi-component models is 

looking at the two-component hydrodensotometric model (24) and the way it evolved to 

a three-, four-, and five- component models.  

The firstly introduced two-component hydrodensitometry method for body fat 

estimates by Behnke and his colleagues  (25) derived from two molecular models: a 

body weight (BW) model, in which body weight was composed respectively by fat 

(FM) and FFM (BW = FM + FFM ) and a body volume (BV) model, in which BV 

(measured by underwater weighing) was obtained by the ratio of fat mass to fat mass 

density (measurable property)  plus the ratio of fat-free mass to FFM density 

(measurable property) (BV = FM / 0.9007 + FFM / 1.100). 
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Then, in 1961, Siri proposed a three component model (26), which extended 

Behnke’s two-component model (25), by adding TBW estimates to the measurable BV 

and BW quantities, to obtain fat mass  (26) (see Table 1.3.). The measurement of TBW 

reduces the errors associated to individual differences in hydration presented in 

Behnke’s two-component model.  

Likewise, the advanced dual energy X-ray absorptiometry made possible the 

estimation of bone mineral and enabled the development of a four-component model for 

body fat estimates (four measurable quantities: body weight, TBW, bone mineral and 

body volume) (23, 27-29) (Table 1.3.).  

For the development of this four-component model the remainder of body 

weight, after the subtraction of fat, water and bone mineral, is assumed to be either 

protein plus soft tissue mineral of know densities or residual mass (protein plus soft 

tissue mineral plus glycogen) of known density. Accordingly, the equation upon which 

four-component models are developed is the following: 

BW = FM + TBW + Mo + residual                                                                    (1) 

where BW is body weight, FM is fat mass, TBW is total body water, Mo is bone 

mineral and residual is composed by protein, soft tissue minerals and glycogen, of 

known density. The body volume model for this method is thus calculated through the 

densities of the components, as follows (24): 

 BV = FM / 0.9007 + TBW / 0.99371 + Mo / 2.982 + residual / 1.404               (2) 

Bellow it is represented the two-component hydrodensitometric model and some multi-

component molecular models for body fat estimates (Table 1.3.). 
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Table 1.3. Example of some models for estimating total body fat mass based on 

measured body weight and volume1 

Model Measurable 
properties 

Known 
component(s) Author Reference 

2-Component 
Fat = 4.95 x BV - 4.50 x BW 

BV, BW None Behnke et al., 
1942 (25) 

3- Component     

Fat = 2.057 x BV - 0.786 x TBW - 1.286 x 
BW BV, BW TBW Siri, 1961 (30) 

Fat = 6.386 x BV + 3.961 x mineral - 6.09 x 
BW BV, BW Mineral Lohman, 1986 (1) 

4-Component     

Fat = 2.75 x BV - 0.714 x TBW + 1.148 x 
mineral - 2.05 x BW BV, BW TBW, mineral Baumgartner 

et al.,1991 (28) 

Fat = 2.747 x BV - 0.714 x TBW + 1.129 x 
Mo - 2.037 x BW BV, BW TBW, Mo Selinger, 1977 (29) 

Fat = 2.513 x BV - 0.739 x TBW + 0.947 x 
Mo - 1.79 x BW BV, BW TBW, Mo Heymsfield et 

al., 1996 (27) 

5-Component     

Fat = 2.748 x BV - 0.715 x TBW + 1.129 x 
Mo + 1.222 x Ms - 2.051 x BW BV, BW TBW, Mo Wang et al., 

2002 (31) 
1 Adapted from (23). Abbreviations: BW, body weight; BV, body volume measured by 

underwater weighing or air displacement plethysmography; TBW, total body water 

measured by isotope dilution techniques; Mo, bone mineral assessed by DXA; Ms, soft 

tissue mineral (estimated assuming the following relationship: Ms = 0.0129 x TBW). 

 

All the previous molecular level multi-component models are based on both 

body volume and body weight as the measurable properties and assume constant 

densities for the molecular components. The measurable molecular components often 

included into many of the multi-component models are total body water (assessed by 

isotope dilution (32)), total body protein (assessed by neutron activation of total body 

nitrogen (33)), regional glycogen (assessed by nuclear magnetic resonance spectroscopy 
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(34)) and bone and soft tissue minerals (assessed by activation of total body calcium 

(35), whole-body 40k counting (32) and DXA (36)). 

Fat-free mass estimates using a four-component model are often used in studies 

aimed to explore the biological variability of FFM components in specific populations, 

such as in children and young athletes athletes(17, 37). 

The calculation of the fat-free mass density using a four-component model is 

performed as follows:  

DFFM = 1 / [(fTBW/DTBW) + (fMo/DMo) + (fMs/DMs) + (fprotein/Dprotein) + 

(fglycogen/Dglycogen)],                                                                                                      (3) 

where D is density; FFM is fat-free mass; TBW is total body water; Mo is bone mineral; 

Ms is soft tissue mineral; f is the fraction of body weight. 

 

Measuring body composition in children and youth 

 

The maturity and growth-related changes in the hydration status of FFM and its 

overall composition, most often make difficult the task of measuring body composition 

in pediatric populations (17). 

Traditionally, two-compartment (2C) models, dividing the body into fat and 

FFM (for example densitometry and hydrometry), have been commonly used as 

reference techniques, against which simpler techniques such as skinfold measurements, 

bioelectrical impedance analysis and air displacement plethysmography (ADP) were 

validated (38-41). The problems associated with 2C models arise largely from the 

“chemical immaturity” of the children. It was previously shown that the chemical 

composition of the body in the growing child is different from that in adults (1, 10, 13, 
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42). As a consequence, the assumptions used in adults, upon which 2C models are 

based, can not be applied to children (43).  

The four-component (4C) model addresses the underlying assumptions 

regarding the FFM composition, by including independent measurements of TBW, 

body density (Db) and bone mineral content (BMC), accounting for deviations in the 

quality of FFM (44). A number of studies have examined the accuracy of body 

composition estimates from commonly used body composition techniques relative to 

the criterion 4C (17, 44-48). However, the criterion 4C is time consuming, difficult to 

perform, and costly, which makes this technique impractical for most laboratories. 

Several laboratories have also used DXA as reference method for body 

composition estimates, particularly percent body fat (49-57). Its validity while a 

reference technique remains, however, uncertain. 

Bellow it is provided a brief overview of the different methods most used to 

assess body fat mass (percentage) in children and adolescents, and simultaneously the 

potential applicability of the various methodologies for use in a wide range of pediatric 

population is discussed. 

 

Densitometry – Underwater weighting (UW) 

The gold standard for body fat estimations has traditionally been determination 

of body density by UW. This technique requires the subject to exhale maximally to 

residual lung volume and then be submerged underwater (52), which makes this method 

somehow impractical for children.  

Because ADP has emerged as an attractive alternative to UW, easier to perform 

and more comfortable, many studies have attempted to used UW as the reference 

method against which ADP has been validated (38, 44, 53, 55, 58-60).  
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Table 1.4. summarizes the available studies that compared %BF estimates from 

ADP against %BF from UW. Two of the studies reported that, on average, ADP gave 

significantly different %BF measurements than did UW (44, 55). The other five studies 

reported no significant mean differences between methods (bias ranging between -0.9 

and 1.7%BF), although the majority of the studies have found higher mean values from 

ADP compared with those from UW. Only one study reported higher %BF estimates 

obtained using HW (bias for boys and girls respectively: -0.3 and -1.5%BF) (58). 
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Table 1.4. Summary of studies that compared percentage body fat (%BF) measurements made with ADP and underwater weighing (UW) 

Mean %BF (ADP-UW) ± 95% limits of 
agreement 

 Calculation of %BF from body density 
Author (s) 
(reference)

 

n Sex Age 
range BMI 

Siri (26) Lohman (14) Wells (17) 

MLV Equations used for 
PLV 

26 M 20.6 3.1 ~ 0.5 Nunez et al, 
1999 (53) 22 F 6-19 21.2 ± 3.9 ~ 1.7 - - X Crapo et al, 1982 (61) 

14 M Fields and 
Goran, 2000 

(44) 11 F 9-14 13 ± 35 2.6 ± 3.4* - - X Crapo et al, 1982 (61) 

12 M Lockner et 
al, 2000 

(55) 42 F 10-18 NR ~ -2.9 - - X Crapo et al, 1982 (61) 

13 M    0.8 ± 11 Crapo et al, 1982 (61),  
Dewit et al, 
2000 (38) 9 F 8.1-12.9 16.9 ± 2.3    - -0.9 ± 11 - Rosenthal et al, 1993 

(62), Zapletal et al, 
1976 (63) 

19 M 20 ± 4.0Demerath et 
al, 2002 

(59) 20 F 8-17 20.4 ± 3.4 ~ 0.8 - - - Crapo et al, 1982 (61) 

Wells et al, 
2000 (60) 10 7-14 16.9 ± 1.8 - - 0.6 ± 1.3 - 

Rosenthal et al, 1993 
(62), Zapletal et al, 

1976 (63) 
40 M 19.3 ± 4.1 ~ -0.3    Claros et al, 

2005 (58) 26 F 10-15 17.7 ± 1.7 - ~ -1.5       X - 
 

Abbreviations: BMI, body mass index; ADP, air displacement pletysmography; MLV, measured lung volume; PLV, predicted lung volume.* 

data for fat mass were originally reported, but were recomputed in Fields's review (64) in %BF units, with the use of Siri's equation, to facilitate 

comparisons with other studies. 
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Air-displacement pletysmography (ADP) 

ADP measures body density (Db), through the measurement of body volume 

(Vb), as well as hydrodensitometry. However, ADP uses air displacement within two-

chambers air-filled closed system as an alternative to water displacement (65). The 

BOD POD® is a commercially available ADP system and has been advocated to be 

used in children on a routine basis in clinical and laboratory setting, because it is easier 

to perform, quicker and more comfortable than UW.  

ADP measurements of Vb require the determination of the amount of air in the 

lungs, i.e., the subject’s thoracic gas volume (VTG) during normal tidal breathing. 

Because few children may have some difficulty in performing the test of VTG, ADP 

system can provide a predicted VTG based on age, sex, and high using the proprietary 

equation in the manufacturer software, developed by Crapo (61). 

Many investigators used this procedure when a consistent and valid VTG could 

not be measured after few trials (44, 52, 53, 55, 59, 60, 66, 67). Given that Crapo’s 

equations (61) were developed in adults, few authors (21, 38, 50, 54) used the pediatric 

equations of Rosenthal et al (62) for functional residual capacity and Zapletal et al (63) 

for tidal volume. Fields and colleagues (68) also developed pediatric gender-specific 

equations, in a sample of children and adolescents, between the ages of 6 and 17 years, 

who were primarily of European American background. These child-specific TGV 

equations were validated in a European sample of children (69) and in children of 

European, European American, and African American ethnic backgrounds (70), and 

were recently adopted by Ittenbach et al (51) and by Buison et al (71). Table 1.5. 

presents the different equations used to calculate VTG  in the available pediatric studies. 

ADP derived Vb plus body mass allow the calculation of Db and the consequent 

conversion into body composition values, using the principles of densitometry (25, 30), 
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thus assuming constant values for the density of body fat (BF) and FFM. The equation 

of  Siri (30) is the two-compartment model most commonly used to convert body 

density into BF (52, 53, 55, 59, 66, 67, 72, 73). Because this estimation assumes a 

constant density of the FFM, which is known to change during childhood and 

adolescence (13, 19), Lohman (1, 14) has proposed an age-specific modification to the 

Siri equation to convert Db into %BF, which has been widely used (44, 45, 50, 52, 54, 

66, 67, 73, 74).  

As an alternative to the equation of Siri (26) or Lohman (14), Buison et al (71) 

and Ittenbach et al (51) calculated %BF using age- and gender-specific equations (called 

CHOP equations) to determine %BF, FFM and BF (kg), using FFM hydration values 

determined in a study of 78 healthy children, aged 5-10 years.  

Finally, Buchholz and colleagues (50) used other published equations to 

calculate %BF from Db (17, 30, 42, 75-77), while Dewit et al (38) used the equation 

developed by Wells et al (17). The published equations most common in pediatric body 

composition studies for the conversion of Db to %BF are presented in Table 1.6. 

A number of investigations aimed to validate the reliability and validity of ADP 

for use with children and youth. Besides UW, %BF estimates from ADP were compared 

against DXA (Table 1.7.) (44, 50-55, 66, 67, 71), and against the reference multi-

component models (Table 1.8.) (21, 37, 44, 45, 74).  

The children and youth of the studies that compared %BF estimates from ADP 

and %BF estimates from DXA, ranged in age from 6 to 19 years (Table 1.7.). The 

results are contradictory. Nine of the studies showed higher mean differences between 

methods (bias ranging between -8.5 and 5.4%BF) and wide limits of agreement (44, 50-

52, 54, 55, 66, 67, 71). In general, %BF values obtained using ADP were lower than 

values obtained using DXA. Additionaly, the use of the age-adjusted  Lohman’s 
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constants significantly increased the magnitude of the differences between methods in 

three of the studies (50, 52, 54, 67). On the other hand, two studies reported no 

significant mean differences between methods (53, 73). 

Six studies explored the accuracy of ADP against multi-component models for 

%BF estimations (21, 37, 44, 45, 74, 78) (Table 1.8.). The results have been 

inconsistent, with four studies reporting a good degree of accuracy for ADP versus 

multi-component models (21, 44, 45, 78), and two studies that reported a large bias for 

ADP (37, 74). While Parker et al (74) found an overestimation of %BF from ADP of 

2.6% in boys and 4.7% in girls, compared with the reference, Silva and colleagues (37) 

reported an underestimation of %BF of -1.7%  using ADP, in young athletes. 

The reason pointed for the discrepancies between studies that compared ADP 

against UW, DXA and multi-component models in unclear amd most likely due to 

methodological differences of different laboratories, such as the procedures used to 

obtain residual lung value or the conversion of body density to %BF. 
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Table 1.5. Equations used to calculate thoracic gas volume (TGV) in the available pediatric studies. 

Author (s) (reference)  Sample population Equation 

   Boys 

 TGV = 0.00056 x heigh2 - 0.12422 x heigh + 8.15194 

 Girls Fields et al, 2004 (68) 

 

Healthy boys and girls 

TGV = 0.00044 x heigh2 - 0.09220 x heigh + 6.00305 
 Adult males 

 FRC (liters) = (0.0472 x height) + (0.0090 x age - 
5.290 

 TV (liters) = 1.2 (manufacturer's values). 
 Adult females 

 FRC (liters) = (0.0360 x height) + (0.00310 x age) - 
3.182 

Crapo et al (61) 

 

 Healthy non-smoking adult subjects 

TV (liters) = 0.7 (manufacturer's value). 
 For boys 
 FRC (liters) = (0.02394 x height) - 1.716 
 logTV = (1.8643 x log10 height (cm) - 1.3956 
 For girls 

 
FRC (liters) = (1.1478 x height) - (0.0136745 x 

height2) + (6.98227757 x 10-5 x height3) - (1.2725216 
x 10-7 x height4) - 33.928 

Rosenthal et al, 1993 
(62), Zapletal et al, 1976 

(63) 

 

Healthy boys and girls 

logTV = (1.8643 x log10 height (cm) - 1.3956 
Abbreviations: TGV, toracic gas volume; FRC, functional residual capacity; TV, tidal volume.
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Table1.6. Equations used in pediatric body composition studies for prediction of percentage of body fat (%BF) using body density (Db). 

Author (s) 
(reference)  Sample population Equation 

Siri, 1961 (30) Equation based on fat-free reference body from theoretical population (495 / Db) - 450 
Lohman, 1989 (14) 54 prepubescent African American and white boys and girls (530 / Db) - 489 
Schutte et al, 1984 

(77) 15 African American men, 18-32 years-old (437.4) / Db) - 392.8 

Boys 2-18 years-old: 
[(562 - 4.2 (age - 2)] / Db] - [5.25 - 4.7 (age - 2)] 

Girls 2-10 years-old: 
[(562 - 1.1 (age - 2)] / Db] - [5.25 - 1.4 (age - 2)] 

Girls 10-18 years-old: 

Westrate and 
Deurenberg, 1989 

(42) 

Derived from data of Fomon et al on 0- to 10-years-old boys and girls, 
from a variety of studies 

[(553 - 7.3 (age - 10)] / Db] - [5.14 - 8.0 (age - 10)] 
Wells et al, 1999 

(17) 30 boys and girls, 8-12 years-old, ethnicity not specified (527 / Db)-485 

Bray et al, 2001 
(76) 129 African American and white boys and girls, 10-12 years-old (446 / Db) - 402 

Girls 5-7 years-old: 
%BF = (5.18 / Db) - 4.76 

Girls 8-10 years-old: 

%BF = (5.13 / Db) - 4.69 

Boys 5-7 years-old 

%BF = (5.22 / Db) - 4.80 

Boys 8-10 years-old 

Buison et al (71)* 78 healthy children 

%BF = (5.18 / Db) - 4.76 
*Equations derived using 78 healthy children, aged 5-10 years (refered as personal communication of J.C.K.Wells) (71). 
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Table 1.7. Summary of studies that compared percentage body fat (%BF) measurements made with ADP (BOD POD) and DXA 

Mean %BF (ADP-DXA) ± 95% limits of agreement   
Calculation of %BF from body density   Author (s) 

(reference) 
DXA 
soft. n Sex Age 

range BMI 
Siri (26) Lohman 

(14) 
Buison 
(71)* Wells (17) Bray (76) Westrate 

(42) 
Schutte 

(77) 

M
L

V
 

PL
V

 

26 M 20.6 ± 3.1 ~ 0 Nunez et al, 
1999 (53) 1) 

22 F 
6-19 

21.2 ± 3.9 ~ -0.1 
- - - - - - X 1) 

14 M Fields and 
Goran, 2000 

(44) 
2) 11 F 9-14 13 ± 35 -3.9 ± 4.0 - - - - - - X 1) 

12 M Lockner et al, 
2000 (55) 3) 42 F 10-18 NR ~ -2.1 - - - - - - - 1) 

56 M 26.3 ± 9.1 -0.6 ± 7.1 -5.1 ± 6.8 Nicholson et 
al, 2001(52) 4) 63 F 6.1-14 25.6 ± 6 -3.0 ± 6.9 -8.5 ± 7.8 - - - - - X 1) 

12 M 14.4-15.5 21.1 ± 2.9 0.7 ± 6.6 -0.9 ± 6.9 Radley et al, 
2003) (67) 5) 16 F 13.9-15.9 21.2 ± 2.9 -1.3 ± 7.3 -3.3 ± 7.6 - - - - - - 1) 

49 M 10.9-17.1 30.9 ± 5.8 -2.9 ± 7.6 -4.6 ± 7.9 Radley et al, 
2005 (54) 5) 20 F 11.1-17.8 32.3 ± 5.2 -3.0 ± 6.3 -5.2 ± 7.6 - - - - - X 2) 

53 M 16.9 ± 2.5 ~ -4.8 Ittenbach et 
al, 2006 

(51)* 
6) 85 F 7-10 17.2 ± 2.3 - - ~ -4.8 - - - - - 3) 

21 M Buchholz et 
al, 2004 (50) 5) 13 F 9.0-13.9 18.6 ± 4.2 -0.3 ± 5.5 5.4 ± 5.6 - 4.3 ± 5.6 -1.8 ± 5.5 5.5 ± 6.0 -2.8 ± 5.5 - 4) 

47 M 17 ± 2.6Buisson  et 
al, 2006 (71) 7) 78 F 7-10 17.2 ± 2.3 - - -5 ± 11 - - - - X 3) 

27 M 32.2 ± 2.8Lazzers et al, 
2008 (66) 5) 31 F 10-17 36.2 ± 5.6 -2.1 ± 6.7 -3.8 ± 6.5 - - - - - - 1) 

34 M 7.1-18.1 24.7 ± 6.4 -0.2 ± 4.4 -0.8 ± 4.8 Elberg et al, 
2004 (73)* 4) 52 F 7.2-18.3 26.7 ± 7.3 -0.3 ± 6.8 -0.8 ± 7.4 - - - - - X - 
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Abbreviations: ADP, air displacement pletysmography; BMI, body mass index; DXA, dual 

energy X-ray absorptiometry; DXA soft, DXA software used in the study; MLV, measured lung 

volume; PLV, predicted lung volume, according to: 1) Crapo et al, 1982 (61); 2) Rosenthal et al, 

1993 (62), Zapletal et al, 1976 (63); 3) Fields et al, 2004 (68); 4) Crapo et al, 1982 (61), 

Rosenthal et al, 1993 (62), Zapletal et al, 1976 (63). 

1) Lunar DPX, software version 3.6z and pediatric software version 1.5z in children ages 6-18 y; 

2) Lunar DPX-L; 3) Lunar DPX, software 3.6z; 4) Hologic QDR 2000, pencil beam mode; 5) 

Lunar Prodigy; 6) Hologic, version 11.2.3; 7) Hologic QDR 4500, software version 11.2 

* Bland-Altman pairwise comparisons of estimates of change in %BF 
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Table 1.8. Summary of studies that compared percentage body fat (%BF) measurements made with ADP (BOD POD) and the reference 

multi-component model (multiC) 

Mean %BF (ADP-multiC) ± 95% limits of agreement  

Calculation of %BF from body density  Author (s) (reference) n Sex Age range BMI 

Siri (26) Lohman (14) ADP software 

MLV PLV 

 

MultiC 

14 M  Fields and Goran, 2000 
(44) 11 F 9-14 13 ± 35 - ~1 - X Crapo et al, 

1982 (61)  4C1 

12 M 16.5 ± 1.6  

Wells et al, 2003 (21) 16 F 5-7 16.2 ± 1.2   0.5*  

Capro et al, 
1982, 

Rosenthal et 
al, 1993 (62) 
and Zapletal 
et al, 1976 

(63) 

 3C1 

 Parker et al, 2003 (74) 42 M 10.1-14.5 ~20.76  2.6 ± 9.4 4.7 ± 9.6  Crapo et al, 
1982 (61)  3C2 

18 M 32.1 ± 6.4 1.8 ± 3.1 0.2 ± 3.2   Crapo et al, 
1982 (61)  4C1 Gately et al, 2003 (45) 

(obese children) 12 F 
11.1-17.2 

30.7 ± 3.8 1.8 ± 4.2 -0.4 ± 4.2        

46 M* 22 ± 2.5    -0.2 ± 5.5     Crapo et al, 
1982 (61)  Silva et al 2006 (37) 

(athletic population) 32 F* 

14-16 
 20.2 ± 2.6    -1.7 ± 2.9       

5C 

       Sardinha et al, 2003 
(78) 51 M 14-16 

   0.7 ± 3.6 -0.2 ± 3.9*
*     

Crapo et al, 
1982 (61)  4C2 
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Abreviations: ADP, air displacement pletysmography; BMI, body mass index; MLV, 

measured lung volume; PLV, predicted lung volume. 

* ADP derived BV was converted into FFM: FFM (kg) = (2.465 x weight) - (2.220 x 

BV) + (0.764 x TBW) 

4C1 Calculated from Lohman et al (1, 14): %BF = ( 2.747 / Db- 0.714 TBW + 1.146 

BMC - 2.053) x 100, where Db is body density (g/cm3), TBW is total body water (L) as 

a fraction of body weight (kg), and BMC is bone mineral content (kg) as a fraction of 

body weight (kg). 

4C2 calculated according to Boileau et al (79): BF (kg) = [(2.747 X BV) – (0.727 X 

TBW)] + [(1.460 X BMC) (2.0503 X BW)] 

3C1  calculated according to Wells et al (17): BF (kg) = [(2.220 x BV) - (0.764 x TBW)] 

- (1.465 x BW), where BV is body volume 

3C2calculated from Fuller et al (80) and Siri (30): FM (kg) = (2.220 x BV) - (0.764 x 

TBW) - (1.465 x BW). 

5C According to Wang et al (31): BF (kg) = 2.748 x BV - 0.715 TBW + 1.129 x Mo + 

1.222 x Ms - 2.051 x BM 

** data is given in BF (kg).
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Dual-energy X-ray absorptiometry (DXA) 

Several studies have pointed out the potential of DXA for the assessment of 

body composition in children and adolescents, because of the relative quick time of the 

scan (<10 min), the minimal radiation dose (<0.01 mSv, whole body) and the good 

precision of the measurements (<1 - 2%) (36), which have made this technique rapidly 

utilized as a criterion method for body composition estimates, i.e., the three main body 

components reported from whole-body DXA analysis: 1) bone mineral content, 2) soft 

tissue lean mass, and 3) body fat mass (81).  

The radiation exposure of DXA is known to be low (ranging from 0.02 to 1.5 

mrem, depending on the instrument and the scan speed), which makes this instrument 

widely recommended for body composition evaluations among populations of all ages,    

including children. Nevertheless, it is not recommended the use of DXA in pregnant 

women, because, although low, there is some radiation (82). There are three commercial 

versions of DXA: 1) QDR (hologic, Waltham, MA); 2) DPX (General Electric Lunar 

Corporation, Madison, WI), and 3) XR (STRATEG Biomedical Systems AG, Fort 

Atkinson, WI) and each version has its own configuration of software and hardware. A 

detailed description of each DXA versions was provided by Lohman an Chen (82). 

DXA estimates have been shown to agree with total body calcium values in 

children (83). Few studies have used DXA measurements to derive reference data for 

children and adolescents aged 3-18 (84), 8-16 (85), 4-26 (86), 3-25 (87), 2-20 (88), and 

4-20 (89-91).  

DXA has been often used to validate other body composition methods, such as 

ADP (44, 50-55, 66, 67, 71), bioelectrical impedance analysis (52, 56, 66, 73, 92-96) 

and skinfold thicknesses(97). Nevertheless, an important concern of this technique is 

that the rapidly changing tissue hydration of children may render DXA derived body fat 
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inaccurate (98), because of the R value (relative photon attenuation, expressed as the 

ratio of low to high energy) of lean soft tissue which may be altered due to the changes 

within the fat-free mass hydration (99). In other words, the analysis algorithm used by 

DXA software (Hologic) does not include a fixed hydration constant. However, this 

hydration constant is indirectly assumed when the mass attenuation coefficient for the 

lean mass is calculated. 73% of hydration of FFM is appropriated for healthy adults, but 

it may be not appropriated for children and adolescents (48). Subsequent reports (100, 

101) have however shown that under normal end even most clinical conditions, errors 

associated with fat estimation by DXA due to variations in soft tissue hydration are 

small and should not affect its accuracy. In addition, it is important the choice of the 

instrument, given that different scans modes and softwares may give different body 

composition estimates (81, 102).  

Studies that evaluated the accuracy of DXA using a criterion multi-component 

model are summarized in Table 1.9. (16, 17, 37, 44, 45, 47, 48, 103). Overall, studies 

reported a significant mean difference between methods (16, 37, 45, 47, 48, 103), with 

an overestimation of %BF and wide limits of agreement for DXA compared with the 

reference multi-component models (16, 37, 45, 47, 48). Only Bray et al (103) found 

DXA to significantly underestimate %BF for 1.73 ± 0.48.  Conversely to the majority of 

the studies, Wells et al (17) with a sample of 30 children, aged 8-12 years, reported a 

negligible mean difference in %BF estimates  (mean bias of -0.2 %BF).  

Sopher et al (47) have ponited out that the amount of overestimation of DXA 

varies with fatness, with an overestimation of %BF in subjects with higher %BF and an 

underestimation of %BF in subjects with lower %BF. However, it was also reported that 

the overprediction of %BF by DXA was independent of the subject’s %BF (16, 48). 

Others have suggested that the differences observed in %BF estimates from DXA 
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comparing to %BF estimates from multi-component models are, in part, related to 

variations in the water fraction of FFM (45) and related to the characteristics of the 

DXA software (37, 47) 
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Table 1.9. Summary of studies that compared percentage body fat (%BF) measurements made with DXA and multi-component model. 

Author (s) (reference) DXA 
soft. n Sex Age range BMI 

Mean %BF 
(DXA- MultiC 
± 95% limits of 

agreement 

MultiC 

14 M    Fields and Goran, 2000 (44) 1) 11 F 9-14 13 ± 35    4C1 

16 M 16.8 ± 2 Wells et al, 1999 (17) 2) 14 F 8-12 17.5 ± 2.2 -0.2 ± 6.5 4C2 

Sopher et al, 2004 (47) 3) 236 M 6-18 21 ± 4.6 1.01 ± 8.9 4C1 

24 M     
(Genital I&II n=17) 9.2-14.2 1.13 ± 8.4 

(Genital III&IV n=7) 11.1-15.4 3.43 ± 9.1 
23 F     
(Genital I&II n=8) 8.5-13.0 2.68 ± 7.9 

Roemmich et al, 1997 (16) 4) 

(Genital III&IV n=15) 11.0-14.3 

NR 

1.62 ± 8.4 

4C1 

61 M 
(African Americans, n=31) 12.9 ± 0.1 27.1 ± 1.1 

(Whites, n=30) 12.8 ± 0.1 23.9 ± 1 
53 F     

(African Americans, n=28) 12.7 ± 0.1 23.2 ± 0.8 

Bray et al, 2002 (103) 4) 

(Whites, n=25) 12.6 ± 0.1 24.2 ± 1.1 

-1.73 ± 0.48 4C3 

141 F       
(Whites, n=73) 20.1 ± 4 4.2 ± 3.7 

(African American, n= 43) 22.4 ± 4.9 3.7 ± 2.8 
(Hispanics, n=14) 20.6 ± 4.3 3.0 ± 3.8 

Wong et al, 2002 (48) 4) 

(Asians, n=11) 

9-17 

19 ± 2.6 3.9 ± 2.8 

4C4 

18 M 32.1 ± 6.4 1.7 ± 3.8 Gately et al, 2003 
(45) (obese children) 5) 12 F 11.1-17.2 30.7 ± 3.8 2.2 ± 4.4 4C1 

46 M 15.3±1.2 22 ± 2.5 1.0 ± 5.4 Silva et al, 2006 (37) (athletic 
population) 6) 32 F 15.1±0.3 20.2 ± 2.6 3.7 ± 5.7 5C 
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Abreviations: DXA, dual energy X-ray absorptiometry; DXA soft, DXA software used 

in the study; BMI, body mass index. 

1) Lunar DPX-L; 2) Hologic QDR 1000W whole-body scanner; 3) Lunar DPX-L with 

pediatric software 1.5G; 4) Hologic QDR 2000W whole-body scanner; 5) Lunar 

Prodigy; 6) Hologic QDR 1500. 

4C1 Calculated from Lohman et al (14): %BF = ( 2.747 / Db - 0.714 TBW + 1.146 BMC 

- 2.053) x 100, where Db is body density (g/cm3), TBW is total body water (L) as a 

fraction of body weight (kg), and BMC is bone mineral content (kg) as a fraction of 

body weight (kg). 

4C2 FM (kg) = [(2.747 X BV) - (0.710 x TBW)] + [(1.460 x BMC) - (2.050 x BW)], 

where BV is body volume (L), and BW is body weight (kg). 

4C3 Calculated according o Bray et al (18, 103): %BF = [-2.396 + 0.937 (BW/density) - 

0.764 (TBW) - 4.508 (BMC)] / BW x 100. 

4C4 Calculated from Boileau (79): %BF = [(2.747 / Db) - 0.727 x (TBW / BW) + 1.146 

x (BMC / BW) - 2.0503] x 100. 

5C According to Wang et al (31): BF (kg) = 2.748 x BV - 0.715 TBW + 1.129 x Mo + 

1.222 x Ms - 2.051 x BM, where Mo is bone mineral and Ms is soft tissue mineral. 
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Anthropometry (ANTH) 

For all anthropometric measures it is important assume that the tissues included 

in the measurement area are in a standard state, i.e., the muscles relaxed and soft tissue 

normally hydrated. Detailed recommendations and instructions for appropriate 

anthropometric measurements were provided by Lohman, in 1988 (104) and are still the 

main reference for accurately perform the techniques. In addition, international 

standards for anthropometric assessment have been recently purposed by the ISAK 

(International Society for the Advancement of Kinanthropometry) and used to evaluate 

anthropometric dimensions (105, 106). 

Skinfold thickness measurements are widely used to estimate body composition 

among children and adolescents. One of the most comprehensive studies of body 

composition techniques in children was published by Slaughter et al (107), in which 

sex-, race-, and maturation-specific equations for estimating of BF were developed. This 

study involved 310 subjects, aged 8-29 years, including 66 prepubescent children.  As a 

criterion method, the authors used a multi-component approach, by combining measures 

of body density (from UW), total body water (using deuterium dilution) and bone 

mineral density (using photon absorptiometry). As skinfolds measures, the authors used 

the following anatomical sites: triceps, calf and subscapular.  

The relationship between skinfolds and body density in children as been studied 

(108-110), with SEEs fro predicting body density of 0.008 g/cm3, which corresponds to 

a error in body fat estimates of 3.5%. As with UW and ADP, most of the times, the 

problem associated with skinfolds measurements in the prediction of body fat is the 

formula used to convert body density to body fat.  

Previous studies conducted in pediatric populations have presented equations for 

body composition estimates, using skinfold measures and other anthropometric 
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dimensions (108, 109, 111-121). Nevertheless, all these previous investigations were 

based on criterion methods that do not account for the chemical immaturity of the FFM 

in children and adolescents.  

Althought widely used in children and adolescents for clinical, research and 

epidemiological purposes, the validity of skinfolds measurements in pediatric 

populations is uncertain. Previous studies have reported poor agreement between %BF 

estimates using skinfold measurements and the reference hydrometry   (39, 41) and 

four-component model (17) (Table 1.10.). Relly et al (41) predicted %BF using five 

different equations based on skinfolds thickess measurements. The authors reported an 

overestimation of %BF in boys using the equations of Slaughter et al (107) and 

Deurenberg et al (116) relative to densitometry (mean bias of approximately 2.3 and 

3.0%BF, respectively ), and an underestimation of %BF in boys using the equations of 

Durnin and Rahaman (120) and Johnston et al (121)(mean bias of approximately -2.8 

and -5.0%BF, respectively ). In that study, the equation of Brook et al (119) had the 

smallest bias and narrowest limits of agreement relative to densitometry. Among girls, 

the equation of Brook et al (119) had a great bias of appromately -6.5%. Again, Durnin 

and Rahaman (120), Johnston et al (121)and Deurenberg et al (116) equations 

overestimated %BF relative to the criterion, while Slaughter’s equation (107) gave no 

significant mean bias.  

The other study (39) reported a significant mean difference between %BF from 

Slaughter’s equation (skinfolds at the triceps and subscapular sites) and %BF from 

hydrometry among girls (approximately 1.7%BF).  

Table 1.11. summarizes the pediatric studies that compared %BF estimates 

using skinfold measurements and %BF using DXA as  the reference technique. The 

equations of Slaughter et al (107) were used in a number of studies g (52, 56, 94, 122). 
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One study (71) used the skinfold equations published by Brook (119) rather than 

those from Slaughter (107), against the reference DXA instrument. Three studies 

compared %BF from skinfold measurements %BF from bioelectrical impedance, two 

using Slaughter’s equation (123, 124) and the other using a different published equation 

(125). 

Despite the equations developed by Slaughter et al (107) were based on a multi-

component model, as the reference technique, of the five studies that used Slaughter’s 

equations, mean %BF estimates were found to be significantly different from %BF 

estimates using DXA (52, 94). Among boys, one study reported a mean bias of 

approximately -2.1%BF, while no significant differences were observed bwteen 

methods in girls (56), and other study reported a mean bias of approximately -5.1 %BF 

in girls, while boys showed no significant mean differences between skinfolds derived 

%BF and DXA derived %BF (122). Brook et al (119) equations for %BF estimates 

significantly underestimated %BF compared with DXA. Previuolsy, it was 

demonstrated that DXA tends to overestimate %BF in relation to the criterion multi-

component models in children and youth aged 6-18 years (16, 37, 45, 47, 48).  

Wells et al (17) compared %BF estimates using four skinfold equations against 

the reference four-component model and reported significant mean bias in %BF 

estimates using the equations of Slaughter et al (107), Johnston et al (121)and Brook et 

al (119). The equation of Deurenberg et al (116) showed no mean bias. Wide limits of 

agreement were observed for all the skinfold equations. 

There is evidence that some skinfold equations are highly population-specific 

(109, 118), with age and maturational state being identified as important predictive 

variables (107, 112, 119). Accordingly, the difference in the age-range of the population 

used in each study may be related to the discripancies often observed between skinfolds 
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measurements (and equations used to calculate %BF) and the other methods. 

Differences in body fatness between samples and those used to derive skinfold 

equations may also have contributed to the lack of validity observed in some studies 

(41). 
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Table1.10. Summary of studies that compared percentage body fat (%BF) measurements made with skinfolds and the reference 

hydrometry / four-component model (4C) 

Hydrometry Author (s) 
(reference) n Sex Age 

range BMI Mean %BF (skinfolds-
densitometry)  Skinfolds equations 

Technique Conversion of 
Db to %BF 

-2.8 Durnin and Rahaman (120) 
2.3 Slaughter et al (107) 
-5.0 Johnston et al (121) 
-0.1 Brook et al (119) 

64 M 5.8-11.7 ~ 17.3 

3 Deurenberg et al (116) 
-3.2 Durnin and Rahaman (120) 
0.1 Slaughter et al (107) 
-6.8 Johnston et al (121) 
-6.5 Brook et al (119) 

Reilly et al, 1995 
(41) 

34 F 6.3-11.3 ~ 17.5 

-0.5 
Deurenberg et al (116) 

 
 

UW Westrate and 
Deurenberg (42) 

67 M ~ 20.0 -0.2 
1.7* Janz et al, 1993 

(39) 55 F 8-17 ~ 18.4 
-0.4** 

Slaughter et al (107) UW Lohman (1) 

            
16 M 16.8 ± 2.0     
14 F 8-12 17.5 ± 2.2     

-3.5 ± 8.0 Slaughter et al (107)l 
-7.8 ± 8.6 Johnston et al (121) 
-1.4 ± 8.4 Deurenberg et al (116) 

Wells et al, 1999 
(17) All 

-5.2 ± 10.5 Brook et al (119) 

4C 
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Abbreviations: BMI, body mass index; Db, body density; UW, underwater weighting 

4C: FM (kg) = [(2.747 X BV) - (0.710 x TBW)] + [(1.460 x BMC) - (2.050 x BW)], where 

BV is body volume (L), TBW is total body water (L), BMC is bone mineral content (kg), and 

BW is body weight (kg). 

*Skinfolds: triceps + calf 

** skinfolds: triceps + subscapular, n= 51 
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Table 1.11. Summary of studies that compared percentage body fat (%BF) measurements made with skinfolds and DXA 

Author (s) (reference) n Sex Age 
range BMI 

Mean %BF (SKF-
DXA) ± 95% limits of 

agreement 

Skinfolds equations for %BF 
estimations DXA instrument 

34 M 16.5 ± 1.9     
41 F 3.5-8.8 16.6 ± 2.3     

-1.4 ± 1.0 Slaughter et al 1 (107) 
-2.2 ± 1.0 Slaughter et al 2 (107) 
-1.6 ± 1.4 Deurenberg et al(116) 

Eisenman et al, 2004 
(94) 

All 

-0.9 ± 1.0 Dezenberg et al (117) 

Lunar DPX-L 

49 M ~16.5 ~ -2.1 Goran et al, 1996 (56) 49 F 
4-10 

 ~16.94 ~ 0.0 Slaughter et al (107) Lunar DPX 

72 M 11-17 22 ± 5.5 ~0.0 Steinberger et al, 2005 
(122) 58 F  24.6 ± 5.7 ~ -5.1 Slaughter et al (107) Lunar Prodegy 

47 M 7-10 17 ± 2.6 ~ -5.1 Buisson et al, 2006 (71) 78 F  17.2 ± 2.3 ~ -1.5 Brook et al (119) Hologic QDR 4500 

56 M 26.3 ± 9.1 2.4 ± 19.6 Nicholson et al, 2001 
(52) 63 F 6.1-14 25.6 ± 6 -3.7 ± 13.6 Slaughter et al (107) Hologic QDR 2000 

60 M 
Huang et al, 2007 (126) 36 F 7-13 25.2 ± 5.8 3.4 ± 4.3* Dezenberg et al (117) Hologic QDR 4500 

Abbreviations: DXA, dual energy X-ray absorptiometry; SKF, skinfold thickesses; BMI, body mass index 

*data is given in BF (kg) units
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Bioelectrical impedance analysis (BIA) 

BIA is based on the theoretical relationship between the volume of a conductor 

and its impedance. The main principle is that the resistance of a low-level electrical 

current applied to the body is inversely related to the TBW and electrolyte distribution. 

Given that FFM contains almost all the water and electrolytes of the body, its 

conductivity is greater than that of the body fat mass. The relation between BIA and 

TBW is based on the 2C models, which divides body weight into body fat and FFM. 

Similar to skinfold thickness, bioelectrical impedance has been also widely used 

among children for body composition estimates, because it is easy to perform, rapid and 

does not involve radiation exposure. In addition, BIA has been often pointed out as an 

attractive alternative to skinfolds, because technical skill is not a major source of 

measurement error. 

Several investigators have examined BIA in pediatric populations (40, 43, 127-

138).Nevertheless, only three studies have examined the accuracy of %BF from BIA 

comparing with %BF from skinfolds thickness in pediatric populations (Table 1.12) 

(123-125). Significant mean differences were found between these two techniques. Of 

the studies, one reported that BIA underestimated %BF in relation to skinfolds using 

Slaughter’s equation (107)in both genders (123), while other indicated that BIA 

underestimated %BF among boys and in girls %BF was overestimated using BIA, 

though in the overall sample, no systematic difference between %BF measured using 

BIA and skinfolds was observed (125). Moore et al (124) reported no mean difference 

between BIA and skinfolds using Slaughter’s equation (107) in boys, whereas among 

girls, BIA overpredicted %BF (by 3.3%).   

A handful of papers have been published comparing BIA derived %BF against 

DXA in healthy children (Table 1.13.) (52, 56, 66, 73, 92-96, 139-146). Almost all of 
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the studies reported significant mean differences and wide limits of agreement between 

BIA estimates of %BF and DXA, with mean bias ranging between -8.8 and 7.6%BF. 

Only Hosking et al (140) using Tanita in males (at the 50th centile of FFM), and Fors et 

al (142) using RJL system and a BIA 101 analyser in both genders reported no 

significant mean bias comparing with DXA (-0.3 and 0.8%BF, respectively). The 

greatest mean difference between BIA %BF estimates and DXA was observed using 

Houtkouper’s BIA equation (130), which significantly underestimated %BF by -7.4 and 

-8.8% among girls and boys respectively (9.8±1.7 years of age) (52). 

Compared to a four-component model (Table 1.14.), Houtkooper’s BIA 

equation (130) also underestimated %BF in prepubertal and early-pubertal girls and in 

prepubertal boys (16), wheareas Wells et al (17) reported an underestimation of %BF 

using Houtkooper’s equation (130) and an overestimation of %BF using Davies et al 

(129), Deurenberg et al (147)and Danford et al (148) BIA equations. 

Comparisons between BIA estimates of %BF and %BF estimates using ADP has 

been lack explored, with one study(72) reporting a significant underestimation of %BF 

directly derived using the BIA analysser Tanita TBF-410 in comparison to ADP (using 

the Siri’s (30)equation for the calculation of %BF from body density). The difference 

was more pronounced in the obese subjects comparing to the non-obese group, with 

BIA showing a mean of 5% less %BF comparing with ADP.
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Table 1.12. Summary of studies that compared percentage body fat (%BF) measurements made with BIA and skinfold tichnesses  

Author (s) (reference) n Sex Age 
range BMI 

Mean %BF (Bia-SKF) 
± 95% limits of 

agreement 
 Skinfolds equation 

for %BF prediction
BIA 

instrument 

609 M 19.4 ± 4.2 -2.3 ± 10.8 
Rowe et al (123) 

645 F 
7-14 

19.9 ± 4.8 -1.8 ± 10.4 
Slaughter et al (107) Valhalla or RJL 

Systems* 

160 M  21.2 ± 3.8 ~ -1.7 

162 F 24.2 ± 6.8 ~ 2.6 Goss et al (125) 

All 
10-15 

22.7 ± 5.7 ~ 0.5 

1) Tanita model 
TBF-305 

24 M 21.7 ± 6.2 -0.1 ± 2.4 
Moore et al (124) 

14 F 
6-12 

21.4 ± 5.2 3.3 ± 2.0 
Slaughter et al (107) Tanita model 

TBF-251 

Abbreviations: BIA, bioelectrical impedance analysis; SKF, skinfold thickesses; BMI, body mass index 

* %BF was derived from BIA for children using two equations (130, 149), according to the age of the children. 

1) Males: %BF = 0.610 (sum of average skinfolds) + 5.0; Females: %BF = 0.735 (sum of average skinfolds) + 1.0;  

Measured skinfolds: tricepts and calf
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Table 1.13. Summary of studies that compared percentage body fat (%BF) measurements made with BIA and DXA 

Author (s) (reference) n Sex Age 
range BMI 

Mean %BF (Bia-
DXA) ± 95% limits of 

agreement 
BIA instrument DXA instrument 

36 M Tyrrell et al, 2001 (92) 46 F 5-10 18.9 ± 4.3 2.53 ± 6.28 Foot-to foot bioelectrical impedance; Tanita / Stellar 
Innovations Inc. 1 Lunar DPX-L 

27 M 32.2 ± 2.8 Lazzers et al, 2008 (66) a) 31 F 10-17 36.2 ± 5.6 -5.84 ± 9.06 Multifrequency (from 5 to 250 kHz) impedance meter 2 Lunar Prodigy 

34 M 16.5 ± 1.9 Eisenman et al, 2004 (94) 41 F 3.5-8.8 16.6 ± 2.3 -2.4 ± 1.7 Tetrapolar bielectrical impedance analyser (RJL 
Systems) 3 Lunar DPX-L 

60 M 6-19 Okasorak et al, 1999 (93) 44 F 6-16 NR NR Bio-impemeter SS103 4 Lunar DPX-L 

Threuth et al, 2001 (95) 101 F 8-19 16.5 ± 1.7 7.55 ± 7.57 Bioelectrical impedance spectroscopy  (Xitron 4000B)2 Hologic QDR 
2000 

21 M 18.6 ± 3.5 Gutin et al, 1996 (96) 22 F 9-11 19.0 ± 3.9 -2.46 ± 9.68 RJL-101 analyser2 Hologic QDR-
2000 

49 M 1.0-9.9 ~16.5 ~ -2.5 Goran et al, 1996 (56) 49 F 4.1-9.2 ~16.94 ~ -5.0 RJL 101 A5 Lunar DPX 

56 M 26.3 ± 9.1 -7.4 ± 9.6 Nicholson et al, 2001 (52) 63 F 6.1-14 25.6 ± 6 -8.8 ± 8.3 RJL-101 analyser6 Hologic QDR-
2000 

1.4 ± 5.9* 
-0.3 ± 5.9** 170 M ~ 17.2 
-2.5 ± 5.9*** Hosking et al, 2006 (140) 

137 F 

4-9 

~ 18 -3.3 ± 5.3 

Tanita TBF-300M Lunar Prodigy 
Advance  

Sung et al, 2001 (141) 49 M, F 5.9-17.3 ~ 25.3 1.7 ± 2.3 Tanita TBF-401 Hologic QDR-
4500 

34 M ~ 18.1     
24 F 

8-11 
 ~ 19.3     

7.1 ± 12.9 Xitron Hydra 4000B2 Fors et al, 2002 (142) 
All 0.8 ± 9.3 RJL system, BIA-1012 

Lunar DPX-L 

34 M 7.1-18.1 24.7 ± 6.4 Elberg et al, 2004 (73) 52 F 7.2-18.3 26.7 ± 7.3 -6.46 ± 24.0# RJL-101 analyser7 Hologic QDR-
2000; 4500A 

118 M ~16.9 Rodriguez et al, 2008 (144) 112 F 4-6 ~16.7 ~ -5.0 Maltron BF-9002 Lunar DPX-L 

Shaikh et al, 2007 (145) a) 24 M 11.0±0.5 BMI SDS -2.4 ± 5.9 Tanita BC-418MA2 Lunar Prodigy 
Abbreviations: BIA, bioelectrical impedance analysis; DXA, dual energy X-ray absorptiometry;  
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1 Prediction equation derived from BIA: FFM = 0.31 x ZI + 0.17 x height + 0.11 x weight + 

0.942 x sex - 14.96. 

2 Body composition estimates obtained from the instrument’s software. 

3 FFM obtained using the equation published by Goran et al (150): FFM (kg) = 

[(Ht2)/resistance) X 0.59 + (BW X 0.065) + 0.04] / 0.769 - (0.0025 X age) - (0.019 X gender), 

where Ht is height (cm), resistance (ohms), BW is body weight (kg), age (years), gender: 0 = 

females, 1 = males. 

4 %BF derived from body density according to Brozek et al (12): (%BF = (4.570 / Db - 

4.142) x 100. Db calculated using Nakadomo's et al equation (151). 

5 FFM estimated from TBW using the equation developed by Kushner et al (149)and by 

applying age- and sex- specific hydration constants for FFM (10). 

6 FFM was calculated using the equations of Houtkooper et al (130): FFM = 0.61 (Ht2 / 

resistance) + 0.25 (BW) + 1.31. 

7 FFM was calculated using the equation of Lewy et al (143) for African-American children: 

FFM = 0.84 X (Ht2 / resistance) + 1.10, and using the equation of Suprasongsin et al (152) for 

white children: FFM = 0.524 x (Ht2 / resistance) + 0.415 X BW - 0.32. 

*Differences and limits of agreement at the 25th centile of FFM. 

**Differences and limits of agreement at the 50th centile of FFM. 

***Differences and limits of agreement at the 75th centile of FFM. 

#  Data from baseline. 

a) Obese children.



Chapter 1                Introduction 

Faculdade de Motricidade Humana – LabES                                                                                         49 
 

Table 1.14. Summary of studies that compared percentage body fat (%BF) measurements made with BIA and MultiC 

Abbreviations: BIA, bioelectrical impedance analysis, MultiC, multi-component model; BMI, body mass index 

4C Calculated from Lohman et al (14): %BF = ( 2.747 / Db - 0.714 TBW + 1.146 BMC - 2.053) x 100, where Db is body density (g/cm3), 

TBW is total body water (L) as a fraction of body weight (kg), and BMC is bone mineral content (kg) as a fraction of body weight (kg). 

Author (s) (reference) n Sex Age range BMI Mean %BF (Bia-MultiC) ± 95% 
limits of agreement BIA instrument MultiC 

24 M     
(Genital I & II n= 17 9.2-14.2 -0.87 ± 10.96 

(Genital III & IV n= 7 11.1-15.4 2.61 ± 12.94 
23 F     
(Genital I & II n= 8 8.5-13.0 -3.22 ± 10.30 

(Genital III & IV n= 15 11.0-14.3 

NR 

-0.03 ± 10.92 

Valhalla 1990B1 

M      
(Genital I & II n= 17   -2.46 ± 11.21 

(Genital III & IV n= 7   3.39 ± 14.82 
F      

(Genital I & II n= 8   -6.25 ± 10.58 

Roemmich et al, 1997 (16) 

(Genital III & IV n= 15   -0.93 ± 11.23 

Valhalla 1990B2 

4C 

16 M 16.8 ± 2    
14 F 8-12 17.5 ± 2.2    SEAC impedance3 

13.7 ± 8.5 Davies et al (129) 

5.9 ± 8.6 Deurenberg et al 
(147) 

-2.7 ± 7.9 Houtkooper et al 
(130) 

Wells et al, 1999 (17) 
All 

6.7 ± 7.2 Danford et al  (148) 

4C* 
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4C* FM (kg) = [(2.747 x BV) – (0.710 X TBW)] + [(1.460 X BMC) – (2.050 X BW)], 

where BV is body volume and BW is body weight. 

1 FFM calculated using the equation developed by Houtkooper et al (130): FFM = 0.61 

(Height2 / resistance) + 0.25 (BW) + 1.31, where BW is body weight. 

2 FFM calculated using the equation of Boileau (13): FFM = 4.138 + 0.657 (Height2 / 

resistance) + 0.16 (BW) – 0.131 (gender), where gender is +1 for male and -1 for 

female. 

3 TBW and FFM predicted using the following equations:(46, 129, 147, 148). 
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THE YOUNG ATHLETE 

The definition of what constitutes a young athlete is vague and includes a wide 

variety of age groups, skill and competitive levels. Participation in organized sports 

implies the presence of a coach and regular practices and competitions during the course 

of a season. Many studies of young athletes often include youth who can be classified as 

select, elite, or junior national caliber (153). Typically, young athletes are a highly 

select group with regard to skill and performance levels (6).  

Besides the skill requirements of a particular sport, both size and physique 

influence the selection of certain sports (2, 6). For example, while a high stature and a 

large size are an advantage in basketball and rugby, these characteristics may be a 

limiting factor in sports such as gymnastics and ballet. This means that, skill coupled 

with physical characteristics may give a child an initial advantage in some sports (154).  

According to Steward (97), the body structure of the successful athlete is the 

product of natural selection over successive generations and training adaptation in the 

current generation. In some sports, especially aesthetic sports and those in which high 

power to body mass is fundamental, an increase in body mass can negatively affect 

athletic performance(155). This pressure to meet unrealistic weight goals as a means of 

improving performance and/or visual appeal coupled with the intense physical training 

often leads to the well known female athlete triad, i.e., disorder eating patterns, 

menstrual dysfunction and osteoporosis (156).  

Nevertheless, while athletes have no means of changing or adjusting their 

skeletal size and proportions, body weight fluctuations by reducing fat mass at the 

expense of increasing FFM, may be recommended and evaluated using simple methods. 
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Body size, physique and maturation of a young athlete 

The changes, or trends, in body size and physique are associated with age and 

gender in its specific morphological and functional characteristics and also with the 

timing and tempo of puberty. Within each sport two important periods merit special 

attention regarding growth and maturation: the first period is between 9 and 14 years of 

age, when variation in size due to maturing processes is marked. The second period is 

between 15 through 17 years when the catch-up process of late-maturing individuals 

reduce the variations in size and performance (154). As the level of competition 

increases its difficulty and specialization is required, the different characteristics of the 

athletes during childhood and adolescence and the maturity-associated variations in size 

and performance become more important in the maintenance (or drop out) of a young 

athlete engaged in a specific sport.  

Young male and female athletes from most sports have statures and body 

weights that equal or exceed the median (P50) from age and gender reference standards. 

Female basketball players, volleyball players, tennis players and swimmers display 

mean statures above the 50th percentile of the reference population (153). 

Controversy, gymnasts and figure skaters consistently present profiles of short 

stature, with mean values bellow the 50th percentile. Female ballet dancers also present 

short statures during childhood and adolescence, but usually tend to catch-up non-

dancers in late adolescence (153).  

Body mass values among young athletes present a similar pattern, i.e., values 

that equal or exceed the reference means. However, among gymnasts, figure skaters and 

ballet dancers of both genders consistently present lower body weights and, while 

gymnasts and figure skaters display appropriate BMI, ballet dancers often have low 
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BMI values. Although female athletes from a number of sports tend to be heavier than 

the reference population, in general, they have lower percentages of body fat (157).  

Table 1.15. summarizes the suggested trends in the average heights and weights 

of young athletes participating in several sports relative to age-specific and gender- 

specific percentiles of the United States reference data (154). 

 

Table 1.15. Heights and weights of child and adolescent athletes relative to percentiles 

(P) of United Sates reference data1 

Males Females Sport 
Stature Weight Stature Weight 

Basketball P50->P90 P50->P90 P75->P90 P50-P75 

Volleyball   P75 P50-P75 

Soccer P50± P50± P50 P50 

Distance runs P50± ≤P50 ≥P50 <P50 

Sprints ≥P50 ≥P50 ≥P50 ≤P50 

Swimming P50-P90 >P50-P75 P50-P90 P50-P75 

Diving <P50 ≤P50 ≤P50 P50 

Gymnastics ≤P10-P25 ≤P10-P25 ≤P10-<P50 ≤P10-<P50 

Tennis P50± ≥P50 >P50 P50± 

Figure skating P10-25 P10-25 P10-<P50 P10-<P50 

Ballet <P50 P10-P50 ≤P50 P10-<P50 
1Adapted from (154). 

 

P50± indicates that the athletes have heights and weights fluctuating above and 

bellow the reference median, and refers to the 50th percentile. >P50 and <P50 refers 

respectively to body sizes that are consistently above and bellow the median. 

 The physique of an athlete refers to the configuration of the entire body as 

opposed to emphasis on specific features (6). Physique is often quantified or described 

as somatotype, which includes the concepts of endomorphy (roundness of contours, 
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fatness), mesomorphy (dominance of muscular and skeletal development), and 

ectomorphy (linearity). In general, successful early-adolescents and adolescents athletes 

(12-18 years) appear to have, on average, somatotypes similar to adult athletes in their 

respective sports (154, 158). This tendency emphasizes a potentially important role of 

physique in the selection or exclusion process of a certain sport. 

 Regarding maturation of a young athlete, differences among young athletes 

(especially females) are also more apparent during the transition into adolescence and 

the adolescence growth spurt and reflect individuality in timing and tempo (2). For 

instance, during childhood, gymnasts have skeletal ages that can be classified as average 

or “on time” for chronological age. As gymnasts span the age range of puberty, most 

gymnasts are classified as average and late-maturing. In later adolescence, most 

gymnasts are late-maturing. This trend probably reflects the selection criteria of the 

sport and the performance-advantage of later-maturing girls in gymnastics activities (for 

example a lower stature) (6). On the other hand, female swimmers appear to have 

skeletal ages that are average or advanced in childhood and adolescence (153). 

Few later-maturing boys achieve success in sports during early adolescence, 

although when they pass to later adolescence (16-18 years), these later-maturing boys 

often become successful in some sports (ex. basketball). In this case, the catch-up in 

growth and skeletal maturity is evident and results in the decrease of maturity-

associated variation in body size on the performance of boys in late adolescence. 

 

 

 

 

 



Chapter 1           Introduction 

Faculdade de Motricidade Humana – LabES      55 
 

Do sports training influence growth and maturation? 

The wide individual variation in growth and maturation processes is known to be 

under genetic and neuron-endocrine control and is also pointed to depend on the level of 

sports training (2). The demands of specific sports are superimposed upon those 

associated with normal growth, maturation and development (6). Nevertheless, and 

despite the concerns about potentially negative influences of intensive training of 

growth and maturation of elite athletes (specially female athletes) (159-161) in some 

sports, the role of training in maturation is yet to be established (6). The limited 

knowledge about the effects of sports training on the growing and maturing child is 

largely due to the lack of longitudinal studies and the difficulty in distinguishing the 

independent effects of training from those of normal growth (159).  

Early studies have pointed out that female athletes who begin training at a young 

age often have a delay in menarche (162) because intense training before puberty may 

alter hypothalamic-pituitary function. Moreover, body composition has also been used 

to explain the delay menstruation and menstrual cycle irregularities among elite athletes. 

Accordingly, Frisch and McArthur (163) have shown that menstrual regularity is 

strongly associated with body fat and a minimum of 17% of body fat mass is critical for 

the onset of menstruation and the maintenance of a normal cycle.  

Many authors have also suggested that regular training in gymnast, and ballet, 

before menarche, causes later sexual maturity (164, 165). Nevertheless, and despite the 

evidence that gymnasts are consistently late maturing and short (153, 166-168), the 

limited data on the maturation indicators among athletes suggest similar gains in 

skeletal maturation in both athletes and non-athletes (6), no effect of training on the age 

at PHV and growth rate of height and also no effect of sports training on the timing and 

progress of the stages of secondary sex characteristics. Estimated growth rates for male 



Chapter 1           Introduction 

56                                            Faculdade de Motricidade Humana – LabES 
 

and female athletes from different sports – volleyball, diving, distance running, track, 

basketball, rowing, cycling and ice hockey – are within the ranges expected for non-

athletes (153, 154), although bone mineralization tends to increase with sports training. 

Recently it was demonstrated that club-level sports training did not affect growth or 

maturation during puberty (169). Others have also conclude  that there is not any link 

between anthropometric variables and training (170-172). Overall, it seems that, in 

general, training does not affect growth and maturation and the differences observed 

between athletes and non-athletes in stature are mainly a result of nature rather than 

nurture (6). As continuously emphasized throughout this review of the literature, sport 

in extremely selective and it is more likely that young athletes select themselves into 

their specific sports largely according to their stature (and hence maturation level) and 

body size. In fact, a late- maturing premenarcheal body type (i.e., low body mass index 

and body fat levels and short stature) favors athletic success in gymnastics (173), while 

advanced maturity level and its associated high stature (and probably greater body fat 

levels among girls) may not be an advantage for a high performance in gymnastics. 

In contrast to growth and maturation-associated variations in stature, body 

weight can be influenced by regular sport training, resulting in changes in body 

composition 

 

The chemical maturity of the young athlete 

It has long been hypothesized that athletes from selected sports may be atypical 

in their fat-free mass composition, due to the potential effects that intense training likely 

have on the components of the fat-free mass. For example, athletes from preadolescence 

to adulthood, participating in high-intensity, explosive and weight-bearing training, are 

known to have greater mineral fraction of the fat-free mass compared with non-athletes 
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(174-176) and compared with athletes participating in less intense and weight-bearing 

sports (177, 178).  

Training increases muscularity, which theoretically decreases the density of 

FFM, given that the density of muscle mass is 1.066 g/cm3 (179). Controversy, 

increased skeletal mass is expected to increase the density of FFM because the density 

of bone is 3.317g/cm3 (12). 

There has been lack of information regarding FFM density measurements in 

young athletes.  In a group of adolescent athletes, aged approximately 15 yrs, Silva and 

colleagues (37) were the first and unique investigators to date to use a multi-component 

approach to determine fat-free mass. The study demonstrated that the density of the fat-

free mass did not significantly differed from the assumed 1.100 g/cm3, though its 

composition differed from the proportions usually assumed. These authors did not 

provide the values of the density of fat-free mass across the sports evaluated. However, 

among young athletes, it was expected that the density of fat-free mass was less than 1.1 

g/cm3  (1, 10). This means that the fluctuations of the quantities and densities of the 

various components of the fat-free mass occur, not only in highly trained adult athletes, 

but also in young athletes from different sports.  

Keep in mind the concept of chemical maturity and the inter- and intra-

variability of the components of the FFM is fundamental for body composition studies 

among young athletes, given that most of the available methods to measure body 

composition are based on two-component approaches and use constants developed for 

adults, thus assuming a chemical maturity status of FFM. 
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BODY COMPOSITION ASSESSMENT IN YOUNG ATHLETES 

Measuring body composition in young athletes 

 

Multi-component models are also recommended for body composition 

measurements among children and adolescents athletes. Nonetheless, a multi-

component approach is expensive and time consuming. Many different methods with 

different advantages and disadvantages have been applied among young athletes, to 

quantify exercise-related status of body components. The assumptions and limitations of 

each method should be well known by the coach and/or physiologist who are 

responsible for the body composition evaluations and/or investigator for research 

purposes. Additionally, when evaluating large sample of athletes, cross-sectionally or 

longitudinally, it is fundamental to ensure that the technique(s) used are maintained, the 

same protocol is applied to the subjects and, if possible, the same technician performs 

the measurements.  

The most important issues related to body composition assessment in children 

and adolescents were previously described in the current dissertation. Few features are 

added when considering body composition measurements among young athletes, 

because of the lack of investigation conducted in this population. It is fundamental keep 

in mind that in children and young athletes the FFM composition may not be similar to 

that of children and adolescents of the same age, but who are not active in sports, and 

may also differ from that observed in adults. Hence, the use of methods that do not 

account for the variability of each component of the FFM may be inaccurate for body 

composition estimates. 
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Air Displacement Plethysmography (ADP)  

The performance of ADP in estimating %BF among adolescent athletes was 

studied (37), with the results suggesting that ADP appears to be a valid, precise and 

nonbiased tool for the prediction of body composition in this population, comparing to 

DXA. Sardinha et al (78) compared the accuracy of Lohman’s age-adjusted equations 

and Siri’s equation for the conversion of body density into percent body fat using ADP, 

suggesting that in male adolescent athletes, the use of Lohman’s equations improves 

body fat estimates. Other studies have addressed the accuracy of ADP in estimating 

body composition in collegiate and adolescent athletes  (180, 181). One study 

concluded that ADP may not be accurate for body composition estinmates in female 

college athletes (181). The results found by Ballard et al (180) in collegiate athletes 

were in accordance with those found by Silva et al (37) among younger athletes, 

showing that ADP is a valid instrument for body composition estimates in athletes, 

when comparing with DXA. 

 

Dual-energy X-ray absorptiometry (DXA) 

DXA is finding increased application for estimates of bone mineral content and 

bone mineral density in children and adolescents athletes (174, 177, 182-185).  

Bone mineral content estimates are, in turn, used in developing four-component 

models, which increases the accuracy of body composition measurements in young 

athletes. Moreover, DXA provides an opportunity for estimation of muscle mass among 

children and adolescents (186).  

While there is only one study (to date) aimed to evaluate the accuracy of DXA 

against a multi-component model and against ADP in adolescent atheletes (37), 

indicating that DXA tends to overestimate percent body fat in this population, studies 
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conducted in adult subjects comparing different body composition techniques, including 

DXA, have been often published  (180, 187-193). 

 

Anthropometry 

One of the most used anthropometric terms is body mass index (BMI). It 

expresses the ratio of total body mass (kg) to the height squared (m2) and was 

introduced by Quetelet (194). The interpretation of BMI values among young athletes 

requires some attention, given that it provides a dimension measure, rather than a 

quantification of body fat content. . 

Anthropometric variables and skinfolds measurements have been used for body 

composition estimations in adult elite athletes (195-201), and in young athletes (202-

205). In addition, many studies have evaluated the accuracy of skinfold measurements 

for body fat estimates in adult athletes (187, 189, 190, 206-213), while among children 

and adolescents there are few published investigations (214). 

Recently, Evans and colleagues (215) provided a %BF prediction equation based 

on SKF measures in elite collegiate athletes (aged 20.7 ± 2.0 years), using a 4-

component model as the reference measure: %BF= 10.566 + 0.12077*(7SKF) – 

8.057*(gender) – 2.545*(race). This new equation gave good accuracy when cross-

validated (r=0.85, slope and intercept not significantly different from 1 and 0 

respectively). Furthermore, the prediction equation improved on the commonly used 

Jackson and Pollock (216) and Jackson et al (217) equations, because avoided the errors 

associated with the densitometry (the reference method used in those equations) (215). 

Apart of the equation provided by Evans and colleagues (215), there are no body-

composition equations, specifically developed for athletes of younger, based on multi-

component models as the reference method.  
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Bioimpedance analysis  

Likewise anthropometry, bioimpedance analysis it is a simple method, relatively 

inexpensive and easily to transport, and requires minimal training for the measurements 

(23).  

BIA is largely influenced by nutritional and hydration status. A handful of 

studies have examined the accuracy of BIA for body composition estimates in adult 

athletes (187-193, 206-213, 218), while there are no available investigations conducted 

in children and adolescent athletes. As anthropometric methods, BIA is also based on a 

two-component model, and to date, there are no body composition prediction equations 

specifically developed in children and young athletes and based on multi-component 

models. 

 

Overall, measuring body composition in athletes who are growing and maturing 

requires care with respect to the techniques used and their inherent assumptions and 

limitations. While several methods such as anthropometry (skinfolds thisckness), BIA, 

ADP and DXA have been validate against multi-component measures in non-athletic 

children and adolescents, the extend of the results obtained in those investigations 

concerning the performance of the respective instruments in young athletes, is far or 

being established.  
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Sports training and body composition profiles 

Sports training and body fat  

Generally, during the adolescent growth spurt, both male athletes and non-

athletes show a decline in relative fatness, but athletes have less relative fatness at most 

ages. Female athletes also display lower levels of percent body fat than non-athletes, 

especially during adolescence and the differences between female athletes and non-

athletes appear to be greater then corresponding differences between male athletes and 

non-athletes (2).  

According to Steward (97), the body structure of the successful athlete is the 

product of natural selection over successive generations and training adaptation in the 

current generation. While athletes have no means of changing or adjusting their skeletal 

size and proportions, body weight fluctuations by reducing fat mass at the expense of 

increasing FFM, may be recommended and evaluated using simple methods.  

When a child or adolescent is exposed, for large periods of time, to great levels 

of energy expenditure due to the regular sport training, this child, or adolescent, will 

oxidize carbohydrate and fat (and protein) at a higher rate and degree comparing with 

youth who are not exposed to that level of exercise training. As the muscular activity 

increases, the energy demands also increases and the fat, mostly the triglycerides stored 

in the adipose tissue, will be used for energy through the oxidative metabolism. In fact, 

triglycerides, store in adipose tissue and considered as the major energy source, can 

supply about 70.00 to 75000 kcal (219).  

The well known relationship between energy intake, energy expenditure and 

energy storage in the form of body fat is the basis of the more obvious and easily 

observed effect of sports training on body composition, i.e., the reduced body fat levels 

among active youth comparing with non-active children and adolescents. While an 
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energy intake that exceeds energy expenditure plus energy required for normal growth 

over a prolonged period of time results in an excess of body fat mass and lower levels of 

FFM, systematic energy expenditure in sports training results in lower body fat levels 

and greater FFM, the main determinant of resting metabolic rate with long-term 

consequences for energy balance (220). Nonetheless, not all sports result in the same 

energy expenditure pattern. The amount of energy expended for different activities 

varies with the intensity, duration and type of exercise, and depends also on the post-

exercise oxygen consumption. Indeed, archery or bowling requires slightly more energy 

than when an individual is at rest. Others, such as sprinting, require so much energy that 

they can be maintained for only seconds. Running a marathon requires large amounts of 

energy for a long period of time (219). The energy expenditure of an athlete practicing a 

certain sport activity depends on the type, intensity and duration of the activity and also 

on the athlete’s body mass. For instance, the energy expended playing basketball is 

about 0.138 kcal/min/kg, golf expends about 0.085 kcal/min/kg, running at 10.5 km/h 

expends about 0.193 kcal/min/kg, gymnastics expends about 0.066 kcal/min/kg (219). 

The different characteristics of sports training regimes often result in different 

body fat levels between athletes (178, 183, 221). In addition, the characteristics of a 

specific sport influences substrate utilization, thereby playing a role in how ingested 

nutrients are partitioned into fat and FFM (222). 

Body fat also changes within the same sport, over two or more seasons with 

different training regimes. For instance, it was demonstrated that female swimmers 

(19.1 ± 1.3 years of age) reduced body mass, body fat and percent body fat during the 

first part of a season (-1.3 ± 1.8 kg body weight; -2.4 ± 1.2 kg body fat; -3.8 ± 1.9 % 

body fat), when training was more intense, while during the second half of the season, 

body composition alterations were smaller (0.8 ± 1.2 kg body weight; 0.8 ± 1.5 kg body 
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fat; 1.2 ± 2.0 % body fat). Training during the second half of the season was reduced in 

quantity, distances swum were gradually reduced and weight training was also reduced 

(223). Table 1.16. presents some body composition measures of athletes from selected 

sports.
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Table 1.16. Body composition characteristics of athletes in different sports1 

Sport Sex n Age (yrs) Stature (cm) Body weight (kg) Body fat (%) Reference
Ballet F 112 15.0 ± 2.0 159 ± 6.4 44.8 ± 5.7 20.1 ± 3.6 (224) 

Basketball M 10 20.9 ± 1.3 194 ± 10.2 87.5 ± 7.2 10.5 ± 3.8 (225) 
F 44 19.4 ± 1.1 161 ± 4.4 53.7 ± 5.9 15.3 ± 4.0 (226) 
F 97 15.7 ± 1.1 162 ± 5.6 54 ± 6.5 8.2 (227) 
M 19    169 ± 6.7 65.8 ± 4.3 6.5 ± 2.4 (228) 
F 16 10.5 ± 1.5 138 ± 9.5 32.3 ± 5.9 14.9 ± 2.8 (174) 
F 13 19.6 ± 1.0 161 ± 4.5 55.6 ± 4.8 19.0 ± 3.9 (229) 
F 120 15.0 ± 1.5 151 ± 7.0 43.0 ± 7.0 18.4 ± 3.3 

Gymnastics 

M 68 17.0 ± 1.0 167 ± 6.0 59 ± 6.5 10.3 ± 4.6 
(230) 

F 11 22.1 ± 4.1 165 ± 5.6 61.2 ± 8.6 22.0 ± 6.8 (231) 
F 15 17.6 ± 0.8 167 ± 2.9 62.8 ± 3.1 26.8 ± 3.4 (178) Soccer 
M 19    177 ± 6.6 72.4 ± 8.9 9.5 ± 4.9 (228) 
F 9 13.5 ± 0.9 165 ± 7.4 53.3 ± 5.3 17.2 ± 3.6 
F 13 16.4 ± 0.8 169 ± 7.1 57.9 ± 5.5 15.6 ± 4.0 
F 19 19.2 ± 0.8 170 ± 4.7 56 ± 3.1 16.1 ± 3.7 

(232) 

F 7 20.1 ± 0.8 171 ± 5.3 65.6 ± 5.7 23.9 ± 3.9 (229) 
F 10 19.8 ± 0.8 171 ± 1.8 62.5 ± 1.7 20.7 ± 1.6 
M 16 20.3 ± 0.6 187 ± 1.6 80.3 ± 2.4 11.8 ± 0.7 

(233) 

M 13 25.4 ± 6.5 179 ± 8 71.2 ± 7.8 11.4 ± 1.4 (234) 
F 50 19.4 ± 0.3 172 ± 2.6 66.2 ± 2.0 22.3 ± 0.7 (235) 

Swimming 

M 27    178 ± 6.4 71 ± 5.9 8.8 ± 3.2 (228) 
F 16 24.2 ± 4.3 162 ± 6.3 55.2 ± 4.6 16.5 ± 1.4 (236) 
M 14 36.0 ± 9.9 176 ± 8.6 73.3 ± 8.6 12.5 ± 5.9 (237) Triathlon 
M 8 29.6 ± 2.6 180 ± 2.4 73.9 ± 2.1 7.9 ± 0.5 (238) 
M 11 20.9 ± 3.7 185 ± 10.2 78.3 ± 12 9.8 ± 2.9 (239) 
M 15 26.2 ± 4.1 192 ± 6 87.4 ± 8.5 12.2 ± 3.4 (240) Volleyball 
F 8 19.5 ± 1.3 182 ± 4.5 76.3 ± 7.1 24.2 ± 2.7 (229) 

Body builders F 10 30.4 ± 8.2 165 ± 5.6 56.5 ± 0.9 13.5 ± 1.5 (241) 
M 19 25.5 ± 5.0 185 ± 4.3 90.7 ± 6.4 16.8 ± 4.4 (242) 
M 21 24.6 ± 3.7 185 ± 4.6 90.1 ± 6.4 16.6 ± 4.6 (243) 
F 22 22.0 ± 0.7 171 ± 1.2 66.8 ± 1.6 25.9 ± 1.1 
M 21 24.6 ± 0.8 185 ± 1 90.1 ± 1.4 16.6 ± 1.0 

(233) 
Water polo 

M 14 22.1 ± 3.7 182 ± 4.4 80.4 ± 9.2 18.1 ± 5.5 (244) 
1 Adpated from (245)
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Sports training and skeletal bones 

Mineral comprises about 6.8% of the FFM (12) and, although a small portion of 

mineral exists within the extracellular and intracellular compartments of soft tissue (31), 

the larger portion of mineral is found within the skeletal bones. Given that bone mineral 

has a high density of 2.982 g/cm3 (246), bone mineral fluctuations due to the different 

characteristics of sports training (coupled with the natural processes of growth) likely 

affect the overall density of FFM (247, 248), which is critical for body composition 

measurements among children and adolescents athletes. This issue will be further 

discussed within the methodological section. 

Bone mineral depends on the level of compressive and tensile forces, impact and 

weight-bearing stimulus (249). An important underlying principle is the overload and 

specificity principal: only bones directly loaded by exercise will increase their mass 

appreciably, and for this to happen, imposed mechanical loads must exceed the normal 

loading patterns (250). According to the mechanostat theory, an externally applied load 

(stress) causes some degree of bone deformation (strain), and the later has to exceed a 

threshold (minimum effective strain) to affect changes in the bone remodeling cycle 

(251).  

It has been also theorized that the type of active loading during non-gravitational 

sports such as swimming and cycling may not exceed the minimum effective strain 

stimulus threshold to induce an osteogenic effect (229, 252). Additionally, although the 

specific physiological mechanism by which bone responses to mechanical loadings 

remains unknown, it is well recognized that the osteogenic effect of a sport is generally 

specific to the skeletal sites at which the mechanical strains occur (174, 178, 182, 253-

255).  
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It is worthy to note, however, that in some athletes low levels of skeletal bone 

mass may occur. Female athletes who are late in their sexual maturation often present 

reduced total estrogen exposure which potentially decreases bone mineral (154). 

Besides later maturity, other cause of concern is those female athletes involved in sports 

in which low levels of body weight is fundamental for performance. These female 

athletes are at risk for chronic undernutrition and low body weight, which induce a 

myriad of hormonal disturbances including loss of cyclical gonadotropin release, 

hypercortisolism and may result in anovulation and amenorrhea. As a result of the 

reduced estrogen, bone mass tends to rapidly decrease (256)l. Low levels of bone 

mineral were observed in some postmenarcheal athletes who undergo excessive training 

and menstrual dysfunctions (257, 258). High levels of training in endurance sports are 

associated with demineralization of skeletal bones in some very active female athletes 

(154). Apparently, the potential negative effects that high intense sports training may 

have on bone mineral in some female athletes is related to altered menstrual function 

and, in turn, to an estrogen deficit or to a more androgenic hormone profile and to 

restrictive diets or disorder eating behaviors, often called the “female athletes triad” 

(154). For instance, menstrual dysfunction has been reported to be associated with 

osteopenia in female runners (259-261). Snyder et al (262) have reported, however, 

greater bone mineral content in amenorrheic oars-women who trained by rowing and 

weightlifting, compared to inactive women regardless of normal menstrual status. It is 

often suggested that enhanced bone mineral accretion, associated with sports training, 

may offset the potential effect of reduced estrogen exposure associated with later 

maturity. 
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Sports training and lean body mass / skeletal muscle  

Bone mineral has been often pointed to be closely associated with lean body 

mass and skeletal muscle and and evidence advocate that the amount of muscle mass 

play a role in skeletal maintenance (221, 263-268). In fact, skeletal muscles comprises 

the larger portion of lean soft tissue, especially in the extremities of the body, where 

about three quarters of skeletal muscle exists (269, 270). There is not available 

information regarding the biochemical and metabolic properties of skeletal muscle of 

young athletes (154). Additionally, skeletal muscle mass estimations among young 

athletes are lacking, mainly because muscle mass remains difficult to be directly 

measured. One study showed a greater muscularity of strength-trained junior athletes 

(15.1 ± 0.3 years of age) compared with non-athletes (271). Other investigation 

demonstrated gains in total lean, trunk lean and leg lean body mass after a weight-

bearing, strength-building exercise program in premercheal girls of 2.2 ± 1.1, 1.1 ±  0.6 

and 0.6 ±  0.3 kg, respectively (268). The greater levels of lean body mass (and thus, 

skeletal muscle) usually observed among athletes comparing with non-athletes (221, 

229, 272, 273)  probably reflect the substantial physical training athletes undergo. 

However, not all sport activities increase the mass of muscles. For instance, endurance 

training does not produce large amounts of muscle mass. Rather, muscle enlargement is 

produced only by frequent periods of high-intensity exercise in which muscles work 

against a high resistance, i.e., strength training (274), as in weightlifting. As a result of 

resistance training, type II fibers (“fast-twitch”) become thicker and the muscle grows 

by hypertrophy, that is, there is an increase in cells size. This happens because the 

myofibrils within a muscle fiber thicken due to the synthesis of actin and myosin 

proteins (275). It is important to note that training may not increase nor maintain lean 
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body mass above some as-yet-undefined threshold of a negative energy balance (276), 

which may occur in some athletes undergoing a caloric restriction regime. 

 

 

Finally, bellow is provided a figure (Figure 1.4.) representing the main pathways of the 

current thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Representation of the different approaches used throughout the present 

dissertation.  
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A brief description of the sample and study protocol will be provided in this 

chapter, followed by a detailed description of the methods and inherent procedures used 

throughout the present dissertation. 

 

SAMPLE 

Portuguese young athletes, aged 8-18 years, were recruited from local sports 

clubs by the author of the current dissertation, through written and/or oral 

advertisements. The following sports were selected: gymnastic, swimming, basketball, 

judo, rugby, triathlon, handball, volleyball, and soccer.  

Complete data was obtained in 149 young athletes: 45 female athletes (14.2 ± 

3.5 years, 49.4 ± 11.3 kg body weight, 156.5 ± 12.8 cm height, 10.0 ± 5.6 hours per 

week of sports training) and 104 male athletes (14.8 ± 3.4 years, 61.6 ± 16.7 kg body 

weight, 168.3 ± 15.6 cm height, 9.1 ± 7.7 hours per week of sports training).  

Besides this sample, data was also assembled from another similar athletic 

population, previously evaluated between 2000 and 2003, using the same protocol, in 

the same laboratory and under the same recommended conditions. Subjects from this 

sample included 39 female athletes (15.0 ± 1.8 years, 56.1 ± 13.5 kg body weight, 164.7 

± 12.8 cm height, 13.3 ± 4.5 hours per week of sports training) and 64 male athletes 

(15.3 ± 1.4 years, 69.2 ± 13.1 kg body weight, 177.5 ± 12.9 cm height, 10.1 ± 5.1 hours 

per week of sports training). These young athletes were also recruited from local sports 

clubs, and included gymnastic, judo, swimming, basketball and rugby athletes.  

The inclusion criterion for all of the evaluated athletes was current participation 

in competitive sports, for at least two intense hours per week and for at least two years. 

Exclusion criteria consisted of medical history of disorders known to affect body 

composition. Furthermore, subjects who were taking medication for illness or injuries 
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along with those who were in a process of gaining or losing weight did not take part of 

the study, along with female amenorrheic athletes. Information about each subject’s 

sport participation, medical history, medication and diseases was obtained using a 

specific questionnaire developed for the study. 

An age-matched non-athletic control group, composed by 26 male adolescents, 

was also evaluated for the current dissertation (Chapter 7): (15.0 ± 2.8 years of age, 

64.7 ± 16.3 kg body weight, 168.6 ± 15.1 cm height). Non-athletic subjects included 

healthy adolescents, without diseases known to affect body composition and without 

current medication. The adolescents included into the control group should not take part 

in regular sports training for the last 2 years.  

Each of the investigations that make up the current dissertation included selected 

subjects, and thus a specific sample, according to the purpose of the respective study: 

 

Table 1. Athletes and non-athletes used in each investigation of the present dissertation. 

  Male  Female Total 
 Athletes Non-athletes Athletes Non-athletes  

Chapter 3 64 - 39 - 103 
Chapter 4 176 - 92 - 268 
Chapter 5 90 - 33 - 123 
Chapter 6 80 - - - 80 
Chapter 7 54 26  - - 80 
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MEASURES 

 All measures were obtained in the same day, during a 4-h visit to the laboratory, 

under standard conditions.  

 

Maturation 

Subjects were grouped by Tanner Stage, determined by self-assessment, 

according to Tanner (1). A self-evaluation method was used to identify the degrees of 

development of the genital organs, breast and pubic hair. 

 

Physical activity and sports training 

Habitual physical activity (PA) behaviour was assessed by a previously 

validated questionnaire (2). Each subject fulfilled the questionnaire and a PA index was 

determined. Roughly, the questionnaire had five questions with four choices. Overall, a 

maximum of 20 points could be reached (3).  

Sports training, defined by hours per week of sports training (hrs/wk), was self-

reported by athletes, using a specific questionnaire, developed for the study. The 

questionnaire included five questions: (1) Which competitive sport do you practice?; (2) 

How old were you when you started training?; (3) How many days per week are you 

engaged on sport training? Please indicate in which days of the week do you practice; 

(4) Are you engaged on training more than one time per day? If no, please indicate how 

long takes the training, in each of the week days. If yes, please indicate which week 

days do you practice twice and how long takes each training; (5) Do you usually miss 

training? Please indicate: often (a); some times (b); exceptionally (c); almost never (d). 

Please describe the reason that makes you miss training.     
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Each coach also reported how many times per week did athletes take part of 

training and at what time were the habitual training sessions. The coaches confirmed the 

answers of each athlete at the time of the measurements or later on the training. Training 

participation was also assessed using standard club assiduity reports, fulfilled by the 

coaches, during the previous twelve months of the training season. Hours per week were 

determined by multiplying the number of training sessions performed during a week by 

hours per training session. Modifications of usual training intensity and volume caused 

by injuries, illness and competition were noted and accounted for in the final 

calculation. 

 

Dietary intake 

A semi-quantitative Food Frequency Questionnaire, representing typical 

Portuguese foods, was administered during the laboratory visit, to assess dietary intake. 

The questionnaire includes 86 food items, for which subjects indicate their habitual 

intake (from never or fewer than one time per month to six or more times per day).  

 

Assessment of Body Composition  

Measurement of total body water (TBW), intracellular water (ICW), and extracellular 

water (ECW) using bioelectrical impedance analysis  

Total body water, intracellular and extracellular water were assessed with a 

bioelectrical impedance spectroscopy (BIS) analyzer (model 4000B, Xitron 

Technologies, San Diego, CA, USA). Whole body resistance and reactance were 

determined. Subjects were in a supine position with their arms and legs abducted at an 

angle of 45º. After the skin was cleaned with alcohol, four electrodes were placed on the 

dorsal surfaces of the right hand and right foot. The source electrodes were placed on 
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the hand, in the middle of the dorsal surface proximal to the metacarpal-phalangeal 

joint, and on the foot, in the middle of the dorsal surface proximal to the metatarsal-

phalangeal joint. The sensor electrodes were placed on the wrist at the midline between 

the distal prominences of the radius and ulna and in the ankle joint at the line between 

the malleoli.  

The measurements were carried out 10 min after the subjects lay down. Data 

were sampled at 50 programmed logarithmically spaced frequencies from 5 to 500 kHz. 

The impedance spectrum was modelled with the Cole-Cole (4) cell suspension model to 

derive a theoretical impedance at zero and infinity frequency, based on a nonlinear 

curve fitting from the measured resistance and reactance. 

Intracellular water (ICW) and extracellular water (ECW) were predicted from 

the Hanai (5) mixture theory and TBW was determined by the sum of ICW and ECW.  

In our laboratory, the TEM is 0.47 kg and the CV is 1.1%.  

TBW measures were used in Chapters 3, 5 and 6. ICW and ECW values were 

used in Chapters 5 and 6. 

 

Measurement of BF (body fat), FFM (fat free mass) and body mineral using dual energy 

X-ray absorptiometry (DXA) 

DXA (QDR-4500; Hologic, Waltham, USA; fan-beam mode) was used to assess 

whole-body and regional-body composition, specifically lean body mass (lean), fat-free 

mass, body fat, percent body fat (%BF), bone mineral content (BMC) and density 

(BMD).  

For all measurements, the same lab technician carefully positioned the subjects 

in supine position, performed the scans and executed the analysis, according to the 
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operator’s manual, using the standard analysis protocol. This technician was the author 

of the present thesis and was adequately trained for performing DXA measurements 

Following the protocol described by the manufacturer, a step phantom with six 

fields of acrylic and aluminium of varying thickness and known absorptive properties 

was scanned alongside each subject to serve as an external standard for the analysis of 

different tissue composition. As described in the methodology section in Chapter 1, 

DXA instrument measured the attenuation of x-rays pulsed between 40 and 70 kV. 

Then, DXA system software first divides pixels into bone mineral and soft tissue 

compartments. Soft tissue is further separated into lean soft tissue and fat. Because the 

bone mineral content measured by DXA represents ashed bone, bone mineral was 

therefore converted to total bone mineral (Mo). This calculation was performed by 

assuming that 1g of bone mineral yields 0.9582 g of bone ash (because of the labile 

components such as bound water and carbon dioxide, which are lost during heating (6). 

The following equation was used (7): 

Mo = BMC / 0.9582, (or Mo= BMC x 1.0436) 

 

Based on test-retest using 10 subjects, the TEM and the coefficient of variation 

(CV) for BMC in our laboratory were 0.02 kg and 1.6 %, respectively. 

DXA selected measures (BMC, BMD, FFM, lean, BF, %BF) were used in all 

investigations: Additionally, appendicular lean soft tissue (ALST) mass was also 

determined in Chapter 4, by summing lean soft tissue of both left and right arms and 

legs. Finally, in Chapter 7, total and regional bone area (BA) was also included into the 

analysis. The arm region included the hand, forearm and arm and was separated from 

the trunk by an inclined line crossing the scapulo-humeral joint such that the humeral 

head was located in the arm region. The leg region included the foot, lower and upper 
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leg and was defined by an inclined line passing just below the pelvis, crossing the neck 

of the femur. Bone mass in the lumbar spine and pelvis were also obtained through the 

whole-body scan subregions.  

 

Measurement of Body Volume (BV) using Air Displacement Plethysmography (ADP) 

ADP was performed to assess BV using the BOD POD®, Life Measurement Inc., 

Concord, CA, USA, software version 1.68. Body mass was measured to the nearest 

100g by an electronic scale connected to the ADP computer. 

The measurement of body volumes started with a standard 2-poit calibration 

process: first, with the chamber empty to establish baseline and then with a calibration 

cylinder (of 50.012381L) to establish range. Each of the two calibrations took 

approximately 50 seconds. While the calibration was being performed by the BOD 

POD, all required subject’s information was introduced in the software programme 

(name, age, height). In addition, body mass was measured to the nearest 100g by an 

electronic scale connected to the ADP computer. 

After this initial calibration, the test procedure was carefully explained and the 

subject entered into the test chamber of BOD POD, while wearing a tight-fitting swim-

suit and a swim cap. The swim-cap was provided by the laboratory.  

Then the subject’s volume was measured in the testing chamber, which took 

approximately others 50 seconds. At this point, the measured volume has not been 

correctly yet either for the thoracic volume and surface area artifact. This volume is 

known as the “raw” body volume (Vraw). For agreement between measurements, BOD 

POD performs two trials on the same subject. Between each trial of measurement, the 

door is gentle open and immediately closed. If the two body volume measurements 

were within 0.2% or 150 mL, they were average, whichever was larger (8). On the other 
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hand, if the two Vraw measurements did not meet these criteria, BOD POD asked for a 

third trial of Vraw measurement and the two more closest values within the criteria for 

agreement were then averaged. If none of the three volume measurements were within 

150 mL (or 0.2%) of each other, the system asked for a recalibration, by repeating all 

previous steps, and the test was repeated. During this step it was fundamental ensure 

that environment conditions, such as pressure changes in the room due to opening and 

closing doors or air drafts, were stable. Additionally, the subject had to be quietly, 

relaxed, while presenting a regular tidal breathing, otherwise the agreement between 

Vraw measurements would fail to meet the criteria. Finally, the subject’s thoracic gas 

volume (VTG) was measured, by using the system’s breathing circuit. This measurement 

is fundamental in order to correct the previous measured Vraw for the amount of air in 

the lungs compartment (VTG).  

The VTG measurement began with the subject wearing a nose clip, while 

breathing room air through a disposable tube and antimicrobial filter. After a few 

normal tidal breaths (4-5), a shutter valve in the airway was closed, occluding it for ~2 

seconds. During the occlusion, the subject was instructed to perform three gentle quick 

puffs by contracting and relaxing the diaphragm. VTG was calculated during occlusion. 

The resulting volume fluctuations produce pressure changes that were monitored 

throughout the procedure automatically by the BOD POD system, by comparing the 

magnitudes of the changes in airway and chamber pressure (8). BV was computed based 

on the initial Vraw corrected for VTG and surface area artefact. If the subject failed to 

achieve the merit criteria, the procedure to measure VTG was repeated, until a good 

compliance was obtained. 
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Based on 10 repetitions, the technical error of measurement (TEM) and the 

coefficient of variation (CV) for BV is 0.21L and 0.5% respectively. BOD POD was 

used in Chapter 3. 

 

Measurement of TBW using isotope dilution technique 

TBW was obtained by deuterium dilution (2H2O) using a stable Hydra gas 

isotope ratio mass spectrometer (PDZ, Europa Scientific, UK). After an overnight fast, 

subjects arrived for testing. After a baseline urine sample was obtained, subjects were 

given an oral dose of 0.1 grams of deuterium oxide (2H2O) per kilogram of body weight, 

diluted in 30 ml of tap water. At this time, subjects performed only minimal movement 

(i.e., what was required for testing with DXA and Bod Pod), and after an equilibration 

of 4 hours, another urine sample was taken. In addition, subjects were prevented from 

eating, drinking or going to the water closet during the equilibration period.  

2H2O volume was measured, with a coefficient of variation (CV) of 1.5%. The 2H2O 

dilution space was used to calculated TBW, as recommended by Schoeller (6).  

Briefly, 2H2O volume was converted to TBW assuming an average body 

temperature of 36ºC. Based on  delta SMOW (standard mean ocean water), TBW was 

estimated by Schoeller et all method (6), including a 4% correction due to the 

recognized amount corresponding to deuterium dilution in other compartments.  

In our laboratory, the TEM and CV for TBW with the stable isotope ratio mass 

spectrometry is 0.3 kg and 1.3 % respectively.  

 This technique was used in Chapter 3. 
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Measurement of BF using a multi-component molecular model  

A multi-component model (MultiC) was used in Chapter 3, as the reference 

method for body composition estimates. Accordingly, the following equation was used: 

 

BF (kg) = 2.748 x BV – 0.715 x TBW + 1.129 x Mo + 1.222 x Ms – 2.051 x BW       (1) 

 

where BV represents body volume (L), TBW is total body water (kg), Mo is total body 

bone mineral (kg), Ms is total body soft tissue mineral (kg) calculated as follows: Ms 

(kg) = 0.0129xTBW, and BW is body mass (kg) . 

 

Measurement of body weight, height, skinfold thicknesses (SKF) and body 

circumferences using anthropometry 

All anthropometric measurements were performed using standardized 

procedures, according to the instructions provided by Lohman(9). 

  Body weight was measured twice using an electronic scale (SECA model 770, 

Hamburg, Germany) to the nearest 0.1 kg, with the average used as their weight.  

Stature was also measured twice, without shoes, to the nearest 0.1 cm with the average 

used as their height. Body mass index was calculated (kg/m2). 

SKF were measured according to the standardized anatomic locations and 

methods, three times to the nearest 0.1 mm, and average for analysis. All SKF 

measurements were made on the right site of the body, at appropriately marked sites, 

using a Lange Caliper (Cambridge Scientific, Cambridge, MD, USA). SKF were 

measured at the majority of recommended sites, although few of these measures were 

used in the present dissertation. The SKF used were: triceps, thigh and medial calf. 

Based on test-retest using 10 subjects, the technical error of measurements (TEM) for 
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triceps, thigh and medial calf SKF measurements were respectively 0.39, 0.47 and 0.39 

mm, accordingly to the following equation: (∑d2/2n)1/2, where d stands for the 

difference between repeated measurements and n is the number of paired repeated 

measurements. The intraclass coefficient of correlation (ICC) for triceps, thigh and 

medial calf SKF were respectively 0.997, 0.994 and 0.996.  

Circumference measurements were made in the plane orthogonal, according to 

the standardized procedures(9). As for SKF, circumferences were measured at several 

sites, although throughout this dissertation there only used the midupper arm, midthigh 

and midcalf. All measurements were carried out three times, and averaged for analysis.  

Based on test-retest using 10 subjects, the TEM for the midupper arm, midthigh 

and midcalf circumferences measurements were respectively 0.04, 0.35 and 0.27 cm. 

The ICC were respectively 1.000, 0.998 and 0.995. 

 

STATISTICAL ANALYSIS 

All statistical analyses were carried out using the statistical program SPSS vs 

14.0 and 15.0. Statistical significance was set at p<0.05. 

Across the five investigations, means and standard deviations were computed for 

all variables.  

Comparisons of means were performed using independent sample t-tests. For 

comparisons between 3 our more groups (Chapters 5, 6, and 7), one way ANOVA was 

employed, with post hoc Sheffe F tests performed when significant main effects 

(differences) were found. In addition, throughout Chapters 5, 6, and 7, ANCOVA 

models were performed to analyse differences in body composition across the different 

groups, accounting for the confounding effects of selected covariates. 
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The significant relationships between different variables across Chapters 3 and 

7 were explored using bivariate correlations. Simple regression analyses were employed 

to examine independent associations between variables in Chapter 5. Regression 

analysis to develop prediction equations was also used in Chapter 4. Additionally, in 

Chapters 3 and 4, the performance criteria for different methods were assessed by 

using regression analysis, while agreement between methods was explored with Bland-

Altman analysis(10). Throughout these chapters, paired t-tests were also used. In 

Chapter 4, the new generated models were internally validated by using the predicted 

residual sum of squares (PRESS) statistics method (11), using all data. The R2
PRESS and 

SEEPRESS were determined. The pure error (p.e.) was also calculated as another measure 

of validation, using the following equation: [∑(Ϋ-Y)2/n]1/2, where Ϋ was the predicted 

ALST, Y was the observed value of ALST and n was the number of subjects.  
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CHAPTER 3 

Total body water measurements in adolescent athletes: a comparison of six field 

methods with deuterium dilution1 

Ana L Quiterio, Analiza M Silva, Cláudia S Minderico, Elvis A Carnero, David A 

Fields, Luis B Sardinha 

ABSTRACT 

Assessing hydration i.e. total body water (TBW) in adolescent athletes should be 

part of a comprehensive training program. However, there are no specific methods to 

assess TBW in young athletes. Moreover, the use of traditional techniques developed in 

healthy youths, based on a two-compartment model, may yield inaccurate TBW 

estimates in young athletes. Therefore, the purpose of this study was to assess the 

accuracy of TBW non-reference field methods with a criterion method (i.e. deuterium 

dilution), in 118 adolescent athletes. Body volume was assessed by air-displacement 

plethysmography, bone mineral was measured by dual energy X-ray absorptiometry, 

and TBW by deuterium-dilution. Non-reference TBW methods included two 

bioelectrical impedance analysis techniques (Tanita Body Composition Analyser, model 

TBF-310) and bioelectrical impedance spectroscopy (BIS) (model 4000B), the Lohman  

hydration constants of fat-free mass (FFM) and three derived anthropometric equations, 

developed respectively by Kushner, Wells, and Morgenstern. The highest accuracy 

between TBW estimates and the reference model in both girls and boys was observed 

using the Lohman constants (r2=0.94, SEE=1.56Kg; r2=0.92, SEE=2.42kg, respectively; 

p<0.001), followed by both foot-to-foot Tanita (r2=0.88, SEE=2.15kg; r2=0.87, 

SEE=3.01kg; respectively; p<0.001) and BIS (r2=0.92, SEE=1.70kg; r2=0.87, 

SEE=3.04kg, respectively; p<0.001) with slopes and intercepts not significantly 

different from the line of identity. The regressions between anthropometric equations 

and the criterion method deviated from the line of identity (p<0.05). The practical 

application of this study is that the specific constants of FFM hydration developed by 

Lohman appear to accurately estimate TBW in adolescent athletes. Foot-to-foot Tanita 

and BIS were also found to be valid and non-biased tools for predicting TBW.  It would 

appear the three anthropometric equations used are not appropriate for young athletes.  
1 Journal of Strength & Conditioning Research 
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INTRODUCTION 

The need to accurately assess total body water (TBW) is important, especially 

for athletes where dehydration as little as 2-3% can have a deleterious affect on athletic 

performance (1, 2). Assessing hydration status, preventing dehydration, and providing 

nutritional counselling are all part of a comprehensive training program whose chief 

goal is to maximize athletic performance while enhancing thermoregulation (3). 

However, growth and maturation present unique problems when determining the 

hydration of the fat-free mass (FFM) in young athletes (4). In an attempt to overcome 

the lack of chemical maturity observed in children and adolescents, Lohman (5) has 

proposed the use of constants that account for the specific age and maturity-related 

changes among the components of FFM during growth. Nevertheless, the usefulness of 

these constants in children and adolescents involved in intense training regimes is 

unknown. 

The accepted gold-standard technique to directly measure total body water is the 

use of non-radioactive stable isotopes. This procedure is laborious, time consuming, and 

costly. Estimates of TBW can be easily performed using anthropometry. Mellits and 

Cheek (6) have developed simple prediction equations using height and weight for the 

estimation of TBW in adolescents. These equations were recently updated and re-

evaluated by Morgenstern et al (7) and by Wells et al (8) to ensure adequate TBW 

estimates in contemporary children.  

The use of bioelectrical impedance for the determination of TBW is rapid, safe, 

and non-invasive (9, 10), although few studies have adequately studied the validity of 

the technique in young athletes (11). Nevertheless, there has been modest interest in the 

use of bioelectrical impedance in the pediatric population (10-16). 

Based upon bioelectrical impedance principals, Kushner (17) suggested the 

utility of the simple impedance term (RI: S2/R, where S is stature and R is resistance) as 
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a predictor of TBW, coupled with other anthropometric data. In addition, measurements 

of body impedance to directly predict TBW can be performed with the use of a single 

frequency of 50 khz foot-to-foot BIA system (18, 19), and also with bioelectrical 

impedance spectroscopy (BIS) (20).   

It is recognized that exercise induces fluctuations in TBW that may yield 

methodological errors in several body composition techniques that assume constant 

relationships between FFM components (5, 21). The differences usually found in the 

density and composition of FFM (water, mineral, protein and other minor components) 

between athletes and non-athletes, are associated with the respective methodological 

errors (22, 23), since the use of traditional body composition and TBW methods and 

two-compartment approaches do not account for individual variations in TBW and FFM 

composition. This potential inaccuracy may also be observed in children and adolescent 

athletes that present a FFM composition different from that observed in non-athletic 

children and adolescents. In fact, there are no specific TBW prediction equations 

developed in a young athletic population. Additionally, the utility of both 

anthropometric and bioelectrical impedance methodologies in athletes have been 

investigated predominately in the assessment of fat mass (FM) and FFM (4, 21, 24), 

although it is recognized that, information about TBW in athletes derived from 

bioelectrical impedance, even under less than ideal conditions, provides relevant clinical 

information (25). 

There is a potential usefulness for the applicability of simpler, rapid and non-

invasive techniques in the assessment of TBW in athletes. Considering specific 

physiologic states, the accurate assessment of TBW in this population needs to be 

evaluated. Therefore, the purpose of this study was to validate TBW using six non-

reference methods, with the gold-standard technique (i.e. deuterium dilution) analysing 
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the validity of each non-reference method, in a Portuguese adolescent athletic 

population. We hypothesized that the current available methods to measure TBW in 

children and adolescents, which do not account for variations of the FFM composition, 

will not be appropriate for use in an athletic adolescent population. 

 

METHODS 

Approach to the Problem 

 The current investigation was a cross-sectional study that included TBW 

measurements using the reference technique of deuterium dilution and TBW 

measurements using six non-reference methods. The non-reference methods used were 

two bioelectrical impedance analysis techniques (Tanita Body Composition Analyser, 

model TBF-310) and bioelectrical impedance spectroscopy (BIS) (model 4000B), the 

age and gender specific hydration constants of fat-free mass proposed by Lohman (5) 

and three anthropometric equations developed by Kushner et al (17), Morgenstern et al 

(7), and Wells et al (8). The specific hydration constants for FFM proposed by Lohman 

(5) were applied for the FFM determined by DXA. The anthropometric equations were 

applied by using the anthropometric measures obtained in the body composition 

evaluation. Each athlete was measured in the study laboratory at the Technical 

University of Lisbon, during a 4-h period, under standard conditions. 

The rational for choosing these six non-reference TBW methods was that, 

theoretically they are appropriate to be used in children and adolescents, given that all 

were tested and/or developed using young populations. Hence, these methods are easy 

to perform, inexpensive and quick and may avail coaches the opportunity to obtain 

information regarding the hydration state of their athletes. Nevertheless, no studies have 

assessed their accuracy in children and adolescents engaged on regular and intense 
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sports training. The hypothesis that these non-reference techniques may yield 

methodological errors when applied to a youth athletic population, given that they do 

not account for variations of the fat-free mass components, was examined by analysing 

TBW estimates from each of the six non-reference methods against the gold standard 

reference. 

 

Subjects 

Participants in this study included 118 athletes between 10-18 years, who were 

recruited from local sports clubs: 30 from swimming; 18 from basketball; 31 from judo; 

14 from gymnastics and 10 from rugby, through written and/or oral advertisements.  

The parents/guardians of each athlete and athletes participating in the 

investigation were given written and verbal instructions regarding the research design 

and all procedures required for the study. After each participant and one parent were 

informed about the protocol of the investigation, possible risks and benefits resulting 

from their participation in the study, a parental/guardian consent was obtained by 

signing a written consent form. All procedures and consent forms were approved by the 

Ethical Committee of the Faculty of Human Movement, Technical University of 

Lisbon, Portugal.  

The inclusion criterion for the athletes were: 1) current participation in 

competitive sports at national and international levels, 2) at least 2 hours per week of 

training and 3)  3 years or more of training in their respective sport. Exclusion criteria 

were: 1) athletes taking medication for illness or injuries, 2) any kind of unnatural 

supplements, 3) females who were amenorrheic, and 4) athletes who were in a process 

of gaining or losing weight. Information about each subject’s sport participation, 

medical history, medication and diseases was obtained by a questionnaire. 
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Among the overall sample, complete data was obtained in 103 young athletes, 

between October 2003 and March 2004. TBW measurements were performed in 39 

girls (age: 15.1 ± 1.8 yrs; body mass: 56.1 ± 13.5 kg; stature: 1.65 ± 013 m; maturation 

Tanner stages = 1.87 ± 0.3) and 64 boys (age: 15.3 ± 1.3 yrs; body mass = 69.2 ± 13.1 

kg; stature = 1.78 ± 0.13 m; maturation Tanner stages = 1.87± 0.3 for girls, and 1.73 ± 

0.5). Among the young athletes, two subjects boys were pre-pubescent, 18 were 

pubescent (5 girls and 13 boys), and 83 were post-pubescent (34 girls and 49 boys). 

The general training regiments for the respective sports and hours per week of 

sports training are described in Table 1. 
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Table 1. General training regiments for the respective sports and hours per week of 

sports training 

Sport General training 
Hours per week of sports 

training (hrs/wk) 

Plyometric training 

Short sprints 

Vertical jump-landing exercises 
Basketball 

Heavy weightlifting 

13.3 ± 3.6 hrs/wk 

Sprint-running exercises 

Weight-bearing and jumping-landing activities 

Exercises on the beam and trampoline 
Gymnastic 

Tumbling and acrobatic sequences 

13.3 ± 4.5 hrs/wk 

Weight-bearing exercises 

Judo 
Extreme intense strengths by contracting/extending 

movements of the upper and lower limbs when throwing, 

restraining and holding the opponent 

8.5 ± 4.0 hrs/wk 

Large compressive forces on the upper and lower limbs 

Falling down over the trunk, shoulders and arms, to tackle, 

bring down partners, shoulder-loads and weight-bearing 

activities  

Rugby 

Sprint running and ball-catching 

4.1 ± 1.0 hrs/wk 

Swimming 
Exercises on the water with no additional weight-bearing 

stimulus and resistance training 
14.5 ± 4.0 hrs/wk 
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Procedures 

Sports training 

Hours per week of sports training (hrs/wk) were self-reported by athletes, using 

a specific questionnaire, developed for the study. The questionnaire included five 

questions: (1) Which competitive sport do you practice?; (2) How old were you when 

you started training?; (3) How many days per week are you engaged on sport training? 

Please indicate in which days of the week do you practice; (4) Are you engaged on 

training more than one time per day? If no, please indicate how long takes the training, 

in each of the week days. If yes, please indicate which week days do you practice twice 

and how long takes each training; (5) Do you usually miss training? Please indicate: 

often (a); some times (b); exceptionally (c); almost never (d). Please describe the reason 

that makes you miss training.     

Each coach also reported duration and frequency of training for each athlete. The 

coaches confirmed the answers of each athlete at the time of the measurement. Training 

participation was also assessed using standard club reports, during the previous twelve 

months of the training season. Hours per week were determined by multiplying the 

number of training sessions performed during a week by hours per training session. 

Modifications of usual training intensity and volume caused by injuries, illness and 

competition were noted and accounted for in the final calculation. 

 

Maturation 

Subjects were grouped by tanner stage, determined by self-assessment, 

according to Tanner (26). A self-evaluation method was used to identify the degrees of 

development of the genital organs, breast and pubic hair. 
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Physical characteristics 

 Body weight was measured twice using an electronic scale (SECA model 770, 

Hamburg, Germany) to the nearest 0.1 kg with the average used as their weight.  Stature 

was also measured twice, without shoes to the nearest 0.1 cm with the average used as 

their height.  

 

Body Composition Measurements 

 Body composition measurements were performed on the same day, during a visit 

to the study laboratory, over a 4-h period. The measurements were performed by the 

same technician, in standardized conditions. Subjects were asked to fast from the 

previous evening and also to avoid moderate-to vigorous exercise training intensity 

from the previous 24 hours.  

 

Total body volume 

 Air-displacement plethymsography (ADP) was performed to assess body 

volume (BV) using the BOD POD®, Life Measurement Inc., Concord, CA, USA, 

software version 1.68. In order to eliminate or account for the effects of clothing, skin 

surface area and hair, each subject wore a tight fitting swimsuit and compressed the hair 

with a tight fitting swim cap. Body mass was measured to the nearest 100g by an 

electronic scale connected to the ADP computer.  In our laboratory, the technical error 

of measurement (TEM) and the coefficient of variation (CV) for BV is 0.21 and 0.5% 

respectively. 
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Total body fat mass, fat-free mass and bone mineral content 

Values for bone mineral content (BMC), fat free mass (FFM), and body fat (BF) 

were obtained by using dual energy X-ray absorptiometry (DXA) using a QDR-1500, 

Hologic, Waltham, USA, pencil beam mode, software version 5.67 enhanced whole-

body analysis. The same lab technician positioned the subjects, performed the scans and 

executed the analyses using the standard protocol. Considering that BMC represents 

ashed bone, BMC was converted to total-body bone mineral (Mo), according to the 

equation (27):  

Mo = BMC X 1.0436                                                        (1) 

In our laboratory the TEM and CV for BMC is 0.02 kg and 1.6 %, respectively.  

 

 TBW by the reference method  

TBW was obtained by deuterium dilution (D2O-TBW) using a stable Hydra gas 

isotope ratio mass spectrometer (PDZ, Europa Scientific, UK). After an overnight fast, 

subjects arrived for testing. After a baseline urine sample was obtained, subjects were 

given a dose of 0.1 grams of deuterium oxide (2H2O) per kilogram of body weight, 

diluted in 30 ml of tap water. At this time, subjects performed only minimal movement 

(i.e., what was required for testing with DXA and Bod Pod), and after an equilibration 

of 4 hours, another urine sample was taken. In addition, subjects were prevented from 

eating, drinking or going to the water closet during the equilibration period. The amount 

of 2H2 O enrichment in both samples was then measured, according to the procedures 

described elsewhere (4). In our laboratory, the TEM and CV for TBW with the stable 

isotope ratio mass spectrometry is 0.3 kg and 1.3 % respectively.   
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TBW by the non-reference methods  

 Multi-frequency Bioelectrical Impedance Analysis: TBW was assessed with a 

bioelectrical impedance spectroscopy (BIS) analyzer (model 4000B, Xitron 

Technologies, San Diego, CA, USA), and whole body resistance and reactance were 

assessed. Subjects were in a supine position with their arms and legs abducted at an 

angle of 45º. After the skin was cleaned with alcohol, four electrodes were placed on the 

dorsal surfaces of the right hand and right foot. The source electrodes were placed on 

the hand, in the middle of the dorsal surface proximal to the metacarpal-phalangeal 

joint, and on the foot, in the middle of the dorsal surface proximal to the metatarsal-

phalangeal joint. The sensor electrodes were placed on the wrist at the midline between 

the distal prominences of the radius and ulna and in the ankle joint at the line between 

the malleoli. The measurements were carried out 10 min after the subjects layed down. 

Data were sampled at 50 programmed logarithmically spaced frequencies from 5 to 500 

kHz. The impedance spectrum was modelled with the Cole-Cole cell suspension model 

(28) to derive a theoretical impedance at zero and infinity frequency, based on a 

nonlinear curve fitting from the measured resistance and reactance. Intracellular water 

(ICW) and extracellular water (ECW) were predicted from the Hanai mixture theory 

(29), and TBW was determined by the sum of ICW and ECW. In our laboratory, the 

TEM is 0.47 kg and the CV is 1.1%.  

Uni-frequency bioelectrical impedance analysis: bioelectrical impedance from 

foot-to-foot was measured using Tanita Body Composition Analyser - model TBF-310 

(Tanita Corp., Tokyo, Japan) which provides TBW estimation, via the measurement of 

impedance. Subjects stood on the metal plates of the machine wearing a swimming suit.  

Estimated total body water from the assumed Lohmans’s age- and sex- specific 

constants hydration fractions of FFM (5): TBW was calculated using the FFM hydration 



Chapter 3        TBW in athletes 

130     Faculdade de Motricidade Humana – LabE S        
 

constants developed by Lohman in the FFM measurements obtained by DXA. 

Accordingly:  

TBW = FFMDXA/HFFMLohman                                                   (2) 

Where HFFM represents the age- and sex- constants hydration fractions of FFM. 

 

Estimated total body water from derived equations:  

 

Kushner et al (17) equation:  

 

TBW= 0.593 Ht2/R + 0.065 Wt + 0.04                            (3) 

Where Ht2/R is the impedance index, R is resistance obtained using bioelectrical 

impedance, Ht is height (m) and Wt is weight (kg). 

 

Morgenstern et al. (7), age and sex specific equations: 

Children 3 mo to 13 yr                                                                                                       

Girls: TBW = 0.0846 X 0.95 (Ht X Wt)0.65 

Boys: TBW = 0.0846 X (Ht X Wt)0.65 

 

Children > 13 yr                                                                                                                                        

Girls: TBW = 0.0758 X 0.84 X (Ht X Wt)0.69 

Boys: TBW = 0.0758 X (Ht X Wt)0.69                   

(4) 

Where Ht is height (cm) and Wt is weight (kg). 

 

Wells et al. (8), age and sex specific equations:                                                                  
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Girls: TBW=-2.952 + (ln Wt X 0.551) + (ln Ht X 0.796) – 0.047 + (Age X 0.008) 

Boys: TBW=-2.952 + (ln Wt X 0.551) + (ln Ht X 0.796) + (Age X 0.008)      (5) 

Where ln Wt is the natural log of weight (kg), and ln Ht is the natural log of height 

(cm). 

 

Density of fat free mass (DFFM) from a multi-compartment model (multiC model): 

A multi-compartment molecular model (multiC) was used to estimate FFMmultiC 

and DFFM. FFM was determined as the difference between body mass (BM) and BF 

assessed by a multiC model: FFM = BW-BF. Considering both the mineral and soft 

tissue mineral components (30), BF was determined with the following equation:  

 

BF (kg) = 2.748 x BV – 0.715 x TBW +1.129 x Mo + 1.222 x Ms – 2.051 x BM         (6) 

Where BV represents body volume (L), TBW is total body water (kg), Mo is total body 

bone mineral (kg), Ms is total body soft tissue mineral (kg) calculated as follows: Ms 

(kg) = 0.0129xTBW, and BM is body mass (kg). 

The hydration fraction of FFM was calculated as TBW/FFM. Density of FFM 

(DFFM) was estimated from TBW, Mo, Ms and protein contents of FFM, and their 

densities (0.9937, 2.982, 3.317 and 1.34 g/cm3, for TBW, Mo, Ms and protein, 

respectively). Protein was determined as the difference between FFMmultiC and the 

estimated components. Hence, DFFM was derived as follows:  

DFFM = 1 / [(TBW/DTBW) + (Mo/DMo) + (Ms/DMs) + (protein/Dprotein)]                           (7) 

 

Reliability 

 Reproducibility was performed on 2 days approximately 1 week apart in 10 

subjects as described elsewhere (34). The technical error of measurement (TEM) for 
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each technique was assessed with the following equation: ∑d2/2n)1/2, where d represents 

the difference between repeated measurements and n is the number of paired repeated 

measurements. Also, the coefficient of variation (CV) for each technique was assessed 

as SD of duplicate measurements standardized for the mean value of the duplicate 

measurements. 

 

Propagation of measurement error 

 Considering that FFM from a multi-component will be used, it is important to 

indicate the effect of the propagation of measurement errors. The error can be calculated 

by assuming that the squared errors (TEM²) are independent and additive (27). 

Accordingly, 

 

TEM = [TEM2 for effect of ADP on %BF + TEM2 for TBW on %BF + TEM2 for 

Mo on %BF] 0.5                                                                                                                        

(8) 

Using equation 8: 

TEM= [0.812 + 0.362 + 0.042] 0.5 = 0.89 % BF from TEM values                     (9) 

The test-retest reliability data collected in the present study thus yields a value of ~1 

%BF units. 

 

Statistical analysis 

 All variables were checked for normality. For all variables, means and standard 

deviations were computed. Independent sample t-tests were used to compare TBW from 

deuterium dilution, FFM composition and density and body fat measurements between 
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boys and girls. Since overweight and obesity is increasing among youth groups, an 

analysis looking at the relationships between age, BMI, FM and FFM was done using 

bivariate correlations. We performed this analysis because such little data exists looking 

at body composition in children and adolescents, using a multi-compartment approach. 

A one-sample t-test was used to examine if DFFM obtained in our athletes differed from 

the assumed adult value of 1.1 g/cm3. To compare TBW from non-reference methods 

(TBW-NR) with TBW from the reference method (BW-REF), we used paired t-tests. 

General linear models were employed to test the influence of maturation level alone and 

the possible effect of an interaction of this variable with TBW from each of the non-

reference methods, separately. For each method, if maturation level, and the interaction 

between this factor with TBW estimates from the non-reference methods were non-

significant, pre-pubescent, pubescent and post-pubescent subjects would be included in 

each of the regression models developed to explain TBW from the reference method. 

Simple regression analysis was performed to determine the relationship between TBW 

estimated with the reference method with each non-reference method. The slope, 

intercept, coefficient of determination (R2) and standard error of estimate (SEE) were 

analysed. The Bland-Altman plot looks at the agreement between the criterion method 

and the method in question and is assessed by examining the relationship between the 

mean of the methods and the difference (31). In order to determine the influence of 

DFFM in TBW estimates obtained from the six non-reference techniques, we performed 

bivariate correlations between DFFM, and the difference between mean TBW estimates 

from each non-reference method and from the reference method. Statistical significance 

was set at p<0.05. 
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RESULTS 

 Physical characteristics of the sample, weekly training hours, body composition 

measurements and TBW measured by using the different methods are reported in Table 

2. Boys were significantly heavier and taller, while having a higher BMI and having 

more FFM, although less hours of training per week were found. Girls presented more 

weekly training hours and had a significantly higher percent body fat. No significant 

difference was found for the hydration fraction of FFM, between genders. Additionally, 

boys and girls did not present significant differences between the measured components 

of FFM. Girls presented a higher DFFM compared to boys. After a one-sample t-test, 

results revealed that DFFM was not significantly different from the assumed adult value 

of 1.1 g/cm3 (p>0.05; data not shown) in both genders. 

 Results from TBW measurements indicate that, on average, TBW determined 

from all methods were significantly lower in girls than in boys. In both boys and girls, 

paired comparisons with the reference method show that TBW-Wells was significantly 

lower in comparison to TBW-REF and TBW-Morgenstern was significantly higher than 

TBW-REF. Among girls, TBW-BIS and TBW-Kushner differed significantly from 

TBW-REF, while in boys no differences were found between these two techniques and 

the reference method. In both genders, no significant differences were found between 

TBW-Tanita and TBW-Lohman DXA in comparison to the deuterium dilution technique. 
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Table 2. Physical characteristics of the sample, training participation, body composition 

measurements and total body water measured by using the different methods1 

   All Girls  Boys 
Number  n=103 n=39  n=64 

    Mean ± SD Mean ± SD  Mean ± SD 
 15.2 ± 1.5 15.1 ± 1.8  15.3 ± 1.3  

Age 
      

 (10-18) (10-18)  (11-18) 

 1.79 ± 0.5 1.87 ± 0.3  1.73 ± 0.5  
Maturation (Tanner Stages) 
      

 (0-2) (1-2)  (0-2) 

Weight (kg)  64.3 ± 14.7 56.1 ± 13.5a  69.2 ± 13.1a 
Stature (m)  1.73 ± 0.14 1.65 ± 0.13a  1.78 ± 0.13a 
BMI (kg/m2)  21.3 ± 2.6 20.4 ± 2.5b  21.8 ± 2.4b 
Weekly training hours (hrs/wk)  11.3 ± 5.1 13.3 ± 4.5b  10.1 ± 5.1b 
Body density (kg/L)  1.065 ± 0.016 1.056 ± 0.016a  1.071 ± 0.013a 
Body volume (L)  60.4 ± 13.8 53.3 ± 13.4a  64.7 ± 12.2a 
Body fat         
     BFDXA (kg)  11.8 ± 8.8 13.9 ± 6.7b  10.5 ± 9.7b 
     % BFDXA   17.5 ± 7.7 23.9 ± 6.8a  13.6 ± 5.1a 
     BFmultiC (kg)  9.8 ± 5.4 12.1 ± 6.2b  8.5 ± 4.3b 
     % BFmultiC  15.3 ± 7.3 20.3 ± 7.1a  12.2 ± 5.5a 
Fat free mass         
     FFMDXA (kg)  52.5 ± 13 41.6 ± 7.8a  59.2 ± 10.8a 
     FFMmultiC (kg)  54.5 ± 13.4 44.1 ± 8.2a  60.8 ± 11.9a 
     Water/FFMmultiC (%)  72.3 ± 2.3 71.8 ± 2.6  72.6 ± 2.0 
     DFFM (g/cm3)  1.101 ± 0.0081 1.103 ± 0.0079b  1.099 ± 0.0079b

Total body protein (kg)  11.7 ± 3.0 9.6 ± 1.9a  13.0 ± 2.9a 
     Protein/FFMmultiC (%)  21.6 ± 2.2 21.9 ± 2.8  21.3 ± 1.8 
Total body mineral/FFMmultiC (%)  6.2 ± 0.6 6.3 ± 0.7  6.1 ± 0.5 
     Bone mineral/FFM (%)  5.2 ± 0.6 5.4 ± 0.6  5.2 ± 0.5 
     Soft tissue mineral/FFM (%)  0.9 ± 0.03 0.9 ± 0.03  0.9 ± 0.03 
TBW measurements (kg)         
     TBW-Tanita  38.7 ± 9.5 31.1 ± 6.2a  43.3 ± 8.1a 
     TBW-BIS  39.0 ± 0.3 30.2 ± 6.4ac  44.3 ± 8.1a 
     TBW-Lohman   39.2 ± 9.5 31.3 ± 5.8a  44.0 ± 7.9a 
Prediction equations         
     TBW-Kushner  38.9 ± 9.9 30.7 ± 6.5ac  44.3 ± 8.4a 
     TBW-Wells  34.6 ± 7.0 29.9 ± 6.0ac  37.4 ± 6.0ac 
     TBW-Morgenstern  43.8 ± 12.0 34.1 ± 8.1ac  49.7 ± 10.0ac 
TBW-REF (Deuterium dilution,  
reference technique) 

  39.4 ± 9.7  31.6 ± 6.1a   44.1 ± 8.4a 
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1 Mean ± SD, range in parentheses for age and maturation levels.  

Abbreviations: BFDXA  is body fat measured by dual energy X-ray absorptiometry 

(DXA); BFmultiC is body fat determined by the multi-compartment model (multiC); 

FFMDXA is fat free mass measured by DXA; FFMmultiC is fat free mass determined by 

the multiC; DFFM is density of fat free mass; TBW is total body water; TBW-Tanita 

represents TBW estimated using Tanita; TBW-BIS represents TBW estimated using 

bioelectrical impedance spectroscopy; TBW-Kushner represents TBW estimated using 

Kushner equation (21); TBW-Lohman represents TBW estimated using the hydration 

constants of fat-free mass (assessed by DXA), proposed by Lohman (22), TBW-Wells 

represents TBW estimated using the equation developed by Wells (38); TBW-

Morgenstern represents TBW estimated using the equation developed by Morgenstern 

(38), and TBW-REF represents TBW measured by the using the deuterium dilution 

reference technique. Body density and body volume measured by air displacement 

plethysmography. Bone mineral and soft tissue mineral measured by dual energy X-ray 

absorptiometry; protein determined as the difference between FFMmultiC and the 

estimated components.  
a Significant difference between girls and boys; p<0.001 
b Significant difference between girls and boys; p<0.05 
c Significantly different from TBW-REF; p<0.05 

 

 The results obtained in the correlation analysis between age, BMI and body 

composition are presented in Table 3. In girls the correlations between body fat with 

both age and BMI were positive and significant (r=0.47 and 0.85, respectively; p<0.05), 

while in boys, body fat was not associated with age (p>0.05), and a weak significant 

relationship was found with BMI (r=0.280, p<0.05). Furthermore, the relationships 

between body fat and both FFM and TBW were stronger, positive and significant 

among female athletes (r=0.71, 0.79, respectively; p<0.01), while in the young male 

athletes, they were not significant (p>0.05). In both genders, FFM and TBW were 

positively associated with age and BMI, although girls presented the stronger 

correlations (p<0.01). Likewise, in female athletes, we observed a stronger relationship 
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between age and BMI than in boys (p<0.01). As expected, in both genders, the most 

highly correlation coefficient was observed between TBW and FFM (p<0.01). 

 

Table 3: Bivariate correlations between age, body mass index and body composition 

measures1 

 

 

 

 

 

 

 

1Data represents the correlation coefficients between age, body mass index and body 
composition measures. BMI is body mass index; BF is body fat mass from a multi-
compartment model; FFM is fat-free mass from a multi-compartment model and TBW 
is total body water from deuterium dilution. 
* Significantly; p<0.05 
** Significantly; p<0.01 
 

 

 

 

 

 Age BMI BF FFM TBW  

Age 1 0.364** 0.098 0.593** 0.572** 

BMI 0.508** 1 0.280* 0.530** 0.545** 

BF 0.472** 0.853** 1 0.096 0.119 

FFM 0.626** 0.684** 0.708** 1 0.959** 

TBW 0.610** 0.723** 0.787** 0.968** 1 

B
oys (n=64; 15.3±1.3 yrs) 

 Girls (n=39; 15.1±1.8 yrs)   
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 For each of the non-reference methods, maturation was tested and did not make a 

significant contribution to the explained TBW variability from the reference method, using 

the entire non-reference methods as the independent variables. Additionally, after performing 

a two-way analysis of variance of the interaction term maturation x TBW-NR, the results 

indicated no significant interactions between maturation and each of the non-reference 

methods in the prediction of TBW from the reference method. 

 The performance of each of the six methods as predictor variables of TBW measured 

by deuterium dilution is presented in Table 4. In both genders, the highest accuracy between 

TBW estimates and the reference in girls and boys was observed using Lohman constants 

(r=0.97, SEE=1.56 Kg; r=0.96, SEE=2.42, respectively; p<0.001). Slopes and intercepts 

between Lohman constants, Tanita and BIS and the reference were not different from 1.0 and 

0.0, respectively (p>0.05). The regressions between Kushner equation in girls, Wells in boys 

and Morgenstern equation in both genders significantly deviated from the line of identity 

(p<0.05) (see Table 4). 
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Table 4. Performance criteria between TBW from the reference method and TBW estimated from the non-reference methods1  

 Slope  Intercept  r2 s.e.e. bias 

  Girls (n=39) 

15.1±1.8yrs 

Boys (n=64) 

15.3±1.3yrs 
 Girls Boys  Girls Boys Girls Boys Girls Boys 

TBW-Tanita 0.92 0.97  3.13 1.87  0.88 0.87 2.15 3.01 -0.57 -0.72 

TBW-BIS 0.92 0.94  3.89 2.34  0.92 0.87 1.70 3.04 -1.47a 0.26 

TBW-Kushner 0.90b 0.95  4.15a 2.32  0.91 0.87 1.85 3.11 -0.91a -0.21 

TBW-Lohman 1.02 1.02  -0.29 -0.71  0.94 0.92 1.56 2.42 -0.37 -0.11 

TBW-Wells 0.99 1.31b  2.13 -4.79a  0.93 0.87 1.63 3.07 -1.71a -6.64a

TBW-Morgenstern 0.72b 0.78b  7.21a 5.08a  0.91 0.86 1.82 3.20 2.49a 5.68a 

1Data represent the slope, intercept, adjusted coefficient of determination (r2), standard error of estimation (s.e.e.) and mean differences (bias) of 
each of the six methods relative to the reference, for girls and boys. TBW is total body water; TBW-Tanita represents TBW estimated using 
Tanita; TBW-BIS represents TBW estimated using bioelectrical impedance spectroscopy; TBW-Kushner represents TBW estimated using 
Kushner equation (21); TBW-Lohman represents TBW estimated using the hydration constants of fat-free mass (assessed by DXA), proposed by 
Lohman (22), TBW-Wells represents TBW estimated using the equation developed by Wells (38), and TBW-Morgenstern represents TBW 
estimated using the equation developed by Morgenstern (38).  
a Significantly different from 0, p<0.05; b Significantly different from 1, p<0.05 
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 The agreement between the reference technique and each of the six non-reference 

methods is illustrated in Figure 1 (girls) and Figure 2 (boys). Among both genders no 

significant differences were found between the mean TBW values obtained using both 

Tanita, and Lohman’s hydration constants and the reference method (for girls and boys 

respectively bias=-0.57 and -0.72 using Tanita and -0.37 and -0.11 using Lohman’s 

constants; p>0.05).  No significant differences were observed between mean TBW values 

obtained using both BIS and the Kushner equation and TBW measured by deuterium dilution 

in boys (bias = 0.26 and -0.21, respectively; p>0.05), although in girls the mean differences 

were significantly different from 0 (p<0.05). Using Lohman’s hydration constants in both 

genders, a low limitsof agreement was found (ranging from -3.4 to 2.7 kg in girls and from -

4.8 to 4.6 kg in boys), while Tanita, BIS and Kushner equation showed larger limits of 

agreement at an individual basis (for girls and boys respectively ranging from -4.8 to 3.7 kg 

and from -6.6 and 5.1 kg using Tanita; from -4.9 to 2.0 kg and from -5.7 and 6.2 kg using 

BIS; from -4.7 and 2.9 kg and from -6.3 and 5.9 kg using Kushner equation). No significant 

trend line was observed using Tanita, BIS, Kushner and Lohman constants (p>0.05), while 

the difference between TBW obtained using Wells equation and TBW obtained using the 

reference deuterium was significantly associated with the mean of both methods in boys (r=-

0.69, p<0.05); among girls and boys, significant associations were also found between the 

difference between TBW-Morgenstern and TBW-REF with the mean of both methods 

(respectively for girls and boys r = 0.71 and 0.41; p<0.05). In addition, using Wells equation, 

TBW was underestimated particularly in boys (for girls and boys respectively bias ± 1.96SD 

= -1.71 ± 3.16 and -6.64 ± 6.98 kg) and using Morgenstern equation, TBW was 

overestimated, particularly in boys, once again (for girls and boys respectively bias ± 1.96SD 

= 2.49 ± 5.74 and 5.68 ± 7.53 kg ).  
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Figure 1. Agreement between total body water (TBW) values measured using deuterium 
dilution (REF) and TBW predicted from each of the six non-reference methods, for girls: 
Tanita represents TBW estimated using Tanita; BIS represents TBW estimated using 
bioelectrical impedance spectroscopy; Kushner represents TBW estimated using Kushner 
equation (21); Lohman represents TBW estimated using the hydration constants of fat-free 
mass (assessed by DXA), proposed by Lohman (22), Wells represents TBW estimated using 
the equation developed by Wells (38), and Morgenstern represents TBW estimated using the 
equation developed by Morgenstern (38). The middle horizontal line represents the biases 
(mean errors of kg TBW) and the upper and lower horizontal lines indicate the limits of 
agreement (1.96 x SD of the errors) (Bland-Altman analysis). The trend line represents the 
association between the differences of the methods and the mean of the methods.    
a Significantly different from 0, p<0.05 
*  p<0.05 
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Figure 2. Agreement between total body water (TBW) values measured using deuterium 
dilution (REF) and TBW predicted from each of the six non-reference methods, for boys: 
Tanita represents TBW estimated using Tanita; BIS represents TBW estimated using 
bioelectrical impedance spectroscopy; Kushner represents TBW estimated using Kushner 
equation (21); Lohman represents TBW estimated using the hydration constants of fat-free 
mass (assessed by DXA), proposed by Lohman (22), Wells represents TBW estimated using 
the equation developed by Wells (38), and Morgenstern represents TBW estimated using the 
equation developed by Morgenstern (38). The middle horizontal line represents the biases 
(mean errors of kg TBW) and the upper and lower horizontal lines indicate the limits of 
agreement (1.96 x SD of the errors) (Bland-Altman analysis). The trend line represents the 
association between the differences of the methods and the mean of the methods. 
a Significantly different from 0, p<0.05; *  p<0.05 
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 The results obtained in the bivariate correlations between DFFM and the difference 

between each of the non-reference methods and TBW-REF indicate that DFFM was 

significantly associated with the differences between methods in boys. Among girls, the mean 

differences observed between BIS-REF and between Morgenstern-REF were not associated 

with DFFM. All other methods presented significant associations with DFFM (Table 5).   

 

Table 5. Correlations between DFFM and the difference between TBW estimated using each 

of the non-reference methods and TBW measured using the reference deuterium dilution 

technique. 

 DFFM (g/cm3) 

 Girls (n=39) Boys (n=64) 

 15.1±1.8yrs 15.3±1.3yrs 

TBW mean differences   

Tanita-REF 0.33* 0.52** 

BIS-REF 0.29 0.59** 

Kushner-REF 0.39* 0.57** 

Lohman-REF 0.54** 0.70** 

Wells-REF 0.46** 0.30* 

Morgenstern-REF 0.27 0.75** 
1 Data represents the correlation coefficients for girls and boys between density of fat-free 
mass (DFFM; g/cm3) and the mean differences between total body water (TBW) estimated 
using each of the non-reference methods and TBW measured using the reference deuterium 
dilution technique (REF). Tanita represents TBW estimated using Tanita; BIS represents 
TBW estimated using bioelectrical impedance spectroscopy; Kushner represents TBW 
estimated using Kushner equation (21); Lohman represents TBW estimated using the 
hydration constants of fat-free mass (assessed by DXA), proposed by Lohman (22); Wells 
represents TBW estimated using the equation developed by Wells (38), and Morgenstern 
represents TBW estimated using the equation developed by Morgenstern (38). 
* Significantly; p<0.05 
** Significantly; p<0.01 
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DISCUSSION 
 
 To our knowledge, no previous study has examined the ability of several commonly 

used field and laboratory methods, in the assessment of TBW in adolescent athletes, using the 

deuterium dilution technique as the criterion measure. Our major finding was that, of the six 

non-reference methods used in this study, Lohman’s hydration fraction of FFMDXA showed to 

be the more accurate method for TBW estimates in this population, for both female and male 

athletes. Additionally, regressions showed that Tanita and BIS in both genders and Kushner 

equation in boys were accurate in TBW prediction, while Wells equation in boys and 

Morgenstern equation in both genders significantly deviate from the line of identity.  

 Overall, the agreement between TBW non-reference methods and the standard 

dilution technique indicated no significant mean differences using Tanita and Lohman 

constants in both genders and using BIS and Kushner equation in boys. However, Tanita, BIS 

and Kushner equation showed large limits of agreement, especially in boys (ranging between 

-6.6 and 5.1 kg), suggesting poor agreement at an individual basis. Using Wells and 

Morgenstern equations in both genders we observed great biases, wide limits of agreement 

and significant trend lines, which makes these methods less valid to predict TBW in similar 

populations of athletes.  

 The equations developed by Morgenstern and colleagues (7) overestimated TBW in 

our athletes and a SEE of 1.82 and 3.20 kg were found in girls and boys, respectively. The 

equations derived by Morgenstern and colleagues are an update of the Mellits and Cheek 

formulas (6), which are recommended for pediatric dialysis patients, and largely depend on 

previous data (9). According to Wells and colleagues (8), the previous equations applied in 

contemporary children may lead to a high magnitude of bias due to the secular trends in 

growth. These authors observed that the prediction equations derived in previous decade 

systematically overestimated TBW measurements in contemporary infants and children, 
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arguing that children have become heavier and fatter, which altered the relation between 

anthropometry and TBW (8).  

 A possible explanation to the observed overestimation in TBW values from 

Morgenstern and colleagues prediction equations (7) may be related to the higher stature and 

weight that our athletes presented. Nevertheless, considering weight and height, it is 

somewhat surprising that using the new equations developed by Wells and colleagues (8), 

significantly underestimated TBW values, because our athletes were heavier and taller in 

comparison to the sample of non-athletes by Wells et all (8).  

 The prediction equation developed by Kushner et al (17) yielded a better agreement 

between the estimated TBW values and TBW measured using the reference method in our 

young athletes, comparing with the previous equations developed by Morgenstern et al (7) 

and by Wells et al (8). It should be note that the resistance value presented by Kushner et al e 

was obtained using a single-frequency bioelectrical impedance analysis model: 101 RJL 

Systems, Detroit, at a frequency of 50 kHz. In our study, we applied the Kushner formula 

using a multifrequency bioelectrical impedance spectroscopy (BIS) analyzer (model 4000B, 

Xitron Technologies, San Diego, CA, USA).  

 Studies using bioelectrical impedance have reported the inclusion of the impedance 

index to improve TBW estimates in children and adolescents (10, 12), although we are 

unaware of studies that used this index in adolescents athletes. In this atypical population, the 

use of the resistance value determined from electrical impedance carries few biological 

considerations that should be taken into account. It was suggested that variations in plasma 

extracellular tonicity and the ratio of intracellular to extracellular fluid volume may alter 

body resistance and conductivity properties, influencing TBW-BIS estimates (32, 33). 

Decreases in body water in a post-exercise state and consequent dehydration may affect TBW 

and overall body composition estimates from bioelectrical impedance-measured body 
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resistance, because a decrease in body water will increase body resistance. In this context, 

fluctuations on the other FFM components may also alter body resistance and, as a 

consequence, the accuracy of the predicted TBW. Nonetheless, O’Brien and colleagues (34) 

studied the usefulness of BIS to assess TBW changes associated with hydration conditions 

and tonicity in young adults, concluding that BIS is a valid method for young, fit male 

subjects in both euhydrated and hypohydrated states (34).  

 We requested all athletes to refrain from exercise 24 hours prior to testing, however 

we are not 100% certain this was carried out.  Nonetheless, our analysis demonstrates the 

feasibility of BIS to be an accurate and valid method in young athletes, relative to the 

standard deuterium dilution technique, probably because our athletic children and adolescents 

did not present a DFFM significantly different from the adult value. 

 The present results regarding foot-to-foot BIA showed a good accuracy for assessing 

TBW in a group basis, though wide limits of agreement were observed at an individual level. 

The use of Tanita to assess TBW in young athletes requires similar considerations related to 

the conductivity principals. The adult DFFM density value presented in our adolescents is 

probably an explanation for the large individual variability observed in TBW estimates from 

Tanita.  

 Using the FFMDXA hydration constants developed by Lohman et al (5) more accurate 

TBW-estimates in this group of athletes was found. This method yielded the highest 

regression coefficients against the reference and the smallest mean difference in relation to 

TBW-REF. The limits of agreement were still large, though smaller than those observed in 

the other techniques, suggesting a higher individual accuracy. Based on a few previous 

studies (35, 36), Lohman proposed the use of these constants, accounting for the specific age 

and maturity-related changes among the components of FFM  (5). In addition, the use of 

DXA in the assessment of body composition in children and adolescents has been validated 
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against multi-compartment models (4, 37-39). Although an overestimation of  %BF in 

children and adolescents was found in our athletes, as on previous studies (4, 37, 38), and 

consequently an underestimation of FFM, and some authors have point out the errors 

associated with software assumptions of DXA as responsible for the overestimations 

observed,  Lohman’s hydration constants, which account for the immaturity of the FFM 

composition, applied on DXA derived FFM, probably balance the errors associated with the 

underestimation of DXAFFM.  

 

FFM density 

 Our adolescent athletes  DFFM did not significantly deviate  from the assumed adult 

value of 1.1 g/cm3 (p=0.375), though the protein fraction of FFM was higher and the 

hydration and mineral fraction were slightly lower compared with the assumed adult values 

of 19.4, 73.8 and 6.8%.  

 Since the anthropometric equations used in the present investigation were developed 

in non-athletic children and adolescent, probably “normal hydrated” for their age and 

presenting a lower DFFM compared with the assumed adult value, the poor accuracy observed 

when applying Kushner et al (17) equation in boys and both Morgenstern et al (7) and Wells 

et al (8) equations boys and girls, may be related to the composition of FFM observed in 

these young athletes, which was probably different relative to the population where they were 

developed. As we observed from previous analyses, there was a significant association 

between DFFM and the mean errors between non-reference methods and deuterium dilution 

values, for almost all methods. The discrepancy of DFFM values among the applied 

methodologies, is a limitation of the analysis of body composition performed through the 

current equations and bioelectrical impedance analysis, which takes a two-compartmental 
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model, dividing the body into fat and fat-free components, hence assuming a constant 

relationship between water, fat, mineral, protein and additional minor constituents. 

   Nonetheless, considering the overall study, TBW measurements in athletic children 

and adolescents, who have not recently taken a diuretic to induce TBW depletion, who 

exhibit a “normal” hydration fraction of FFM for the age considered and the proportion of 

FFM components in “stable” relationships, such as the observed in non-athletic children and 

adolescents, may be performed by using two-compartment approaches, such as bioelectrical 

impedance analysis and the anthropometric equations presented in this investigation, 

probably with greater accuracy than the observed in these young athletes . 

 In conclusion, the results presented in this study of young athletes from five different 

sports, showed that, across the non-reference methods used for TBW estimates and in relation 

to the gold standard, the higher accuracy was observed using TBW calculated from the 

specific constants of FFM hydration developed by Lohman et al (5), using DXA measures of 

FFM, in both boys and girls. Foot-to-foot Tanita and BIS were also found to be valid and 

nonbiased, although at an individual basis using Tanita and BIS in both genders, revealed 

poor accuracy, resulting from the wide limits of agreement observed. 

 TBW-specific predictive equations, based on impedance measures, anthropometry, 

age and gender should be critically revised when applied to contemporary groups of children 

and adolescents, in particular among those who are athletes. Determining TBW using 

commonly techniques based on two-compartment models and developed in normal healthy 

children and adolescents may influence individual accurate TBW estimates in athletes of the 

same age, because of the differences on FFM composition, usually observed in this 

population (4, 22).  
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PRACTICAL APPLICATIONS 

 Results obtained in our study demonstrate that there are simple field methods 

available to accurately predict TBW in young athletes. Accurate information about TBW 

levels in young athletes is important given that it enables coaches to implement TBW 

measurements routines in sports training, to maintain the athlete’s under hydrated and healthy 

conditions, which is crucial for enhancing sports performance. 

 

 



Chapter 3         TBW in athletes 
 

150 Faculdade de Motricidade Humana – LabES 
 

REFERENCES 

1. Casa, D. J., Armstrong, L. E., Hillman, S. K., et al. (2000) National Athletic Trainers' 

Association Position Statement: Fluid Replacement for Athletes, J Athl Train, 35, 212-

224. 

2. Walsh, R. M., Noakes, T. D., Hawley, J. A., Dennis, S. C. (1994) Impaired high-

intensity cycling performance time at low levels of dehydration, Int J Sports Med, 15, 

392-8. 

3. Coris, E. E., Ramirez, A. M., Van Durme, D. J. (2004) Heat illness in athletes: the 

dangerous combination of heat, humidity and exercise, Sports Med, 34, 9-16. 

4. Silva, A. M., Minderico, C. S., Teixeira, P. J., Pietrobelli, A., Sardinha, L. B. (2006) 

Body fat measurement in adolescent athletes: multicompartment molecular model 

comparison, Eur J Clin Nutr, 60, 955-64. 

5. Lohman, T. G. (1986) Applicability of body composition techniques and constants for 

children and youths, Exerc Sport Sci Rev, 14, 325-57. 

6. Mellits, E. D., Cheek, D. B. (1970) The assessment of body water and fatness from 

infancy to adulthood, Monogr Soc Res Child Dev, 35, 12-26. 

7. Morgenstern, B. Z., Mahoney, D. W., Warady, B. A. (2002) Estimating total body 

water in children on the basis of height and weight: a reevaluation of the formulas of 

Mellits and Cheek, J Am Soc Nephrol, 13, 1884-8. 

8. Wells, J. C., Fewtrell, M. S., Davies, P. S., Williams, J. E., Coward, W. A., Cole, T. J. 

(2005) Prediction of total body water in infants and children, Arch Dis Child, 90, 965-

71. 

9. Chumlea, W. C., Schubert, C. M., Reo, N. V., Sun, S. S., Siervogel, R. M. (2005) 

Total body water volume for white children and adolescents and anthropometric 

prediction equations: the Fels Longitudinal Study, Kidney Int, 68, 2317-2322. 



Chapter 3                                     TBW in athletes 

Faculdade de Motricidade Humana – LabES 151 
 

10. Masuda, T., Komiya, S. (2004) A prediction equation for total body water from 

bioelectrical impedance in Japanese children, J Physiol Anthropol Appl Human Sci, 

23, 35-9. 

11. Smye, S. W., Norwood, H. M., Buur, T., Bradbury, M., Brocklebank, J. T. (1994) 

Comparison of extra-cellular fluid volume measurement in children by 99Tcm-DPTA 

clearance and multi-frequency impedance techniques, Physiol Meas, 15, 251-60. 

12. Chumlea, W. C., Guo, S. S., Kuczmarski, R. J., et al. (2002) Body composition 

estimates from NHANES III bioelectrical impedance data, Int J Obes Relat Metab 

Disord, 26, 1596-609. 

13. Danford, L. C., Schoeller, D. A., Kushner, R. F. (1992) Comparison of two 

bioelectrical impedance analysis models for total body water measurement in children, 

Ann Hum Biol, 19, 603-7. 

14. Davies, P. S., Preece, M. A., Hicks, C. J., Halliday, D. (1988) The prediction of total 

body water using bioelectrical impedance in children and adolescents, Ann Hum Biol, 

15, 237-40. 

15. Deurenberg, P., Kusters, C. S., Smit, H. E. (1990) Assessment of body composition by 

bioelectrical impedance in children and young adults is strongly age-dependent, Eur J 

Clin Nutr, 44, 261-8. 

16. Deurenberg, P., van der Kooy, K., Paling, A., Withagen, P. (1989) Assessment of 

body composition in 8-11 year old children by bioelectrical impedance, Eur J Clin 

Nutr, 43, 623-9. 

17. Kushner, R. F., Schoeller, D. A., Fjeld, C. R., Danford, L. (1992) Is the impedance 

index (ht2/R) significant in predicting total body water?, Am J Clin Nutr, 56, 835-9. 



Chapter 3         TBW in athletes 
 

152 Faculdade de Motricidade Humana – LabES 
 

18. Heymsfield, S. B., Wang, Z., Visser, M., Gallagher, D., Pierson, R. N. Jr (1996) 

Techniques used in the measurement of body composition: an overview with emphasis 

on bioelectrical impedance analysis, Am J Clin Nutr, 64, 478S-484S. 

19. Jebb, S. A., Cole, T. J., Doman, D., Murgatroyd, P. R., Prentice, A. M. (2000) 

Evaluation of the novel Tanita body-fat analyser to measure body composition by 

comparison with a four-compartment model, Br J Nutr, 83, 115-22. 

20. Ellis, K. J., Shypailo, R. J., Wong, W. W. (1999) Measurement of body water by 

multifrequency bioelectrical impedance spectroscopy in a multiethnic pediatric 

population, Am J Clin Nutr, 70, 847-53. 

21. Clark, R. R., Kuta, J. M., Sullivan, J. C. (1994) Cross-validation of methods to predict 

body fat in African-American and Caucasian collegiate football players, Res Q Exerc 

Sport , 65, 21-30. 

22. Modlesky, C. M., Cureton, K. J., Lewis, R. D., Prior, B. M., Sloniger, M. A., Rowe, 

D. A. (1996) Density of the fat-free mass and estimates of body composition in male 

weight trainers, J Appl Physiol , 80, 2085-96. 

23. Prior, B. M., Modlesky, C. M., Evans, E. M., et al. (2001) Muscularity and the density 

of the fat-free mass in athletes, J Appl Physiol, 90, 1523-31. 

24. Lukaski, H. C., Bolonchuk, W. W., Siders, W. A., Hall, C. B. (1990) Body 

composition assessment of athletes using bioelectrical impedance measurements, J 

Sports Med Phys Fitness, 30, 434-40. 

25. Segal, K. R. (1996) Use of bioelectrical impedance analysis measurements as an 

evaluation for participating in sports, Am J Clin Nutr, 64, 469S-471S. 

26. Tanner, J. M. (1962) Growth and Adolescence, pp. 28-39 (Oxford UK, 

BlackwellScientific). 



Chapter 3                                     TBW in athletes 

Faculdade de Motricidade Humana – LabES 153 
 

27. Heymsfield, S. B., Wang, Z., Withers, R. (1996) Multicomponent molecular level 

models of body composition analysis, in: Roche, A. F., Heymsfield, S. B., Lohman, T. 

G., (eds) Human body composition, pp. 129-147 (Champaign IL, Human kinetics). 

28. Cole, K. S., Cole, R. H. (1941) Dispersion and absorption in dielectrics, J Chem Phys, 

9, 341-351. 

29. Hanai, T. (1968) Electrical properties of emulsions. In: Sherman, P., (ed) Emulsion 

Science, pp. 354-477 (New York, Academic Press). 

30. Wang, Z., Pi-Sunyer, F. X., Kotler, D. P., et al. (2002) Multicomponent methods: 

evaluation of new and traditional soft tissue mineral models by in vivo neutron 

activation analysis, Am J Clin Nutr, 76, 968-74. 

31. Bland, J. M., Altman, D. G. (1986) Statistical methods for assessing agreement 

between two methods of clinical measurement, Lancet, 1, 307-10. 

32. Armstrong, L. E., Kenefick, R. W., Castellani, J. W., et al. (1997) Bioimpedance 

spectroscopy technique: intra-, extracellular, and total body water, Med Sci Sports 

Exerc, 29, 1657-63. 

33. van Marken Lichtenbelt, W. D., Westerterp, K. R., Wouters, L., Luijendijk, S. C. 

(1994) Validation of bioelectrical-impedance measurements as a method to estimate 

body-water compartments, Am J Clin Nutr, 1994, 60:159-66. 

34. O'Brien, C., Baker-Fulco, C. J., Young, A. J., Sawka, M. N. (1999) Bioimpedance 

assessment of hypohydration, Med Sci Sports Exerc, 31, 1466-71. 

35. Fomon, S. J., Haschke, F., Ziegler, E. E., Nelson, S. E. (1982) Body composition of 

reference children from birth to age 10 years, Am J Clin Nutr, 35, 1169-75. 

36. Haschke, F. (1983) Body composition of adolescent males. Part I. Total body water in 

normal adolescent males. Part II. Body composition of the male reference adolescent, 

Acta Paediatr Scand Suppl, 307, 1-23. 



Chapter 3         TBW in athletes 
 

154 Faculdade de Motricidade Humana – LabES 
 

37. Fields, D. A., Goran, M. I. (2000) Body composition techniques and the four-

compartment model in children, J Appl Physiol, 89, 613-20. 

38. Roemmich, J. N., Clark, P. A., Weltman, A., Rogol, A. D. (1997) Alterations in 

growth and body composition during puberty. I. Comparing multicompartment body 

composition models, J Appl Physiol, 83, 927-35. 

39. Wells, J. C., Fuller, N. J., Dewit, O., Fewtrell, M. S., Elia, M., Cole, T. J. (1999) Four-

component model of body composition in children: density and hydration of fat-free 

mass and comparison with simpler models, Am J Clin Nutr, 69, 904-12. 



Chapter 4              Appendicular lean mass in adolescent athletes 

Faculdade de Motricidade Humana – LabES 155 
 

 

CHAPTER 4 

Anthropometric models to predict appendicular lean soft tissue in adolescent athletes2 

Ana L Quiterio, Elvis A Carnero, Analiza M Silva, Brianna C. Bright, Luis B Sardinha 

 

ABSTRACT 

Purpose: Skeletal muscle (SM), which is found mainly within the appendicular lean soft 

tissue compartment (ALST), is a biological important body compartment. Simple and 

accurate methods to estimate both SM and ALST remain difficult to obtain. We aimed to 

develop and cross-validate anthropometric models for ALST in athletes, using DXA as the 

reference method. Methods: ALST equations were developed in 176 athletic boys (15.0±2.8 

yrs; 64.5±15.8 kg; 1.72±0.15 m;) and 92 athletic girls (14.6±2.8 yrs; 53.0±13.1 kg; 1.61±0.13 

m). SKF (skinfolds) were measured at the triceps, thigh and medial calf, and circumferences 

at the midupper arm, midthigh and midcalf. ALST was assessed using DXA (QDR-4500; 

Hologic, Walthman, USA; fan-beam mode). Two models were developed: a body weight 

model (WHt model) and a corrected muscle girth model (CMG model, which included the 

parameters: height*CAG2; height*CTG2; height*CCG2, where CAG is corrected arm girth, 

CTG is corrected thigh girth and CCG is the corrected calf). Simple regression analysis was 

employed to identify the best model fit. The equations were internally cross-validated using 

the PRESS method and performance of new equations was analysed by regression analysis 

and agreement between methods. Results: The new WHt model generated the following 

equation: ALST=-20.338+0.199(W)+3.294(gender)+14.230(Ht)+0.192(age), where gender=1 

for male and 0 for female. The CMG model produced the following equation: 

ALST=3.260+0.002(Ht*CTG2)+0.007(Ht*CAG2)+0.003(Ht*CCG2). WHt equation had an 

R2=0.91 and SEE=2.00 kg, while CMG equation presented an R2=0.93 and SEE=1.80kg. In 

both equations, slopes and intercepts did not differ from the line of identity, no mean 

differences between predicted and measured values and no trend line were observed (p>0.05). 

Conclusions: Both models accurately predict ALST in young athletes, affording a practical 

means to quantify this compartment. 

 

 

 
2Medicine & Science in Sports and Exercise 
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INTRODUCTION 

Skeletal muscle (SM), the largest non-adipose tissue component at the tissue-level of 

human body composition (1), plays an important role in physical activity performance and 

many nutritional, physiological, metabolic and biochemical processes (1-3). In sports science, 

it is remarkable that there are no simple and inexpensive satisfactory methods for estimating 

the mass of the skeletal muscle in athletes, while there is a large body of studies addressing 

accurate body fat estimations. Information on the physiological profile of an athlete would be 

improved adding valid regional and total SM measures. Additionally, simple and accurate 

methods to evaluate this large and functionally important compartment, easily applied during 

the training routines, would enable coaches to regularly evaluate athletes and monitor the 

effects of different training regimes, maintaining the athletes with healthy weights, without a 

loss of lean tissue, while improving their sports performance.  

Despite the potential usefulness of information on the mass of the skeletal muscle of 

the human body, accurate and practical methods to quantify SM mass are difficult to assess, 

costly and involve imaging techniques, such as computed axial tomography (CT) and 

magnetic resonance imaging (MRI). In addition, CT method exposes the subject to radiation, 

which limits its application in children and adolescents (4, 5).A practical alternative to assess 

SM is dual energy X-ray absorptiometry (DXA) instruments, which are widely available, 

noninvasive and can be easily performed in children and adolescents. Whole body DXA 

systems enables investigators to identify specific regions for analysis, and separate lower and 

upper limbs from trunk and its masses into bone, fat and lean soft tissue compartments (5), 

using DXA regional specific anatomical landmarks. Given that lean soft tissue of the 

extremities is almost entirely skeletal muscle, except for a small amount of skin and 

connective tissues, DXA affords an opportunity to estimate appendicular SM mass through 

the measurements of appendicular lean soft tissue (ALST) (6), and by summing ALST 
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measures of the extremities, i.e., in both the right and left arms and legs. Accordingly, many 

authors have proposed the use of DXA to estimate total and regional SM (6-11). Despite the 

great interest of studying the extremity muscle per si, the appendages account for the larger 

portion (73-75%) of total body SM (8, 12). This concept underlies the rational for using DXA 

for SM mass estimates. 

Nevertheless, DXA is still costly and is not a portable instrument, which limits its 

application in epidemiological and field studies. Anthropometry has been referred as a 

practical and inexpensive method to estimate SM. In young athletes, anthropometric 

measurements are easily to perform and can be widely used, since minimal training is 

required to accurately assess anthropometric values. Early studies reported the use of 

anthropometric prediction models for quantifying SM (13, 14). Both these investigations were 

based on a small sample of cadavers of elderly men. Recently, Lee and colleagues (4) 

developed and cross-validated anthropometric prediction formulas for total body SM using 

MRI as the reference method, in a large heterogeneous sample. The general concept is that 

three-quarters of total-body SM exists in the extremities and ALST is primarily SM. In 

addition, the model proposed by Lee et al (4) was based on anthropometric dimensions, 

assuming that whole-body SM is conceptually in the form of a cylinder, skinfold-corrected 

limb circumferences provides a measure of corresponding appendicular lean tissue 

circumferences, appendicular lean tissue circumferences squared creates an estimate of lean 

tissue area and the product of summed estimated appendicular lean tissue areas and height 

provides a measure of total-body SM (4). Although the authors found that the designed model 

was accurate in SM mass prediction in a healthy heterogeneous adult population, its 

applicability in adolescent athletes is unknown.  

Moreover, although sports scientists and investigators from several others disciplines 

have been interested in the study of skeletal muscle compartment in athletes, in order to 
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improve health, fitness and sports performance (15-18), unfortunately, to our knowledge, 

there are no simple, inexpensive and noninvasive methods for SM mass prediction in 

adolescent athletes, which is a gap in sports science, since SM is central in exercise 

performance. 

Hence, the goal of the present investigation was to develop and cross-validate practical 

anthropometric models for ALST in young athletes, assuming that the larger proportion of 

SM is in the extremities and appendicular SM is the main contributor to ALST. Additionally, 

based on previous studies (4, 13, 14) where the overall theme is that whole-body SM is in the 

form of a cylinder, we investigated whether skinfold thickness, circumferences measurements 

and stature (components of the cylinder’s dimensions of the SM mass of the human body), 

and also body weight, would be useful tools for accurately quantifying ALST in young 

athletes. 
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SUBJECTS AND METHODS 

Study Design 

Portuguese young athletes were recruited from the following local sports clubs: 75 

from swimming, 47 from gymnasts, 40 from basketball, 38 from judo, 35 from rugby, 10 

from volleyball, 8 from soccer, 8 from triathlon and 7 from handball, through written and/or 

oral advertisements. Each participant and one parent were informed about the research design 

and procedures, with parental consent being obtained by signing a written consent form. All 

procedures and consent forms were approved by the Ethical Committee of the Faculty of 

Human Movement, Technical University of Lisbon, Portugal.  

  

Subjects 

A total of 176 athletic boys (15.0±2.8 yrs; 64.5±15.8 kg; 1.72±0.15 m; 9.4±6.7 hrs/wk 

of training) and 92 athletic girls (14.6±2.8 yrs; 53.0±13.1 kg; 1.61±0.13 m; 11.8±5.2 hrs/wk 

of training) participated in this investigation. The inclusion criterion for the athletes was 

current participation in competitive sports at national and international levels. The athletes 

should take part in regular physical training for at least two intense hours per week, and for at 

least three years. Athletes who were taking medication for illness, injuries or any kind of 

unnatural supplements did not take part of the study. In addition, we found 4 amenorrheic 

gymnasts that were also excluded from the study. We did not evaluate the amenorrheic 

athletes to ensure that all girls had similar hormonal conditions and because abnormal 

menstrual patterns are often associated with an extremely low body weight and fat content. 

Finally, those athletes who were in a process of gaining or losing weight also did not take part 

in this investigation.  
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Maturation 

Subjects were grouped by Tanner Stage, determined by self-assessment, according to 

Tanner (19). A self-evaluation method was used to identify the degrees of development of the 

genital organs, breast and pubic hair. 

 

Sports training 

Hours per week of sports training (hrs/wk) were self-reported by athletes, using a 

specific questionnaire, developed for the study. The questionnaire included five questions: (1) 

Which competitive sport do you practice?; (2) How old were you when you started training?; 

(3) How many days per week are you engaged on sport training? Please indicate in which 

days of the week do you practice; (4) Are you engaged on training more than one time per 

day? If no, please indicate how long takes the training, in each of the week days. If yes, please 

indicate which week days do you practice twice and how long takes each training; (5) Do you 

usually miss training? Please indicate: often (a); some times (b); exceptionally (c); almost 

never (d). Please describe the reason that makes you miss training.     

Each coach also reported how many times per week did athletes take part of training 

and at what time were the habitual training sessions. The coaches confirmed the answers of 

each athlete at the time of the measurements or later on the training. Training participation 

was also assessed using standard club assiduity reports, fulfilled by the coaches, during the 

previous twelve months of the training season. Hours per week were determined by 

multiplying the number of training sessions performed during a week by hours per training 

session. Modifications of usual training intensity and volume caused by injuries, illness and 

competition were noted and accounted for in the final calculation. 
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Assessment of Body Composition 

 Body composition measurements were performed on the same day, during a visit to 

the study laboratory, over a 4-h period. The measurements were performed by the same 

technician, in standardized conditions. Subjects were asked to fast from the previous evening 

and also to avoid moderate-to-vigorous exercise training intensity from the previous 24 hours.  

 

Anthropometric measures  

Anthropometric measurements were performed using standardized procedures. The 

measurements were performed by a highly trained technician, in standardized conditions.   

Body weight was measured twice using an electronic scale (SECA model 770, 

Hamburg, Germany) to the nearest 0.1 kg, with the average used as their weight.  Stature was 

also measured twice, without shoes, to the nearest 0.1 cm with the average used as their 

height.  

SKF (skinfolds) were measured three times to the nearest 0.1 mm, and average for 

analysis. All SKF measurements were made on the right site of the body, at appropriately 

marked sites, using a Lange Caliper (Cambridge Scientific, Cambridge, MD, USA). SKF 

were measured at the triceps, thigh and medial calf, according to the standardized anatomic 

locations and methods (20). Based on test-retest using 10 subjects, the technical error of 

measurements (TEM) for triceps, thigh and medial calf SKF measurements were respectively 

0.39, 0.47 and 0.39 mm, accordingly to the following equation: (∑d2/2n)1/2, where d stands for 

the difference between repeated measurements and n is the number of paired repeated 

measurements. The intraclass coefficient of correlation (ICC) for triceps, thigh and medial 

calf SKF were respectively 0.997, 0.994 and 0.996.  

Circumference measurements were made in the plane orthogonal, according to the 

standardized procedures (20). Circumferences were measured at the midupper arm, midthigh 
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and midcalf, three times, and averaged for analysis. Based on test-retest using 10 subjects, the 

TEM for the midupper arm, midthigh and midcalf circumferences measurements were 

respectively 0.04, 0.35 and 0.27 cm. The ICC were respectively 1.000, 0.998 and 0.995. 

Each limb circumference (Climb) was corrected for subcutaneous adipose tissue 

thickness, accordingly to Lee and colleagues (4). The corrected muscle circumferences (Cm) 

were calculated as Cm=Climb–πS, where S stands for the skinfold caliper measurement, which 

is assumed to be twice the subcutaneous adipose tissue thickness. 

 

Dual-energy X-ray absorptiometry 

Whole-body and regional body composition were estimated by using DXA (QDR-

4500; Hologic, Walthman, USA; fan-beam mode). After completion the scans, the system 

provided the total and regional body composition results of fat-free soft tissue, body fat and 

bone mineral content. The DXA system software first divides pixels into bone mineral and 

soft tissue compartments. Soft tissue is then further separated into lean soft tissue and fat (21). 

Appendicular lean soft tissue (ALST) mass was considered as the sum of lean soft tissue in 

both left and right arms and legs. The same lab technician positioned the subjects, performed 

the scans and executed the analyses using the standard protocol. Based on test-retest using 10 

subjects, the TEM and the coefficient of variation (CV) for BMC in our laboratory were 0.02 

kg and 1.6%, respectively. 

Statistical analysis 

Descriptive results are expressed in terms of group means ± SD and between-gender 

differences were explored by using Student’s t test.  

Two anthropometric prediction models were prepared: a body weight model (WHt 

model) and a corrected muscle girth model (CMG model). Firstly we select age, gender, 

maturation, body weight and height as the independent variables (WHt equation). We develop 
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a model based on body weight and height, without corrected muscle girths parameters, 

because it enables these measures, which are widely used and easily to perform without 

specific technician training, to predict ALST. In the second model (CMG equation), each limb 

circumference corrected for subcutaneous adipose tissue thickness was added, along with age, 

gender and maturation. For dimensional consistency, corrected muscle circumferences were 

squared and multiplied by height, so that each term of the equation took the form of a length 

cubed, providing a measure of total muscle area and regional variation in SM mass and 

distribution area (4, 14): height*CAG2; height*CTG2; height*CCG2, where CAG is corrected 

arm girth, CTG is corrected tight girth and CCG is corrected calf girth.  

Stepwise regression analysis was performed to identify which combination of 

variables would best predict ALST measured by DXA. The coefficient of determination (R2) 

and the standard error of estimate (SEE) were estimated. The criterion for inclusion (addition 

and retention) of predictors was the highest R2 model and the lowest SEE. The two models 

were then internally validated by using the predicted residual sum of squares (PRESS) 

statistics method (22).  The PRESS-statistic method is an alternative to data-splitting method, 

given that it uses all of the data and thus avoids many problems associated with data-splitting, 

while still providing unbiased estimates of future prediction equations (22). In the PRESS 

technique, each subject in the total data set is excluded, one at a time, and a regression 

analysis is performed. The value of each omitted subject is then predicted, and the difference 

from the observed value is called a PRESS residual. The sum of squares of the PRESS 

residuals gives the PRESS statistics (23). Briefly, the PRESS statistics is obtained by fitting a 

regression equation with one observation excluded. Then the predicted value of the excluded 

observation is obtained and the residual for that predicted value (observed minus predicted) is 

calculated. This procedure is repeated for all subjects. Finally, the sum of squares (SS) of all 

residuals is determined. Hence, the PRESS statistics is a function of all the residuals:  
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PRESS = SS (PRESS residuals)                                                                                     (1) 

The PRESS statistics is never smaller than SS (error) from the ANOVA table. The usual 

ANOVA satisfies: 

R2 = 1 – [SS(error) / SS(total)]                                                                                       (2) 

In the current study the model adequacy was measured using the alternative suggested by 

Myers (22, 24): 

R2 = 1 – [PRESS / SS(total)]                                                                                          (3) 

Similarly, SEE was calculated as follows: 

SEE = √PRESS/n                                                                                                            (4) 

Where n is the number of observations. This technique is similar to applying the equation to 

an independent sample (ex. in the data-splitting procedure), since the PRESS residual is a 

result of the observations that are not included in the data when the equation is derived. Mean 

values for measured and predicted ALST were compared by using paired t-tests. Simple 

regression analysis was performed to determine the relationships between ALST predicted by 

the new equations and ALST assessed by DXA. Slopes and intercepts were examined as well 

as the R2 and SEE. In addition, the pure error (p.e.) was assessed, as another measure of 

validation, using the following equation: [∑(Ϋ-Y)2/n]1/2, where Ϋ is the predicted ALST, Y is 

the observed value of ALST and n is the number of subjects (23). Agreement between the 

reference method and the two prediction equations was also assessed, by analysing the mean 

differences between methods, limits of agreement and trend, according to Bland Altman (25). 

Data were analysed by using SPSS for WINDOWS version 15.0 (SPSS Inc. Chicago, IL) and 

statistical significance was set at p<0.05. 
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RESULTS 

Subjects characteristics 

The characteristics of all the studied athletes are shown in Table 1. There were no 

significant differences in age between boys and girls. Girls were significantly more mature. 

Boys presented significantly less hours per week of sports training compared with girls and 

were significantly heavier, presenting also a higher BMI in relation to girls. SKF values were 

significantly higher in girls, while the circumferences measures were greater in boys. All lean 

measures obtained using DXA were significantly higher in male athletes comparing with 

female athletes, while body fat was greater in girls. 
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Table 1. Characteristics and body composition measurements of the athletes 1 

  All  Girls   Boys 
  n = 268  n = 92   n = 176 
            
Age (yrs) 14.9 ± 2.7  14.6 ± 2.8  15.0 ± 2.8 
Sport training (hrs/wk) 10.2 ± 6.4  11.8 ± 5.2  9.4 ± 6.7b 
Maturation (Tanner stages) 1.70 ± 0.7  1.85 ± 0.74  1.62 ± 0.68b 
Weight (kg) 60.5 ± 15.9  53.0 ± 13.1  64.5 ± 15.8a 
Height (m) 1.68 ± 0.15  1.61 ± 0.13  1.72 ± 0.15 
BMI (kg/m2) 21.0 ± 2.8  20.2 ± 2.48  21.5 ± 2.84a 
Skinfolds thickness (mm)          
     Triceps 11.7 ± 5.8  15.0 ± 5.9  9.9 ± 4.9a 
     Biceps 5.5 ± 3.2  6.9 ± 3.3  4.8 ± 2.9a 
     Midthigh 16.3 ± 7.9  22.4 ± 7.8  13.1 ± 5.7a 
     Midcalf 11.3 ± 6.1  14.7 ± 6.6  9.6 ± 4.9a 
Circumferences (cm)          
     Midupper arm 26.8 ± 3.7  25.1 ± 3.3  27.8 ± 3.6a 
     Midthigh 49.1 ± 5.7  47.7 ± 5.4  49.8 ± 5.7b 
     Midcalf 35.2 ± 3.8  33.7 ± 3.6  35.9 ± 3.7a 
Corrected muscle girths  
(CMG) (cm)          
     Triceps (CAG) 26.7 ± 3.7  24.8 ± 3.2  27.6 ± 3.5a 
     Midthigh (CTG) 36.3 ± 7.7  30.1 ± 4.7  30.1 ± 4.7a 
     Midcalf (CCG) 26.3 ± 5.6  22.2 ± 4.2  28.4 ± 5.1a 
DXA          
     BMD (g/cm2) 1.14 ± 0.20  1.10 ± 0.17  1.17 ± 0.21b 
     BMC (kg) 2.34 ± 0.80  2.04 ± 0.63  2.50 ± 0.84a 
     BF (kg) 11.3 ± 6.6  12.8 ± 5.5  10.5 ± 7.0b 
     BF (%) 18.8 ± 7.5  23.7 ± 5.7  16.2 ± 7.0a 
     LST (kg) 46.4 ± 13.4  37.6 ± 8.2  51.0 ± 13.3a 
     ALST (kg) 20.6 ± 6.6  15.9 ± 3.6   23.1 ± 6.4a 
1 All values are expressed as mean ± sd. BMD, bone mineral density; BMC, bone mineral 
content; BF, body fat; LST, lean soft tissue; ALST, appendicular lean soft tissue. 
a significant differences between male and female athletes (Student’s t test): p <0.001 
b significant differences between male and female athletes (Student’s t test): p <0.05 
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Anthropometric prediction models  
Body weight and height model (WHt equation) 

New anthropometric models generated in current Portuguese athletes (entire sample) 

are given in Table 2. Maturation level was not significant in the prediction of ALST, after 

including age, gender, weight and height into the WHt model (p=0.246). Weight was the 

strongest predictor of DXA measured ALST, explaining 83% of the variation in ALST, with a 

SEE of 2.72 kg. Gender and height explained respectively, an additional 5 and 3% of the 

variance in measured ALST, and the SEE decreased respectively for 2.3 and 2.0 kg. Finally, 

age added 0.4% of the variation in ALST, with the final equation accounting for 91% of the 

variability of ALST (R2 = 0.91; SEE.= 2.0 kg; p<0.05). The slope of gender had a clinically 

meaningful (b = 3.294) as it indicates that for a given weight, male athletes had approximately 

more 3.3 kg of ALST, comparing with female athletes. 

The selected prediction equation, on the basis of weight and height, was (Table 2): 

ALST = -20.338 + 0.199 (W) + 3.294 (gender) + 14.230 (Ht) + 0.192 (age)                (5) 

where gender = 1 for male athletes and 0 for female athletes; W is weight in kg, Ht is height 

in m, and age is in years. 
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Table 2. Regression models and internal cross-validation for the prediction of DXA measured 

appendicular lean soft tissue1 

       Cross validation 

  
R2 

 
SEE Coefficient p-value 

R2 
PRESS SEEPRESS 

WHt model          
Intercept   -20.338 <0.001 
Weight   0.199 <0.001 
Gender   3.294 <0.001 
Height   14.230 <0.001 
Age   

 

  

 

0.192  0.001 

  

Total model  0.91  2.01    0.91 2.01 
CMG model          
Intercept   3.260 <0.001 
Height*CTG2   0.002 <0.001 
Height*CAG2   0.007 <0.001 
Height*CCG2  

 

 

 

0.003  <0.001 

  

Total model  0.93  1.80    0.92 1.82 
1 Abbreviations: WHt model, body weight and height model; CMG model, corrected muscle 
girth model; CCG, corrected calf girth; CAG, corrected arm girth; CTG, corrected thigh girth; 
R2, coefficient of determination; SEE, standard error of estimate (SEE, kg), R2

PRESS, 
coefficient of determination using the PRESS method; SEEPRESS, standard error of 
measurement using the PRESS method. Maturation was not a significant predictor in the final 
developed WHt model (p=0.246); age, gender and maturation were not significant predictors 
in the final developed CMG model (p=0.142, 0.614 and 0.274, respectively).  
 

Corrected muscle girth model (CMG equation) 

Neither age, gender or maturation level were significant in predicting DXA measured 

ALST, after including CMG parameters into the model (p=0.142, 0.614 and 0.274, 

respectively). The results obtained in stepwise regression analysis indicate that all the three 

corrected limb circumferences (CTG, CAG, and CCG) explained 86% of the variance in 

ALST, with a SEE of 2.43 kg (data not shown). However, the stronger predictors of ALST 

were the square of each corrected limb circumferences multiplied by height. The parameter 

Ht*CTG2 explained 84% of the variation in ALST, with a SEE of 2.63 kg. Ht*CAG2 and 

Ht*CCG2, explained an additional 6% and 2% of the variability in ALST, with SEE of 2.04 
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and 1.80 kg, respectively (p<0.001) (Table 2). Considering the stronger predictors, i.e., the 

square of all the corrected muscles girths multiplied by height, the selected equation was then 

developed (Table 2):   

ALST = 3.260 + 0.002 (Ht * CTG2) + 0.007 (Ht * CAG2) + 0.003 (Ht * CCG2)        (6) 

where CTG is corrected thigh girth; CAG is corrected arm girth and CCG is corrected calf 

girth. 

 

Cross-validation of new generated anthropometric models  

The developed models were validated by using the PRESS statistics method. The 

accuracy of the two developed anthropometric prediction equations is illustrated in table 2. 

Considering the new developed anthropometric models, the high R2 and low SEE observed 

after using the PRESS statistic method indicate an excellent accuracy for both methods, 

although CMG model presented a higher R2 and a lower SEE than the model based on weight 

and height (R2=0.92 vs 0.91; SEE = 1.82 vs 2.01 kg, respectively). 

Table 3 illustrates the results of paired t tests, comparing each of the anthropometric 

models with DXA measured ALST. There was no significant difference between ALST 

predicted using both equations and ALST measured by the reference (p>0.05).  
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Table 3. Mean values for measured and predicted appendicular lean soft tissue (ALST)1 

 

Models Predicted ALST  Measured ALST p value 
         
WHt equation 20.62 ± 6.27 20.60 ± 6.58 0.822 
CMG equation 20.39 ± 6.16  20.60 ± 6.58 0.057 

1 Mean ± sd are expressed. WHt is weight and height model; CMG is corrected muscle girths 
model. Results obtained from paired t tests. 
 

The performance criteria for the new generated equations are presented in Table 4. 

Regression analysis between predicted and measured ALST showed that WHt equation had an 

R2 of 0.91 and a SEE of 2.00 kg (Table 4, Figure 1A), while CMG equation was strongly 

correlated with DXA measured ALST and the resulting regression equation had an R2 of 0.93 

and a lower SEE of 1.80 kg (Table 4, Figure 1C). In addition, the p.e. for ALST predicted 

using CMG equation was lower than using WHt model (0.34 vs 1.42 kg, respectively). In both 

equations, slopes and intercepts did not differ from the line of identity, since slopes were not 

significantly different from 1 and intercepts were not significantly different from 0 (p>0.05).  

The individual agreement between equations derived ALST and DXA measured ALST 

indicate no significant mean differences between predicted and measured values and low 

variability, since small limits of agreement were found (bias ± SD1.96 = -0.03 ± 3.90 kg; p = 

0.057; bias ± SD1.96 = 0.21 ± 3.55 kg, p = 0.822 using WHt and CMG equations, 

respectively). In addition, no significant trend line was observed for both equations (see 

Table 4, Figure 1B and Figure 1D).  
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Table 4. Performance criteria between appendicular lean soft tissue (ALST) estimated from 

anthropometric equations and ALST measured using DXA1 

 

          Agreement 
    

Slope 
 

Intercept 
 

R2 
 

SEE 
 

p.e. 
  Bias Limits Trend 

WHt equation  1.00 -0.01 0.91 2.00 1.42  -0.03 3.93, -3.87 0.07 
CMG equation   1.03  0.34  0.93  1.80  0.34   0.21 3.76, -3.34 0.19 

1 WHt is weight and height model; CMG is corrected muscle girths model. Data represents the 
slope, intercept, coefficient of determination (R2), standard error of estimate (SEE.), pure 
error (p.e.) and the agreement between ALST estimated from anthropometric equations and 
ALST measured using DXA. 
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Figure 1: Performance of the two generated anthropometric equations to predict appendicular 
lean soft tissue (ALST) in the adolescent athletes. DXA is the reference method. The left 
panels are linear regressions between ALST measured using the reference method (DXA) and 
ALST estimated using both derived equations (upper panel (A): weight and height model 
(WHt); lower panel (C): corrected muscle girth model (CMG)), for male and female athlete. 
The coefficients of determination (R2) are presented. The right panels illustrate the 
agreement between the reference method (ALST from DXA) and the two derived equations 
(upper panel (B): WHt model; lower panel (D): CMG model)) (Bland-Altman analysis). The 
solid lines represent the mean differences between the reference technique and the 
anthropometric equations. The dashed lines represent 95% limits of agreement (± 1.96 SD). 
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DISCUSSION 
The primary aim of the present investigation was to develop two anthropometric 

models to predict ALST in athletes, based on DXA-ALST as the reference method. The first 

model is a simple and rapid weight and height model, using also gender and age as predictive 

factors. The second model is based on anthropometric dimensions of limb girths. Both new 

anthropometric models showed to be valid, non-biased and to accurately predict ALST, since 

high coefficients of determination were obtained, the slopes and intercepts of the regressions 

did not differ from the line of identity, no significant mean differences between predicted and 

measured ALST were observed, small limits of agreement were found and no significant 

trend line was presented. In addition both equations were found to have high values of R2
PRESS 

and low SEEPRESS, in particular the CMG equation (0.92 and 1.82 kg, respectively). The 

PRESS method avoids data splitting, and thus a large number of subjects were used to 

develop and cross-validate the new anthropometric equations. It is established that, in 

generally, PRESS statistics generates less confident estimates of an equation’s potential (22), 

which underscores the accuracy of our prediction equations. 

To our knowledge, this is the first study aimed to develop and cross-validate 

anthropometric equations for ALST, based on DXA instrument, in young athletes.  

The current investigation was based on earlier reports (13, 14) and extends the study 

developed by Lee and colleagues (4), which was designed with the underlying concept that 

whole body SM is in the form of a cylinder and the combination of skinfold thickness, 

circumference values and stature can be used to obtain the cylinder’s dimensions of body. The 

previous anthropometric models purposed by Lee and colleagues were based on total body 

SM measures obtained using the standard magnetic resonance imaging method (MRI). Our 

investigation used DXA as the reference method to estimate ALST. In the absence of the 

expensive MRI, this procedure is a practical approach for SM prediction in subjects, through 

ALST measures (5-9, 11, 26).  
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The sample used in the study developed by Lee and colleagues (4) was a 

heterogeneous group of healthy adults (>20 yrs). The cross-validation of the developed 

models were performed firstly on a similar non-obese group and secondly on an obese group. 

The combination Ht*CAG2 was found to be the best predictor of whole-body SM in Lee’s 

investigation (r=0.90), followed by Ht*CCG2 (r=0.87) and Ht*CTG2 (r=0.83). Both our and 

Lee’s study (4) suggest that the square of each corrected muscle girth multiplied by height are 

the anthropometric parameters that most contributed for the ALST and SM variance. These 

results confirm that the corrected muscle circumferences measurements and stature 

(components of the cylinder’s dimensions of the SM mass of the human body), are useful 

tools for accurately quantifying ALST and SM in young athletes and non-obese adults, 

respectively. It is interesting to note that the strongest correlation coefficient observed in our 

athletes, between each single corrected limb girth variables and DXA measured ALST, 

without adjustments, was observed for CTG (r = 0.76), followed by CCG (r = 0.65) and CAG 

(r = 0.58) (data not shown). Although our results are slightly opposite to the frequent theory 

that arm girth is a measure of total body SM and subject protein status (27, 28), Martin and 

colleagues (14) in their sample of male cadavers, showed that the single mid-arm girth was 

the weakest predictor of total body SM (r=0.82), while mid-thigh girth was found to be the 

best SM predictor (r = 0.94), followed by the calf-girth (r = 0.84), which is in accordance with 

our results (14). In the present study, we did not included the forearm measure, as Martin and 

colleagues did, because it was suggested that, nowadays, forearm value is an atypical 

measurement and the single mid-arm girth should be used (4, 29). 

Even considering the simplistic and empirical assumption that human body is in the 

form of a cylinder, and consequently, including the respective parameters to construct the 

corrected muscle girths model, after the cross-validation stage, our results suggest that using 

these dimensional measures provide an excellent and nonbiased method to accurately predict 
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ALST in athletes (R = 0.93, SEE = 1.80 kg). This approach was also demonstrated to 

accurately predict SM in non-obese adults (R2 = 0.89, SEE = 2.5 kg) and to a less extend, in 

obese subjects (R2 = 0.83, SEE = 2.9 kg) (4).  

Regarding our first developed model, based on the simple measures of body weight 

and height, after performing a stepwise regression analysis, we found body mass to be the 

strongest ALST predictor, explaining 83% of the variance in ALST. Overall, the final model 

included weight, gender, height and age, and presented an R2 = 0.91 with a low SEE of 2.01 

kg. Lee and colleagues (4) also developed a model based on body weight and height values, 

including age and gender as predictor variables, demonstrating however, lower accuracy in 

their two cross-validation stages in non-obese and obese adults, comparing with our athlete’s 

model (4). Our findings indicate that, through the use of easy anthropometric measures, such 

as body mass and stature, ALST is able to be accurately predicted in adolescents, with low 

individual variability.  

 Additionally, our results showed a weak significant association between ALST and 

maturation level before adjustments (R2=0.17, p<0.0001; data not shown). Nevertheless, we 

observed that Tanner stages failed to contribute significantly to the final developed 

anthropometric models, after the addition of body weight, height and CMG interaction terms 

(p=0.246; p=0.274 for WHt model and for CMG model, respectively). The strong contribution 

of body mass and CMG interaction terms for the prediction of ALST, may have left little 

variance of ALST to be explained by maturation level. Moreover, the young athletes used in 

the current investigation presented a similar maturation level (mean Tanner stage = 1.7 ± 0.7), 

which also may have contributed to the weak effect of maturity on ALST variance. Kim and 

colleagues (9) also demonstrated that Tanner stages did not enter into the final SM-developed 

model, after including ALST, body weight and the interaction of height with ALST.  



Chapter 4              Appendicular lean mass in adolescent athletes 
 

176 Faculdade de Motricidade Humana – LabES 
 

Anthropometry has been widely used in field and epidemiological studies, because it 

is simple to perform, inexpensive and non-invasive, and also despite the importance of the 

skeletal muscle mass in the human body metabolism, few studies have been conducted in 

order to developed and cross-validate anthropometric models to predict SM or ALST. We are 

aware of two anthropometric approaches to estimate muscle mass in adults (4, 29). 

Unfortunately, data reporting SM estimates in children, adolescents and young athletes is 

lacking. Kim and colleagues (9) developed and cross-validated a whole-body DXA SM 

equation for children, based on the reference MRI technique. Firstly, this author tested the 

validity of a previous adult DXA SM model (10) in a sample of pediatric subjects, concluding 

that the previous adult model was valid in children and adolescents who were at the final 

Tanner stage 5, but below this stage, there was an overestimation of SM in the pediatric 

sample. The recent pediatric DXA-prediction models developed by Kim et al showed to 

accurately predict SM (R2 = 0.98-0.99, SEE = 0.6-0.5 kg) (9). Two important issues from the 

previous investigations, based on DXA and MRI measurements, shall be considered in our 

study of young athletes: firstly, children and adolescents below Tanner stage 5 are likely to 

present a smaller portion of total-body SM relative to ALST (ratio SM/ALST = 1.01) 

compared with the adult group (ratio SM/ALST = 1.11); secondly, ALST measured by using 

DXA, explained per si 98.2% of the variance in MRI-measured SM (9). These observations 

are relevant since we used DXA to estimate ALST, assuming that the greatest portion of 

ALST is mainly SM and that the largest portion of the total SM is within the limbs segments 

(appendicular SM), as it was previously reported (23, 30). The high correlation found between 

ALST assessed by DXA and SM determined by using the standard MRI in a pediatric sample, 

confirm these assumptions in children and adolescents (9), although it seems that the intrinsic 

portions of the three skeletal muscle measures are likely to change from the assumed stable 

relations, with growth and maturation processes. 
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Anthropometric approaches in athletes have been widely used (31-35), but lack of 

information regarding accurate anthropometric methods to predict ALST in these population 

is available. This is an important handicap in the sports science and human body composition 

fields, since SM is fundamental for movement, and consequently for exercise performance 

(3). 

Our new anthropometric models provide simple and accurate methods for ALST 

prediction in young athletes, with the underlying concept that the greatest portion of ALST is 

SM. The parameters used in the current investigation and their inherent assumptions need, 

however, to be critically tested in similar athletic populations. 

 

STUDY LIMITATIONS 

Although we achieved sufficient diverse athletic population, mainly because we avoid 

splitting data for the cross-validation procedure, the race effect was not tested in the current 

investigation.  

The square of each corrected muscle girths multiplied by height are anthropometric 

parameters based on the conceptual assumption that human body is in the form of a cylinder. 

These measures showed to accurately predict ALST, although the human anatomic 

assumption used to build this empirical model tends to oversimplify the human anatomy.  

Finally, we used DXA system (and measured ALST) as the reference method, instead 

of MRI or CT (and measured SM) to developed anthropometric models. 

 

CONCLUSIONS 

In summary, two new anthropometric models were developed for children and 

adolescents athletes and cross-validated to ensure its applicability in similar samples. The first 

model is based on simple body weight and height measures and the second model uses 
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dimensional parameters based on SKF and limb circumferences (corrected muscle girths). 

Both anthropometric models showed to accurately predict DXA measured ALST, at a group 

basis and also at an individual basis, since high correlation coefficients were found between 

predicted and measured means, and low limits of agreement were also observed, with no 

mean differences between predicted and measured values. These new generated equations 

afford a practical means to quantify ALST in young athletes. Additional validation studies are 

needed to critically validate these models in similar samples, within an exercise and sports 

training context. 
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CHAPTER 5 

Weekly training hours are associated with molecular and cellular body composition 

levels in adolescent athletes3. 

Ana L Quiterio, Elvis A Carnero, Analiza M Silva, Fátima Baptista, Luis B Sardinha 

 
ABSTRACT 
 
Background: We aimed to explore associations between hours per week of sports training 
and molecular and cellular body composition components in adolescent athletes.  
Methods: A total of 33 female athletes (13.3±3.5 yrs; 47.8±12.6 kg; 154±14.0 cm) and 90 
male athletes (14.1±2.7 yrs; 60.6±17.8 kg; 167±16.2 cm) were measured. Based on the total 
of hours per week of training, athletes were divided into tertiles: <4.5 hrs/wk; 4.5-8.9 hrs/wk; 
≥9 hrs/wk. Dual-energy x-ray absorptiometry (DXA) was used to assess lean mass (lean), 
body fat (BF), percent body fat (%BF), bone mineral content (BMC) and density (BMD). 
Total body water (TBW), intracellular (ICW) and extracellular water (ECW) were assessed 
using bioelectrical impedance spectroscopy (BIS). Extracellular fluids (ECF), solids (ECS), 
body cell mass (BCM) and body fluid distribution (E/I) were calculated. Total hours per week 
of sports training (hrs/wk), habitual physical activity (PA) and dietary were assessed by 
questionnaire. Statistics included analysis of covariance (ANCOVA) and simple regression 
analyses.  
Results: Athletes training ≥9 hrs/wk presented greater levels of TBW, lean, bone mass, BCM, 
and ECF and a lower %BF, independently of confounders. No significant differences in body 
composition estimates were found between athletes training <9 hrs/wk. Hours per week of 
sports training were positively associated with fat free components, only in the group 
exercising ≥9 hrs/wk 
Conclusions: In this group of Portuguese athletes from different sports we observed that 
training ≥9 hrs/wk significantly improved body composition, especially fat free components, 
which may be important for a healthy growth and sports performance.  
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INTRODUCTION 

Measuring body composition in athletes can be important since body composition is 

an indicator of nutritional status and provides information on the specific adaptations to 

different training regimes and on acute water homeostasis (1). In addition, body composition 

estimates are widely used in young athletes to predict and optimize sports performance (2, 3). 

Body weight comprises five distinct levels: atomic, molecular, cellular, tissue system, 

and whole body (4). Both the molecular (which includes water, fat, mineral and fat free mass) 

and cellular levels (which includes the body cell mass, extracellular fluid and a fluid 

distribution indicator – the ratio of extracellular to intracellular water) may change 

substantially with sports training. 

Sports scientists have been especially focused on the molecular level, reporting greater 

levels of bone mineral (5), lean mass (6) and reduced body fat (7) in children and adolescents 

engaged on exercise training. A large body of studies has been restricted to bone parameters, 

suggesting that impact activities are beneficial for bone increases (6, 8-10), though the dose of 

exercise training needed to achieve greater levels of mineral remains unclear (3, 11).  

Whether there is a minimum dose of activity required to maintain and enhance body 

molecular and cellular components, optimal for sports performance and for a healthy growth 

in children and adolescents, is unknown. Regarding bone mass, Karlsson and colleagues (11) 

suggested that soccer players who practice more than six hours per week do not gain 

additional benefits on bone mineral density. Opposite results obtained in young gymnastic 

girls, indicating a dose-dependent relationship between bone mass and weekly training hours, 

were also reported (3). Nonetheless, evidence regarding exercise-induced cellular body 

composition profiles is lacking.  

The cellular level is the first presenting characteristics of the living organism, 

assembling the molecular components into living cells (4, 12). Reductions in the body cell 
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mass alter energy metabolism and decreases muscular strength, pulmonary and 

immunological capacities (13, 14), interfering also on athletic performance (1). The ability to 

assess the metabolically active part of the organism provides important information for 

studies in sports sciences, namely regarding cell physiology and hydration levels (1).  

Therefore, we aimed to examine independent associations between weekly training 

hours and total body water, lean, bone mass, body fat, body cell mass, extracellular fluid and 

body fluid distribution in young athletes from different sports, using a framework common to 

body composition studies, i.e., including the molecular and cellular body composition levels. 

 

METHODS 

Subjects 

We investigated cross-sectionally 33 female athletes (age: 13.3±3.5 yrs; body mass: 

47.8±12.6 kg; stature: 154±14.0 cm) and 90 male athletes (age: 14.1±2.7 yrs; body mass: 

60.6±17.8 kg; stature: 167±16.2 cm). The young athletes were recruited from several different 

local sports clubs (21 from swimming, 18 from basketball, 4 from judo, 28 from gymnastics, 

23 from rugby, 8 from soccer, 10 from volleyball, 7 from handball, and 4 from triathlon) 

through written and/or oral advertisements. Among the athletes that fulfilled the inclusion 

criterion within each club, 6 athletes from judo (60%), 4 from soccer (33.3%) and 6 from 

handball (46.2%) did not participated in the current investigation. Each participant and one 

parent signed a written informed consent, after the research design and all procedures were 

explained by the main investigator. The study, its procedures and consent forms were 

approved by the Ethical Committee of the Faculty of Human Movement, Technical 

University of Lisbon.  

The inclusion criterion for the athletes was current participation in competitive sports, 

for at least 2.5 hours per week in regular physical training, and for at least 3 years. All athletes 

competed at national or international level.
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Measures 

All measurements were performed on the same day, during one visit to the study 

laboratory, over a 4-h period. The measurements were performed by the same technician. 

Subjects were asked to fast from the previous evening and to avoid moderate or vigorous 

exercise training intensity in the previous 24 hours. 

 

Physical characteristics 

Body weight was measured using a scale (SECA model 770, Hamburg, Germany) to 

the nearest 0.1 kg. Stature was also measured to the nearest 0.1 cm. Body mass index (BMI) 

was calculated (kg/m2). 

 

Maturation 

Subjects were grouped by pubertal stage, determined by self-assessment according to 

Tanner stages (19), during the laboratory visit. 

 

Dietary intake 

A semi-quantitative Food Frequency Questionnaire, representing typical Portuguese 

foods, was administered to all athletes during their laboratory visit, to assess dietary intake. 

The questionnaire includes 86 food items, for which subjects indicate their habitual intake 

(from never or fewer than one time per month to six or more times per day). In the present 

investigation, we used daily total energy and total calcium intake. 

 

Physical activity and weekly training hours 

Because free-living physical activity (PA) performed outside the sport club influences 

body composition, we used a previously validated questionnaire to measure habitual physical 
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activity behaviour (20, 21). Each athlete fulfilled the questionnaire and a PA index was 

determined. Roughly, the questionnaire had five questions with four choices. Overall, a 

maximum of 20 points could be reached, as described elsewhere (20, 22).  

Hours per week of sports training (hrs/wk) and starting age of sport specific training 

were self-reported by athletes, using a specific questionnaire, developed for the study. The 

questionnaire included five questions: (1) Which competitive sport do you practice?; (2) How 

old were you when you started training?; (3) How many days per week are you engaged on 

sport training? Please indicate in which days of the week do you practice; (4) Are you 

engaged on training more than one time per day? If no, please indicate how long takes the 

training, in each of the week days. If yes, please indicate which week days do you practice 

twice and how long takes each training; (5) Do you usually miss training? Please indicate: 

often (a); some times (b); exceptionally (c); almost never (d). Please describe the reason that 

makes you miss training.     

Each coach also reported how many times per week did athletes take part of training 

and at what time were the habitual training sessions. The coaches confirmed the answers of 

each athlete at the time of the measurements or later on the training. Training participation 

was also assessed using standard club assiduity reports, fulfilled by the coaches, during the 

previous twelve months of the training season. Hours per week were determined by 

multiplying the number of training sessions performed during a week by hours per training 

session. Modifications of usual training intensity and volume caused by injuries, illness and 

competition were noted and accounted for the final calculation. 

 

Body Composition 

Dual-energy x-ray absorptiometry (DXA) (QDR-4500; Hologic, Waltham, USA; fan-

beam mode) was used to assess lean mass (lean), body fat (BF), percent body fat (%BF), bone 

mineral content (BMC), and density (BMD). The same lab technician positioned the subjects, 
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performed the scans and executed the analysis, according to the operator’s manual, using the 

standard analysis protocol. Considering that BMC represents ashed bone, BMC was 

converted to total bone mineral (Mo) by multiplying it by 1.0436 (4). In our laboratory the 

technical error of measurement (TEM) and coefficient of variation (CV) between series of 

measurements for BMC in our laboratory were 0.02 kg and 1.6 %, respectively.  

Total body water (TBW), intracellular (ICW) and extracellular water (ECW) were 

assessed with a bioelectrical impedance spectroscopy (BIS) analyzer (model 4000B, Xitron 

Technologies, San Diego, CA, USA). Whole body resistance and reactance were determined. 

Subjects were in a supine position with their arms and legs abducted at an angle of 45º. After 

the skin was cleaned with alcohol, four electrodes were placed on the dorsal surfaces of the 

right hand and right foot. The source electrodes were placed on the hand, in the middle of the 

dorsal surface proximal to the metacarpal-phalangeal joint, and on the foot, in the middle of 

the dorsal surface proximal to the metatarsal-phalangeal joint. The sensor electrodes were 

placed on the wrist at the midline between the distal prominences of the radius and ulna and 

in the ankle joint at the line between the malleoli. The measurements were carried out 10 min 

after the subjects lay down. Data were sampled at 50 programmed logarithmically spaced 

frequencies from 5 to 500 kHz. The impedance spectrum was modelled with the Cole-Cole 

(23) cell suspension model to derive a theoretical impedance at zero and infinity frequency, 

based on a nonlinear curve fitting from the measured resistance and reactance. Intracellular 

water (ICW) and extracellular water (ECW) were predicted from the Hanai (24) mixture 

theory and TBW was determined by the sum of ICW and ECW. In our laboratory, the TEM is 

0.47 kg and the CV is 1.1%.  

The cellular components were derived as (25): 

ECF = (1/0.98)xECW                                                                (1)                                    

ECS = 1.732xMo                                                                       (2)                               
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where ECF is extracellular fluids and ECS is extracellular solids.  

Body cell mass was calculated as follow: 

BCM = LST – (ECF+ECS)                                                       (3) 

where LST is lean soft tissue. 

Body fluid distribution was assessed through water compartments, accordingly: 

E/I = ECW/ICW                                                                        (4) 

 

Statistical analysis 

All variables were checked for normality and transformed to the natural logarithm, to 

reduce skewness in the distribution. 

Independent sample t-tests were used to compare girls and boys across all variables.  

Total of hours per week of sports training was divided into three equal groups 

(tertiles), with the use of SPSS statistical package (SPSS Inc., Chicago, IL): <4.5 hrs/wk, 4.5-

8.9 hrs/wk and ≥9 hrs/wk. A one-way analysis of variance (ANOVA) was employed to 

explore the differences in body composition variables across the three groups. Post hoc 

analysis was performed if significant differences between groups were observed. Group 

differences in body composition measures were further identified using analysis of covariance 

(ANCOVA). In order to account for the effect of potential confounding factors, the following 

covariates were considered: age, gender, maturation, sports modalities (where each sport was 

included into one of the two following variables: anaerobic training - basketball, judo, 

gymnastics, rugby, soccer, volleyball and handball; aerobic training – swimming and 

triathlon), PA index, calcium intake and BMI. Additionally, in order to account for a possible 

cumulative effect of exercise training on body components of these young athletes, further 

adjustments for starting age of sport specific training where performed.  
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 Simple regression analyses were employed to examine independent associations 

between hrs/wk and body composition. Statistical significance was set at p<0.05. 

 
RESULTS 
 

Table 1 summarizes the descriptive characteristics of the athletes and presents the 

significant differences between girls and boys. Boys were significantly heavier and taller 

comparing with girls (p<0.001). Boys also presented a higher BMI and consumed more total 

energy per day, while no significant differences were found for total calcium intake, 

maturation and habitual physical activity. Sports participation, defined as hours per week of 

sports training, presented no significant differences between genders. Among the molecular 

components, TBW, lean mass and bone parameters were significantly higher in boys than in 

girls. On the other hand, girls presented a greater %BF comparing with boys (p<0.001). The 

cellular components were significantly higher in boys than in girls, with the exception of body 

fluid distribution, which was significantly higher in female athletes.  
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Table 1. Descriptive characteristics of the athletes: physical characteristics, PA index, 

nutrition and body composition measurements1 

     

 All Girls  Boys 
 n = 123 n = 33  n = 90 

Age (yrs)  13.9 ± 2.9 13.3 ± 3.5  14.1 ± 2.7 
Weight (kg)  57.2 ± 17.4 47.8 ± 12.6  60.6 ± 17.8b 
Stature (cm)  164 ± 16.6 154 ± 14.0  167 ± 16.2b 
BMI (kg/m2)  20.8 ± 3.1 19.6 ± 2.6  21.2 ± 3.2a 
Maturation (Tanner stages)  1.4 ± 0.7 1.4 ± 0.9  1.4 ± 0.6 
Physical activity index  15.9 ± 2.9 16.0 ± 2.6  15.8 ± 2.8 
Calcium intake (mg/day)  1552 ± 752 1566 ± 593  1546 ± 808 
Total energy intake (kcal/day)  2884 ± 1391 2489 ± 882  3036 ± 1520a

Sports participation (hrs/wk/training)  9.0 ± 7.0  9.7 ± 5.4   8.7 ± 7.6 
Molecular components          
     Total body water (TBW) (L)  33.6 ± 12.1 25.6 ± 6.8  36.5 ± 12.3b 
     Lean body mass (Lean) (kg)  43.0 ± 14.4 33.8 ± 8.8  46.4 ± 14.6b 
     Body fat (BF) (kg)  11.2 ± 4.9 11.4 ± 4.0  11.1 ± 5.2 
     Body fat (%BF)   20.5 ± 7.2 24.1 ± 4.4  19.1 ± 7.6b 
     Bone mineral density (BMD) (g/cm2)  1.03 ± 0.2 0.97 ± 0.2  1.05 ± 0.2a 
     Bone mineral content (BMC) (kg)  1.99 ± 0.7 1.67 ± 0.5  2.11 ± 0.7b 
Cellular components          
     Body cell mass (BCM) (kg)  25.2 ± 8.9 19.6 ± 5.5  27.3 ± 9.0b 
     Extracellular fluids (ECF) (L)  14.2 ± 4.4 11.2 ± 2.6  15.3 ± 4.1b 
     Body fluid distribution (E/I)  0.7 ± 0.1 0.8 ± 0.1  0.7 ± 0.1a 

 
1 Mean values ± SD are presented, for all girls and boys.  
a p<0.05 for differences between girls and boys; 
b p<0.001 for differences between girls and boys. 
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In Table 2 differences between groups of weekly training hours are presented. 

Athletes training <4.5 hrs/wk were the youngest, comparing with those engaged on more 

weekly training hours. Athletes participating ≥9 hrs/wk were significantly heavier in 

comparison with those training <4.5 hrs/wk and were significantly taller comparing with 

those training <4.5 and 4.5-8.9 hrs/wk. Significant differences in BMI were also found 

between athletes practising <4.5 and ≥4.5 hrs/wk. Habitual physical activity behaviour was 

significantly higher in athletes practising ≥9 hrs/wk. 

Athletes training <4.5 hrs/wk presented lower values of TBW, lean and bone mass, 

comparing with those engaged on more weekly training hours. %BF was significantly lower 

in athletes training ≥9 hrs/wk in relation to those training <4.5 hrs/wk, while no significant 

differences were found in the absolute values of BF. The young athletes engaged on ≥9 

hrs/wk presented the greatest estimates of BCM and exhibited significantly more ECF 

comparing with those training 4.5-8.9 hrs/wk. Those athletes training <4.5 hrs/wk displayed 

the lower values of E/I.  
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Table 2: Descriptive characteristics of the athletes, grouped by hours per week of training: 

physical characteristics, PA index, nutrition and body composition measurements1 

             

  All (n = 123) 

  <4.5 hrs/wk 4.5-8.9 hrs/wk  ≥9.0 hrs/wk 
  n = 33 n = 46  n = 44 

Age (yrs)  12.0 ± 2.2 14.5 ± 2.5  14.8 ± 3.2ac 
Weight (kg)  49.3 ± 15.7 56.4 ± 12.6  63.9 ± 20.5c 
Stature (cm)  155.0 ± 13.3 162.5 ± 10.3  171 ± 20.7abc 
BMI (kg/m2)  19.1 ± 3.8 21.1 ± 3.8  21.0 ± 3.0ac 
Maturation (Tanner stages)  1.0 ± 0.5 1.5 ± 0.6  1.6 ± 0.8ac 
Physical activity index  14.5 ± 2.6 15.4 ± 2.6  17.4 ± 2.0bc 
Calcium intake (mg/day)  1186 ± 554 1592 ± 751  1778 ± 792c 
Total energy intake (kcal/day)  2653 ± 1555 2611 ± 1178  3321 ± 1379 
Sports participation (hrs/wk/training)  3.0 ± 0.2  5.2 ± 1.3   17.4 ± 4.9abc 
Molecular components          
     Total body water (TBW) (L)  27.9 ± 10.0 33.1 ± 9.9  38.4 ± 13.7c 
     Lean body mass (Lean) (kg)  35.7 ± 11.4 42.2 ± 11.3  49.3 ± 16.5ac 
     Body fat (BF) (kg)  11.2 ± 6.4 11.4 ± 4.3  10.9 ± 4.2 
     Body fat (%BF)   22.9 ± 8.4 21.0 ± 7.5  18.0 ± 5.0c 
     Bone mineral density (BMD) (g/cm2)  0.91 ± 0.1 1.06 ± 0.2  1.09 ± 0.2ac 
     Bone mineral content (BMC) (kg)  1.53 ± 0.5 2.00 ± 0.6  2.32 ± 0.81ac 
Cellular components          
     Body cell mass (BCM) (kg)  20.6 ± 7.1 24.7 ± 7.0  29.2 ± 10.0abc 
     Extracellular fluids (ECF) (L)  12.4 ± 3.6 13.9 ± 3.4  15.9 ± 5.2c 
     Body fluid distribution (E/I)  0.8 ± 0.1 0.7 ± 0.1  0.7 ± 0.1ac 

1 Mean values ± SD are presented, for each tertile of weekly training hours.  
a p<0.05; athletes training 4.5-8.9 hrs/wk greater than athletes training <4.5 hrs/wk; 
b p<0.05; athletes training ≥9 hrs/wk greater than athletes training 4.5-8.9 hrs/wk; 
c p<0.05; athletes training ≥9 hrs/wk greater than athletes training <4.5 hrs/wk. 
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Molecular and cellular body components estimates across tertiles of hours per week of 

sports training, after adjustments for age, gender, maturation, PA, calcium intake, sports 

modalities and BMI, are presented in Figure 1 and Figure 2, respectively.  

No differences were observed in adjusted BF and fluid distribution values; differences 

observed in lean, bone parameters and BCM, between <4.5 hrs/wk and 4.5-8.9 hrs/wk, were 

no longer significant. Athletes training ≥9 hrs/wk presented significantly greater levels of fat 

free molecular and cellular components. When further adjusting for starting age of sport 

specific training, the results showed no additional influence of the length of sports practice, 

since the comparisons between adjusted body components between groups were maintained 

(data not shown).  
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Figure 1. Molecular body components across tertiles of hrs/wk of sports training. TBW, total 
body water; lean; BF, body; %BF, percent body fat; BMC, bone mineral content; BMD, bone 
mineral density. Significant differences between athletes included in each group, obtained 
after adjusting for age, gender, maturation, PA, calcium intake, sports modalities and BMI are 
presented. 
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Figure 2. Cellular body components across tertiles of hrs/wk of sports training. BCM, body 
cell mass; ECF, extracellular fluids; E/I, body fluid distribution. Significant differences 
between athletes included in each group, obtained after adjusting for age, gender, maturation, 
PA, calcium intake, sports modalities and BMI are presented. 
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Table 3 depicts the results for the multiple regression analysis. Considering all 

athletes, hours per week of sports training were positively associated with fat free 

components, with exception of the ratio E/I. Within each group, we observed significant 

independent associations only in the group exercising ≥9 hrs/wk, even after adjusting for 

starting age of sport specific training: β (p value) for TBW, lean, BF, %BF, BMC, BMD, 

BCM, ECF and E/I respectively: 0.017 (0.008), 0.016 (0.004), 0.020 (0.042), 0.003 (0.679), 

0.020 (0.002), 0.009 (0.018), 0.011 (0.046), 0.023 (<0.001) and 0.008 (0.208). 
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Table 3: Associations between hours per week of sports training and body composition1 

                 
   Tertiles of hours per week of sports training 
  

All athletes 
 <4.5 hrs/wk/training  4.5-8.9 hrs/wk/ training ≥9 hrs/wk/ training 

 β (95%CI) p β (95%CI) p  β (95%CI) p β (95%CI)  p 
TBW (L) 0.138 (0.003;0.011) 0.001 0.186 (-0.054;0.557) NS  0.019 (-0.041;0.050) NS 0.193 (0.006;0.029)  0.003 
Lean (kg) 0.158 (0.004;0.012) <0.001 0.183 (-0.048;0.495) NS  -0.021 (-0.051;0.043) NS 0.196 (0.007;0.027)  0.001 
BF (kg) 0.025 (-0.006;0.008) NS -0.008 (-0.480;0.450) NS  0.072 (-0.055;0.093) NS 0.322 (0.006;0.043)  0.011 
BF (%) -0.103 (-0.012;0.002) NS -0.132 (-0.667;0.281) NS  0.066 (-0.065;0.103) NS 0.109 (-0.008;0.021)  NS 
BMC (g) 0.170 (0.005;0.013) <0.001 0.212 (-0.001;0.506) NS  0.022 (-0.047;0.057) NS 0.239 (0.009;0.032)  0.001 
BMD (g/cm2)  0.121 (0.001;0.005) 0.017 0.146 (-0.078;0.218) NS  0.040 (-0.023;0.033) NS 0.243 (0.002;0.017)  0.012 
BCM (kg)  0.148 (0.004;0.012) <0.001 0.173 (-0.057; 0.503) NS  -0.032 (-0.059;0.045) NS 0.139 (0.002;0.023)  0.019 
ECF (L) 0.171 (0.004;0.012) <0.001 0.194 (-0.073;0.517) NS  -0.009 (-0.044;0.041) NS 0.301 (0.013;0.035)  <0.001 
E/I  0.007 (-0.003;0.003) NS 0.606 (-0.633;0.911) NS  -0.095 (-0.037;0.020) NS 0.272 (-0.003;0.020)  NS 

1 Results of regression analyses are presented separately for all the athletes, and for the athletes included into each tertile. Data represents 
standardized β coefficient, 95% CI, and level of significance. Models are adjusted for age, gender, maturation, sports modalities, PA index, 
calcium intake and BMI. TBW, total body water; BF, body fat; %BF, percent body fat; BMC, bone mineral content; BMD, bone mineral 
density; BCM, body cell mass; ECF, extracellular fluid; E/I, body fluid distribution. 
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DISCUSSION 

This study explored independent associations between weekly training hours and 

both molecular and cellular body composition levels, in young athletes. More weekly 

training hours were associate with greater levels of molecular (TBW, lean, and bone 

mass) and cellular components (BCM and ECF), and lower levels of BF. Nonetheless, 

our major finding was that, within each group of exercise dose, associations between 

body composition and hours per week of sports training were significant only for those 

athletes engaged on ≥9 hrs/wk of training.  

At the molecular body composition level, the important role of exercise on bone 

mass parameters is clearly recognized (26), particularly impact loading activities (27-

29). Fifteen hrs/wk of gymnasts training increases bone mass (30). Lower exercise 

doses have been also found to improve bone and lean mass and maintain %BF in 

children (31-34). However, studies aimed to exactly quantify the duration of exercise 

most effective in enhancing bone mass are lacking, with results showing slightly 

opposite results in two different sports (3, 11). The apparent discrepancy between these 

studies may be due to differences in the phase of bone growth of the two samples and 

the impact nature of sports (3). Because higher levels of lean mass confer greater bone 

parameters (35-37) differences related to lean mass may be also a possible explanation 

for the discrepancies observed in the previous studies. In fact, the effects of exercise 

training in lean body mass are often related to sports training (6, 10, 29). Besides bone 

and lean mass, children participating in sports were found to have also greater increases 

on TBW (38), although the cellular compartments of ICW and ECW were not analyzed 

in that study.  

Data reporting associations between exercise training doses and cellular 

components have not received much attention. The cellular level of body composition is 
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the first that includes living cells, which are the base of human physiology and 

consequently of sports training. BCM is the metabolically active fat free portion of the 

intracellular space and the most measurable important variable at this level (4), 

comprising approximately 70% of the ICW. We are aware of one study that aimed to 

assess the impact of football, judo and water polo training on BCM in professional 

athletes, and compared the BCM values obtained in the athletic population with a non-

athletic control group (1). The results clearly indicate an association between high levels 

of fitness exhibited by the athletes with greater values of BCM. The authors reported 

that “measuring BCM is the best predictor of muscular efficiency, which could predict 

athletic performance” (1). Talluri and colleagues (16) investigated the BCMI [BCM 

(kg)/high2 (m)] and examined the application of this index in monitoring the muscular 

mass changes in three different groups of healthy subjects, Olympic athletes, renal 

dialysis patients and anorexia patients. It was suggested that BCM can reveal 

differences in the muscular mass, since there was a muscle gain in the case of Olympic 

athletes and protein tissue loss in the case of anorexia nervosa patients in comparison 

with healthy subjects (16). 

  On the other hand, disturbances in fluid distribution are associated with age and 

pathological conditions (17, 18) and have been found among male athletes (39) and 

overweight children (40). 

We attempted to overcome the gap that exists in the sports training literature and 

induced related body composition profiles, by using a comprehensive framework of 

body composition. Indeed, we assembled two levels of human body composition, the 

molecular and the cellular level, and explored their relationship with weekly training 

hours, addressing the connection between both areas of body composition research: 

rules and biological effects (4). Because BMI is associated with lean and fat (41, 42) 
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and BMC (43), and because disturbances on water compartments were found in obese 

children (40), we chose BMI as a covariate, further ensuring that the variations in body 

components were affected solely by the amount of training. It is interesting to note that, 

independently of the sport athletes are engaged in, those training more weekly hours 

developed more favorable molecular and cellular body components.  

The effect of length of sports training among body components was also 

assessed. This was done since the specific body composition profiles are likely linked to 

a continuous exercise stimulus, besides weekly training hours. We found that 

comparisons between molecular and cellular components among the three groups of 

weekly training hours were maintained after adjusting for starting age of sport specific 

training. Likewise, the significant associations between weekly training hours and body 

components within each of the three groups were still significant only for the group 

exercising above 9 hrs/wk, although weaker relationships were observed, especially 

among BF (kg) and BCM. The current findings obtained in these young athletes 

indicate that the effect of the length of sports training was important, although the 

variable most highly related to molecular and cellular body composition was still sports 

participation, defined by weekly training hours. 

However, few limitations of the current study should be considered, when 

interpreting he results. Firstly, the cross-sectional nature of the investigation does not 

allow us to present a real cause-effect relationship between hours per week of sports 

training and body composition estimates. Secondly, the method used to assess physical 

activity was a self-report method, based on a questionnaire, which may have gave a 

crude estimation of the real habitual physical activity behavior; the exercise dose was 

also estimated by using a questionnaire and was not objectively assessed with other 

methods, such as minute-by-minute heart rate monitoring, accelerometry or doubly 
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labelled water, and the body composition estimates were not based on a reference 

multicompartment model. Finally, our goal was to explore the effect that different 

training doses had on body composition, independently of the sport practiced. Hence, 

we achieved a heterogeneous sample of young athletes, from different sports, and 

separate all athletes into three groups, based on weekly training hours. Although we 

have accounted for the effect of confounding variables, including sports modalities, we 

did not assess the potential effect that the intrinsic characteristics of each sports (i.e., 

aerobic/anaerobic components, impact/non-impact stimulus, etc) may have on body 

composition. This is a clear limitation of the present study.  

In conclusion, we observed a dose-dependent relationship between weekly 

training hours and both molecular and cellular components of body composition, above 

9 hrs/wk, independently of sports. Nonetheless, more studies are needed to confirm our 

results. 

In sports training and in public health, increasing hours per week of exercising 

may enhance sports performance in young athletes while also improving important 

health-related body composition phenotypes. 
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CHAPTER 6 

Molecular and cellular body composition profiles of young male athletes active in 

four different sports4 

 
Quiterio, A.L., Silva, A.M., Carnero, E.A., Baptista, F., Sardinha, L.B. 

 
 
ABSTRACT 

This study investigated molecular and cellular components of male adolescent 
athletes engaged in gymnastics, swimming, basketball and rugby. Total body water 
(TBW) was estimated using bioelectrical impedance spectroscopy where as lean mass, 
total body protein (TBProt), body fat (BF), bone mineral density (BMD) and content 
(BMC) were assessed using dual-energy x-ray absorptiometry. Additionally, body cell 
mass (BCM) and fluid distribution (E/I) were calculated.  

Basketball players exhibited the highest measures of BMC (p<0.05), while 
swimmers presented the highest BCM and the lowest lean mass (p<0.001). TBProt, 
TBW, E/I and BF did not differed among the four sports (p>0.05).  

It appears that bone mass is independently associated with participation in 
basketball, while BCM is more related with swimming. However, due to the cross-
sectional nature of our data, it remains unknown if training affects body composition or 
if youth in competitive sports are selected due to a more favorable body composition 
profile that enhances performance levels.  
 

 

 

 

 

 

 

 

 

 

 

4 Submitted 
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INTRODUCTION 

Measuring body composition in athletes provides important information.  Often 

times it is used to monitor the impact of their training program on both body weight and   

sport performance (1, 2).  

A comprehensive model of human body composition consists of five distinct 

levels, i.e., atomic, molecular, cellular, tissue system and whole body (3). Among these 

levels, useful biological data regarding exercise should include evaluations on both a 

molecular (water, fat, lean and mineral) and cellular level (body cell mass, extracellular 

fluid and body fluid distribution). 

In young athletes, the scientific community has primarily focused on evaluating 

the molecular level of body composition (1, 4-8). There is limited knowledge about the 

relationships between the cellular level of body composition and sports performance.  

Body cell mass (BCM) represents the cellular components involved in 

biochemical processes and energy metabolism (3) and is related to muscular strength, 

pulmonary capacities, immunological capacities (9) and sports performance (10). Body 

fluid distribution has been widely studied in clinical settings, mainly in adults (11), and 

is known to vary with age (12), body fat (13) and exercise (14). 

The relationships between molecular components and exercise across 

gymnastics (6), swimming (15), rugby (4), and basketball (16) have been studied, yet 

less is known in the cellular components in young male athletes. Therefore, the purpose 

of our study was to investigate molecular and cellular body components in adolescent 

male athletes participating in four different sports: gymnastics, swimming, basketball 

and rugby. We hypothesized that the characteristics for each of these four sports would 

have a selected and distinctively different effect on body components. Additionally, we 

thought to better understand the impact of age, maturation, hours per week of sports 
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training, age the sport was first initiated, body composition and dietary patterns on body 

composition between the four sports. 

 

METHODS 

Subjects 

A total of 80 competitive male athletes, aged 8-20 yrs (19 gymnasts, 20 

swimmers, 18 basketball players and 23 rugby players) participated in the study. The 

inclusion criterion was current participation in competitive sports at either a national or 

international level. The athletes must have participated in regular physical training for at 

least 2 hours per week and for at least 3 years. Athletes who were taking medications 

for illness or injuries did not take part in the study, along with those who were in a 

process of gaining or losing weight.  

The athletes were recruited from local sports clubs, through written and/or oral 

advertisements. Each participant and one parent signed a written informed consent, after 

the research design and all procedures were explained by the main investigator.  

The protocol of the study and its procedures were approved by the Ethical 

Committee of the Faculty of Human Movement, Technical University of Lisbon.  

 

Measures 

All measurements were performed on the same day, by the same technician, 

during a 4-h visit to the laboratory. Subjects were asked to fast from the previous 

evening and to avoid moderate and vigorous exercise training intensity in the previous 

24 hours. 
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Physical characteristics 

Body weight was measured using a scale (SECA model 770, Hamburg, 

Germany) to the nearest 0.1 kg. Stature was measured to the nearest 0.1 cm. Body mass 

index (BMI) was calculated (kg/m2). 

 

Maturation 

Subjects were grouped by pubertal stage, determined by self-assessment 

according to Tanner stages (17).  

 

Dietary intake 

A semi-quantitative Food Frequency Questionnaire, representing typical 

Portuguese foods, was administered during the laboratory visit, to assess dietary intake. 

The questionnaire includes 86 food items, for which subjects indicate their habitual 

intake (from never or fewer than one time per month to six or more times per day).  

 

Physical activity and weekly training hours 

To measure habitual physical activity behaviour, we used a previously validated 

questionnaire (18). Each athlete fulfilled the questionnaire and a PA index was 

determined. Roughly, the questionnaire had five questions with four choices. Overall, a 

maximum of 20 points could be reached (19).  

 Hours per week of sports training (hrs/wk) and starting age of sport specific 

training were self-reported by athletes, using a specific questionnaire, developed for the 

study. The questionnaire included five questions: (1) Which competitive sport do you 

practice?; (2) How old were you when you started training?; (3) How many days per 

week are you engaged on sport training? Please indicate in which days of the week do 
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you practice; (4) Are you engaged on training more than one time per day? If no, please 

indicate how long takes the training, in each of the week days. If yes, please indicate 

which week days do you practice twice and how long takes each training; (5) Do you 

usually miss training? Please indicate: often (a); some times (b); exceptionally (c); 

almost never (d). Please describe the reason that makes you miss training.     

Each coach was asked to give the number of times and total times per week each 

athlete trained.  The coaches confirmed the answers of each athlete at the time of the 

measurements or on the training. Training participation was also assessed using 

standard club assiduity reports, fulfilled out by each coach, during the previous twelve 

months of the training season. Hours per week were determined by multiplying the 

number of training sessions performed during a week by hours per training session.  

 

Body Composition 

Molecular components 

Dual-energy x-ray absorptiometry (DXA) (QDR-4500; Hologic, Waltham, USA; 

fan-beam mode) was used to assess fat-free mass (FFM), lean mass, body fat (BF), bone 

mineral content (BMC) and density (BMD). BMC was converted to total-body bone 

mineral (Mo), according to the equation (3):  

Mo = BMC x 1.0436                                                                                (1) 

The same technician positioned the subject, performed the scan and executed the 

analysis using a standard protocol. In our laboratory the technical error of measurement 

(TEM) and coefficient of variation (CV) for BMC were 0.02 kg and 1.6 %, respectively.  

Total body protein (TBProt, kg) was determined as:  

TBProt = FFM – TBW – Mo – Ms                                                         (2) 

 where Ms is soft tissue mineral, calculates as:  

Ms = 0.0129 x TBW                                                                                (3) 
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Total body water (TBW), intracellular (ICW) and extracellular water (ECW) 

were assessed with a bioelectrical impedance spectroscopy (BIS) analyzer (model 

4000B, Xitron Technologies, San Diego, CA, USA). Whole body resistance and 

reactance were determined. Subjects were in a supine position with their arms and legs 

abducted at an angle of 45º. After the skin was cleaned with alcohol, four electrodes 

were placed on the dorsal surfaces of the right hand and right foot. The source 

electrodes were placed on the hand, in the middle of the dorsal surface proximal to the 

metacarpal-phalangeal joint, and on the foot, in the middle of the dorsal surface 

proximal to the metatarsal-phalangeal joint. The sensor electrodes were placed on the 

wrist at the midline between the distal prominences of the radius and ulna and in the 

ankle joint at the line between the malleoli. The measurements were carried out 10 min 

after the subjects lay down. Data were sampled at 50 programmed logarithmically 

spaced frequencies from 5 to 500 kHz. The impedance spectrum was modelled with the 

Cole-Cole cell suspension model (20). Intracellular water (ICW) and extracellular water 

(ECW) were predicted (21) and TBW was determined (ICW+ECW). In our laboratory, 

the TEM is 0.47kg and the CV is 1.1%.  

 

Cellular components 

The cellular components were derived as (22): 

BCM = lean mass – (ECF + ECS)                                                           (4) 

where ECF and ECS are respectively  extracellular fluids and solids, calculated as: 

ECF = (1 / 0.98) x ECW                                                                          (5) 

ECS = 1.732 x Mo                                                                                   (6) 

Body fluid distribution was assessed through water compartments: ECW / ICW 
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Statistical analysis 

A one-way analysis of variance (ANOVA) analysis was employed to perform 

the comparisons between the variables, across the groups. Post hoc Sheffe F tests were 

performed when significant main effects were found. Correlation analysis was used to 

examine associations between body components, body mass, stature, lean mass, age, 

maturation, starting age of sport specific training and sports training. Differences in 

body components across the four groups were evaluated accounting for the confounding 

effects of covariates, using ANCOVA models. All statistical analyses were carried out 

with SPSS statistical package (SPSS Inc., Chicago, IL). Statistical significance was set 

at P<0.05. 

 
RESULTS 

Rugby players were the youngest and least mature, while swimmers and 

basketball players were the oldest and most mature (p<0.001). No differences were 

found in BMI (p>0.05) (Table 1). Free daily PA index was higher among swimmers 

comparing with rugby players (p<0.05), while hours per week of sports training was 

significantly different across athletes, with rugby players participating significantly less 

hours comparing with the other groups (p<0.001).  
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Table 1: Descriptive characteristics of the young male athletes, participating in four sports1 

  Gymnasts Swimmers Basketball 
players Rugby players 

   n = 19 n = 20 n = 18  n = 23 

F 
value  

P 
value 

Age (yrs)  14.2 ± 1.8a 16.4 ± 2.5d 16.4 ± 0.8ac  12.1 ± 2.6cd 19.7 <0.001 
Weight (kg)  56.9 ± 10.7a 66.0 ± 10.4bd 78.9 ± 12.6abc  52.6 ± 17.6cd 13.3 <0.001 
Stature (cm)  165.1 ± 7.1a 173.7 ± 10.9bd 186.0 ± 10.7abc  157.9 ± 14.4cd 20.3 <0.001 
BMI (kg/m2)  20.8 ± 3.1 21.7 ± 1.7 22.7 ± 1.9  20.6 ± 4.3 1.8 0.161 
Maturation (Tanner stages)  1.3 ± 0.5ae 2.4 ± 0.9de 1.9 ± 0.2ac  0.9 ± 0.5cd 24.0 <0.001 
Physical activity index  19.3 ± 1.9 21.9 ± 2.1d 19.2 ± 2.9  18.0 ± 2.8d 4.7 0.005 
Starting age of sport specific 
training  6.4 ± 4.7 8.7 ± 2.7 8.8 ± 3.1 

 
8.7 ± 1.8 1.7 0.183 

Sports training (hours/week)  6.8 ± 3.4aef 19.1 ± 6.2de 17.9 ± 8.9ac  3.0 ± 0.0cdf 38.2 <0.001 
Calcium intake (mg/day)  1816.1 ± 1129.2 1854.7 ± 931.9 1767.6 ± 845.6  1289.2 ± 515.7 1.9 0.145 
Total energy intake (kcal/day)  2886.2 ± 1697.8  4229.8 ± 1843.2  3366.4 ± 1473.7  3123.2 ± 1528.2  1.3 0.276 

1 Data are means ± SD. Results obtained from ANOVA. BMI: body mass index. 
a Significant differences between basketball players and gymnasts 
b significant differences between basketball players and swimmers 
c significant differences between basketball players and rugby players 
d significant differences between swimmers and rugby players 
e significant differences between swimmers and gymnasts 
f significant differences between ruby and gymnasts 
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Considering the molecular components (Table 2), basketball players exhibited 

the highest measures of the bone parameters (p<0.001). The basketball group also 

presented greater TBW and lean mass comparing with gymnasts and rugby players 

(p<0.001); these components were significantly lower in the rugby group comparing 

with swimmers (p<0.001). TBProt level was greater among the basketball and 

swimmers, comparing with rugby players (p<0.001). Fat mass presented no significant 

differences among the groups (p>0.05). Cellular components, respectively body fluid 

distribution and BCM, were significantly greater among the basketball and swimming 

groups, comparing with the rugby players (p<0.05; p<0.001, respectively) (Table 2). 
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Table 2: Body composition measures of the young male athletes, participating in four sports1 

  Gymnasts Swimmers Basketball players Rugby players 
   n = 19 n = 20 n = 18 n = 23 

F 
value  

P value

BMD (g/cm2)   1.055 ± 0.124a 1.098 ± 0.132bd 1.268 ± 0.103abc  0.931 ± 0.121cd 26.7 <0.001
BMC (kg)  2.030 ± 0.496a 2.328 ± 0.488bd 3.025 ± 0.419abc  1.644 ± 0.516cd 28.4 <0.001
TBProt (kg)  9.41 ± 1.7 10.1 ± 2.7d 11.7 ± 2.6c  7.3 ± 2.0cd 12.3 <0.001
TBW (kg)  35.2 ± 7.6a  40.8 ± 8.6d 48.9 ± 7.0ac  30.3 ± 11cd 15.2 <0.001
E/I  0.72 ± 0.09 0.66 ± 0.07d 0.68 ± 0.08c  0.76 ± 0.09cd 6.1 0.010 
BCM (kg)  27.1 ± 5.0a 31.8 ± 6.9d 36.3 ± 4.3ac  22.4 ± 7.74cd 17.4 <0.001
Lean mass (kg)  45.7 ± 8.4a 53.1 ± 10.2d 62.0 ± 7.9ac  38.5 ± 12.6cd 18.6 <0.001
BF (kg)  7.7 ± 2.0 9.5 ± 2.7 12.6 ± 4.6a  11.5 ± 7.3 2.5 0.070 

1 Data are mean ± SD. Results obtained from ANOVA. BMD: bone mineral density; BMC: bone mineral content; TBProt: total body protein; 
TBW: total body water; E/I: body fluid distribution, where E and I are respectively extracellular and intracellular water; BCM: body cell mass; 
BF: body fat. 
a Significant differences between basketball players and gymnasts 
b significant differences between basketball players and swimmers 
c significant differences between basketball players and rugby players 
d significant differences between swimmers and rugby players 
e significant differences between swimmers and gymnasts 
f significant differences between ruby and gymnasts 
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Table 3 depicts bivariate correlations between body components and weight, 

height, lean mass, age, maturation, starting age of sport specific training and hours per 

week of sport training. Body fluid distribution was the only component which showed 

negative associations (p<0.01). All body components presented the strongest 

correlations with lean mass (r ranging between 0.75 and 0.99; p<0.01; p<0.01), with the 

exception of BF and body fluid distribution, which presented the most highly 

correlations with weight and age respectively (r=0.55 and r=-0.72; p<0.01) (Table 3). 
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Table 3: Bivariate correlations between body components, body mass, stature, lean mass, age, maturation, starting age of sport specific training 

and hours per week of sport training1 

 

   Weight  Heigh Lean 
mass Age Maturation Starting age of sport 

specific training 
Sport training 
(hours/week) 

BMD (g/cm2)  0.79**  0.79** 0.85** 0.76** 0.62** 0.23 0.61** 
BMC (kg)  0.91**  0.91** 0.95** 0.80** 0.64** 0.28* 0.68** 
TBProt (kg)  0.71**  0.75** 0.75** 0.66** 0.48** 0.18 0.52** 
TBW (kg)  0.94**  0.91** 0.99** 0.82** 0.68** 0.34** 0.66** 
E/I  -0.51**  -0.48** -0.61** -0.72** -0.59** -0.39** -0.40** 
BCM (kg)  0.94**  0.92** 0.99** 0.86** 0.70** 0.35** 0.66** 
Lean mass (kg)  0.95**  0.94** 1 0.84** 0.69** 0.32** 0.68** 
BF (kg)  0.55**  0.23 0.27* 0.002 0.06 0.13 0.08 

1Coefficients of correlation are presented. BMD: bone mineral density; BMC: bone mineral content; TBProt: total body protein; TBW, total body 
water, E/I: body fluid distribution, where E and I are respectively extracellular and intracellular water; BCM: body cell mass; BF: body fat. 
* p<0.05 
** p<0.01  
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Table 4 summarizes the parameter estimates for body components. The 

following covariates were used for body composition comparisons: age, maturation, 

lean mass, hours per week of sport training and starting age of sport specific training. In 

addition, bone parameters were also adjusted for calcium intake, while lean mass was 

adjusted for differences in height.  

After adjustments, body components remained highly associated with lean body 

mass (p<0.05; p<0.001), with the exception of body fluid distribution (p>0.05). Bone 

mass, TBProt and TBW were no longer associated with age (p>0.05), while body fluid 

distribution, BCM and lean mass remained significantly associated with age (p<0.05). 

Adjusted body components showed no significant associations with maturation level 

(p>0.05). Negative significant relationships were observed between adjusted BF and 

age (p<0.05).  
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Table 4: Parameter estimates for body components in the young male athletes, participating in four sports1 

  BMD (g/cm2) BMC (kg) TBProt (kg) TBW (kg) E/I BCM (kg) Lean mass (kg) BF (kg) 

  
Parameter 
estimates

P 
value 

Parameter 
estimates 

P 
value 

Parameter 
estimates

P 
value 

Parameter 
estimates

P 
value 

Parameter 
estimates

P 
value 

Parameter 
estimates

P 
value 

Parameter 
estimates

P 
value 

Parameter 
estimates 

P 
value 

Gymnastics 0.039 NS 0.031 NS 1.177 NS -1.206 NS -0.005 NS 0.427 NS -0.641 NS -3.517 NS 
Swimming -0.015 NS -0.079 NS 1.620 NS -1.659 NS -0.022 NS 1.231 0.002 -8.156 0.013 -1.263 NS 
Basketball 0.111 0.023 0.245 0.03 1.445 NS -1.480 NS 0.010 NS -0.027 NS 1.540 NS -0.970 NS 
Rugby 0a - 0a - 0a - 0a - 0a - 0a - 0a - 0a - 
Age 0.018 NS 0.026 NS 0.067 NS -0.068 NS -0.018 0.009 0.178 0.013 2.999 <0.001 -1.351 0.004 
Maturation 0.026 NS -0.050 NS -0.646 NS 0.662 NS -0.015 NS -0.066 NS 0.885 NS 0.980 NS 
Starting age 
of sport 
specific 
training 

-0.001 NS 0.006 NS -0.023 NS 0.023 NS -0.005 NS 0.073 0.037 0.455 NS -0.004 NS 

Sports 
training 
(hours/week) 

-0.001 NS 0.011 NS -0.013 NS 0.013 NS 0.001 NS -0.033 NS 0.542 <0.001 -0.107 NS 

Lean mass 0.004 0.038 0.034 <0.001 0.150 <0.001 0.827 <0.001 -0.001 NS 0.587 <0.001 - - 0.359 <0.001 
Calcium 
intake <0.001 NS <0.001 NS - - - - - - - - - - - - 

1 Results obtained from general linear models, adjusting for age, maturation, lean mass, starting age of sport specific training, sports training, 
daily calcium intake (for bone parameters) and height (for lean mass). BMD: bone mineral density; BMC: bone mineral content; TBProt: total 
body protein; TBW: total body water; E/I: body fluid distribution, where E and I are respectively extracellular and intracellular water; BCM: 
body cell mass; BF: body fat. 
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After adjustments, basketball players exhibited significantly the greatest 

measures of BMC (p<0.05) comparing with the other three groups (p>0.05) (Table 5). 

Swimmers displayed the lowest lean mass and the greatest BCM compared with the 

other athletes (p<0.001). The significant differences in TBProt, TBW and body fluid 

distribution among the four sport groups disappeared after adjustments (p>0.05). BF 

remained with no significant differences between athletes (p>0.05).  

Table 5: Adjusted means of body components of the young male athletes, participating 

in four sports1 

    Gymnasts  Swimmers Basketball Rugby  F value P value 
BMD (g/cm2)  1.076  1.021b 1.148bc 1.037c  4.259 0.010 
BMC (kg)  2.184a  2.075b 2.398abc 2.154c  4.886 0.005 
TBProt (kg)  9.7  8.5 10.1 10.1  0.997 0.401 
TBW (kg)  38.4  38.0 38.2 39.6  0.997 0.401 
E/I  0.71  0.69 0.72 0.71  0.49 0.692 
BCM (kg)  29.2e  30bde 28.7b 28.8d  7.612 <0.001 
Lean  mass (kg)  51.0e  43.5bde 53.2b 51.70d  7.385 <0.001 
BF (kg)  8.3  10.5 10.8 11.8  1.008 0.396 

1 Results obtained from ANCOVA. Data represents estimated means, adjusted for age, 
maturation, lean mass, starting age of sport specific training, sports training, daily 
calcium intake (bone parameters) and height (lean mass). BMD: bone mineral density; 
BMC: bone mineral content; TBProt: total body protein; TBW: total body water; E/I: 
body fluid distribution, where E and I are respectively extracellular and intracellular 
water; BCM: body cell mass; BF: body fat. 
a Significant differences between basketball players and gymnasts 
b significant differences between basketball players and swimmers 
c significant differences between basketball players and rugby players 
d significant differences between swimmers and rugby players 
e significant differences between swimmers and gymnasts 
f significant differences between ruby and gymnasts 
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DISCUSSION 
The current study is the first cross-sectional investigation that has compared 

molecular and cellular body components among male athletes participating in four 

different sports, i.e., gymnastic, swimming, basketball and rugby. The rationale for the 

current investigation was based on the lack of data reporting molecular and cellular 

body components estimates in male adolescent athletes and the few studies bringing up 

possible associations between regular sports training and body composition, after 

controlling for possible confounding variables. We hypothesized that different 

characteristics of gymnastics, swimming, basketball and rugby would have selected 

effects on the proportions of molecular and cellular body components among the 

athletes, after controlling for confounding variables. The findings revealed that bone 

parameters, BCM and lean mass differed among athletes, while the remained body 

components, specifically, TBProt, TBW, body fluid distribution and BF were not 

enough sensitive to the specific characteristics of each sport, given that no differences 

were observed between the groups. 

We demonstrated that, after adjustments, the basketball players displayed the 

greatest BMC comparing with the other athletes (8.9% more than gymnasts, 10.2% 

more than rugby players and 13.5% more than swimmers). On the other hand, 

swimmers were found to present from 2.7% to 4.3% more BCM than the three other 

groups, while displaying the lowest measures of height adjusted lean body mass (17.2% 

less than gymnasts, 18.9% less than rugby players and 22.3% less than basketball 

players).  

The greatest levels of bone mass presented by the male basketball players are in 

accordance with the results obtained in few studies developed in active boys (5, 8), 

though the larger body of studies exploring the relationships between bone mass and 

participation in activities with different impact characteristics is among female athletes 
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(4, 6, 15, 23, 24), and have shown that high mechanical impact activities are more 

efficient in increasing bone mass than forms of exercise which do not evoke high-

magnitude loadings and impact stimulus. Additionally, experimental investigations 

suggested that the osteogenic process is improved with high strains in unusual patterns, 

during short periods (25). In fact, the basketball players evaluated in the current study 

were expected to be exposed to high-impact stimulus and great peak ground reaction 

forces of 3.9-6.0 times body weight, like those produced in netball (23, 26). Likewise, 

the ground reaction forces at landing resulting fro gymnastics exercise are suggested to 

be equal to or greater than 3 times body weight (27). On the other hand, the rugby 

athletes are expected to be engaged on a medium impact training, since playing rugby 

involves less vertical jump-landing exercises, although large compressive forces on both 

upper and lower limbs, due to the physical contact, are required on the game (4), along 

with several middle- to short-distance running which are expected to generate ground 

reaction forces approximately 2-3 times body weight (28). The swimmers performed all 

their exercises on the water, with no additional weight-bearing stimulus and resistance 

training.  

The current findings revealed that male swimmers displayed significantly the 

lowest height adjusted measures of lean mass, comparing with the other athletes. 

Measuring lean body mass is often used as an indicator of skeletal muscle mass (29, 

30). Significant differences in lean mass according to the performance level were found 

among male soccer players (31), and in volleyball players, who performed high-

intensity jumps similar to those performed in basketball (15, 32). Ginty and colleagues 

(5) investigated adolescent boys participating in activities with four impact categories 

and concluded that adolescents participating on the highest level of impact activities 

displayed greater levels of lean mass.Controversy findings indicate, however, no 
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significant differences in lean mass between impact (mainly anaerobic) and non-impact 

(mainly aerobic) activities (10).  With the exception of body fluid distribution, after 

adjustments, body components were highly associated with lean body mass, which 

reinforces the importance of this compartment when evaluating body composition, 

especially among young athletes.  

Measuring TBW in sports and exercise is also fundamental, given that TBW 

comprises 73.8% of the lean soft tissue (33) and provides information against 

dehydration (34). Nevertheless, quantifying TBW in children and adolescents has not 

received much attention (35). It was found that adolescents with a high degree of sports 

participation present greater levels of TBW (7). In the current investigation, no 

significant differences in TBW levels were observed among athletes from four different 

sports, after adjustments.  

Likewise, no differences were found in TBProt. Protein is other functionally 

important component at the molecular level, comprising 19.4% of fat free mass, and 

measuring its alterations provides relevant physiological and pathological conditions (3, 

33). 

The current investigation indicates no significant differences in BF among 

athletes from four different sports. Typically, adolescents engaged on regular sport 

training display lower levels of BF than their counterparts who do not participate in 

regular sport training (6, 10, 15, 24, 32). Nonetheless, BF was found to be not 

significantly different among female athletes active in volleyball, swimming and 

gymnastics (15), among male athletes engaged on three different football divisions, judo 

and water polo athletes (10) and among adolescent female athletes practicing rope-

skipping and soccer (24).  
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Regarding the cellular components, evaluating BCM provides relevant 

information regarding muscular efficiency and athletic performance (10), since BCM is 

the metabolically active part of the organism, where all the anabolic and catabolic 

processes occur (36). We are unaware of studies aimed to investigate BCM levels 

among different sports, in adolescent athletes. One study reported that adult athletes 

training soccer at the highest competition divisions displayed greater levels of BCM, 

comparing with those at the lowest competition division (10). Greater levels of BCM 

were also found in Olympic athletes in relation to non-athletic subjects (37). We found 

that swimmers displayed the higher BCM levels. We speculate that, in the absence of 

impact loading stains to optimize the osteogenic process and lean mass, the greatest 

aerobic component along with a high level of muscular activation during swimming, 

constitute strong stimulus for BCM development.  

Finally, an overexpansion of the ECW in relation to the ICW and the consequent 

disturbance on body fluid distribution is of great concern (11-14). In the present study, 

none of the group evaluated presented abnormal disturbances on body fluid distribution. 

The similar levels of TBW, TBProt, body fluid distribution and BF presented by 

the athletes evaluated in the current investigation probably indicate that these 

components, although fundamental for the physiological processes that occur with 

exercise training, are not sensitive to the different types and characteristics of each sport 

and inherent loading stimulus.   

It is not established whether regular sports training influences body composition 

in adolescents or if there is a previous selection into different sports, due to the physical 

constitution and body composition profile.  

A recent data (38) obtained in selected girls and boys aged 9-13, who were 

active at a competitive level of sports, showed that children participating in swimming, 
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tennis, handball and gymnasts had significant differences in stature, body proportions, 

body mass index and sum of skinfolds. Moreover, there was observed no association 

between training on height, body composition and pubertal development. The authors 

suggested that children in competitive sports may be selected due to constitutional 

factors (38).  

In fact, it is known that the selection of an athlete for a sport is related, not only 

to the skill requirements of a particular sport, but also to both size and physique of the 

athlete, that is, the configuration of the entire body (38, 39). For example, while a high 

stature and a large size are an advantage in basketball and rugby, these characteristics 

may be a limiting factor in sports such as gymnastics (39).  

Coupled with the constitutional factors and physique of an athlete are the 

biological effects that physical training may have in children and adolescents. Indeed, 

while athletes have no means of changing or adjusting their skeletal size and 

proportions, body weight fluctuations by reducing fat mass at the expense of increasing 

lean body mass, bone mass, TBW, and BCM may be recommended for achieving 

greater levels of performance and evaluated using simple methods.  

Nevertheless, our results may have been influenced by a selection bias. Athletes 

displaying, stronger bones and larger levels of lean mass are likely to play basketball or 

train gymnastic at a higher performance level, over a longer period of time, comparing 

with weaker and smaller athletes. Similar, athletes presenting greater levels of BCM and 

lower bone mass may have an advantage in swimming, when comparing with swimmers 

who present lower BCM levels and heavy bones.  

We chose only male athletes to participate in the current study because there are 

more studies developed in female athletes than in young male athletes. In addition, we 

aimed to focused solely on male athletes and investigate molecular and cellular body 
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components in relation to four different impact and aerobic sports. A non-athletic group 

would be interesting, but it would be beyond the main purpose of the investigation.  

Overall, the current findings reinforce the need of more data focusing on 

comprehensive approaches to human body composition. That is, apart of body fat, 

which has been extensively studied, it is important to bring together information 

regarding other important physiological components, such as lean body mass, TBW, 

TBProt, BCM and extracellular fluid (ECF), which can be useful to improve specific 

performance-related phenotypes (3, 10, 29, 30, 34, 35).  

 

CONCLUSION 

The results obtained in the present study indicate that bone mass is improved in 

young male basketball players (a high-impact and anaerobic sport) comparing with the 

athletes from the other three sports, while BCM was greater among the male athletes 

engaged on the non-impact and more aerobic sport (swimming). No differences in the 

remained body components were observed between athletes from the four sports. 

Further recommendations for a healthy development and sports performance 

may be assisted by evaluating molecular and cellular body components in young 

athletes participating in different aerobic and impact sports. More studies, preferentially 

longitudinal investigations, exploring the relationships between body components and 

participation in competitive sports in adolescent athletes are needed, to critically 

examine the current results and provide information about the effects that different types 

of exercise may have on body composition. 
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CHAPTER 7 

Skeletal bone mass in adolescent male athletes and non-athletes: positive effects of 

high-impact sports5 

 
Quiterio, A.L., Carnero, E.A., Baptista, F., Sardinha, L.B. 

 

ABSTRACT 

Objective: To examine the relationships between participation in two different 
categories of sports (high-impact vs non-impact) and bone status among adolescent 
male athletes and investigate differences from an age-matched control group.  
Design: The athletes volunteered to participate in this study, and were exposed to a 
selection criterion.   
Setting: The study was performed in the Exercise and Health Laboratory at the Faculty 
of Human Movement. 
Participants: A total of 54 adolescent male athletes and 26 adolescent non-athletes 
were evaluated.  
Intervention: The high-impact group included 34 athletes: 9 gymnasts, 18 basketball 
players and 7 handball players (age: 15.7±1.6yrs; weight: 72.0±15.0 kg; height: 
178.5±12.5cm). The non-impact group consisted on 20 swimmers (age: 16.4±2.5yrs; 
weight: 66.9±10.4kg; height: 173.7±10.9cm). The non-athletic control group included 
26 male adolescents (age: 15.9±2.8yrs; weight: 64.7±16.3kg; height: 168.6±15.1cm). 
Main Outcome Measures: Bone mineral density (BMD), bone area (BA) and bone 
mineral content (BMC) at the whole-body, limbs, lumbar spine, and pelvis were 
determined by dual energy X-ray absorptiometry, along with total and regional lean 
mass and body fat (BF). 
Results: No significant differences were observed between the non-impact and the 
control group in all bone variables, before and after adjustments. After adjustments, the 
high-impact group displayed significantly greater bone mass at the majority of 
measured sites, than any of the other two groups. Adjusted BMC at the legs was 
significantly lower among the non-impact athletes compared with both the high-impact 
group and the non-athletic control group.  
Conclusions: This study reinforces the importance of high impact activities for the 
skeletal health. 
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INTRODUCTION   

To date, weight-bearing and high impact forms of exercise have been considered 

to be key lifestyle factor for an optimum peak bone mass level (1-3). 

Most of the cross-sectional studies that have assessed the relationships between 

bone mineral status and participation in different sports were developed in female 

athletes and have shown that high mechanical impact activities seem more efficient in 

increasing bone mineral content (BMC) and density (BMD) than forms of exercise 

which do not evoke high-magnitude loadings and impact stimulus (2, 4-12). Few of 

these studies that investigated athletes studied swimmers, consequently this group  seem 

to suffer negative effects in terms of bone mass (4, 5, 7, 9-12). Different high impact 

sports, in turn, are known to improve bone mass particularly at the loaded anatomical 

sites (6, 11, 13-15). 

In adolescent boys there is limited knowledge about the relationship between 

bone mineral status and participation in activities with different impact characteristics 

(1). Therefore, the aim of this study was to broaden the knowledge about the 

relationship between total and regional DXA-measured bone mineral parameters and 

regular participation in two different categories of impact-loading sports, among male 

adolescent athletes, and also to investigate differences from an age-matched non-athletic 

control group. Specifically, BMD, BA and BMC at the whole body and selected 

anatomic areas were evaluated using whole-body and segmental DXA measurements, 

and comparisons among male adolescent athletes participating in two sports groups and 

one non-athletic control group were performed.  
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METHODS 

Subjects 

54 young male athletes, aged 9-18 were enrolled for the study. The athletes were 

classified into two groups according to the level of impact of their sport: 34 comprised 

the high-impact group: 9 gymnasts, 18 basketball players and 7 handball players. 20 

swimmers comprised the non-impact group. A third group included 26 age-matched 

non-athletic male adolescents, who served as the control group.  

The exact research design, aims and all procedures of the study were explained 

to each subject and parents and a written informed consent was obtained, signed by each 

participant and one parent. The study, its procedures and consent forms were approved 

by the Ethical Committee of the Faculty of Human Movement, Technical University of 

Lisbon.  

All the athletes were recruited from local sports clubs, through written and/or 

oral advertisements, while the control group was recruited from local schools. The 

inclusion criterion for the athletes was current participation in competitive sports at 

national and international levels, for at least 2 hours per week and for at least 3 years. 

The age-matched control group should not take part in regular sports training for the last 

2 years. Exclusion criteria for athletes and non-athletes consisted of medical history of 

disorders known to affect body composition, in particular bone metabolism. Subjects 

who were taking medication for illness or injuries along with those who were in a 

process of gaining or losing weight did not take part of the study. 

Information about each subject’s sport participation, medical history, medication 

and diseases was obtained by a questionnaire. 
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Measures 

All measurements were performed on the same day, during one visit to the 

laboratory, by the same technician. Subjects were asked to fast from the previous 

evening and athletes were also asked to avoid moderate or vigorous exercise training 

intensity in the previous 24 hours.   

 

Physical characteristics 

Body weight was measured using a scale (SECA model 770, Hamburg, 

Germany) to the nearest 0.1 kg. Stature was measured to the nearest 0.1 cm. Body mass 

index (BMI) was calculated (kg/m2). 

 

Maturation 

Subjects were grouped by pubertal stage, determined by self-assessment 

according to Tanner stages (16).  

 

Dietary intake 

A semi-quantitative Food Frequency Questionnaire, representing typical 

Portuguese foods, was administered during the laboratory visit, to assess dietary intake. 

The questionnaire includes 86 food items, for which subjects indicate their habitual 

intake (from never or fewer than one time per month to six or more times per day).  

 

Physical activity and weekly training hours 

Habitual physical activity behaviour was assessed by a previously validated 

questionnaire (17). Each subject (athletes and non-athlete) fulfilled the questionnaire 

and a PA index was determined. Each coach also reported how many times per week 
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did athletes take part of training and at what time were the habitual training sessions. 

Training participation was also assessed using standard club assiduity reports, fulfilled 

by the coaches, during the previous twelve months of the training season. Hours per 

week were determined by multiplying the number of training sessions performed during 

a week by hours per training session.  

 

Bone mass and Body Composition 

Bone mass, lean body mass and body fat were measured using a dual-energy X-

ray absorptiometry (DXA) (QDR-4500; Hologic, Waltham, USA; fan-beam mode).The 

same lab technician positioned the subjects, performed the scans and executed the 

analyses using the standard protocol. Subjects were scanned in supine position, using 

the standard protocol. Lean body mass (kg), body fat (BF; kg), bone mineral density 

(BMD; g/cm2), bone mineral content (BMC; g) and bone area (BA; cm2) were 

determined from total and regional analysis of the whole-body scan. The arm region 

included the hand, forearm and arm and was separated from the trunk by an inclined 

line crossing the scapulo-humeral joint such that the humeral head was located in the 

arm region. The leg region included the foot, lower and upper leg and was defined by an 

inclined line passing just below the pelvis, crossing the neck of the femur. Bone mass in 

the lumbar spine and pelvis was also obtained through the whole-body scan subregions.  

 

Statistical analysis 

Results are presented as mean±standard deviation. Comparisons between the 

two groups of athletes in weekly training hours and starting age of sports specific 

training were assessed using an independent sample t test. Differences between the three 

groups regarding descriptive, body composition and bone parameters were evaluated  
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using analysis of variance (ANOVA). Upon obtaining a significant F-ratio, post-hoc 

Scheffe F tests were performed to determine which mean values were significantly 

different from each other. An analysis of covariance (ANCOVA) was further used to 

compare measurements of bone mass parameters across the groups, using maturation, 

body weight and height as covariates. Further adjustments for lean body mass, along 

with maturation were also performed. Given that bone parameters may be affected by 

other variables apart of physical activity, such as age, maturation, body composition, 

dietary, training hours and onset of specific sports training, bivariate correlations were 

employed in order to explore the relationships between total and regional bone 

parameters and selected independent variables. 

All statistical analyses were carried out with SPSS statistical package (SPSS 

Inc., Chicago, IL), version 15.0, and statistical significance was set at P<0.05. 

 
RESULTS 
 

Group mean for age, maturation, anthropometric, habitual physical activity, 

training, calcium intake and body composition data are summarized in Table 1, and 

significant differences between groups are indicated.  
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Table 1. Group mean ± SD descriptive and body composition data for adolescent male 

athletes and non-athletic controls 

 

a High-impact group significantly greater than non-impact group: p<0.05 
b High-impact group significantly greater than control group; p<0.05 
c Non-impact group significantly greater than control group; p<0.05 
d Control group significantly greater than high-impact group and non-impact group; 
p<0.05 
* Non-impact group greater than high-impact group; p<0.05 
 

Differences in bone parameters and body composition across the three groups 

 Table 2 depicts total and regional bone parameters of the male participants by 

groups. The high-impact group presented significantly greater BMD, BA and BMC at 

the whole-body and at most of the measured sites, compared with the control group. In 

addition, the high-impact group also displayed greater BMD and BMC at the pelvis and 

legs comparing also with the non-impact group (p<0.05). The only variable that did not 

  High-impact   Non-impact   Control 
  n = 34  n = 20   n = 26 
Age (yrs) 15.7 ± 1.6  16.4 ± 2.5  15.9 ± 2.8 
Maturation (Tanner stages) 1.7 ± 0.5ab  2.4 ± 0.9a  2.6 ± 0.8b 
Weight (kg) 72.0 ± 15.0  66.0 ± 10.4  64.7 ± 16.3 
Height (cm) 178.5 ± 12.5b  173.7 ± 10.9  168.6 ± 15.1 
BMI (kg/m2) 22.4 ± 2.7  21.7 ± 1.7  22.4 ± 3.1 
Physical activity index 18.9 ± 2.7ab  21.9 ± 2.1ac  12.3 ± 3bc 
Weekly training hours (hrs/wk) 12.8 ± 8.7*  19.1 ± 6.2*  - 
Starting age of sport training (yrs) 8.0 ± 3.8  8.7 ± 2.8  - 
Calcium intake (mg/day) 1821.3 ± 925  1854.7 ± 931.9  1842 ± 910.6 
Total Lean (kg) 56.66 ± 10.30b  53.15 ± 10.21  48.59 ± 11.96b 
     Left arm 3.11 ± 0.63b  3.02 ± 0.69  2.53 ± 0.71b 
     Right arm 3.26 ± 0.67b  3.19 ± 0.74  2.78 ± 0.79b 
     Trunk 26.55 ± 4.80  25.53 ± 5.30  23.33 ± 5.91 
     Left leg 9.67 ± 2.60b  8.80 ± 1.69  8.10 ± 2.23b 
     Right leg 10.32 ± 2.16b  9.12 ± 1.76  8.47 ± 2.34b 
Total BF (kg) 11.37 ± 4.95  9.45 ± 2.70  13.18 ± 6.41 
% BF 15.61 ± 3.83d  15.07 ± 6.02d   20.47 ± 6.93d 
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significantly differ among the three groups was BMD at the left arm (p>0.05). No 

significant differences were observed between the non-impact group and the control 

group in all variables. 

 

Table 2. Group mean ± SD bone mass parameters (BMD, BA and BMC) at the whole 

body and measures sites for adolescents male athletes and non-athletic controls 

 
  High-impact   Non-impact   Control 
  n = 34  n = 20   n = 26 

Total BMD (g/cm2) 1.197 ± 0.136b  1.098 ± 0.132  1.078 ± 0.165b 
     Left arm 0.789 ± 0.106  0.753 ± 0.085  0.727 ± 0.123 
     Right arm 0.801 ± 0.100b  0.750 ± 0.097  0.728 ± 0.126b 
     Lumbar spine 1.138 ± 0.191b  1.029 ± 0.157  0.999 ± 0.220b 
     Pelvis 1.300 ± 0.218ab  1.113 ± 0.168a  1.108 ± 0.220b 
     Left leg 1.359 ± 0.207ab  1.175 ± 0.167a  1.167 ± 0.212b 
     Right leg 1.346 ± 0.190ab  1.181 ± 0.180a  1.167 ± 0.209b 
Total BA (cm2) 2227.9 ± 293.8b  2114.7 ± 233.6  1909.8 ± 498.8b 
     Left arm 209.6 ± 37.3b  193.4 ± 38.2  176.2 ± 42.0b 
     Right arm 216.0 ± 35.5b  205.9 ± 38.0  190.6 ± 45.5b 
     Lumbar spine 55.7 ± 9.7b  51.7 ± 6.8  47.6 ± 9.9b 
     Pelvis 279.7 ± 49.2b  247.4 ± 45.2  228.5 ± 53.0b 
     Left leg 388.5 ± 55.2b  361.6 ± 42.9  344.6 ± 73.0b 
     Right leg 406.7 ± 82.2b  369.5 ± 43.6  351.1 ± 75.4b 
Total BMC (g) 2695.4 ± 589.6b  2328.1 ± 488.2  2211.4 ± 655.0b 
     Left arm 167.2 ± 42.7b  148.1 ± 39.9  134.4 ± 46.4b 
     Right arm 175.5 ± 44.0b  152.8 ± 42.5  145.8 ± 51.4b 
     Lumbar spine 63.8 ± 16.0b  53.8 ± 12.2  49.2 ± 18.3b 
     Pelvis 370.4 ± 108.0ab  279.8 ± 75.8a  261.3 ± 93.3b 
     Left leg 534.6 ± 134.3ab  428.8 ± 92.1a  419.1 ± 142.4b 
     Right leg 545.7 ± 136.8ab  440.1 ± 95.7a  428.6 ± 145.5b 

a High-impact group significantly greater than non-impact group; p<0.05 
b High-impact group significantly greater than control group; p<0.05 
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Differences in body composition, bone parameters and potential confounders across the 

three groups.  

ANCOVA models were performed to explore mean group differences 

controlling for the differences in maturation, body weight and height (Table 3). BMD at 

the left arm remained with no significant differences among the groups (p>0.05).  

BMD at the pelvis and legs still significantly higher among the athletes engaged 

on high-impact sports compared with the other two groups. Accounting for differences 

in maturation, body weight and height, BA and BMC at the right arm were significantly 

higher among the high-impact group compared to the non-impact group and the control 

group (p<0.001). BA at pelvis, BMC at the whole-body and at the lumbar spine 

remained significantly higher among the athletes from the high-impact group comparing 

to the control group (p<0.001) and became also significantly higher than the non-impact 

group (p<0.05).  

Regarding lean body mass, after adjustments for maturation, body weight and 

height, the high-impact group remained with the greater means at the whole-body and at 

the arms, comparing to the control group (p<0.001). Moreover, the non-significant 

differences at the trunk disappeared with the high-impact group having significant 

higher levels than the control group (p<0.05), while at the left leg there were no 

significant differences among the three groups (p>0.05). At the right-leg, after 

adjustments, lean mass was greater among the impact athletes comparing also to the 

non-impact athletes (p<0.05). Finally, significant differences in lean mass between the 

non-impact group and the control group were observed at the whole body, arms and 

trunk, with the control group presenting the lower adjusted means (p<0.05).  

Total BF and %BF were significantly higher among the non-athletes compared 

with any of the two athletic groups (p<0.001). 



Chapter 7                                              Skeletal bone mass 
 

244  Faculdade de Motricidade Humana – LabES     
 

Table 3. Body weight and height adjusted means of bone parameters and lean body 

mass for high-impact, non-impact and control groups1 

  High-impact  Non-impact   Control 
  n = 34  n = 20   n = 26 
BMD (g/cm2) 1.204ab 1.091a  1.073b 
     Left arm 0.772 0.754  0.749 
     Right arm 0.795ab 0.748a  0.738b 
     Lumbar spine 1.163ab 1.004a  0.986b 
     Pelvis 1.318ab 1.106a  1.091b 
     Left leg 1.351ab 1.172a  1.180b 
     Right leg 1.340ab 1.177a  1.178b 
Total BA (cm2) 2172.7b 2133.9  1966.2b 
     Left arm 204.6b 193.3  182.8b 
     Right arm 211.6ab 205.6a  196.5b 
     Lumbar spine 53.6 51.6  50.5 
     Pelvis 269.6ab 248.2a  241.2b 
     Left leg 371.1 364.7  365.1 
     Right leg 391.2 371  370.2 
Total BMC (g) 2609.9ab 2349.4a  2310.7b 
     Left arm 159.1b 150.1  143.7b 
     Right arm 172.4ab 153.6a  149.3b 
     Lumbar spine 62.2ab 52.8a  52.1b 
     Pelvis 359.1ab 281.9a  274.5b 
     Trunk 745.3ab 652.4a  629.2b 
     Left leg 505.7ab 437.2a  451.7b 
     Right leg 516.8ab 448.3a  461.3b 
Total Lean (kg) 54.64b 52.82c  51.80bc 
     Left arm 3.02b 3.03c  2.65bc 
     Right arm 3.22b 3.20c  2.83bc 
     Trunk 25.63b 25.91c  24.28bc 
     Left leg 9.19 8.91  8.66 
     Right leg 9.87ab 9.25a  8.99b 
Total BF (kg) 10.22d 10.83d  13.65d 
% BF 14.33d  16.69d   20.92d 

1 Results obtained from ANCOVA models, after adjustments for maturation level, body 
weight and height.  
a High-impact group significantly greater than non-impact group: p<0.05 
b High-impact group significantly greater than control group; p<0.05 
c Non-impact group significantly greater than control group; p<0.05 
d Control group significantly greater than high-impact group and non-impact group; 
p<0.05 
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After adjustments for maturation level and lean body mass (Table 4), BMD at 

the whole-body, at the lumbar spine, at the pelvis and at the legs remained significantly 

higher among the athletes from the high-impact group comparing with both the non-

impact (p<0.05) and the control group (p<0.001). Likewise, BMD at the left arm still 

not different among the groups, while BMD at the right arm showed significant 

differences only between the two athletic groups, with the athletes from the high-impact 

group presenting greater measures than the athletes engaged on the non-impact sport 

(p<0.05). BA and BMC at the pelvis remained significantly higher among the high-

impact group than in the other two groups, along with BMC at the lumbar spine 

(p<0.05). At the legs, BMC adjusted mean values were significantly lower among the 

athletes engaged on the non-impact sports compared with the other two groups 

(p<0.001; p<0.05).  
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Table 4. Lean mass adjusted means of bone parameters for high-impact, non-impact 

and control groups1 

  High-impact   Non-impact   Control 
  n = 34  n = 20   n = 26 

BMD (g/cm2) 1.188ab 1.088a  1.099b 
     Left arm 0.768 0.750  0.762 
     Right arm 0.782a 0.745a  0.764 
     Lumbar spine 1.151ab 1.007a  1.006b 
     Pelvis 1.284ab 1.102a  1.144b 
     Left leg 1.331ab 1.166a  1.217b 
     Right leg 1.324ab 1.171a  1.210b 
Total BA (cm2) 2149.7 2115.8  2023.8 
     Left arm 200.3 192.5  191.5 
     Right arm 208.7 204.3  203.2 
     Lumbar spine 54.3 51.6  50.1 
     Pelvis 268.3ab 247.1a  245.4b 
     Left leg 373.4 361.9  367.0 
     Right leg 392.7 368.9  373.5 
Total BMC (g) 2556.2a 2317.9a  2408.9 
     Left arm 154.2 147.9  152.1 
     Right arm 165.9a 151.2a  160.1 
     Lumbar spine 62.2ab 52.9a  52.9b 
     Pelvis 348.2ab 279a  294.6b 
     Left leg 498.4a 429.5ad  467.7d 
     Right leg 510.2a  440.3ad   476.7d 
Total BF (kg) 9.58e 9.93e  15.25e 

%BF 13.95e 15.85e  22.11e 

1Results obtained from ANCOVA models, after adjustments for maturation level and 
lean body mass. 
a High-impact group significantly greater than non-impact group: p<0.05 
b High-impact group significantly greater than control group; p<0.05 
c Non-impact group significantly greater than control group; p<0.05 
d Control group significantly greater than non-impact group; p<0.05 
e Control group significantly greater than high-impact and non-impact group; p<0.05 
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Relationships between  BMD, BA and BMC and age, maturation, anthropometry, daily 

calcium intake, lean  mass and sports training. 

 None of the bone variables was significantly correlated with daily calcium intake 

(p>0.05) (Table 5). In the high-impact group, non-significant relationships were 

observed between most of the measured bone sites and starting age of sports training 

(p>0.05). Likewise, BMD at the whole-body, lumbar spine, pelvis and legs did not 

show significant correlations with the onset of the specific training (p>0.05).  

Most of the studied bone parameters showed the stronger associations with lean 

body mass (p<0.01).
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Table 5. Relationship between bone parameters at upper and lower limbs, lumbar spine, pelvis and whole-body and selected independent 
variables1 

  Age Maturation Body weight Height Daily calcium intake Lean body mass Ssports 
training 

Starting age of 
sport training 

  H-I N-I C H-I N-I C H-I N-I C H-I N-I C H-I N-I C H-I N-I C H-I N-I H-I N-I 

BMD (g/cm2) 0.68** 0.60** 0.91** 0.57** 0.56** 0.81** 0.75** 0.63** 0.77** 0.59** 0.66** 0.84** -0.07 0.18 0.1 0.75** 0.72** 0.91** 0.49** 0.52* 0.41* 0.35 

     Left arm 0.56** 0.75** 0.86** 0.45** 0.54** 0.73** 0.72** 0.84** 0.84** 0.63** 0.83** 0.89** 0.04 0.40 0.02 0.69** 0.87** 0.92** 0.51** 0.49* 0.21 0.66** 

     Right arm 0.71** 0.72** 0.88** 0.53** 0.56** 0.74** 0.79** 0.82** 0.84** 0.59** 0.79** 0.85** -0.21 0.27 -0.05 0.76** 0.85** 0.94** 0.42* 0.52* 0.50** 0.63** 

     Lumbar spine 0.69** 0.73** 0.87** 0.52** 0.65** 0.78** 0.53** 0.60** 0.67** 0.45** 0.61** 0.78** -0.17 0.05 0.01 0.57** 0.69** 0.85** 0.27 0.63** 0.43* 0.44 

     Pelvis 0.68** 0.59** 0.81** 0.58** 0.59** 0.74** 0.75** 0.57** 0.73** 0.57** 0.58** 0.75** -0.13 -0.01 -0.04 0.76** 0.65** 0.86** 0.40* 0.56* 0.51** 0.35 

     Left leg 0.65** 0.69** 0.86** 0.50** 0.68** 0.77** 0.79** 0.73** 0.78** 0.66** 0.75** 0.84** 0.10 0.19 0.32 0.78** 0.82** 0.90** 0.51** 0.64** 0.37 0.45 

     Right leg 0.63** 0.58** 0.90** 0.53** 0.56** 0.81** 0.75** 0.67** 0.84** 0.68** 0.65** 0.86** 0.09 0.21 0.12 0.75** 0.74** 0.94** 0.55** 0.52* 0.28 0.33 

Total BA (cm2) 0.57** 0.78** 0.54** 0.47** 0.59** 0.56** 0.96** 0.90** 0.58** 0.90** 0.95** 0.55** -0.04 0.55 -0.55 0.98** 0.95** 0.58** 0.68** 0.54* 0.34 0.73** 

     Left arm 0.55** 0.87** 0.92** 0.32 0.62** 0.89** 0.83** 0.96** 0.82** 0.67** 0.91** 0.91** -0.26 0.30 0.23 0.85** 0.97** 0.94** 0.38* 0.60** 0.48* 0.75** 

     Right arm 0.64** 0.82** 0.91** 0.38* 0.68** 0.87** 0.83** 0.94** 0.89** 0.67** 0.94** 0.95** -0.14 0.44 -0.07 0.84** 0.97** 0.96** 0.40* 0.64** 0.42* 0.74** 

     Lumbar spine 0.24 0.84** 0.76** 0.37* 0.55* 0.75** 0.60** 0.81** 0.62** 0.72** 0.82** 0.85** -0.06 0.42 0.05 0.63** 0.87** 0.81** 0.68** 0.52* 0.16 0.61** 

     Pelvis 0.48** 0.71** 0.84** 0.48* 0.55* 0.80** 0.82** 0.87** 0.71** 0.82** 0.80** 0.90** -0.08 0.54 0.58 0.86** 0.90** 0.86** 0.69** 0.51* 0.35 0.63** 

     Left leg 0.43** 0.66** 0.86** 0.46** 0.39 0.87** 0.89** 0.83** 0.83** 0.88** 0.89** 0.96** 0.04 0.46 0.07 0.90** 0.83** 0.91** 0.65** 0.38 0.33 0.75** 

     Right leg 0.41** 0.71** 0.86** 0.38* 0.51* 0.86** 0.61** 0.85** 0.85** 0.65** 0.93** 0.95** 0.06 0.42 0.26 0.66** 0.88** 0.93** 0.43* 0.49* 0.17 0.78** 

Total BMC (g) 0.65** 0.75** 0.91** 0.55** 0.61** 0.83** 0.93** 0.85** 0.87** 0.81** 0.88** 0.93** -0.07 0.33 -0.22 0.93** 0.91** 0.97** 0.64** 0.58** 0.38 0.60** 

     Left arm 0.62** 0.85** 0.90** 0.43** 0.58** 0.81** 0.90** 0.95** 0.86** 0.74** 0.91** 0.92** -0.11 0.35 0.33 0.89** 0.96** 0.97** 0.50** 0.54* 0.40* 0.74** 

     Right arm 0.71** 0.77** 0.90** 0.48** 0.66** 0.80** 0.90** 0.80** 0.90** 0.69** 0.76** 0.93** -0.21 0.01 0.19 0.88** 0.87** 0.98** 0.45** 0.63** 0.46* 0.53* 

     Lumbar spine 0.57** 0.87** 0.81** 0.57** 0.66** 0.75** 0.74** 0.78** 0.65** 0.77** 0.78** 0.82** -0.13 0.21 0.38 0.78** 0.86** 0.84** 0.65** 0.63** 0.36 0.57* 

     Pelvis 0.61** 0.72** 0.86** 0.57** 0.60** 0.79** 0.86** 0.80** 0.77** 0.76** 0.75** 0.87** -0.23 0.32 0.15 0.89** 0.86** 0.91** 0.62** 0.56** 0.34 0.53* 

     Left leg 0.58** 0.75** 0.86** 0.52** 0.59** 0.81** 0.94** 0.87** 0.83** 0.85** 0.92** 0.93** 0.05 0.33 0.02 0.94** 0.92** 0.93** 0.66** 0.56* 0.37 0.66** 

     Right leg 0.59** 0.73** 0.87** 0.52** 0.59** 0.81** 0.90** 0.85** 0.87** 0.87** 0.88** 0.92** 0.10 0.32 0.21 0.91** 0.91** 0.95** 0.68** 0.55* 0.28 0.61** 
1 Data represents coefficients of correlation. *p<0.05; **p<0.01 
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DISCUSSION 

The current study demonstrated that, among these male adolescent athletes, 

those engaged in high-impact sports presented significantly greater levels of bone mass 

parameters at the whole-body and at most measured sites, comparing to the non-athletic 

control group. The higher mean values of bone mass among the high-impact group 

comparing to the control group were maintained at the majority of the studied sites, 

after controlling for the effects of maturation, body weight and height, and became also 

significantly greater than those from the non-impact group at most subregions. Our 

results also revealed that the athletes engaged on the non-impact sport displayed from 

2.5% less of adjusted BMD at the right arm to 4.2% less of adjusted BMD at the left 

leg, compared with the control non-athletic group. The swimmers also had 3.8 % less of 

whole-body BMC, similar values of BA at the pelvis and BMC at the lumbar spine and 

5.3% less of BMC at the pelvis, compared to the non-athletes.  

The high-impact group of the current study included young male basketball 

players, gymnasts and handball players. Playing basketball produces a variable pattern 

of high-intensity strains and generate great peak ground reaction forces of 3.9-6.0 times 

a person’s body weight, like those produced in netball (4, 6, 19). The basketball training 

of the athletes participating in this study mainly involved several numbers of cycles of 

repetitive strains through plyometric training, running, turning with torsional and 

compressive forces upon the limbs, jump-shots, lay-ups and vertical jump-landing 

exercises to rebounding and shooting. Furthermore, the basketball players carried out 4-

6 hours per week in weightlifting exercises.  

Handball players are known to be exposed to similar impact-loading strains that 

those generated during the basketball training. The current handball athletes performed 

maximal efforts in mechanical loads during short periods of time, short sprints, repeated 
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jumps and landings from small heights, quite often also with the hands, leaping and 

turning exercises. In addition, handball training also produced few aggressive frontal 

body contacts, which are expected to produce large compressive forces on both the 

upper and lower limbs. 

Both basketball and handball thus generate high ground-reaction forces, mainly 

during vertical jumping when shooting and rebounding. At the upper limbs, playing 

basketball and handball create great active loadings resulting from the powerful 

muscular contractions mainly during overhead throwing. 

Early studies argued that running and jumping forces generated during 

gymnastic exercises, produce ground-reaction forces which are 3-5 times body weight 

and that the forces produced at the bone tissue are expected to be approximately 10 

times body weight (20, 21). During the training and competitions, male gymnasts 

performed several sprint-running exercises with weight-bearing and jumping-landing 

activities, at an extreme of high impact forces, along with exercises on the beam and 

trampoline, tumbling and acrobatic sequences. As opposed to the basketball and 

handball, the mechanical loads performed by the arms during the gymnastic events are 

not asymmetric, and both arms are required to sustain repeated impact bursts during 

tumbling and vaulting and also to support the body on the bars and beam. The jumping 

and running forces are similar to those in the basketball and handball.  

In these regard, it seems that these three sports may confer a positive effect on 

the skeleton, given that they generate a high strain magnitude of short duration and 

weight-bearing stimulus (5, 7, 8, 14, 22, 23, 24). 

The non-impact group of the current study consisted on swimmers, who train in 

a non-non-weight-bearing environment, where the muscular contraction forces 
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generated on the arms, and to a lesser degree on the legs, allows them to propel through 

and against the water.  

The associations between regular swimming training and bone mass have been 

widely studied (12, 25). One study (7) showed that female swimmers had similar height 

and weight adjusted means of BMD at the whole-body and at all measured sites, 

comparing with non-athletic controls, while the female athletes engaged on impact 

sports (volleyball and gymnasts) presented significantly greater BMD at the majority of 

the studies sites. No differences between mature female athletes practicing high-impact 

sports and swimming were also found by Dook and colleagues (5).  

An important underlying principle has been identified to provide a possible 

explanation for the skeletal response to exercise, which consists of the overload and 

specificity principal: only bones directly loaded by physical activity will increase their 

mass appreciably, and for this to happen, imposed mechanical loads must exceed the 

normal loading patterns (26). It has been also theorized that the type of active loading 

during non-gravitational sports such as swimming and cycling may not exceed the 

minimum effective strain stimulus threshold to induce an osteogenic effect (7, 27).  

Apart of weight-bearing loadings, strains created on the skeleton during the 

muscular contractions may also be a powerful osteogenic stimulus (1, 2, 28-30).  

However, Pettersson and colleagues (2) showed that female athletes practicing a 

high-impact sport (rope-skipping) displayed significantly greater BMD at several sites 

compared with controls, while no significant differences in muscle strength or lean body 

mass were observed. That author suggests that the forces generated during weight-

bearing activities seem to be of greater importance than strains induced during muscular 

contractions for bone health.   
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We have demonstrated that the variable most highly correlated with most of 

bone parameters was lean body mass, which, in turn, has been commonly used as a 

surrogate measure of muscle mass (24, 31). It is worthy to note, however, that despite 

our non-impact group presented approximately 9.5% more total lean body mass in 

comparison to the controls, mainly resulting from the trunk and upper body, no 

significant differences in BMD, BA or BMC at the whole-body and measured sites were 

found between the swimmers and the control group. A similar pattern was observed 

after adjustments for maturation, body weight and height. 

Fehling and colleagues (7) observed in their female swimmers (aged 9-20 yrs) 

18.5% more lean body mass than the non-athletic controls, however with no significant 

differences in BMD between these two groups (7).  

The results of the current cross-sectional study suggest either that participation 

in high-impact sports such as basketball, handball or gymnastic during adolescence 

enhances bone mass accretion at the weigh-bearing sites, or that those young male 

athletes displaying the greater levels of bone mineral have increase their aptitude for the 

respective sports and are more likely to achieve better results and participating for a 

longer period of time in comparison to those athletes who do not display such increased 

bone status.  

 

CONCLUSION 

The current study demonstrated that young male competitive swimmers do not 

differ from non-athletic age-matched controls in bone mineral status. We have shown 

that non-athletic controls display greater amounts of BMC at the lower limbs comparing 

to swimmers, while the high-impact group had significantly greater adjusted means of 
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bone mass at most of the measured sites, comparing with non-impact athletes and non-

athletic controls. 

Our results point toward a great osteogenic effect of regular participation on 

high-impact sports, while swimming was demonstrated to confer no additional bone 

mass increments comparing to sedentary behaviors. We suggest that participation in 

sports that do not evoke ground-reaction forces should be accomplished by strength 

training to stimulate bone mass accretion. Furthermore, these findings highlight the 

importance of promoting regular sports participation among adolescents, because of the 

greatest lean mass displayed by the athletes in relation to non-athletes. 
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Chapter 1 aimed to bring together contemporaneous information regarding the 

growth and maturation processes, and related body composition alterations, firstly 

among children and adolescents and then among young athletes. Throughout Chapter 

1, the variability of the density of the FFM observed among non-athletic and athletic 

youth was emphasized, as the primary factor limiting the accuracy of body composition 

estimates from traditional methods based on body density, and thus relying on two-

component models  (1-3).   

By keeping in mind the existence of both processes of growth and maturation 

and the fundamental concept of chemical maturity of the FFM, five investigations were 

conducted in children and adolescents athletes, which make up the current dissertation. 

While two of the investigations may be included into the “methodological” area of body 

composition research (Chapters 3 and 4), the others three (Chapters 5, 6, and 7) may 

be included into the “alterations” area. These differential areas of body composition 

research are just a theoretical conceptualization, because, what really happens, is that 

not only these two areas, but also the third area of the “rules”, are strongly 

interconnected and can not be entirely separated. In other words, the “alterations” of the 

proportions of body components due to growth and maturation and also exercise 

training can affect the accuracy of few body composition methods, because some of the 

assumed rules upon which two-component based methods rely, may not be true. Figure 

1.1. summarizes the features of the five main investigations of the current thesis. 
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Figure 1.1. Features of the five main investigations that make up the current 

dissertation. 

 
 

Based on assumed body composition rules, and simultaneously pointing out the 

limitations of the respective rules in children and adolescents athletes, Chapter 3 aimed 

to explore the accuracy of several methods to estimate total body water (TBW) in young 

athletes. Two new anthropometric equations to predict appendicular lean soft tissue 

(ALST) in young athletes were developed in Chapter 4. These equations are specific 
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for young athletes, of the same age-range than those where they were developed, thus 

accounting for the growth and maturation processes. Additionally, because regular 

exercise training affects body composition and the overall proportion of the body (and 

body components, such as muscle mass) in relation to a given age and gender, ideally, 

they should be applied also among young athletes whose training profiles (amount of 

training) are similar to those of the athletes used for the development of the equations. 

Chapter 5 presents an investigation of the relationship between the amount of training, 

measured using hours per week of sports training, and body components. Finally, 

Chapters 6 and 7 accounted for the effect of the amount of sports training and explore 

differences between body composition profiles among athletes engaged on selected 

sports, emphasizing not also the importance of the characteristics of each sport for the 

proportions of the various body components, but also the importance of certain 

individual body profiles that may help the athlete archive more success in a given sports 

activity. 

The current chapter presents a brief discussion of the main findings of each of 

the five investigations. 
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BODY COMPOSITION METHODOLGY 

Chapter 3 raised the potential usefulness for the applicability of simpler, rapid 

and non-invasive techniques in the assessment of total body water (TBW) in athletes. 

By considering that exercise induces fluctuations in TBW that may yield 

methodological errors in several body composition techniques that assume a constant 

hydration fraction of fat-free mass (FFM) and a constant density and composition of 

FFM (water, mineral, protein and other minor components) (1, 4-6), and given that there 

are no specific TBW prediction equations developed in a young athletic population, this 

investigation aimed to validate six non-reference methods to estimate TBW using the 

gold-standard (i.e. deuterium dilution) as the reference, in adolescent athletes.  

The non-reference methods used to estimate TBW included a multi-frequency 

bioelectrical impedance analysis – bioelectrical impedance spectroscopy analyser; a uni-

frequency bioelectrical impedance analysis – foot-to-foot impedance; the Lohman  

hydration constants of fat-free mass(1) and three anthropometric derived equations, 

developed respectively by Kushner (7), by Wells (8) , and by Morgenstern (9).  

The practical application of this study is that the specific constants of FFM 

hydration developed by Lohman (1) appear to accurately estimate TBW in adolescent 

athletes. Foot-to-foot Tanita and BIS were also found to be valid and non-biased tools 

for predicting TBW in young athletes, while the use of anthropometric equations may 

not be appropriate for this population.  

Two potential factors that may have influenced the poor accuracy observed 

using the equations developed by Morgenstern and by Wells (8, 9) and by Kushner in 

girls (7) were advanced. 

Firstly, the equations developed by Morgenstern and colleagues are an update of 

the Mellits and Cheek formulas (10), which are recommended for pediatric dialysis 
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patients, and largely depend on previous data. When applied in contemporary children 

and adolescents, the previous equations may lead to a high magnitude of bias due to the 

secular trends in growth (8). Hence, the higher stature and weight that our athletes 

presented was pointed out as the reason for the overestimation in TBW observed using 

this equation. Likewise, differences in anthropometric measures between the athletes 

evaluated and the children used in the study conducted by Wells (8) were suggested as 

being associated with the underestimation of TBW. Regarding the equation developed 

by Kushner and colleagues (7), differences in bioelectrical impedance-measured body 

resistance due to fluctuations on FFM components observed in athletes were suggested 

to be related to the poor accuracy of Kushner equation (7), particularly in girls. It was 

pointed out that decreases in body water in a post-exercise state and consequent 

dehydration may affect TBW and overall body composition estimates, because a 

decrease in body water will increase body resistance. In this context, fluctuations on the 

other FFM components may also alter body resistance and, as a consequence, the 

accuracy of the predicted TBW using the resistance value.  

The second potential factor advanced for explaining the errors associated with 

the anthropometric equations used (7-9) is related to the composition and density of 

FFM(DFFM). The athletes evaluated did not present a DFFM significantly different from 

the assumed adult value of 1.1 g/cm3 (p=0.375), and the non-athletic population where 

the previous equations were derived, were probably “normal hydrated” for their age and 

presented a lower DFFM compared with the assumed adult value. Hence, the constants 

included into the equations probably do not adequately predict TBW in young athletes, 

presenting a DFFM similar to the adult value.  

In fact, the study demonstrated significant associations between DFFM and the 

mean errors between non-reference methods and deuterium dilution values, for almost 
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all methods. The discrepancy between DFFM values among the applied methodologies is 

a limitation of the analysis of body composition performed through the current 

equations and bioelectrical impedance analysis, which takes a two-component model, 

dividing the body into fat and fat-free components, hence assuming a constant FFM 

composition.   

Nonetheless, considering the overall study, TBW measurements in athletic 

children and adolescents, who have not recently taken a diuretic to induce TBW 

depletion, who exhibit a “normal” hydration fraction of FFM for the age considered and 

the proportion of FFM components in “stable” relationships, such as the observed in 

non-athletic children and adolescents, may be performed by using two-compartment 

approaches, such as bioelectrical impedance analysis and the anthropometric equations 

presented in this investigation, probably with greater accuracy than the observed in 

these young athletes. Chapter 3 thus affords an opportunity to estimate TBW in young 

athletes, by using the FFM measures obtained from DXA system and applying on that 

measured FFM the hydration constants proposed by Lohman (1).  

In Chapter 4, two new anthropometric equations for the prediction of skeletal 

muscle mass (SM) through appendicular lean soft tissue (ALST) measures in athletes 

were presented, using DXA as the reference method.  

The rational for developing these predictive equations was that there are no 

simple, inexpensive and accurate methods for estimating the mass of the skeletal muscle 

in athletes. In fact, accurate and practical methods to quantify SM mass are difficult to 

assess, costly and involve imaging techniques, such as computed axial tomography 

(CT), which exposes the subject to radiation and magnetic resonance imaging (MRI). 

Given that these methods, specially CT, are not appropriate for children and 

adolescents, a practical alternative to assess SM is dual energy X-ray absorptiometry 
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(DXA) instruments, which are widely available, noninvasive and can be easily 

performed in children and adolescents (11, 12). By using whole-body DXA systems, 

specific regions for analysis were identified. Then, using DXA regional specific 

anatomical landmarks, lower and upper limbs were separated from trunk and its masses 

were separated into bone, fat and lean soft tissue compartments (12). Lean soft tissue of 

the extremities is almost entirely skeletal muscle (73-75%), hence estimations of 

appendicular SM mass can be obtained through the measurements of appendicular lean 

soft tissue.  

Nevertheless, DXA is still costly and is not a portable instrument, which limits 

its application in epidemiological and field studies. Based on previous studies (11, 13, 

14), anthropometry was thus chosen as a potential method to estimate SM. It is simple, 

rapid and inexpensive, which makes it suitable for large epidemiological studies, field 

investigations or simply to be used within sports training routines.  

Accordingly, firstly age, gender, maturation, body weight and height were 

selected as the independent variables (WHt equation). This first model was developed 

because it enables these widely used and easily to perform anthropometric measures to 

predict ALST. 

For the development of the corrected muscle girths model (CMG equation), the 

following overall theme was considered: 1) the whole-body SM is in the form of a 

cylinder; 2) three-quarters of total-body SM exists in the extremities and ALST is 

primarily SM; 3) skinfold-corrected limb circumferences provides a measure of 

corresponding appendicular lean tissue circumferences; 4) appendicular lean tissue 

circumferences squared creates an estimate of lean tissue area and 5) the product of 

summed estimated appendicular lean tissue areas and height provides a measure of 
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total-body SM. Regression analyses were used to build the models, hence a 

mathematical function type II.  

Table 1.1. anthropometric models to estimate appendicular lean soft tissue 

(ALST) in young athletes. 

Models R2 SEE (kg) 

WHt equation: ALST=-20.338+0.199(W)+3.294(gender)+14.230(Ht)+0.192(age) 0.91 2.00 

CMG equation: ALST=3.260+0.002(Ht*CTG2)+0.007(Ht*CAG2)+0.003(Ht*CCG2) 0.93 1.80 

where gender = 1 for male and 0 for female. 
Abbreviations: W, body weight; Ht, height; CTG, corrected thigh girth; CAG, corrected 
arm girth; CCG, corrected calf girth.  
 

In both equations, slopes and intercepts did not differ from the line of identity, 

no mean differences between predicted and measured values and no trend line were 

observed. 

The internal validation of the equations was performed using the PRESS 

statistics method, which avoids data-splitting and thus a large number of subjects were 

used to develop and cross-validate the new anthropometric equations. After calculating 

the R2 and SEE of the PRESS statistics, using a well describe method (15, 16), it was 

observed an excellent accuracy for both methods, although CMG model presented a 

higher R2 and a lower SEE than the model based on weight and height (R2=0.92 vs 0.91; 

SEE = 1.82 vs 2.01 kg, respectively). 

The newly developed anthropometric models presented in Chapter 4 afford a 

practical means to accurately estimate SM in young athletes. 
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BODY COMPOSITION ALTERATIONS 

 The evidence that more weekly training hours were associate with greater levels 

of molecular (total body water - TBW, lean, and bone mass) and cellular components 

(body cell mass - BCM and extracellular fluid - ECF), and lower levels of body fat (BF) 

was reported in Chapter 5. 

Based on the total of hours per week of training, athletes were divided into 

tertiles: <4.5 hrs/wk; 4.5-8.9 hrs/wk; ≥9 hrs/wk. More weekly training hours were 

associate with greater levels of molecular (TBW, lean, and bone mass) and cellular 

components (BCM and ECF), and lower levels of BF. Nonetheless, the major finding 

was that, within each group of exercise dose, associations between body composition 

and hours per week of sports training were significant only for those athletes engaged 

on ≥9 hrs/wk of training.  

Data reporting associations between exercise training doses and cellular 

components have not received much attention. The study intended to overcome this gap 

within the scope of human body composition alterations and sports science. The cellular 

level of body composition is the first that includes living cells, which are the base of 

human physiology and consequently of sports training. BCM is the metabolically active 

fat free portion of the intracellular space and the most measurable important variable at 

this level (17), comprising approximately 70% of the ICW. On the other hand, 

disturbances in fluid distribution were reported to be associated with age and 

pathological conditions (18, 19) and have been found among male athletes and 

overweight children (20, 21).  

At the molecular body composition level, the important role of exercise on bone 

mass parameters is clearly recognized (22), particularly impact loading activities (23-

25). It was demonstrated that fifteen hrs/wk of gymnasts training increases bone mass 
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(26). Lower exercise doses have been also found to improve bone and lean mass and 

maintain %BF in children (27, 28). However, studies aimed to exactly quantify the 

duration of exercise most effective in enhancing bone mass are lacking, with results 

showing slightly opposite results in two different sports (29, 30) 

The effect of length of sports training among body components was also focused 

on this chapter. This was done since the specific body composition profiles are likely 

linked to a continuous exercise stimulus, besides weekly training hours. The results 

indicate that comparisons between molecular and cellular components among the three 

groups of weekly training hours were maintained after adjusting for starting age of sport 

specific training. Likewise, the significant associations between weekly training hours 

and body components within each of the three groups were still significant only for the 

group exercising above 9 hrs/wk, although weaker relationships were observed, 

especially among BF (kg) and BCM.  

The findings presented in this chapter suggest that the effect of the length of 

sports training was important, although the variable most highly related to molecular 

and cellular body composition was still the amount of sports training, defined by weekly 

training hours. 

In Chapters 6 and 7, two different approaches were used to compare body 

composition among male athletes engaged on different types of sports. Only male 

adolescents were included into these chapters because there is few data on the literature 

regarding young male athletes comparing with female athletes. Firstly, cellular and 

molecular body components were explored in young male adolescent athletes, 

participating in gymnasts, swimming, basketball and rugby (Chapter 6). The rationale 

for conducting such investigation was based again on the lack of data reporting 
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molecular and cellular body components estimates in adolescent athletes and the few 

studies bringing up possible influences of sports training in body composition.  

Basketball players were found to present the greatest measures of BMC 

comparing with the other three groups, while swimmers displayed the lowest lean mass 

and the greatest BCM compared with the other athletes. No significant differences in 

TBProt, TBW, body fluid distribution and BF were observed among the four sport 

groups. 

In sports science, information regarding lean body mass, TBW, TBProt, BCM 

and extracellular fluid (ECF) levels can be useful to improve specific performance-

related phenotypes (17, 31-35). The findings obtained in Chapter 6 reinforce the need 

for assemble more data focusing on comprehensive approaches of human body 

composition. That is, apart of body fat, which has been extensively studied, it is 

important to bring together information regarding other important physiological 

components (for example the BCM or ECF). 

Even though a huge number of potential influencing factors exist, besides sports 

training, it was demonstrated that body composition may differ among athletes, 

specially bone mass, lean mass and BCM. The differences among the proportions of 

theses body components may be important for an athlete achieves good or less 

satisfactory results within a specific sport. An example of this practical application is 

the BCM which may be increased by increasing the aerobic components of a specific 

training. On the other hand, lean mass appears to increase with anaerobic stimulus and 

is strongly associated with bone mass.  

Because of the relevant differences among basketball players and swimmers in 

bone and lean mass, Chapter 7 focused on the relationship between total and regional 

DXA-measured bone mineral parameters and regular participation in two different 
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categories of impact-loading sports (high-impact group composed by basketball players, 

handball players and gymnasts vs non-impact group composed by swimmers). 

Additionally, this investigation also compared these two athletic groups and an age-

matched non-athletic control group. It was demonstrated that those adolescent athletes 

engaged on high-impact sports presented significantly greater levels of bone mass 

parameters at the whole-body and at most measured sites, comparing to each of the 

other two groups, even after adjustments for maturation, body weight, height and lean 

mass.  

Chapter 7 extended somehow the results found in the previous Chapter 6 

regarding the associations between bone mass and participation in high-impact sports. 

Besides whole body bone parameters were increased in basketball players comparing to 

swimmers (Chapter 6), this investigation (Chapter 7) demonstrated that regional bone 

mass levels are increased at the loaded sites not only in basketball players, but also in 

handball players and gymnasts, comparing to both swimmers and non-athletic age-

matched adolescents. Furthermore, no significant differences were observed between 

swimmers and non-athletes at any of the measured bone variables, yet swimmers 

presented significantly greater lean mass levels. 

In the absence of high-impact strains and weight-bearing loadings, the forces 

generated by muscle mass may positively affect bone mass at the loaded sites. Muscle 

strength is suggested to have a potential to increase bone tissue (25, 36-38). 

Nevertheless, this chapter revealed thatm despite the non-impact group presented 

approximately 9.5% more total lean body mass in comparison to the controls, mainly 

resulting from the trunk and upper body, no significant differences in bone mineral 

density (BMD), bone area (BA) or bone mineral content (BMC) at the whole-body and 

measured sites were found between the swimmers and the control group, after 
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adjustments for maturation, body weight, height and lean mass. A possible explanation 

was advanced which states that the type of active loading during non-gravitational 

sports such as swimming may not exceed the minimum effective strain stimulus 

threshold to induce an osteogenic effect (39, 40). It was demonstrated that the threshold 

of activity and stress induced among the swimmers and non-athletic controls was not 

feasible to enhance BMD and BMC, compared to the degree achieved by the athletes 

engaged on impact activities.  

In addition, after taking account differences on lean body mass, the differences 

in BA at the whole-body, arms, lumbar spine and legs and also in BMC at the left arm 

between the high-impact group and the control group disappeared.  These findings seem 

to suggest that the muscular activation is the main responsible for the greater mean 

values of BA at the whole-body and arms and also of BMC at the left arm. As opposite, 

total and regional BMD and BMC at most of the measured sites are probably more 

influenced by the mechanical loads imposed through the skeleton, than by the muscular 

activation. In fact, BA is known to be strongly dependent on muscle strength and factors 

related to body size and lean mass (25, 38), which was confirmed by the results 

obtained in this chapter.  

Overall, it was demonstrated that regular training in a non-gravitational 

environment may confer negative effects upon the skeleton bones, even though when an 

increase in lean soft tissues is observed and that the absence of any regular sport 

training provides no lean mass and bone tissue accretion. When considering 

simultaneously children and adolescents athletes, growth and health, these findings 

require a careful analysis.  The incidence of osteoporotic fractures is a major public 

health issue. A low level of bone mass is one of the most important factors that 

contribute for osteoporosis-related fractures (22). The microarchitectural deterioration 
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of bone tissue promotes bone fragility and the consequent increase in fracture risk (14). 

Nowadays it is relatively accepted that the accumulation of bone mass during childhood 

and adolescence is crucial to prevent osteoporosis later in life and contributes more than 

half to the variability of bone mass with age (22). Chapter 7 revealed that extra gains 

during attainment of peak bone mass may be achieved through regular participation in 

weight-bearing and high-impact sports.  

 

The main research question raised upon the previous three investigations 

(Chapters 5, 6 and 7) is the following: is the cross-sectional nature of the study 

sufficient to afford a self-evidence that young athletes, regularly engaged on 

competitive sports training, undergo body composition alterations, which are mainly a 

result of the intensive exercise training they are exposed to?  

The cross-sectional design of these three investigations is thus an important 

limitative factor when interpreting the results. Indeed, the results obtained suggest either 

that participation in sports for greater amounts of time (Chapter 5) or participation in 

sports with aerobic and high-impact characteristics (Chapters 6 and 7) during 

adolescence enhances body composition (cellular components, molecular components 

and bone tissue), or that those young athletes displaying the more favorable body 

composition profiles (mainly genetically determined) have increased their aptitude for 

the respective sports and are more likely to achieve better results and participating for a 

longer period of time in comparison to those athletes who do not display such favorable 

body composition. 
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SUMMARY 

The main contributions of the present dissertation are summarized as follows: 

 

 

 

 

 

Body composition methodology 

Chapter 3 
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Box 1. TBW measurements using non-reference methods and the reference deuterium dilution technique and performance criteria 

  . All  Girls  Boys Girls  Boys  Girls  Boys  Girls  Boys 
  n=103 n=39 n=64             
  Mean ± SD Mean ± SD Mean ± SD R2  SEE BIAS 
TBW measurements (kg)                       
     Tanita  38.7 ± 9.5 31.1 ± 6.2a 43.3 ± 8.1a 0.88 0.87 2.15 3.01 -0.57 -0.72 
     BIS  39 ± 0.3 30.2 ± 6.4ac 44.3 ± 8.1a 0.92 0.87 1.70 3.04 -1.47* 0.26 
     Lohman DXA  39.2 ± 9.5 31.3 ± 5.8a 44 ± 7.9a 0.94 0.92 1.56 2.42 -0.37 -0.11 
Prediction equations                 

     Kushner  38.9 ± 9.9 30.7 ± 6.5ac 44.3 ± 8.4a 0.91 0.87 1.85 3.11 -0.91* -0.21 
     Wells  34.6 ± 7 29.9 ± 6.0ac 37.4 ± 6.0ac 0.93 0.87 1.63 3.07 -1.71* -6.64* 
     Morgenstern  43.8 ± 12 34.1 ± 8.1ac 49.7 ± 10.0ac 0.91 0.86 1.82 3.2 2.49* 5.68* 
     Deuterium dilution 
(reference) 

  39.4 ± 9.7 31.6 ± 6.1a 44.1 ± 8.4a       

a Significantly different between boys and girls; p<0.001 
c Significantly different from TBW-REF; p<0.05 
* Significantly different from 0; p<0.05
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 TBW estimated by BIS and by the prediction equations developed by Kushner et al (7) in 

female athletes significantly differed from the values obtained using deuterium dilution. 

 TBW estimated by the prediction equations developed by Wells et al (8) and by 

Morgenstern et al (9) in female and male athletes, significantly differed from the values 

obtained using deuterium dilution. 

 TBW estimated by Lohman’s hydration fraction of FFM  (1) gave the better accuracy 

among the young athletes. 

 The regressions between TBW estimated by Kushner equation (7) in girls, by Wells 

equation (8) in boys and by Morgenstern equation (9) in both genders, significantly deviate 

from the line of identity.
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Chapter 4 

Box 2. Regression models and internal cross-validation for the prediction of DXA 

measured appendicular lean soft tissue 

       Cross validation 

  
R2 

 
SEE Coefficient p-value 

R2 
PRESS SEEPRESS 

WHt model          
Intercept   -20.338 <0.001 
Weight   0.199 <0.001 
Gender   3.294 <0.001 
Height   14.230 <0.001 
Age   

 

  

 

0.192  0.001 

  

Total model  0.91  2.01    0.91 2.01 
CMG model          
Intercept   3.260 <0.001 
Height*CTG2   0.002 <0.001 
Height*CAG2   0.007 <0.001 
Height*CCG2  

 

 

 

0.003  <0.001 

  

Total model  0.93  1.80    0.92 1.82 
Abbreviations: WHt model, body weight and height model; CMG model, corrected 
muscle girth model; CCG, corrected calf girth; CAG, corrected arm girth; CTG, 
corrected thigh girth; R2, coefficient of determination; SEE, standard error of estimate 
(SEE, kg), R2

PRESS, coefficient of determination using the PRESS method; SEEPRESS, 
standard error of measurement using the PRESS method. 
 
Resulting equations: 
 
WHt equation:  

 

where gender=1 for male and 0 for female.  

CMG equation: 

 

ALST=-20.338+0.199(W)+3.294(gender)+14.230(Ht)+0.192(age) 

ALST=3.260+0.002(Ht*CTG2)+0.007(Ht*CAG2)+0.003(Ht*CCG2) 



Chapter 8                                              Discussion 
 

277 Faculdade de Motricidade Humana – LabES 
 

Body composition alterations 

 

Chapter 5 
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Box 3: Associations between hours per week of sports training and body composition 

                 
   Tertiles of hours per week of sports training 
  

All athletes 
 <4.5 hrs/wk/training  4.5-8.9 hrs/wk/ training ≥9 hrs/wk/ training 

 β (95%CI) p β (95%CI) p  β (95%CI) p β (95%CI)  p 
TBW (L) 0.138 (0.003;0.011) 0.001 0.186 (-0.054;0.557) NS  0.019 (-0.041;0.050) NS 0.193 (0.006;0.029)  0.003 
Lean (kg) 0.158 (0.004;0.012) <0.001 0.183 (-0.048;0.495) NS  -0.021 (-0.051;0.043) NS 0.196 (0.007;0.027)  0.001 
BF (kg) 0.025 (-0.006;0.008) NS -0.008 (-0.480;0.450) NS  0.072 (-0.055;0.093) NS 0.322 (0.006;0.043)  0.011 
BF (%) -0.103 (-0.012;0.002) NS -0.132 (-0.667;0.281) NS  0.066 (-0.065;0.103) NS 0.109 (-0.008;0.021)  NS 
BMC (g) 0.170 (0.005;0.013) <0.001 0.212 (-0.001;0.506) NS  0.022 (-0.047;0.057) NS 0.239 (0.009;0.032)  0.001 
BMD (g/cm2)  0.121 (0.001;0.005) 0.017 0.146 (-0.078;0.218) NS  0.040 (-0.023;0.033) NS 0.243 (0.002;0.017)  0.012 
BCM (kg)  0.148 (0.004;0.012) <0.001 0.173 (-0.057; 0.503) NS  -0.032 (-0.059;0.045) NS 0.139 (0.002;0.023)  0.019 
ECF (L) 0.171 (0.004;0.012) <0.001 0.194 (-0.073;0.517) NS  -0.009 (-0.044;0.041) NS 0.301 (0.013;0.035)  <0.001 
E/I  0.007 (-0.003;0.003) NS 0.606 (-0.633;0.911) NS  -0.095 (-0.037;0.020) NS 0.272 (-0.003;0.020)  NS 

Models are adjusted for age, gender, maturation, sports modalities, PA index, calcium intake and BMI.  
p<0.05 for statistical significance 
 
 

 After adjustments for age, gender, maturation, PA, calcium intake, sports modalities and BMI, athletes training ≥9 hrs/wk 

presented significantly greater levels of fat free molecular and cellular components. 

 Within each group, hours per week of sports training were independently associated with fat free components only in the group 

exercising ≥9 hrs/wk, with exception of the ratio E/I.
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Chapter 6 

Box 4: Adjusted means of body components of the young male athletes, participating in four sports 

 Gymnasts 
(G) 

Swimmers 
(S)  Basketball 

(B) 
Rugby      

(R) 
 n = 19 n = 20  n = 18 n = 23 

Between groups 
differences 

BMD 1.076 1.021  1.148 1.037 B > S and R 

BMC 2.184 2.075  2.398 2.154 B > G, S and R 

TBProt 9.7 8.5  10.1 10.1 Non-significant 

TBW (kg) 38.4 38  38.2 39.6 Non-significant 

Body fluid distribution 0.71 0.69  0.72 0.71 Non-significant 

BCM 29.2 30  28.7 28.8 S > B, R and G 

Lean  mass 51.0 43.5  53.2 51.7 B > R, G and S 

BF (kg) 8.3 10.5  10.8 11.8 Non-significant 

Abbreviations: BMD, bon mineral density; BMC, bone mineral content; TBProt, total body protein; TBW, total body water; BCM, body cell 
mass; BF, body fat; B, basketball players; S, swimmers; R, rugby players; G, gymnasts. 
Means are adjusted for age, starting age of sport specific training, sports training, maturation, lean mass, daily calcium intake (bone parameters) 
and body mass (lean mass). 
p<0.05 for statistical significance 

 
 Bone and lean mass molecular components are independently associated with participation in basketball (anaerobic and high impact 

sport), while adjusted BCM is more related with swimming (aerobic and impact activity).
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Chapter 7 

Box 5. Adjusted means of bone parameters for high-impact, non-impact and control 

groups 

  
High-impact 

(H) 
Non-impact 

(N) 
Control   

(C) 

  n = 34 n = 20 n = 26 

Between groups 
differences 

BMD (g/cm2) 1.188 1.088 1.099 H>N, C 

     Left arm 0.768 0.75 0.762 Non-significant 

     Right arm 0.782 0.745 0.764 H>N 

     Lumbar spine 1.151 1.007 1.006 H>N, C 

     Pelvis 1.284 1.102 1.144 H>N, C 

     Left leg 1.331 1.166 1.217 H>N, C 

     Right leg 1.324 1.171 1.21 H>N, C 

Total BA (cm2) 2149.7 2115.8 2023.8 Non-significant 

     Left arm 200.3 192.5 191.5 Non-significant 

     Right arm 208.7 204.3 203.2 Non-significant 

     Lumbar spine 54.3 51.6 50.1 Non-significant 

     Pelvis 268.3 247.1 245.4 H>N, C 

     Left leg 373.4 361.9 367 Non-significant 

     Right leg 392.7 368.9 373.5 Non-significant 

Total BMC (g) 2556.2 2317.9 2408.9 H>N 

     Left arm 154.2 147.9 152.1 Non-significant 

     Right arm 165.9 151.2 160.1 H>N 

     Lumbar spine 62.2 52.9 52.9 H>N, C 

     Pelvis 348.2 279 294.6 H>N, C 

     Trunk 724 642.3 666.1 H>N, C 

     Left leg 498.4 429.5 467.7 H>N; C>N 

     Right leg 510.2 440.3 476.7 H>N; C>N 

Total BF (kg) 9.58 9.93 15.25 C>H, N 

%BF 13.95 15.85 22.11 C>H, N 

Abbreviations: BMD, bone mineral density; BA, bone area; BMC, bone mineral 
content; BF, body fat; %BF, percent body fat; H, high-impact group; N, non-impact 
group; C, control group. Means are adjusted for maturation and lean mass. p<0.05 for 
statistical significance 
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 After adjustments the high-impact group displayed significantly greater bone 

mass at the majority of measured sites, than any of the other two groups. 

 Adjusted BMC at the legs were significantly lower among the non-impact 

athletes compared with the other two groups.  

  

Apart of the difficulty in controlling for all variables that potentially affect body 

components, measuring body composition in young athletes should be included in sport 

training routines. Assessing the various proportions of body components provides 

fundamental information regarding health status and exercise training adaptations. This 

information can be used to optimize sports performance, jointly with specific exercise 

training  prescription, while controlling and maintaining an healthy profile. 

Nonetheless, accurate body composition methods are necessary to give valid and 

non-biased measures. Otherwise, misclassifications may occur. Laboratorial 

methodologies to directly assess body components (hence falling directly into the rules 

area) are expensive and time consuming. An example used in the present dissertation is 

deuterium dilution technique to measure total body water. 

 In conclusion, Chapter 3, revealed  that TBW can be easily estimated in athletes by 

using specific hydration constants in the fat-free mass measured by DXA Lohman (1). 

In addition, Chapter 4 affords an opportunity to accurately estimate appendicular lean 

soft tissue in athletes, which in turn, provides information regarding their muscle mass. 

The results of Chapter 5, 6 and 7 clearly demonstrate that molecular and cellular 

components and bone tissue differ among athletes (accordingly to the amounts of 

training and exercise type), which highlights the need to routinely measure body 

composition in young athletes. Furthermore, the findings from Chapter 6 and 7 
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revealed lean body mass as the variable most highly associated with TBW, bone 

parameters, BF, body fluid distribution and BCM.  

Unfortunately we used indirect methods in Chapters 5, 6 and 7 and did not 

measured directly TBW, TBProt, ECF, body fluid distribution and BCM. Moreover, 

both lean and BF were assessed by DXA and not by a reference multi-component 

model. Hence, all methodologies used in these chapters share in common mathematical 

functions derived from type I functions. Although the methods used to estimate these 

components have been widely used and validated against reference methods, they 

involve well established rules, which may not be suitable for athletes. These are the 

main limitations of the present dissertation.  



Chapter 8       Discussion 
 

283 Faculdade de Motricidade Humana – LabES 
 

REFERENCES 
 
1. Lohman, T. G. (1986) Applicability of body composition techniques and 

constants for children and youths, Exerc Sport Sci Rev, 14, 325-57. 

2. Siri, W. E. (1961) Body composition from fluid spaces and density: analysis of 

methods, in Brozek, J., Henschel, A. (eds) Techniques for measuring body 

composition, pp. 223-244 (Washington DC, Natl. Acad. Sci). 

3. Wells, J. C., Fuller, N. J., Dewit, O., Fewtrell, M. S., Elia, M., Cole, T. J. (1999) 

Four-component model of body composition in children: density and hydration 

of fat-free mass and comparison with simpler models, Am J Clin Nutr, 69, 904-

12. 

4. Clark, R. R., Kuta, J. M., Sullivan, J. C. (1994) Cross-validation of methods to 

predict body fat in African-American and Caucasian collegiate football players, 

Res Q Exerc Sport, 65, 21-30. 

5. Magkos, F., Yannakoulia, M., Kavouras, S. A., Sidossis, L. S. (2007) The type 

and intensity of exercise have independent and additive effects on bone mineral 

density, Int J Sports Med, 28, 773-9. 

6. Prior, B. M., Modlesky, C. M., Evans, E. M., et al. (2001) Muscularity and the 

density of the fat-free mass in athletes, J Appl Physiol, 90, 1523-31. 

7. Kushner, R. F., Schoeller, D. A., Fjeld, C. R., Danford, L. (1992) Is the 

impedance index (ht2/R) significant in predicting total body water?, Am J Clin 

Nutr, 56, 835-9. 

8. Wells, J. C., Fewtrell, M. S., Davies, P. S., Williams, J. E., Coward, W. A., 

Cole, T. J. (2005) Prediction of total body water in infants and children, Arch 

Dis Child, 90, 965-71. 



Chapter 8      Discussion 

Faculdade de Motricidade Humana – LabES                                  284 
 

9. Morgenstern, B. Z., Mahoney, D. W., Warady, B. A. (2002) Estimating total 

body water in children on the basis of height and weight: a reevaluation of the 

formulas of Mellits and Cheek, J Am Soc Nephrol, 13, 1884-8. 

10. Mellits, E. D., Cheek, D. B. (1970) The assessment of body water and fatness 

from infancy to adulthood, Monogr Soc Res Child Dev, 35, 12-26. 

11. Lee, R. C., Wang, Z., Heo, M., Ross, R., Janssen, I., Heymsfield, S. B. (2000) 

Total-body skeletal muscle mass: development and cross-validation of 

anthropometric prediction models, Am J Clin Nutr, 72, 796-803. 

12. Shih, R., Wang, Z., Heo, M., Wang, W., Heymsfield, S. B. (2000) Lower limb 

skeletal muscle mass: development of dual-energy X-ray absorptiometry 

prediction model, J Appl Physiol 89, 1380-6. 

13. Doupe, M. B., Martin, A. D., Searle, M. S., Kriellaars, D. J., Giesbrecht, G. G. 

(1997) A new formula for population-based estimation of whole body muscle 

mass in males, Can J Appl Physiol, 22, 598-608. 

14. Martin, A. D., Drinkwater, D. T. (1991) Variability in the measures of body fat: 

assumptions or technique, Sports Med, 11, 277-288. 

15. Holiday, D. B., Ballard, J. E., McKeown, B. C. (1995) PRESS-related statistics: 

regression tools for cross-validation and case diagnostics, Med Sci Sports Exerc, 

27, 612-20. 

16. Myers, R. H. (1986) Classical and modern regression with applications 

(Boston, Duxbury Press). 

17. Heymsfield, S. B., Wang, Z., Withers, R. (1996) Multicomponent molecular 

level models of body composition analysis, in: Roche, A. F., Heymsfield, S. B., 

Lohman, T. G. (eds) Human body composition, pp. 129-147 (Champaign IL, 

Human kinetics). 



Chapter 8       Discussion 
 

285 Faculdade de Motricidade Humana – LabES 
 

18. Geerling, B. J., Lichtenbelt, W. D., Stockbrugger, R. W., Brummer, R. J. (1999) 

Gender specific alterations of body composition in patients with inflammatory 

bowel disease compared with controls, Eur J Clin Nutr, 53, 479-85. 

19. Silva, A. M., Wang, J., Pierson, R. N. Jr., et al. (2005) Extracellular water: 

greater expansion with age in African Americans, J Appl Physiol, 99, 261-7. 

20. Battistini, N., Virgili, F., Bedogni, G. (1994) Relative expansion of extracellular 

water in elite male athletes compared to recreational sportsmen, Ann Hum Biol, 

21, 609-12. 

21. Battistini, N., Virgili, F., Severi, S., et al. (1995) Relative expansion of 

extracellular water in obese vs. normal children, J Appl Physiol, 79, 94-6. 

22. Slemenda, C. W., Miller, J. Z., Hui, S. L., Reister, T. K., Johnston, C. C. Jr. 

(1991) Role of physical activity in the development of skeletal mass in children, 

J Bone Miner Res, 6, 1227-33. 

23. Egan, E., Reilly, T., Giacomoni, M., Redmond, L., Turner, C. (2006) Bone 

mineral density among female sports participants, Bone, 38, 227-33. 

24. Nickols-Richardson, S. M, Modlesky, C. M., O'Connor, P. J., Lewis, R. D. 

(2000) Premenarcheal gymnasts possess higher bone mineral density than 

controls, Med Sci Sports Exerc, 32, 63-9. 

25. Pettersson, U., Nordstrom, P., Alfredson, H., Henriksson-Larsen, K., Lorentzon, 

R. (2000) Effect of high impact activity on bone mass and size in adolescent 

females: A comparative study between two different types of sports, Calcif 

Tissue Int, 67, 207-14. 

26. Dyson, K., Blimkie, C. J., Davison, K. S., Webber, C. E., Adachi, J. D. (1997) 

Gymnastic training and bone density in pre-adolescent females, Med Sci Sports 

Exerc, 29 (4), 443-50. 



Chapter 8      Discussion 

Faculdade de Motricidade Humana – LabES                                  286 
 

27. Fuchs, R. K., Bauer, J. J., Snow, C. M. (2001) Jumping improves hip and lumbar 

spine bone mass in prepubescent children: a randomized controlled trial, J Bone 

Miner Res, 16, 148-56. 

28. Morris, F. L., Naughton, G. A., Gibbs, J. L., Carlson, J. S., Wark, J. D. (1997) 

Prospective ten-month exercise intervention in premenarcheal girls: positive 

effects on bone and lean mass, J Bone Miner Res, 12, 1453-62. 

29. Karlsson, M. K., Magnusson, H., Karlsson, C., Seeman, E. (2001) The duration 

of exercise as a regulator of bone mass, Bone, 28 (1), 128-32. 

30. Scerpella, T. A., Davenport, M., Morganti, C. M., Kanaley, J. A., Johnson, L. M. 

(2003) Dose related association of impact activity and bone mineral density in 

pre-pubertal girls, Calcif Tissue Int, 72 (1), 24-31. 

31. Kubo, J., Chishaki, T., Nakamura, N., et al. (2006) Differences in fat-free mass 

and muscle thicknesses at various sites according to performance level among 

judo athletes, J Strength Cond Res, 20, 654-657. 

32. Midorikawa, T., Sekiguchi, O., Beekley, M. D., Bemben, M. G., Abe, T. (2007) 

A comparison of organ-tissue level body composition between college-age male 

athletes and nonathletes, Int J Sports Med, 28, 100-105. 

33. Casa, D. J. (1999) Exercise in the Heat. I. Fundamentals of Thermal Physiology, 

Performance Implications, and Dehydration, J Athl Train, 34, 246-252. 

34. Chumlea, W. C., Schubert, C. M., Reo, N. V., Sun, S. S., Siervogel, R. M. 

(2005) Total body water volume for white children and adolescents and 

anthropometric prediction equations: the Fels Longitudinal Study, Kidney Int, 

68, 2317-2322. 

35. Andreoli, A., Melchiorri, G., Brozzi, M., et al. (2003) Effect of different sports 

on body cell mass in highly trained athletes, Acta Diabetol, 40 Suppl 1, S122-5. 



Chapter 8       Discussion 
 

287 Faculdade de Motricidade Humana – LabES 
 

36. Madsen, O. R., Schaadt, O., Bliddal, H., Egsmose, C., Sylvest, J. (1993) 

Relationship between quadriceps strength and bone mineral density of the 

proximal tibia and distal forearm in women, J Bone Miner Res, 8, 1439-44. 

37. Snow-Harter, C., Bouxsein, M., Lewis, B., Charette, S., Weinstein, P., Marcus, 

R. (1990) Muscle strength as a predictor of bone mineral density in young 

women, J Bone Miner Res, 5, 589-95. 

38. Ginty, F., Rennie, K. L., Mills, L., Stear, S., Jones, S., Prentice, A. (2005) 

Positive, site-specific associations between bone mineral status, fitness, and time 

spent at high-impact activities in 16- to 18-year-old boys, Bone, 36, 101-10. 

39. Fehling, P. C., Alekel, L., Clasey, J., Rector, A., Stillman, R. J. (1995) A 

comparison of bone mineral densities among female athletes in impact loading 

and active loading sports, Bone, 17, 205-10. 

40. Heinonen, A., Oja, P., Kannus, P., Sievanen, H., Manttari, A., Vuori, I. (1993) 

Bone mineral density of female athletes in different sports, Bone Miner, 23, 1-

14. 



Chapter 9                                              Conclusion 
 

Faculdade de Motricidade Humana – LabES                                  288 
 

CHAPTER 9 

 

 

 

 

 

CONCLUSION 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 9                                              Conclusion 

289 Faculdade de Motricidade Humana – LabES 
 

In the current dissertation field methods to estimate total body water in young 

athletes were validated against the reference deuterium dilution technique in Chapter 3. 

The results obtained in the young athletes evaluated showed that there are simple field 

methods able to accurately predict TBW in this population, while others may not be 

valid tools. Accurate information about TBW levels in young athletes is important given 

that it enables coaches to implement TBW measurements routines in sports training, to 

maintain the athlete’s under hydrated and healthy conditions, which is crucial for 

enhancing sports performance. It was demonstrated that the density of fat-free mass did 

not significantly differ from the assumed adult value of 1.1 g/cm3, though the protein 

fraction of FFM was higher and the hydration and mineral fraction were slightly lower 

compared with the assumed adult values of 19.4, 73.8 and 6.8%. Since the 

anthropometric equations used in the present investigation were developed in non-

athletic children and adolescent, probably “normal hydrated” for their age and 

presenting a lower DFFM compared with the assumed adult value, the poor accuracy 

observed when applying anthropometric equations was pointed to be related to the 

composition of FFM observed in these young athletes. Overall, the higher accuracy was 

observed using TBW calculated from the specific constants of FFM hydration 

developed by Lohman, using DXA measures of FFM, in both boys and girls. Foot-to-

foot Tanita and BIS were also found to be valid and nonbiased tools for TBW 

measurements in athletes, although at an individual basis using Tanita and BIS in both 

genders, revealed poor accuracy, resulting from the wide limits of agreement observed. 

TBW-specific predictive equations, based on impedance measures, anthropometry, age 

and gender should be critically revised when applied to contemporary groups of 

children and adolescents, in particular among those who are athletes because of the 

differences on FFM composition, usually observed. 
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In Chapter 4 newly developed methods to estimate muscle mass in children and 

adolescent athletes, through appendicular lean soft tissue measures, were presented.  

The two new anthropometric models were developed and cross-validated to ensure its 

applicability in similar samples. One model was based on simple body weight and 

height measures and the second model used dimensional parameters based on SKF and 

limb circumferences (corrected muscle girths). Both anthropometric models showed to 

accurately predict DXA measured ALST, affording a practical means to estimate 

muscle mass in young athletes.  

Chapter 5 attempted to overcome the gap existing in the sports training 

literature and induced related body composition profiles, by using a comprehensive 

framework of body composition. Indeed, two levels of human body composition, the 

molecular and the cellular level, were assembled. The relationship between body 

components and weekly training hours was also explored, hence addressing the 

connection between both areas of body composition research: rules and biological 

effects. Because BMI is associated with lean mass, body fat and bone mass and because 

disturbances on water compartments were found in obese children, we chose BMI as a 

covariate, further ensuring that the variations in body components were affected solely 

by the amount of training. A dose-dependent relationship between weekly training 

hours and both molecular and cellular components of body composition, above 9 

hrs/wk, independently of sports, was demonstrated. In sports training and public health, 

increasing hours per week of exercising may enhance sports performance in young 

athletes while also improving important health-related body composition phenotypes.  

  Chapter 6 was presented because of the limited knowledge about the 

relationships between the cellular level of body composition and sports training among 

young athletes, whereas the molecular components such as mineral, body fat and lean 
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mass, have been extensively evaluated by the scientific community. Training gymnastic, 

swimming, basketball and rugby have different amounts of aerobic and impact stimulus 

and both molecular and cellular body components may adapt to the required exercises. 

In fact, it was demonstrated that bone and lean mass molecular components are 

associated with participation in anaerobic and high impact sports, such as basketball, 

while adjusted BCM is more related with an aerobic and non-gravitational sport 

(swimming). No differences were observed between athletes in total body water, total 

body protein, body fluid distribution and body fat. 

Finally, Chapter 7 showed that young male competitive swimmers do not differ 

from non-athletic age-matched controls in bone mineral status, even after adjustments 

for maturation, body weight, height and lean body mass. Furthermore, non-athletic 

controls displayed greater amounts of BMC at the lower limbs comparing to swimmers, 

while the high-impact group had significantly greater adjusted means of bone mass at 

most of the measured sites, comparing with both non-impact athletes and non-athletic 

controls. This chapter points toward a great osteogenic effect of regular participation on 

high-impact sports. Controversy, swimming was demonstrated to confer no additional 

bone mass increments comparing to sedentary behaviors. It was suggested that 

participation in sports that do not evoke ground-reaction forces (such as swimming) 

should be accomplished by strength training to stimulate lean and bone mass accretion.  

In addition, it was emphasized the importance of promoting regular sports 

participation among adolescents, because of the greatest lean body mass (and 

consequently, muscle mass and healthy profile) displayed by all measured athletes in 

relation to non-athletes, specially those sports that also assist the attainment of peak 

bone mass. 
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Overall, the present dissertation provides relevant and contemporaneous 

information regarding body composition in adolescent athletes, falling into both the 

methodological and alterations areas. An important issue in total body water 

measurements was addressed, and further new equations to predict muscle mass through 

appendicular lean soft tissue measures was presented. Regarding the associations 

between exercise training and body components at the cellular, molecular and tissue-

system levels, the current document affords an evidence of how sports training 

potentially affect body composition in adolescent athletes, accounting for variations on 

other body composition variables, such as gender, age, maturation, habitual physical 

activity, nutrition and length of sports training. 
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