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1. INTRODUCTION 

The relationships among human somatic traits, physical capacity, and perfor-
mance in athletes at various ages have been a source of interest for many scien-
tists. For example, several investigations have studied the anthropometric cha-
racteristics of successful swimmers (Grimston & Hay, 1986; Mazza et al. 1993; 
Siders et al. 1993; Sprague, 1976), whereas a number of studies have examined 
the relationship between these characteristics and the swimming performance 
(Grimston & Hay, 1986; Klentrou & Montpetit, 1991, Siders et al. 1993; Spra-
gue, 1976). Swimming performance has also been related to different bio-
mechanical parameters (Poujade et al., 2002; Tsekouras et al., 2005; Zamparo et 
al., 2000, 2005a). Specifically, competitive swimming is a cyclic sport activity 
performed with the aim of covering given distance as fast as possible (Barbosa 
et al., 2008) to maximize metabolic power of the athlete and the economy of 
locomotion. Hence it is important to assess the individual economy of swim-
ming and to understand the factors that determine swimming performance 
(Zamparo et al., 2000). In swimming, the performance is influenced by the 
capacity of generating propelling power and minimizing the resistance to 
advance in the liquid environment (Schneider & Meyer, 2005). In any swim-
ming event, maximal performance in swimming is dependent on a number of 
factors, including body size, stroke efficacy and also on the amount of meta-
bolic energy spent in transporting the body mass of the athlete over the unit of 
swimming distance (Zamparo et al., 2005a). It has been reported that Cs varies 
largely from one swimmer to another, mainly depending on the specific anthro-
pometrical (Chatard et al., 1985) and biomechanical (Montpetit et al., 1988) 
characteristics of the athlete. Metabolic energy has been assessed from the ratio 
of oxygen consumption (VO2) to the corresponding swimming speed in adult 
athletes (Zamparo et al., 2005a). Oxygen-consumption values measured during 
recovery have been used to extrapolate backward to determine VO2peak during 
maximal swimming and this method of determining VO2peak has been reported 
to be valid in adult swimmers (Costill et al., 1985). The use of this methodology 
offers a specific in-water assessment of the VO2 during swimming taking into 
account different anthropometrical and biomechanical parameters of the young 
swimmer.  

Swimmers usually start serious training before the onset of puberty and 
achieve international competitive level at a relatively early age. Performance in 
swimming has been related to different anthropometrical, physiological and 
biomechanical parameters in children (Avlonitou, 1994; Damsgaard et al., 
2001; Kjendlie et al., 2004b; Poujade et al., 2002). However, longitudinal data 
on the relations among physical traits, physiological capacity, and swimming 
performance for young swimmers are limited. This is despite the fact that meta-
bolic capacities and skill acquisition are affected by growth and development 
(Bar-Or, 1994; Malina, 1994), suggesting that factors predicting swimming 
performance may vary for young swimmers during their physical maturing and 
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may be different compared to adults. There could be also a wide variation in the 
biological age of children of the same chronological age, so it is necessary to 
consider the effects of growth and development when analyzing swimming per-
formance in young swimmers. Furthermore, a complex interaction between 
different anthropometrical, biomechanical and physiological parameters that all 
affect swimming performance to some extent should be considered when eva-
luating the performance of the young swimmer. It appears that very few studies 
have investigated the importance of different anthropometrical, physiological 
and biomechanical parameters to determine swimming performance in children 
(Geladas et al. 2005; Poujade et al. 2002). To our knowledge no studies have 
been conducted to study longitudinally the effect of different anthropometrical, 
physiological and biomechanical parameters on swimming performance in 
complex in young male and female swimmers during their physical growth and 
maturation. 
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2. REVIEW OF THE LITERATURE 

2.1. Biological maturation and  
anthropometrical parameters in young swimmers 

Growth refers to increase in the size of the body (e.g. stature and body mass) or 
its parts, whereas biological maturation refers to the tempo and timing of 
progress towards the mature state (i.e. menarche and development of secondary 
sex characteristics). It has been suggested that differences in physique between 
young athletes probably reflect selection at relatively young age for the size 
demands of a specific sport, as elite adult athletes are known to have better 
anthropometrical and physiological characteristics specifically suited to their 
sport discipline (Bar-Or, 1975; Clarke, 1973). Individual differences in maturity 
status at a given age and in the timing of the adolescent growth spurt influence 
growth status and performance. Moreover, children who are successful in sport 
tend to differ, on average, in maturity status and rate compared with the general 
population (Beunen & Malina, 2008). Young athletes who begin to train 
seriously have pronounced functional advantages, but this finding may actually 
be related to other research showing that young athletes who regularly train in 
different sport disciplines, in general, have early sexual maturation (Malina, 
1994). In other words, the athletes who begin training at relatively young age 
and experience success may actually do so because they are more physio-
logically mature than their chronologically age matched peers (Baxter-Jones & 
Maffulli, 2003). The range of variability between individuals of the same chro-
nological age in somatic and biological growth is large and especially accen-
tuated around the adolescent growth spurt (Iuliano-Burns et al., 2001; Marshall 
& Tanner, 1970, Tanner, 1978). However, growth in children is not a regular 
process, and different changes occur in the proportions of different body 
segments (Baxter-Jones & Maffulli, 2003). 

Several investigations have studied the anthropometric characteristics of 
successful adult swimmers (Grimston & Hay, 1986; Mazza et al., 1993; Siders 
et al., 1993; Sprague, 1976), whereas a number of studies have examined the 
relationship between these characteristics and the swimming performance 
(Grimston & Hay, 1986; Klentrou & Montpetit, 1991, Siders et al., 1993; Spra-
gue, 1976). In dividing swimming techniques according to style at sprint and 
long-distances, specific somatic properties must also or even above all, be taken 
into consideration. These somatic properties include first of all total body 
length, arm span and fat free mass. These somatic attributes are largely inhe-
rited and together with anaerobic capacity potential determine swimming tech-
nique to the highest degree (Avlonitou et al., 1997; Carter & Heath, 1990; 
Grimston & Hay, 1986; Seifert et al., 2007). An association between body form 
and stroke length has been found and it has also been concluded that parameters 
such as body height, and the cross sectional and surface area of the body may be 
important to success in swimming (Geladas et al. 2005). 
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Participating in a competitive sport at a young age has been associated with a 
specific body composition and body proportions (Claessens et al., 1991, Dams-
gaard et al., 2001). The processes of growth and maturation are related, and 
both exert an influence on the physical performance of the athlete (Beunen and 
Malina, 2008). It has been demonstrated that biological age is a better predictor 
of performance than chronological age in various sport disciplines (Beunen, 
1989; Beunen & Malina, 2008; Khosla, 1983). The advantage of advanced 
sexual maturity for selection into certain sports is also highlighted by the obser-
vation that in some sports athletes who are born at the beginning of the selection 
year had a distinct advantage of being selected as having talent over those born 
late in the year (Brewer et al., 1995). Results have suggested that in sports 
where large physiques are necessary for competitive success (e.g. swimming), 
young athletes tend to be towards advanced sexual maturation at their chrono-
logical age (Baxter-Jones & Helms, 1996). Accordingly, it is important to con-
sider also biological maturation when evaluating different performance-related 
parameters in a specific sport discipline including swimming. 

To be successful at the international level of swimming competition, it is 
believed that intensive training must begin before puberty (Erlandson et al., 
2008). Swimming is a sport where the entry for serious training starts from very 
young age while the children’s body is under fast development. Young com-
petitive female swimmers are taller and have higher fat free mass and lower 
percent body fat than their non-athletic counterparts (Avlonitou, 1994). In addi-
tion, Stager et al. (1984) studied a large group of 12–17 year old female swim-
mers and found that the faster swimmers had greater fat free mass, but did not 
differ in body fatness from slower swimmers. Swimmers seemed to be taller 
and more advanced in their puberty compared with peers (Baxter-Jones & 
Helms, 1996; Damsgaard et al., 2001; Theintz et al., 1993). It is considered that 
athletes may be selected into a certain sport or even event within the same sport 
on the basis of how closely their anthropometric profile represents the prototype 
for that sport or event. Until now, there have been very few studies conducted to 
examine different anthropometrical parameters in various age groups in swim-
ming. Furthermore, there is not enough knowledge about how different anthro-
pometrical parameters may affect swimming performance in young swimmers, 
especially during their biological maturation. For example Geladas et al. (2005) 
found that freestyle swimming performance was associated with certain anthro-
pometrical and physical capacity variables in young swimmers (12–14 year 
old). Saavedra et al. (2010) results indicate that age and specific fitness in 
young swimmers (11–14 year old), particularly those related with aerobic and 
speed endurance, are main predictors of performance and that anthropometrical 
and technical variables are less relevant, except for females, in which technical 
variables reach high levels of correlation with swimming performance even 
when controlling for age. Strzala et al. (2005) found that 400-m swimming per-
formance is mainly affected by anaerobic capacity and less by anthropometrical 
parameters in adolescent (15–17 year old) swimmers. In conclusion, studies 
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have been performed concerning swimming performance and anthropometrics 
cross-sectionally in young swimmers. However it is also important to study 
these parameters longitudinally during puberty, since there are rapid changes in 
anthropometrical parameters during puberty. 
 
 

2.2. Physiological parameters that  
affect swimming performance in young swimmers  

Front-crawl swimming is a sport discipline that is fundamentally different from 
both running and cycling. The lying body position used in swimming reduces 
blood hydrostatic pressure in the legs as compared with the upright position 
used in cycling and running (Demarie et al., 2001). This may involve a lower 
perfusion in the capillary bed of the working muscle, resulting in a reduction in 
both blood flow and oxygen transport (Holmer, 1972). The effects of training 
on maximal aerobic power (assessed as peak oxygen consumption; VO2peak) 
during growth and development has been and continues to be a subject of in-
terest for physiologists and sport scientists (Armstrong & Welsman, 1994; 
Cunningham et al., 1984; Kobayashi et al., 1978; Krahenbuhl et al., 1985). 

A large number of young athletes (e.g. swimmers) train for competitive sport 
before puberty, yet the understanding of their capabilities to benefit from 
serious endurance trainings is limited (Armstrong, 2000). Performance in en-
durance sports (running, swimming cycling, rowing, etc) improves steadily 
throughout childhood (Baxter-Jones et al., 1993). Few studies have investigated 
the relation between VO2peak and sexual maturity (Armstrong & Welsman, 2001; 
Baxter-Jones et al., 1993; Mirwald & Bailey, 1986). With a log-linear scaling 
method, VO2peak increased throughout childhood to puberty in both boys and 
girls, but there was a progressive divergence in values in favour of boys 
(Armstrong & Welsman, 2001). After puberty, VO2peak continues to increase in 
boys but it levels off in girls as they approach adulthood (Armstrong & Wels-
man, 1994), probably a consequence of the increase in subcutaneous fat in 
(Kemper, 1985). Endurance capabilities of children improve as they become 
older and increase in body size (Baxter-Jones & Maffulli, 2003). This 
improvement differs slightly in boys and girls, as girls increase their capabilities 
in a similar way to boys, but with less magnitude (Armstrong & Welsman, 
1994; Mirwald & Bailey, 1986). Rowland & Boyajian (1995) have stated that 
there is a limited evidence to suggest that training during pre-pubertal years 
increases VO2peak beyond the increases attributed to growth. Bar-Or (1983) has 
concluded that VO2peak responds positively to endurance training in pre-pubertal 
children. Two hypotheses have been presented to explain the contentious rela-
tionship of maturation to children’s aerobic power (Armstrong & Welsman, 
1994; Baxter-Jones et al., 1993), namely that a maturational threshold exists 
before which children are unable to elicit physiological changes in response to 
training, and/or that adolescence is a critical period during which children are 
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particularly susceptible to aerobic training. It has been demonstrated that young 
swimmers present higher values for VO2peak at all pubertal stages (Baxter-Jones 
et al., 1993) when compared to a normal untrained population (Baxter-Jones & 
Helms, 1996). 

It is advantageous to measure VO2peak at sport-specific conditions, which 
allows evaluating the athlete during swimming. Costill et al. (1985) proposed a 
method to evaluate VO2peak in adult swimmers at sport-specific conditions. Spe-
cifically, VO2peak values measured during recovery after maximal 400-m front-
crawl swimming have been used to extrapolate backward to determine the 
VO2peak during maximal swimming bout (Costill et al. 1985). This method of 
determining VO2peak during maximal swimming has been reported to be valid in 
adult swimmers, offering a specific in-water assessment of the oxygen con-
sumption during swimming (Costill et al., 1985, Lavoie et al., 1983; Montpetit 
et al., 1981). It has been reported that the VO2peak of front-crawl swimming 
increases exponentially as a function of swimming velocity (Capelli et al., 1998; 
Pendergast et al., 1977; Termin & Pendergast, 2000; Unnithan et al., 2009; 
Zamparo et al., 1996). Using this methodology to asses VO2peak enables the 
swimmer to perform swimming without restrictions and does not intervene with 
the swimming technique of the athlete and using this parameter allow to calcu-
late Cs in sport specific condition. 

Maximal performance in swimming as well as in other forms of human 
locomotion depends on the amount of metabolic energy spent in transporting 
the body mass of the athlete and on the economy of locomotion (Capelli et al., 
1998; Kjendlie et al., 2004a,b,c; Zamparo et al., 2000). Many studies have been 
performed on the energy cost (Cs) of swimming in trained or experienced adult 
swimmers (Barbosa et al., 2008; Capelli et al., 1998; Chatard et al., 1985, 1990, 
1991; Chatard & Wilson, 2008; Costill et al., 1985; Pendergast et al., 1977; 
Zamparo et al., 2005a), few have investigated the swimming economy in child-
ren (Kjendlie et al., 2004a; Poujade et al., 2002; Zamparo et al., 2000, 2008). It 
has been reported that Cs varies largely from one swimmer to another, mainly 
depending on the specific anthropometrical (Chatard et al., 1985) and bio-
mechanical (Montpetit et al., 1988) characteristics of the athlete. It might be 
expected that the Cs would change as young swimmer develops from a child 
into adulthood, as a consequence of growth, due to the changing drag and 
buoyancy and the improvement of the swimming technique (Kjendlie et al., 
2004a). The technical ability of the swimmer and the overall efficiency strongly 
affect the Cs at a given swimming speed (Barbosa et al., 2008). Cs increases as 
a function of velocity (Capelli et al., 1998; di Prampero, 1986; Poujade et al., 
2002; Zamparo et al., 2000) and has usually been assessed from the ratio of 
oxygen consumption and the corresponding velocity (v) in swimmers (Capelli 
et al., 1998; Kjendlie et al., 2004a,b; Zamparo et al., 2000, 2011). A decrease in 
the energy cost of swimming by improved biomechanics and/or an increase in 
metabolic power through effective training should act to improve competitive 
swimming performance (Termin & Pendergast, 2000). At variance with other 
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sport activities (e.g. cycling) where minimal differences in efficiency are 
observed among subjects with different technical abilities, skill greatly in-
fluenced the energy cost of swimming (Holmer, 1974): the lower the skill level, 
the higher the Cs for a given swimming speed and stroke. Several studies have 
only analyzed the aerobic contribution to the swimming economy (Chatard et 
al., 1990; Holmer, 1974; Van Handel et al., 1988). In few studies, Cs has also 
been estimated at maximal speed wherein the anaerobic-energy contribution had 
to be considered in the calculation of the overall energy balance of the exercise 
(Camus & Thys, 1991; Capelli et al., 1998; Ogita et al., 1996; Zamparo et al., 
2000). While measured oxygen consumption has been used to assess the aerobic 
energy contribution, net increase in blood lactate concentration after the swim-
ming trial has been used to assess the anaerobic energy contribution in the cal-
culation of Cs (Zamparo et al., 2005a, 2011). 

As indicated by several studies in the literature, women have lower energy 
cost than men during swimming (Chatard et al., 1990, 1991; Montpetit et a., 
1983, 1988; Pendergast et al., 1977; Zamparo et al., 2000, 2011) and their 
higher economy is traditionally attributed to a smaller hydrodynamic resistance 
due to their smaller size, larger percentage of body fat and more horizontal 
position in comparison to male swimmers. Significant relationships were found 
between the Cs and the swimming velocity in boys and adult swimmers (Cha-
tard et al., 1990, 1991; Poujade et al., 2002). Kjendlie et al. (2004a) reported 
significantly lower energy cost in children (12-year-old boys) than in adults (21-
year-old males) at comparable swimming speed, thus confirming the results 
obtained by Ratel & Poujade (2009) in a group of 12- year-old boys and 18–22 
year old men. However, to our best knowledge, no studies have been per-
formed, where sport-specific VO2peak during maximal swimming has used to 
assess Cs in young swimmers. There is also limited information available about 
the swimming economy of children (Kjendlie et al., 2004a). 

 
 

2.3. Biomechanical parameters that  
affect swimming performance in young swimmers 

The understanding of the behavior of stroke mechanics and its relationship to 
swimming velocity (v) is one of the major points of interests in biomechanical 
research in swimming (Alberty et al., 2004; Dekerle et al., 2005; Hay, 1987; 
Keskinen & Komi, 1993). For example, if the starts and turns are ignored, the 
time required to cover a given distance can be expressed as a velocity (Termin 
& Pendergast, 2000). In this sense, mean swimming velocity is the best measure 
for swimming performance. Despite the importance of the physiological deter-
minants of swimming, it is a sport in which technical skills assume fundamental 
importance, suggesting a combined evaluation of stroking and physiological 
parameters (Anderson et al., 2006; Psycharakis et al., 2008). Mean swimming 
velocity is a result of successive arm and leg actions during stroking, and con-
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sequently it can be described by its mechanical elements: stroke length and 
stroke rate (Barbosa et al., 2008). Increases or decreases in swimming velocity 
are due to a combined increase or decrease in stroke rate (SR) and stroke length 
(SL) (Barbosa et al., 2008; Craig et al., 1985; Dekerle et al., 2005; Hay, 1987; 
Keskinen and Komi, 1993, Kjendlie et al., 2006; Toussaint et al., 2006). 

Accordingly, most of the biomechanical studies that have been carried out in 
swimmers have concerned the relationship between SR (cycles/min), SL 
(m/cycle) and swimming performance (Capelli et al., 1995; Huot-Marchand et 
al., 2005; Kjendlie et al., 2004c; Poujade et al., 2002) and are often used by 
coaches in the evaluation of training process (Maglischo, 2003). In case of 
various swimmers, depending on training status and distance covered, these 
parameters reach different levels. Mainly in youth groups, depending on 
training character, their impact on front-crawl swimming speed may change 
(Strzala & Tyka, 2009). Coaches opinions and some researchers reports prove 
that front-crawl swimming results are most strongly correlated with SL (Arel-
lano et al., 1994; Cardelli et al., 2000; Costill et al., 1992; Kennedy et al., 1990). 
Studies by Keskinen et al. (1989) and Wakayoshi et al. (1995) have demon-
strated that SL appears to be a major factor determining maximal or sub-
maximal performance in swimming. Several authors have reported that similar 
swimming performances are characterized by greater variability in SL than in 
SR (Changalur & Brown, 1992; Craig & Pendergast, 1979; Kennedy et a., 
1990; Keskinen & Komi, 1993; Pelayo et a., 1994). Accordingly, the proper SL 
should be instructed first to young swimmers, because it is tightly bound to the 
development of advanced swimming technique, hydrodynamic excellence and 
higher swimming efficiency. However, it has also been shown that there is a 
characteristic relationship between SR and swimming velocity (Chollet et al., 
1997; Craig et al., 1985; Craig & Pendergast, 1979). These studies have demon-
strated that faster swimmers swim with a greater distance per stroke at both 
slow and fast speed, have a greater ability to shorten their stroke, and have a 
higher maximal stroke rate. In addition, it has been found that elite swimmers 
swim shorter distance per stroke and slower stroke rates during all competitive 
events than they theoretically could, based on their individual stroke frequency-
velocity relationship (Craig et al., 1985). 

Stroke mechanics is considered to reach an optimal balance between SR and 
SL (Chollet et al., 1996; Pelayo et al., 1996) when v values are at their highest 
level with a relatively low energy cost (Barbosa et al., 2008). It has been shown 
that increases in maximal v from the age of about 11 are related to increased 
SL, while SR at maximal v does not increase with age (Kjendlie et al., 2004c). 
According to the literature, at a given v, energy cost significantly increases with 
increasing SR (Barbosa et al., 2005; Klentrou & Montpetit, 1992; Smith et al., 
1988; Wakayoshi et al., 1995; Zamparo et al., 2005b). Less consistent is the 
decrease of energy cost with increasing SL (Barbosa et al., 2005; Costill et al., 
1985; Pendergast et al., 2003; Smith et al., 1988; Termin & Pebdergast, 2000; 
Wakayoshi et al., 1996; Zamparo et al., 2005b).  
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Another parameter of swimming technique used is the stroke index (SI; 
m2/s/cycles), considered as a valid indicator for swimming efficiency in adults 
(Costill et al., 1985) and also in children (Barbosa et al., 2010). SI has been 
calculated by multiplying the swimming speed by the SL (Barbosa et a., 2010; 
Costill et al., 1985; Seifert et al., 2010). SI is an indicator of swimming 
economy since it describes the ability to move at a given velocity with the 
fewest number of strokes and high stroke index values are strongly associated 
with low Cs (Costill et al., 1985). In this sense, SI can also be used as an overall 
estimation of swimming efficiency. To our best knowledge only Barbosa et al., 
(2010) recently examined SI influence in swimming performance in young 
swimmers. 

Young swimmers learn to control the structure and efficiency of the move-
ment while they grow up and mature in the process of a 5–7-year training 
program. During that time they pass through pre-pubertal and pubertal stages of 
ontogenesis when rapid physical growth and motor development take place. 
Significant changes in body build, motor abilities and fitness may be reflected 
in the “macro” structure and efficiency of sport techniques. It has to be taken 
into account that anthropometric parameters among other factors that may 
influence the relationship between SR and SL and affect swimming speed are 
related to stroke rate and, more importantly, stroke length in adults (Grimston & 
Hay, 1986; Pelayo et al., 1996) and also in children (Geladas et al., 2005; 
Poujade et al., 2002). This clearly demonstrates that anthropometric and bio-
mechanical parameters are related and should be considered during growth and 
biological maturation in young swimmers. Furthermore, it has been suggested 
that changes in different swimming technique variables such as SL could also 
be related to simultaneous changes in metabolic variables such as blood lactate 
concentration after maximal swimming (Keskinen & Komi, 1993; Wakayoshi et 
al., 1996; Weiss et al., 1988). Thus, evaluating specific biomechanical para-
meters in swimming, different anthropometric and metabolic parameters should 
also be taken into account. Furthermore, during biological maturation and also 
further excellence in swimming in adult swimmers, different anthropometric 
and metabolic parameters may influence swimming technique to a certain 
extent. Knowledge of the age particulars and year-by-year dynamics of tech-
nical characteristics may allow us to control and correct the process of technical 
preparation in young swimmers (Vorontsov & Binevsky, 2002). In summary, it 
may be suggested that technical preparation of young swimmers is closely 
related to specific anthropometric parameters and these anthropometric para-
meters should be taken into account when teaching swimming technique for 
young swimmers. 
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2.4. Summary 

Swimmers start to train seriously at relatively young age, usually before 
puberty. However, at present, very few studies have investigated the importance 
of anthropometrical, physiological, and biomechanical parameters to determine 
swimming performance in children. For example, Poujade et al. (2002) and 
Zamparo et al. (2000) studied children older than 12 years of age and deter-
mined the Cs during maximal 400-m front-crawl swimming. Recent study by 
Barbosa et al. (2010) developed a model based on biomechanical and energetic 
variables to predict 200-m front-crawl swimming performance in 12-year old 
boys. However, it was concluded that the model should be expanded, including 
more variables to increase the prediction level and show deeper understanding 
of the swimming performance in young swimmers during biological maturation 
(Barbosa et al. 2010). For example, it has to be taken into account that changes 
from prepuberty to puberty are important and include changes in different anth-
ropometrical, physiological, and biomechanical parameters (Poujade et al., 
2002). However, these anthropometrical, physiological and biomechanical 
parameters may affect differently the development of swimming performance 
during biological maturation and further swimming excellence. While some 
parameters may be more important at the beginning of serious swimming 
trainings, other parameters may affect more swimming performance at later 
stages of biological maturation. These different parameters should be studied in 
complex to better understand the development of swimming performance in 
young swimmers. However, to our best knowledge, no studies have longitudi-
nally investigated the development of swimming performance in young male 
and female swimmers during their biological maturation taking into account 
different anthropometrical, physiological and biomechanical parameters. 
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3. AIM AND THE PURPOSES OF THE STUDY 

The general aim of the present study was to investigate the impact of specific 
physiological, biomechanical and anthropometrical parameters on the develop-
ment of swimming performance during biological maturation in young male 
and female swimmers. 
 
Specific aims of the present study were to: 

1. compare the indirect in-water measurement of peak oxygen consumption 
with laboratory-based measurement of peak oxygen consumption and 
calculate the metabolic energy cost of swimming; 

2. investigate the development of specific physiological, biomechanical and 
anthropometrical parameters of young male swimmers during their 
biological maturation; 

3. investigate the development of specific physiological, biomechanical and 
anthropometrical parameters of young female swimmers during their 
biological maturation; 

4. find which group of parameters (i.e., anthropometrical, physiological or 
biomechanical) characterize best improvement in swimming performance 
of young male swimmers during their biological maturation; 

5. find which group of parameters (i.e., anthropometrical, physiological or 
biomechanical) characterize best improvement in swimming performance 
of young female swimmers during their biological maturation. 
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4. METHODS 

4.1. Participants 

In total, 29 male (age 13.0±1.8 yrs, height 163.3±11.9 cm, body mass 
51.6±13 kg) and 26 female (age 12.7±2.2 yrs, height 160.9±9.3 cm, body mass 
50.3±9.2 kg) swimmers participated in the study. At the beginning of the study, 
all males and females had a training background of 3.0±1.1 and 3.7±1.8 years, 
respectively and had been training for 8.4±1.7 and 6.2±1.9 hrs/week for at least 
the last 2 years, respectively. During the study period the participants continued 
to train in accordance with their scheduled training plan. Their training volume 
increased for about 7% during two years. Their training consisted of approxi-
mately 75% in the pool and 25% dryland training, of which not more than 30% 
was strength training and the rest other forms of exercises (stretching, ball 
games, running etc.). The training plan of the subjects was kept constant 
according to what has been scheduled by the coaches. The analysis of the study 
was not revealed to coaches during the study period, therefore coaches were not 
able to change the training plan for the special improvement of these capacities 
that were the best predictors of the performance. All children and parents were 
precisely informed about the purposes and contents of the study and written 
informed consent was obtained from the parents before participation. This study 
was approved by the Medical Ethics Committee of the University of Tartu. 
 
 

4.2. Study design 

The study was initiated in September 2005 (Time 1) and all subjects parti-
cipated in three testing occasions during two years (Times 2 and 3). Every 
testing occasion included three testing sessions. During the first session main 
anthropometrical parameters and biological age were measured. In addition, 
VO2peak on cycle-ergometer was also measured during the first testing session at 
Time 1. The second measurement session consisted of maximal 400-m front-
crawl swimming test in the swimming pool. During the third measurement ses-
sion, the body composition parameters were measured using dual-energy X-ray 
absorptiometry (DXA). The first and second measurement sessions were sepa-
rated by at least 48 hrs, and the third measurement session depended on the 
participants’ schedules and DXA availability at the hospital, but for no longer 
than one week away. 
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4.3. Biological age, anthropometrical  
parameters and body composition 

The biological age of the participants was assessed according to the self-
assessment using an illustrated questionnaire of the pubertal stages according to 
the Tanner classification method (Tanner, 1962). The pubertal development 
assessment according to Tanner method which uses the self-assessment of 
breasts and the pubic hair stage in girls and genitalia and pubic hair stage in 
boys, has been previously validated (Duke et al., 1980; Saito, 1984). The par-
ticipants were given photographs, figures and descriptions, and asked to choose 
the one that most accurately reflected their appearance. In case of discrepancies 
between the two variables (breast development and pubic hair stage in girls and 
genitalia development and pubic hair stage in boys), a greater emphasis for the 
determination of the Tanner stage was placed on the degree of the breast or 
genitalia development in girls and boys, respectively (Duke et al., 1980). 

The body height was measured to the nearest 0.1 cm using Martin metal 
anthropometer according to the standard technique and the body mass was 
measured with minimal clothing with medical balance scale (A&D Instruments, 
UK) in kg (0.05 kg). Body mass index (BMI) was calculated as body mass 
(kg) divided by height squared (m2) Arm span was measured to the nearest 0.1 
cm according to the standard recommendations (Norton & Olds, 1996). 

Whole-body fat mass (FM), fat free mass (FFM), body fat percent (body 
fat%) and bone mineral content (BMC) were measured using the DPX-IQ 
densitometer (Lunar Corp., Madison, WI, USA) equipped with software version 
3.6. Participants were scanned in light clothing while lying flat on their backs 
with their arms at their sides. The fast-scan mode and standard participant posi-
tioning were used for total-body measurements, and participants were analyzed 
with the use of the extended-analysis position. Bone mineral density (BMD) 
was determined as the total body BMD and at the site of the posterior-anterior 
spine. Coefficients of variations for measured FM, FFM, BMC and BMD 
values were less than 2%. 
 
 

4.4. Peak oxygen consumption  

Peak oxygen consumption (VO2peak) was directly measured on an electronically 
braked cycle ergometer (Tunturi T8, Finland). A standardized 2-min warm-up 
at 60 W was completed prior to testing. Participants performed an initial work 
rate of 80 W with an increments of 20 W every 2-min in order to attain a test 
approximately 8–10 min in duration. At the end of last work rate, participants 
were required to sprint as fast as possible for 1 min. Participants were actively 
encouraged to continue until voluntary exhaustion. Heart rate was recorded 
every 5 s during the test using a Sporttester Polar Vantage NV (Kempele, Fin-
land). Gas exchange variables were measured throughout the test in a breath-
bybreath mode and data were stored in 10 s intervals. During the test, parti-

6 
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cipants breathed through a face mask. Oxygen consumption (VO2) was 
continuously measured using a portable open-circuit system (MedGraphics 
VO200, St. Paul, MN, USA). The analyzer was calibrated with the gases of 
known concentration before the test. All data were processed by computer 
analysis using standard software.  
 
 

4.5. Maximal 400-m swimming test 

Maximal 400-m front-crawl swimming test was performed in a 25-m indoor 
swimming pool. Each swimmer performed 400-m swimming at a maximal 
evenly paced effort (Costill et al., 1985; Poujade et al., 2002). The swimmers 
started without diving from the starting block and did not perform regular 
turning motions at the end of the lane but instead resumed swimming imme-
diately without gliding underwater after the turn (Kjendlie et al., 2004a; 
Zamparo et al., 2000). Capillary blood samples for the measurement of blood 
lactate concentration (La; mmol/l) were taken from the fingertip at the third, 
fifth and seventh minute after the trial (Baxter-Jones et al., 1995; Capelli et al., 
1998; Zamparo et al., 2005a) and analyzed using an enzymatic photometric 
method (Lange Microanalyzer, Lange GMBH, Berlin, Germany). The net 
increase of blood lactate (ΔLa) was obtained by subtracting the pretrial value 
(equal to 1 mmol/l) from the peak value attained during the recovery phase 
(Kjendlie et al., 2004a; Zamparo et al., 2000). 

The backward-extrapolation technique was used to evaluate VO2peak during 
the 400-m front-crawl swimming bout (Costill et al., 1985; Tsekouras et al., 
2005; Zamparo et al., 2000, 2005a). Each swimmer was instructed to exhale the 
last breath into a breathing mask as soon as it was fitted over his head 
(approximately 1–3 s after finishing) (Costill et al., 1985; Zamparo et al., 2000). 
Metabolic values of VO2 were determined by a portable open-circuit system 
(MedGraphics VO200, St. Paul, MN, USA) during the first 20 s of the recovery 
at the end of the 400-m front-crawl swimming bout (Costill et al., 1985; 
Tsekouras et al., 2005; Zamparo et al., 2000, 2005a). Gas sensors and a venti-
latory-flow transducer were calibrated using gases of known concentrations 
before each experimental run, following the procedure indicated by the manu-
facturer. To validate the indirect in-water measurement of VO2peak, the results 
were compared with the VO2peak results obtained on a cycle-ergometer test. 

During the maximal 400-m front-crawl swimming test, the energy cost of 
swimming and stroking parameters were assessed (Poujade et al., 2002; 
Zamparo et al., 2000). To exclude the influence of turning and start, the average 
swimming velocity (v; m/s) maintained by each swimmer during the trail was 
measured over 15 m within two points 5.0 m distance from each end of the pool 
(v=D/t15, where D=15 m and t15=time for the 15 m) (Poujade et al., 2002; 
Zamparo et al., 2005a). A video camera (Sony DCR-TRV 130E, Japan) was 
used to record the trials of each swimmer with a profile view from aside the 
pool. The camera was also measured the time over a distance of 15 m (Leblanc 
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et al. 2005). The video recording covered at least five stroke cycles for each trial 
(Leblanc et al., 2005). Average stroke rate (SR; cycles/min) was the average 
number of strokes completed by the swimmers during the 15-m distance 
(Alberty et al., 2006; Leblanc et al., 2005; Poujade et al., 2002). Stroke length 
(SL; m/cycle) value was calculated as the ratio between average velocity and 
the corresponding SR (Alberty et a., 2006; Leblanc et al., 2005; Poujade et al., 
2002). Finally, in an effort to gauge the economy of a swimmer’s technique. a 
stroke index (SI; m2/s/cycles) was calculated by multiplying the swimming 
velocity by SL (Costill et al., 1985).  

The energy cost of swimming (Cs; kJ/m) was calculated by dividing the 
difference between measured VO2 of the maximal 400-m front-crawl swimming 
test and VO2 at rest, assumed to amount to 5 ml O2/kg/min (Capelli et al., 
1995), by the average swimming speed (di Prampero, 1986; Poujade et al. 2002; 
Zamparo et al., 2005a). The Cs was expressed in kilojoules per meter on the 
assumption that 1 l of O2 consumed in the human body (at standard temperature 
and pressure) yields 20.9 kJ of metabolic energy (Capelli et al., 1995; Zamparo 
et al., 2005a). Anaerobic contribution to the overall energy expenditure was 
obtained from the energetic value of ΔLa, which was calculated on the basis of 
equivalent of 0.0689 kJ/kg/mM (di Prampero, 1986). Finally, the energetic 
value of ΔLa was divided by the overall distance covered and added to the 
aerobic-energy cost obtained, as already described, to yield the overall Cs 
(Zamparo et al., 2005a). 
 
 

4.6. Statistical analysis 

Data analysis was performed using SPSS 13 for Windows (Chicago, IL, USA). 
Standard statistical methods were used to calculate means and standard devia-
tions (meanSD). Evaluation of normality was performed with the Shapiro-
Wilks statistical method. Regression analysis and limits of agreement between 
directly measured VO2peak on a cycle- ergometer and indirectly measured 
VO2peak were derived following the procedures recommended by Bland and 
Altman (1986). One way analysis of variance for repeated measurements was 
used to examine changes over time. Where appropriate, post hoc analysis was 
completed with Scheffe test to assess where significant differences existed. 
Multivariate linear regression analyses were performed to determine the poten-
tial associations of swimming performance with different variables of interest 
and to find which group of parameters (i.e., anthropometrical, physiological or 
biomechanical) characterize best the improvement in swimming performance. 
The interperiod Spearman correlation coefficients were also used as tracking 
coefficients (Beunen et al., 1992; Leppik et al., 2006). All time points were 
correlated with the baseline measure (Time 1) and additionally, between mea-
surements at Times 2 and 3 (Leppik et al., 2006). Statistical significance was set 
at p<0.05. 
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5. RESULTS 

5.1. Peak oxygen consumption and  
energy cost of swimming 

To validate the indirect in-water measurement of VO2peak in studied boys, the 
results were compared with the VO2peak results obtained on a bicycle-ergometer 
test (bicycle: 2.86±0.74 l/min vs. in water: 3.20±1.0 l/min; adjusted R2=0.713; 
p<0.05). Similarly, the indirect in-water measurement of VO2peak (2.61±0.54 
l/min) in studied girls was comparable to the VO2peak (2.95±0.56 l/min) obtained 
on a cycle ergometer test (adjusted R2=0.679; p<0.05). Figure 1 shows the 
results of the Bland-Altman analysis for indirect in-water and laboratory mea-
surements of VO2peak in boys (A) and girls (B). The agreement between directly 
measured VO2peak on a bicycle ergometer and indirectly calculated VO2peak after 
swimming was high for both groups of swimmers. The in-water measurement 
of VO2peak together with the net increase in blood lactate (boys: 4.6±2.5 mmol/l; 
girls: 4.2±2.0 mmol/l) after the swimming distance allowed us to compute the 
energy cost of swimming during maximal 400-m front-crawl swimming. Cs 
values averaged 2.82±0.71 kJ/m and 1.55±0.46 kJ/m for boys and girls, respec-
tively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Relationship between in-water and ergometer measurements of peak oxygen 
consumption (VO2peak) in male (A) and female (B) young swimmers 
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5.2. Development of physiological, biomechanical and 
anthropometrical parameters and swimming 

performance in young male swimmers 

During the 2-year follow-up study period, age, height, body mass, BMI, FFM, 
BMC, spine BMD, arm span and physical maturity values significantly 
increased during each year (p<0.05) (Table 1). However, increases in FM and 
total BMD values between the second and third measurements, and the first and 
second measurements, were not significant (p>0.05). The percent body fat did 
not change significantly during the study period. Performance time, Cs and 
VO2peak of the 400-m front-crawl swim improved significantly during each year 
(Table 2). Mean swimming v, SL, SR and SI for the swimming test were 
significantly improved only at the third measurement, while ΔLa was signi-
ficantly increased after the first measurement and no changes occurred between 
the second and third measurement point. 
 
Table 1. Mean (±SD) anthropometrical and body composition parameters in young 
male (n=29) swimmers over three measurement points 

Variable First 
measurement 

Second 
measurement 

Third 
measurement 

Age (yrs) 013.0±1.80 0014.0±1.8** *15.1±1.8*#* 
Height (cm) 163.3±11.9 0169.6±9.8** 173.5±8.5*#* 
Body mass (kg) 051.6±13.0 0*57.2±12.2* *61.7±10.9*# 
BMI (kg/m2) 018.9±2.40 019.5±2.4* 20.4±2.3*# 
Body fat% 012.1±5.30 012.1±5.4* 11.8±4.3** 
FM (kg) 005.8±2.90 006.3±3.6* 6.7±2.8* 
FFM (kg) 042.2±11.2 0*45.2±11.6* *47.9±10.3*# 
BMC (kg) 002.2±0.70 002.3±0.8* 02.5±0.6*# 
Total BMD 
(g/cm2) 001.0±0.10 001.0±0.1* *01.1±0.1*** 

Spine BMD 
(g/cm2) 000.9±0.20 000.9±0.2* *1.0±0.2*# 

Arm span (cm) 168.8±13.7 *174.6±11.6* *177.7±10.4*#* 

Tanner stage 002.3±1.00 
(1–4) 

0*03.4±1.0** 
(2–5) 

**4.1±0.8*#* 
(3–5) 

BMI-body mass index, Body fat% – body fat percent, FM – body fat mass, FFM – fat free mass, 
BMC – bone mineral content, BMD – bone mineral density 
* Significantly different from the first measurement; p<0.05. 
# Significantly different from the second measurement; p<0.05. 
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Table 2. Mean (±SD) biomechanical and physiological parameters obtained from the 
maximal 400-m front crawl swimming in male (n=29) swimmers over three measure-
ment points 

Variable First 
measurement 

Second 
measurement 

Third 
measurement 

Time (s) 373.3±53.50 362.5±53.2* 0351.5±50.4*# 
v (m/s) 1.05±0.14 1.06±0.13 001.09±0.14*# 
SL (m/cycle) 0.92±0.12 0.95±0.12 001.01±0.14*# 
SR (cycle/min1) 68.7±5.30 67.3±8.00 065.7±7.9*# 
SI (m2/s/cycles) 0.99±0.24 1.01±0.23 001.12±027*# 
Cs (kJ/m) 2.82±0.71 03.07±0.64* 003.43±0.66*# 
VO2peak (l/min) 3.20±1.03 03.44±0.75* 003.94±0.76*# 
ΔLa (mmol/l) 4.6±2.5 06.0±1.9* 06.0±2.3* 

v – swimming velocity, SL – stroke length, SR – stroke rate, SI – stroke index, Cs – energy cost, 
VO2peak – peak oxygen consumption, ΔLa – net increase of blood lactate 
* Significantly different from the first measurement; p<0.05. 
# Significantly different from the second measurement; p<0.05. 
 
 
The stepwise regression analyses revealed that SI (R2=0.898; p<0.05), arm span 
(R2=0.454; p<0.05) and VO2peak (R2=0.358; p<0.05) were the best predictors of 
400-m front-crawl swimming performance from the measured biomechanical, 
anthropometrical and physiological parameters at the first measurement time, 
respectively. At the second and third measurement points, SI (R2>0.726; 
p<0.05) from the measured biomechanical parameters, height (R2>0.299; 
p<0.05) from the measured anthropometrical values, and VO2peak (R2>0.223; 
p<0.05) from the measured physiological values were the best predictors of 
400-m front-crawl swimming performance. According to the stepwise regres-
sion analyses, it appeared that biomechanical factors (R2>0.726; p<0.05) 
characterised best the 400-m swimming performance in young swimmers, 
followed by anthropometrical (R2>0.299; p<0.05) and physiological (R2>0.223; 
p<0.05) factors during all three measurement times. 

Tracking of the measured anthropometrical characteristics over the two-year 
study period was very high (r>0.880) (Table 3). The interperiod Spearman 
correlation coefficients for most of the measured 400-m front-crawl swim bio-
mechanical and physiological values were also relatively high: time (r=0.867–
0.984), v (r=0.768–0.950), SI (r=0.773–0.943) and Cs (r=0.781–0.839). The 
tracking of the SL (r=0.645–0.915), SR (r=0.609–0.928), VO2peak (r=0.635–
0.810) and ΔLa (r=0.581–0.727) were slightly lower. However, in contrast to 
the measured anthropometrical characteristics, the tracking coefficients of 
measured 400-m swim test values decreased slightly with increasing the time 
interval between the measurements (Table 3). 
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Table 3. Interperiod Spearman correlation coefficients of anthropometric, body com-
position, biomechanical and physiological values measured in male (n=29) swimmers at 
three time points 

Variable 
 

First measurement 
vs 

Second measurement

Second measurement
vs 

Third measurement 

First measurement 
vs 

Third measurement 
Height (cm) 0.961 0.974 0.903 
Body mass (kg) 0.976 0.982 0.933 
BMI (kg/m2) 0.901 0.947 0.905 
Body fat% 0.935 0.928 0.880 
FM (kg) 0.933 0.960 0.880 
FFM (kg) 0.942 0.983 0.989 
BMC (kg) 0.984 0.981 0.958 
Total BMD 
(g/cm2) 0.990 0.989 0.977 

Spine BMD 
(g/cm2) 0.981 0.963 0.952 

Arm span (cm) 0.970 0.975 0.928 
Time (s) 0.921 0.984 0.867 
v (m/s) 0.863 0.950 0.778 
SL (m/cycle) 0.796 0.915 0.645 
SR (cycle/min) 0.647 0.928 0.609 
SI (m2 s/cycles) 0.885 0.943 0.773 
Cs (kJ/m) 0.815 0.839 0.781 
VO2 (l/min) 0.635 0.810 0.773 
ΔLa (mmol/l) 0.581 0.727 0.604 

BMI-body mass index, Body fat% – body fat percent, FM – body fat mass, FFM – fat 
free mass, BMC – bone mineral content, BMD – bone mineral density, v – swimming 
velocity, SL – stroke length, SR – stroke rate, SI – stroke index, Cs – energy cost, 
VO2peak – peak oxygen consumption, ΔLa – net increase of blood lactate 
 
 

5.3. Development of physiological, biomechanical  
and anthropometrical parameters and swimming 

performance in young female swimmers 

During the two-year follow-up study period, the age, height, body mass, body 
fat%, FFM, BMC, total BMD, arm span, and biological maturation values 
significantly increased during each year (p<0.05) (Table 4). However, the 
increases in the FM and spine BMD values between the second and third mea-
surements, and that in the BMI value between the first and second mea-
surement, were not significant (p>0.05). Performance time of the 400-m front-
crawl swim significantly improved during each year (Table 5). Mean v, SL, SI, 
and Cs values of the swimming test were significantly improved only at the 
third measurement, whereas ΔLa was significantly increased after the first mea-
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surement and no changes occurred between the second and third measurements. 
In addition, VO2peak was significantly increased after the second measurement. 
 
Table 4. Mean (±SD) anthropometrical and body composition parameters in young 
female (n=26) swimmers over three measurement points 

Variable First 
measurement 

Second 
measurement 

Third 
measurement 

Age (yrs) 12.7±2.20 13.6±1.9* 014.6±1.9*# 
Height (cm) 160.9±9.300 163.0±8.6*0 164.7±7.3*# 
Body mass (kg) 50.3±9.20 52.8±8.7* 055.8±8.8*# 
BMI (kg/m2) 19.5±2.90 19.8±2.60 020.5±2.9*# 
Body fat% 20.7±5.70 22.1±5.7* 023.2±6.4*# 
FM (kg) 10.0±3.80 10.9±3.5* 12.0±4.4* 
FFM (kg) 37.2±6.00 38.9±6.1* 040.1±5.3*# 
BMC (kg) 2.0±0.4 02.1±0.4* 002.1±0.3*# 
Total BMD (g/cm2) 1.03±0.08 01.04±0.08* 001.06±0.06*# 
Spine BMD (g/cm2) 0.97±0.15 00.99±0.14* 01.02±0.13* 
Arm span (cm) 163.9±9.400 166.4±7.8*0 167.7±7.3*# 

Tanner stage 2.3±0.8 
(1–4) 

03.0±0.8* 
(2–5) 

003.5±0.6*# 
(3–5) 

BMI-body mass index, Body fat% – body fat percent, FM – body fat mass, FFM – fat free mass, 
BMC – bone mineral content, BMD – bone mineral density 
* Significantly different from the first measurement; p<0.05. 
# Significantly different from the second measurement; p<0.05. 
 
 
Table 5. Mean (±SD) biomechanical and physiological parameters obtained from the 
maximal 400-m front crawl swimming in female (n=26) swimmers over three mea-
surement times 

Variable First 
measurement 

Second 
measurement 

Third 
measurement 

Time (s) 373.9±39.20 366.8±41.6* 354.2±34.4*# 
v (m/s) 1.04±0.10 1.05±0.11 01.09±0.10*# 
SL (m/cycle) 0.94±0.12 0.94±0.13 00.99±0.11*# 
SR (cycle/min1) 67.8±5.30 67.9±4.90 66.7±3.900 
SI (m2/s/cycles) 0.99±0.22 1.00±0.24 01.09±0.20*# 
Cs (kJ/m) 1.55±0.46 1.66±0.42 01.72±0.43*# 
VO2peak (l/min) 2.61±0.54 2.68±0.57 2.98±0.58* 
ΔLa (mmol/l) 4.2±2.0 04.8±1.9* 4.8±2.4* 

v – swimming velocity, SL – stroke length, SR – stroke rate, SI – stroke index, Cs – 
energy cost, VO2peak – peak oxygen consumption, ΔLa – net increase of blood lactate 
* Significantly different from the first girls; p<0.05. 
# Significantly different from the second measurement; p<0.05. 
 
 



29 

The stepwise regression analyses revealed that SI (R2>0.449; p<0.05), FFM 
(R2>0.318; p<0.05) and VO2peak (R2>0.311; p<0.05) were the best predictors of 
the 400-m front-crawl swimming performance from the measured bio-
mechanical, anthropometrical and physiological parameters at the first and 
second measurement times. At the third measurement point, the SI (R2=0.322; 
p<0.05) from the biomechanical parameters measured, the BMC (R2=0.203; 
p<0.05) from the anthropometrical values measured, and the VO2peak (R2=0.346; 
p<0.05) from the physiological values measured were the best predictors of 
400-m front-crawl swimming performance. According to the stepwise regres-
sion analyses, the biomechanical factors (R2>0.322; p<0.05) characterized best 
the 400-m swimming performance in young swimmers, followed by the phy-
siological (R2>0.311; p<0.05) and anthropometrical (R2>0.203; p<0.05) factors 
at all three measurement times. 

The tracking of the measured anthropometrical characteristics over the study 
period was relatively high (r>0.694), except for the body fat% (r>0.554) (Table 
6). The interperiod Spearman correlation coefficients for the 400-m front-crawl  
 
Table 6. Interperiod Spearman correlation coefficients of anthropometric, body com-
position, biomechanical and physiological values measured in female (n=26) swimmers 
at three time points 

Variable 
 

First measurement 
vs 

Second measurement

Second measurement
vs 

Third measurement 

First measurement 
vs 

Third measurement 
Height (cm) 0.784 0.694 0.715 
Body mass (kg) 0.978 0.944 0.927 
BMI (kg/m2) 0.937 0.835 0.772 
Body fat% 0.800 0.781 0.554 
FM (kg) 0.954 0.789 0.760 
FFM (kg) 0.962 0.957 0.923 
BMC (kg) 0.986 0.953 0.932 
Total BMD (g/cm2) 0.969 0.884 0.868 
Spine BMD 
(g/cm2) 0.981 0.930 0.884 

Arm span (cm) 0.940 0.970 0.900 
Time (s) 0.858 0.843 0.809 
v (m/s) 0.941 0.902 0.903 
SL (m/cycle) 0.915 0.861 0.896 
SR (cycle/min) 0.855 0.684 0.687 
SI (m2 s/cycles) 0.878 0.885 0.830 
Cs (kJ/m) 0.644 0.588 0.434 
VO2peak (l/min) 0.645 0.615 0.600 
ΔLa (mmol/l) 0.705 0.530 0.455 

BMI-body mass index, Body fat% – body fat percent, FM – body fat mass, FFM – fat free mass, 
BMC – bone mineral content, BMD – bone mineral density, v – swimming velocity, SL – stroke 
length, SR – stroke rate, SI – stroke index, Cs – energy cost, VO2peak – peak oxygen consumption, 
ΔLa – net increase of blood lactate 
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swim biomechanical values measured were also relatively high: time (r=0.809–
0.858), v (r=0.902–0.941), SL (r=0.861–0.915), SR (r=0.684–0.855) and SI 
(r=0.830–0.885). In contrast, the tracking of the physiological values was 
slightly lower: Cs (r=0.434–0.644), VO2peak (r=0.600–0.645) and ΔLa (r=0.455–
0.705). Furthermore, in contrast to the measured anthropometrical and bio-
mechanical characteristics, the tracking coefficients of the physiological values 
also decreased increasing with the time interval between the measurements 
(Table 6). 
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6. DISCUSSION 

6.1. Peak oxygen consumption and metabolic energy 
cost of swimming in young swimmers 

The backward-extrapolation technique was used to evaluate VO2peak during the 
maximal 400-m front-crawl swimming bout (Costill et al., 1985; Zamparo et al., 
2000). This technique allows us to assess VO2peak in sport-specific conditions in 
athletes. The backward-extrapolation technique has been previously validated in 
front-crawl swimming, and it has been demonstrated as a reliable method for 
assessing VO2peak in adult swimmers (Montpetit et al. 1981). The results of this 
study show that backward-extrapolation could also be used in young male and 
female swimmers during biological maturation, and allows us to consider bio-
mechanical parameters of swimming technique in the assessment of VO2peak in 
these young swimmers. It has to be noted, however, that the VO2peak obtained 
using the backward-extrapolation technique was compared with VO2peak 
measured using a maximal cycle-ergometer test. Although VO2peak estimated 
from the cycle-ergometer test might underestimate VO2peak attained in an in-
water swimming test in young male and female swimmers, the results of dif-
ferent VO2peak tests in our young swimmers were comparable (see Figure 1). 
The VO2peak values (3.20±1.03 l/min) obtained using the backward-extra-
polation technique in boys at the first measurement time (age: 13.0±1.8 yrs) 
were somewhat lower to those found in a mixed age group of 12- to 17-year-old 
male swimmers (3.66±0.54 l/min) after maximal 400-m front-crawl swim- 
ming (Zamparo et al. 2000). However, the in-water measured VO2peak values  
at the third measurement time (age: 15.1±1.8 yrs) were already higher 
(3.94±0.76 l/min) (see Table 2) compared to the results of Zamparo et al. (2000) 
study. The results of our study suggest that, as in adult swimmers (Costill et al., 
1985; Zamparo et al., 2005a), VO2peak during front-crawl swimming in the 
swimming pool can be determined using expired gas samples collected during 
the first 20 s of recovery in young male and female swimmers.  

The energy cost of swimming has usually been assessed from the contri-
bution of the aerobic, anaerobic lactic and anaerobic alactic systems. However, 
in competitive swimming, the contribution rate of the anaerobic alactic system 
is quite low, as the majority of the events last more than 1 min (Rodriguez, 
1999). Accordingly, in this study, Cs was computed from VO2peak and net 
increases in blood lactate values after maximal 400-m front-crawl swimming 
distance (Zamparo et al., 2005a). Cs has usually been assessed at speeds sub-
stantially slower than those actually attained during competition (Capelli et al. 
1998; Poujade et al. 2002; Zamparo et al. 2005a). Cs increases as a function of 
velocity (Capelli et al., 1998; di Prampero, 1986; Poujade et al., 2002; Zamparo 
et al., 2000) and in many studies has been assessed from the ratio of oxygen 
consumption and the corresponding speed in swimmers (Capelli et al., 1998; 
Kjendlie et al., 2004a,b; Zamparo et al., 2000). The complex interaction of other 
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variables such as specific anthropometric parameters (Chatard et al., 1985) and 
swimming technique (Unnithan et al., 2009) can be the reasons why the 
evaluation of the energy cost of swimming appears to be rather challenging. In 
addition, different protocols (e.g., different swimming speeds) and different 
lengths of swimming distances (from 100-m to 400-m) that have been used to 
assess in-water oxygen consumption values during swimming make it also dif-
ficult to compare obtained results in our young boys and girls with other stu-
dies. To our best knowledge, no studies on children have been performed before 
which have used the backward-extrapolation technique in the evaluation of 
VO2peak followed by the assessment of the energy cost of swimming in young 
swimmers. According to the results of our study, it may be suggested that the 
evaluation of the Cs using backward-extrapolation technique in VO2peak assess-
ment together with post-distance increases in blood lactate values could be used 
in the estimation of energy cost during swimming distance in young male and 
female swimmers. 

The assessed Cs of 400-m front-crawl swimming bout increased throughout 
the three measurement points in boys from 13.0±1.8 to 15.1±1.8 years of age 
(see Table 2), while it was only significantly increased at the third measurement 
point in girls (see Table 4). No difference in Cs was found between the first 
(age: 12.7±2.2 yrs) and second (age: 13.6±1.9 yrs) measurement points in girls. 
This indicates that a slow increase in Cs at 12–14 years is followed by the 
acceleration from 14 to 16 years of age in girls. In accordance to our results, 
Poujade et al. (2002) reported that Cs increases between the ages of 12 and 14 
years in boys, whereas Chatard et al. (1990) found no differences in this 
measure between 14 and 17 years. It has also been suggested that stroke 
mechanics decrease Cs in children with increasing age (Poujade et al. 2002). 
Furthermore, it has been argued that the lower Cs of swimming in younger 
swimmers could be related to changes in anthropometric parameters (Chatard et 
al., 1990), while Poujade et al. (2002) found no relationship between Cs and 
anthropometrical parameters. Differences in Cs could also reflect the dif-
ferences in physical maturity and specific stroke parameters of swimming test. 
According to van Praagh (1997), the differences in Cs could also result from 
qualitative changes that occur during growth, such as muscle fibre charac-
teristics, hormonal effects and/or neuromuscular maturation. It can be assumed 
that children who have reached puberty are already mature enough to produce 
more energy from anaerobic pathways, compared with less mature children. It is 
known that children accumulate less blood lactate than adults during swimming 
(Poujade et al. 2002) and the net blood lactate values after maximal 400-m 
front-crawl swimming in studied boys and girls were significantly higher at the 
second and third measurement points in comparison with the first measurement 
point (see Tables 3 and 4). On the other hand, there are some researchers who 
have studied the relationship between the energetic cost and the stroke para-
meters in adult male and female competitive swimmers (Costill et al., 1985) and 
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found that SI appears to be one of the major determinants in middle-distance 
front-crawl events. 

In summary, the results of our study suggest that backward-extrapolation 
method of assessing peak oxygen consumption after maximal 400-m front-
crawl swimming could be used in testing for young competitive swimmers. The 
assessment of energy cost together with biomechanical parameters allows the 
evaluation of the swimming training efficiency. 
 
 

6.2. Development of anthropometrical and 
performance parameters during biological 

maturation in young male and female swimmers 

The present investigation analyzed longitudinally the development of swim-
ming performance in biologically maturing young male and female swimmers. 
Swimmers usually start with heavy trainings before the onset of puberty and 
achieve international competitive level at a relatively young age (Costill et al., 
1992). However, very few studies have investigated different aspects of swim-
ming performance in swimmers younger than 12 years of age (Geladas et al., 
2005; Poujade et al., 2002; Zamparo et al., 2000). It is necessary to study dif-
ferent parameters that might affect swimming performance in complex, taking 
into account various anthropometrical, biomechanical and physiological aspects 
of swimming. Furthermore, it is important to analyze these physiological and 
biomechanical characteristics in conditions similar to those of free swimming in 
a swimming pool (Poujade et al., 2002; Zamparo et al., 2000). This enables 
consideration of specific parameters when predicting success and designing 
specific training programmes in young swimmers. To our best knowledge, it 
appears that this study might be the first one to investigate the development of 
swimming performance in young male and female swimmers over two year 
period, taking into account specific factors which might affect their sport-
specific performance. The present results demonstrated that biomechanical 
parameters characterized best the 400-m front-crawl swimming performance 
time in our specific groups of young male and female swimmers at all three 
measurement times over the two-year study period. In boys, biomechanical 
factors were followed by anthropometrical and physiological factors during all 
three measurements times. In girls, physiological factors were better predictors 
of swimming performance compared with anthropometrical parameters over 
two-year study period. Therefore, these results clearly demonstrate that the 
development of sport-specific technical skills is the most important part during 
the early years of swimming training in young swimmers. In addition, the 
tracking coefficients of measured swimming biomechanical characteristics 
together with the swimming performance time and the anthropometrical para-
meters in male and female swimmers were relatively high, while the tracking of 
the sport-specific physiological values was lower in both groups. These results 
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further demonstrate that great emphasis should be on learning the correct 
swimming technique during the early years of training and the correct swim-
ming technique learned during early years of swimming training is the basis for 
further development of sport-specific physiological measures during later years 
of swimming training. 

One of the most important findings of the present investigation was that 
biomechanical parameters characterized best the 400-m front-crawl swimming 
performance, while SI was the best biomechanical predictor characterizing 
swimming performance in young male (R2>0.726; p<0.05) and in female 
(R2>0.449; p<0.05) swimmers at all three measurement times. In addition, the 
tracking coefficients of the all measured biomechanical characteristics in our 
study were relatively high for both boys and girls (see Tables 5 and 6), sug-
gesting that it is important to have good stroke parameters already at the early 
years of swimming training. Unfortunately, to our best knowledge, there are 
only very few studies, which have used SI as a measure of swimming technique 
(Barbosa et al. 2005, 2010; Costill et al. 1985). In accordance with our results, 
recent study by Barbosa et al. (2010) also demonstrated significant relationship 
between swimming performance (200-m front-crawl swimming) and SI in 12-
year old boys and found that the effect of SI on swimming performance is 
mediated by propulsive efficiency of body movement in the water. Similarly to 
adult swimmers over the 400-yard (365.8-m) distance (Costill et al. 1985), 
Barbosa et al. (2010) also suggested that SI could be used as an evaluation cri-
terion of swimming performance in young swimmers on a regular basis. SI is an 
indicator of swimming economy since it describes the swimmers ability to 
move at a given velocity with the fewest number of strokes (Costill et al., 1985). 
SI increased significantly (p<0.05) in our young male (from 0.99±0.24 to 
1.12±0.27 m2/s/cycles) and female (from 0.99±0.22 to 1.09±0.20 m2/s/cycles) 
swimmers after the two-year study period in a 400-m front-crawl swimming 
distance. However, SI and other measured swimming biomechanical parameters 
(v, SL and SR) did not increase significantly after the first year of measurement 
(see Tables 3 and 4). Consistent with our findings, the most rapid growth in 
swimming speed has been found to occur from 11 to 13 years of age in children, 
while a slow increase of the swimming speed occurs at 13–14 years, followed 
by the second acceleration from 14 to 16 years of age (Vorontsov & Binevsky, 
2002). Taken together, the results of these studies suggest that it is very impor-
tant to consider specific stroke-technique parameters when predicting success in 
young swimmers during biological maturation.  

The beginning of serious trainings at the onset of puberty could suggest that 
anthropometric parameters together with body composition values might affect 
swimming performance to some extent (Chatard et al., 1985), since puberty is 
known to cause rapid growth/changes in those parameters (Baxter-Jones et al., 
1995). In our study, regression analyses revealed that anthropometric values 
(height and arm span) in boys (R2>0.299; p<0.05) and body composition values 
(fat free mass and bone mass) in girls (R2>0.203; p<0.05) were the best pre-
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dictors of the 400-m front-crawl swimming performance from the measured 
physical parameters. It has been suggested that though body mass in the water 
accounts for much of the cost of floating, fat free mass provides a better repre-
sentation of the drag created by the movement of the body through the water 
(Costill et al. 1985). This may explain the relationship between swimming per-
formance and body composition values in young female swimmers. Our results 
are also in accordance with Geladas et al. (2005) study, which also found sig-
nificant relationship of swimming performance with body height and arm span 
in 12-year-old boys and girls. However, the swimming distance in Gelades et al. 
(2005) study was 100-m front-crawl swimming. In contrast, Saavedra et al. 
(2010) results indicate that age and specific fitness, particularly those related 
with aerobic and speed endurance, are main predictors of swimming perfor-
mance and that anthropometrical and technical variables are less relevant. While 
Strzala et al. (2005) found that 400-m front-crawl swimming performance is 
mainly affected by anaerobic capacity and less by anthropometrical parameters 
in young 15–17 year old male swimmers. 

Tracking coefficients of anthropometrical parameters were very high (see 
Tables 5 and 6), hence it is important to pay attention to the selection process of 
young male and female swimmers. It has been reported that anthropometric 
parameters track highly during puberty (Leppik et al., 2006) and early physical 
maturity of swimmers has been implicated to sport-specific selection (Baxter-
Jones et al., 1995). In addition, it has to be taken into account that training does 
not appear to affect young swimmers physical growth and biological maturity 
(Baxter-Jones et al., 1995). However, young swimmers learn to control the 
structure and efficiency of movement while they grow up and mature in the 
process of a 5–7-year training programme. During this time they pass through 
prepubertal stages when rapid physical growth and motor development take 
place (Vorontsov & Binevsky, 2002). 

In contrast to the measured anthropometrical and biomechanical characte-
ristics, the tracking coefficients of the physiological values were relatively 
lower and decreased with the increasing time interval between the measure-
ments in both groups of studied swimmers (see Tables 5 and 6). In accordance 
with our results, it has been suggested that it is rather difficult to predict how 
the aerobic power may develop throughout the puberty (Baxter-Jones et al., 
1995). While VO2peak increased significantly over the two-year study period in 
boys (from 3.20±1.03 to 3.94±0.76 l/min) and girls (from 2.61±0.54 to 
2.98±0.58 l/min), the increase was not significant in girls between Time 1 and 
2. Baxter-Jones et al. (1995) suggested that specific training effectively 
increases aerobic power above the increase normally attributed to the age and to 
the corresponding physical growth and maturation. This was also the case in our 
study, where an increase in aerobic power towards the end of puberty was more 
noticeable. Meanwhile, the tracking coefficients for VO2peak were relatively 
lower in male and female swimmers in this study (see Tables 5 and 6) and con-
sequently it is rather difficult to predict how VO2peak may develop during 
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puberty (Baxter-Jones et al., 1993). Accordingly, the development of VO2peak 
may not be the most important parameter in predicting the development of 
swimming performance in young swimmers during biological maturation. 

One of limitation of this study might be the relatively high variation in par-
ticipants’ age. But knowing the results of previous studies, our results do not 
change, if we had used different statistical methods (e.g. individual analysis and 
summing up individual changes). Relationships between different tested para-
meters might have been changed, but the main finding will be the same. How-
ever, according to the results of our study, where relatively similar performance 
predictors were related at three time points, it can be suggested that the effect of 
the age was relatively minor. 

In summary, present results indicate that the improvement in swimming per-
formance during physical maturing was mainly related to the improvement in 
biomechanical factors during the 2-year study period in young swimmers. Bio-
mechanical factors were followed by anthropometrical and physiological factors 
in boys, and by physiological and anthropometrical factors in girls. In addition, 
the tracking coefficients of swimming performance time, stroke index and anth-
ropometric parameters were very high, while the tracking of sport-specific 
oxygen consumption value was lower over the two-year study period. 
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7. CONCLUSIONS 

1. The backward-extrapolation technique of assessing oxygen consumption 
after maximal 400-m front-crawl swimming could be used to evaluate peak 
oxygen consumption. The evaluation of metabolic energy cost of swimming 
using oxygen consumption and net increase in blood lactate concentration 
measured after swimming can be used to evaluate swimming training in 
young male and female swimmers; 

 
2. Improvement in swimming performance during physical maturing was 

mainly related to increases in body height and arm span values among the 
anthropometrical parameters, improvement in sport-specific peak oxygen 
consumption value among the physiological characteristics, and improve-
ment in the stroke index among the biomechanical parameters in young male 
swimmers.  

 
3. Improvement in swimming performance during physical maturing was 

mainly related to increases in fat free mass and bone mass values among the 
anthropometrical parameters, improvement in sport-specific peak oxygen 
consumption value among the physiological characteristics, and improve-
ment in the stroke index among the biomechanical parameters in young 
female swimmers. 

 
4. Biomechanical factors characterized best the 400-m front crawl swimming 

performance, followed by anthropometrical and physiological factors during 
the two-year study period of biological maturation in young male swimmers. 

 
5. Biomechanical factors characterized best the 400-m front-crawl swimming 

performance, followed by physiological and anthropometrical factors during 
the two-year study period of biological maturation in young female swim-
mers. 

10



38 

8. REFERENCES 

1. Alberty M, Sidney M, Huot-Marchand F, Dekerle J, Bosquet L, Gorce P, Lensel 
G. Reproducibility of performance in three types of training test in swimming. Int 
J Sports Med, 2006; 27: 623–628. 

2. Alberty M, Sidney M, Huot-Marchand F, Hespel JM, Pelayo P. Intracyclic 
velocity variations and arm coordination during exhaustive exercise in front crawl 
stroke. Int J Sport Med, 2004: 25: 1–5. 

3. Anderson ME, Hopkins WG, Roberts AD, Pyne DB. Monitoring seasonal and 
long-term changes in test performance in elite swimmers. Eur J Sport Sci, 2006; 6: 
145–154. 

4. Arellano R, Brown P, Cappaert J, Nelson RC. Analysis of 50-, 100-, and 200-m 
freestyle swimmers at the 1992 Olympic Games. J Appl Biomech, 1994; 10: 189–
199. 

5. Armstrong N, Welsman JR. Aerobic fitness. In Armstrong, N, van Mechelen, W. 
(eds). Paediatric Exercise Science and Medicine. Oxford: Oxford University Press, 
2000. 

6. Armstrong N, Welsman JR. Assessment and interpretation of aerobic fitness in 
children and adolescents. Exrec Sport Sci Rev, 1994; 22: 435–476. 

7. Armstrong N, Welsman JR. Peak oxygen uptake in relation to growth and matu-
ration in 11- to 17-year-old humans. Eur J Appl Physiol, 2001; 85: 546–551. 

8. Avlonitou E, Georgiou E, Douskas G, Louiz A. Estimation of body composition in 
competitive swimmers by means of three different techniques. Int J Sport Med, 
1997; 18: 363–368. 

9. Avlonitou E. Somatometric variables for preadolescent swimmers. J Sports Med 
Phys Fitness, 1994; 34: 185–191. 

10. Barbosa TM, Costa M, Marinho DA, Coelho J, Moreira M, Silva AJ. Modeling 
the links between young swimmers' performance: energetic and biomechanic pro-
files. Pediatr Exerc Sci, 2010; 22: 379–391. 

11. Barbosa TM, Fernandes RJ, Keskinen KL, Vilas-Boas JP. The influence of stroke 
mechanics into energy cost of elite swimmers. Eur J Appl Physiol, 2008; 103: 
139–149. 

12. Barbosa TM, Keskinen KL, Fernandes R, Colaco P, Carmo C, Vilas-Boas JP. 
Relationships between energetic, stroke determinants, and velocity in butterfly. Int 
J Sports Med, 2005; 26: 841–846. 

13. Bar-Or O, Unnithan V, Illescas C. Physiologic consideration in age-group swim-
ming. In: Miyashita, M, Mutoh, Y, Richardson, A. (eds). Medicine and Science in 
Aquatic Sports. Basel: Karger, 1994; 199–205. 

14. Bar-Or O. Pediatric sport medicine for the practitioner. New York: Springer-
Verlag, 1983. 

15. Bar-Or O. Predicting athletic performance. Phys Sportsmed, 1975; 3: 81–85. 
16. Baxter-Jones ADG, Goldstein H., Helms P. The development of aerobic power in 

young athletes. J Appl Physiol, 1993; 75: 1160–1167. 
17. Baxter-Jones ADG, Helms P, Maffulli N, Baines-Preece JC, Preece M. Growth 

and development of male gymnasts, swimmers, soccer and tennis players: a 
longitudinal study. Ann Hum Biol, 1995; 22: 381–394. 

18. Baxter-Jones ADG, Helms PJ. Effect of training at a young age: a review of the 
training of young athletes (TOYA) study. Pediatr Exerc Sci, 1996; 8: 310–327. 



39 

19. Baxter-Jones ADG, Maffulli N. Endurance in young athletes: it can be trained. Br 
J Sports Med, 2003; 37: 96–97. 

20. Beunen G, Lefevre A, Claessens A, Lysen R, Maes H, Renson R, Simuns J, van 
den Eynde B, Vanreusel B, van den Bossch E. Age-specific correlation analysis of 
longitudinal physical fitness levels in men. Eur J Appl Physiol, 1992; 64: 538–
543. 

21. Beunen G, Malina RM. Growth and biological maturation: Relevance to athletic 
performance. In: Hebestreit H, Bar-Or O. (eds). The Young Athletes. Blackwell 
Publishing 2008; 3–17. 

22. Beunen G. Biological age in pediatric exercise research. In: Bar-Or, O. (Ed). 
Advances in Pediatric Sports Sciences. Champaign, IL: Human Kinetics, 1989. 

23. Bland JM, Altman DG. Statistical methods for assessing agreement between two 
methods of clinical measurement. Lancet, 1986; 1: 307–310. 

24. Brewer J, Balsom P, Davis J. Seasonal birth distribution amongst European soccer 
player. Sports Exerc Injury, 1995; 1: 154–157. 

25. Camus G, Thys H. An evaluation of the maximal aerobic capacity in man. Int J 
Sports Med, 1991; 12: 349–355. 

26. Capelli C, Pendergast DR, Termin B. Energetics of swimming at maximal speed 
in humans. Eur J Appl Physiol, 1998; 78: 385–393. 

27. Capelli C, Zamparo P, Cigalotto A, Francescato MP, Soule RG, Termin B, 
Pendergast DR, di Prampero PE. Bioenergetics and biomechanics of front crawl 
swimming. J Appl Physiol, 1995; 78: 674–679. 

28. Cardelli C, Lerda R, Chollet D. Analysis of breathing in the crael as a function of 
skill and stroke characteristics. Percept Mot Skills, 2000; 90: 979–987. 

29. Carter JE, Heath BH. Somatotyping development and applications. Cambridge 
studies in biological anthropology. Cambridge University Press, New York, 1990. 

30. Changalur SN, Brown PL. An analysis of male and female Olympic swimmers in 
the 200-meter events. Can J Sports Sci, 1992; 17: 104–109. 

31. Chatard JC, Lavoie JM, Lacour JR. Analysis of determinants of swimming 
economy in front crawl. Eur J Appl Physiol Occup Physiol, 1990; 61: 88–92. 

32. Chatard JC, Lavoie JM, Lacour JR. Energy cost of front-crawl swimming in 
women. Eur J Appl Physiol Occup Physiol, 1991; 63: 12–16. 

33. Chatard JC, Padilla S, Cazorla G, Lacour JR. Influence of body height, weight, 
hydrostatic lift and training on the energy cost of the front crawl. N Z Sports Med, 
1985; 13: 82–84. 

34. Chatard JC, Wilson B. Effect of fastskin suits on performance, drag, and energy 
cost of swimming. Med Sci Sports Exerc, 2008; 40: 1149–1154. 

35. Chollet D, Pelayo P, Delaplace C, Tourny C, Sidney M. Stroking characteristic 
variations in the 100-m freestyle for male swimmers of differing skill. Percept 
Mot Skills, 1997; 85: 167–177. 

36. Chollet D, Pelayo P, Tourny C, Sidney M. Comparative analysis of 100m and 
200m events in the four strokes in top level swimmers. J Hum Mov Stud, 1996; 
31: 25–37. 

37. Claessens AL, Veer FM, Stijnen V, Lefevre J, Maes H, Steens G, Beunen G. 
Anthropometric characteristics of outstanding male and female gymnasts. J Sports 
Sci, 1991; 9: 53–74. 

38. Clarke HH. Characteristics of athletes. Phys Fit Rev Dig, 1973: 3: 1–20. 



40 

39. Costill DL, Kovaleski J, Porter D, Kirwan J, Fielding R, King D. Energy 
expenditure during front crawl swimming: predicting success in middle-distance 
events. Int J Sports Med, 1985; 6: 266–270. 

40. Costill DL, Maglicho BW, Richardson AB. Swimming. Oxford, UK: Blackwell 
Scientific Publications, 1992. 

41. Craig A, Skehan P, Pawelczyk J, Boomer W. Velocity, stroke rate and distance 
per stroke during elite swimming competition. Med Sci Sports Exerc, 1985; 17: 
625–634. 

42. Craig AB Jr, Pendergast DR. Relationship of stroke rate, distance per stroke, and 
velocity in competitive swimming. Med Sci Sports Exerc, 1979; 11: 278–283. 

43. Cunningham DA, Paterson DH, Blimkie CJR, Donner AP. Development of 
cardiorespiratory function in circumpubertal boys: A longitudinal study. J Appl 
Physiol, 1984; 56: 302–307. 

44. Damsgaard R, Bencke J, Matthiesen G, Petersen JH, Müller J. Body proportions, 
body composition and pubertal development of children in competitive sport. 
Scand J Med Sci Sports, 2001; 11: 54–60. 

45. Dekerle J, Nesi X, Lefevre T, Depretz S, Sidney M, Huot-Marchand F, Pelayo P. 
Stroking parameters in front crawl swimming and maximal lactate steady state 
speed. Int J Sports Med, 2005; 26: 53–58. 

46. Demarie S, Sardella F, Billat V, Magini W, Faina M. The VO2 slow component in 
swimming. Eur J Appl Physiol, 2001; 84: 95–99. 

47. di Prampero PE. The energy cost of human locomotion on land and in water. Int J 
Sports Med, 1986; 7: 55–72. 

48. Duke PM, Litt IF, Gross RT. Adolescents’ self-assessment of sexual maturation. 
Pediatrics, 1980; 66: 918–920. 

49. Erlandson MC, Sherar LB, Mirwald RL, Maffulli N, Baxter-Jones AD. Growth 
and maturation of adolescent female gymnasts, swimmers, and tennis players. 
Med Sci Sports Exerc, 2008; 40: 34–42. 

50. Geladas ND, Nassis GP, Pavlicevic S. Somatic and physical traits affecting sprint 
swimming performance in young swimmers. Int J Sports Med, 2005; 26: 139–144. 

51. Grimston SK, Hay JG. Relationships among anthropometric and stroking 
characteristics of college swimmers. Med Sci Sports Exerc, 1986; 18: 60–68. 

52. Hay BG. Swimming biomechanics: Abrief review. Swimming Technique, 1987; 
9: 15–21. 

53. Holmer I. Oxygen uptake during swimming in man. Appl Physiol, 1972; 33: 502–
509. 

54. Holmer I. Physiology of swimming man. Acta Phys Scand, 1974; 407: Suppl: 1–
55. 

55. Huot-Marchand F, Nesi X, Sidney M, Alberty M, Pelayo P. Variations of stroking 
parameters associated with 200 m competitive performance improvement in top-
standard front crawl swimmers. Sports Biomech, 2005; 4: 89–99. 

56. Iuliano-Burns S, Mirwald RL, Bailey DA. Timing and magnitude of peak height 
velocity and peak tissue velocities for early, average and late maturing boys and 
girls. Am J Hum Biol, 2001; 13: 1–8. 

57. Kemper HCG. Verschuur R. Growth, Health and fitness of teenagers. Basel: 
Karger, 1985; 107–126. 

58. Kennedy P, Brown P, Chengular SN, Nelson RC. Analysis of male nad female 
Olympic swimmers in the 100-meters events. Int J Sports Biomech, 1990; 6: 187–
197. 



41 

59. Keskinen KL, Komi PV. Stroking characteristics of front crawl swimming during 
exercise J Appl Biomech, 1993; 9: 219–226. 

60. Keskinen KL, Tilli LJ, Komi P. Maximum velocity swimming: interrelationships 
of stroking characteristics, force production, and anthropometric variables. Scand 
J Sports Sci, 1989; 11: 87–92. 

61. Khosla T. Sport for all. Br Med J, 1983; 287: 736–738. 
62. Kjendlie PL, Haljand R, Fjortoft O, Stallman RK. Stroke frequency strategies of 

international and national swimmers in 100-m races. In: Vilas-Boas, JP, Alves, F, 
Marques, A. (eds). Biomechanics and medicine in swimming X. Port J Sport Sci, 
Porto, 2006; 52–54. 

63. Kjendlie PL, Ingjer F, Madsen O, Stallman RK, Stray-Gundersen J. Differences in 
the energy cost between children and adults during front crawl swimming. Eur J 
Appl Physiol, 2004a; 91: 473–480. 

64. Kjendlie PL, Ingjer F, Stallman RK, Stray-Gundersen J. Factors affecting 
swimming economy in children and adults. Eur J Appl Physiol, 2004b; 93: 65–74. 

65. Kjendlie PL, Stallman RK, Stray-Gundersen J. Adults have lower stroke rate 
during submaximal front crawl swimming than children .Eur J Appl Physiol, 
2004c; 91: 649–655. 

66. Klentrou P, Montpetit R. Energetics of backstroke swimming in males and 
females. Med Sci Sports Exerc, 1992; 24: 371–375. 

67. Klentrou PP, Montpetit RR. Effect of stroke rate and body mass on VO2 in crawl 
swimming. J Swimming Research 1991; 7: 26–30. 

68. Kobayashi K, Kitokazu K, Miura M, Sodeyama H, Murase Y, Miyashita M, 
Matsui H. Aerobic power as related to body growth and training in Japanese boys: 
A longitudinal study. J Appl Physiol, 1978; 44: 666–672. 

69. Krahenbuhl GS, Skinner JS, Kohrt WM. Developmental aspects of maximal 
aerobic power in children. Exerc Sport Sci Rev, 1985; 13: 503–538. 

70. Lavoie JM, Leger LA, Montpetit RR, Chabot S. Backward extrapolation of VO2 
from the O2 recovery curve after a voluntary maximal 400-m swim. In: Hollander, 
AP, Huijing, PA, de Groot, G. (eds). Biomechanics and medicine in swimming. 
Human Kinetics, Champaign IL, 1983; 222–227. 

71. Leblanc H, Seifert L, Baudry L, Chollet D. Arm-leg coordination in flat 
breaststroke: a comparative study between elite and non-elite swimmers. Int J 
Sports Med, 2005; 26: 1–11. 

72. Leppik A, Jürimäe T, Jürimäe J. Tracking of anthropometrical parameters and 
biological impedance in pubertal boys. Coll Antropol, 2006; 30: 753–760. 

73. Maglischo EW. Swimming fastest. Champaign: Human Kinetics, 2003.  
74. Malina R. Physical growth and biological maturation of young athletes. In: 

Holloszy J. (ed) Exerc Sport Sci Rev. Baltimore, MD: Williams & Wilkins, 1994; 
389–434. 

75. Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. 
Arch Dis Childhood, 1970; 45: 13–23. 

76. Mazza J, Ackland T, Bach T, Cocolito P. Absolute body size. In: Carter, L, 
Ackland, T. (eds). Kinanthropometry in Aquatic Sports. Human Kinetics, 1993. 

77. Mirwald RL, Bailey DA. Maximal aerobic power. London, Ontario: Sport 
Dynamics, 1986. 

78. Montpetit R, Leger LA, Lavoie JM, Cazorla G. VO2peak during free swimming 
using the backward extrapolation of the O2 recovery curve. Eur J Appl Physiol, 
1981; 47: 385–391. 

11



42 

79. Montpetit R, Smith H, Boie G. Swimming economy: how to standardize the data 
to compare swimming proficiency. J Swim Res, 1988; 4: 5–8. 

80. Montpetit RR, Lavoie JM, Cazorla GA. Aerobic energy cost of swimming the 
front crawl at high velocity in international class and adolescent swimmers. In: 
Hollander AP, Huijing PA, de Groot G. (eds). Biomechanics and medicine in 
swimming. Human Kinetics, Champaign, 1983; 228–234. 

81. Norton K, Olds T. Anthropometrica. Sydney, Australia: UNSW Press, 1996. 
82. Ogita F, Hara M, Tabata L. Anaerobic capacity and maximal oxygen uptake 

during srm stroke, leg kicking and whole body swimming. Acta Physiol Scand, 
1996; 157: 435–441. 

83. Pelayo P, Chollet C, Sidney M, Tourny C. Stroking characteristics in free style 
during elite swimming competition. J Biomech, 1994; 27: 682. 

84. Pelayo P, Sidney M, Kherif T, Chollet D, Tourny C. Stroking characteristics in 
freestyle swimming and relationships with anthropometric characteristics. J Appl 
Biomech, 1996; 12: 197–206. 

85. Pendergast D, Zamparo P, di Prampero PE, Capelli C, Cerretelli P, Termin A, 
Craig A jr, Bushnell D, Paschke D, Mollendorf J. Energy balance of human 
locomotion in water. Eur J Appl Physiol, 2003; 90: 377–386. 

86. Pendergast DR, di Prampero PE, Craig AB jr, Wilson DR, Rennie DW. 
Quantitative analysis of the front crawl in men and women. J Appl Physiol, 1977; 
43: 475–479. 

87. Poujade B, Hautier CA, Rouard A. Determinants of the energy cost of front crawl 
swimming in children. Eur J Appl Physiol, 2002; 87: 1–6. 

88. Psycharakis SG, Cooke CB, Paradisis GP, O’Hara J, Phillips G. Analysis of 
selected kinematic and physiological performance determinants during 
incremental testing in elite swimmers. J Strength Cond Res, 2008; 22: 951–957. 

89. Ratel S, Poujade B. Comparative analysis of the energy cost during front crawl 
swimming in children and adults. Eur J Appl Physiol, 2009; 105: 543–549. 

90. Rodriguez F. Cardiorespiratory and metabolic fiel testing in swimming and water 
polo: from physiological concepts to practical methods. In: Keskinen K, Komi P, 
Hollander AP. (eds). Biomechanics and medicine in swimming VIII. Jyväskylä: 
Gummerus Printing, 1999; 219–226. 

91. Rowland TW, Boyajian A. Aerobic response to endurance exercise training in 
children. Pediatrics, 1995; 96: 654–658. 

92. Saavedra JM, Escalante Y, Rodriguez FA. A multivariate analysis of perfromance 
in young swimmers. Pediatr Exerc Sci, 2010; 22: 135–151. 

93. Saito MT. Sexual maturation: self-evaluation of the adolescent. Pediatrica, 1984; 
6: 111–115. 

94. Schneider P, Meyer F. Anthropometric and muscle strength evaluation in 
prepubescent and pubescent swimmer boys and girls. Rev Bras Med Esporte, 
2005; 11: 200e–203e. 

95. Seifert L, Chollet D, Rouard A. Swimming constraints and arm coordination. Hum 
Mov Sci, 2007; 26: 68–86. 

96. Seifert L, Toussaint HM, Alberty M, Schnitzler C, Chollet D. Arm coordination, 
power, and swim efficiency in national and regional front crawl swimmers. Hum 
Mov Sci, 2010; 29: 426–439. 

97. Siders WA, Lukaski HC, Bolonchuk WW. Relationships among swimming 
performance, body composition and somatotype in competitive collegiate 
swimmers. J Sports Med Phys Fitness, 1993; 33: 166–71. 



43 

98. Smith HK, Montpetit RR, Perrault H. The aerobic demand of backstroke 
swimming and its relation to body size, stroke technique, and performance. Eur J 
Appl Physiol, 1988; 58: 182–188. 

99. Sprague H. Relationship of certain physical measurements to swimming speed. 
Res Quart, 1976; 47: 810–814. 

100. Stager JM, Cordain L, Becker TJ. Relationship of body composition to swimming 
performance in female swimmers. J Swim Res, 1984; 1: 21–26. 

101. Strzala M, Tyka A, Zychowska M, Woznicki P. Components of physical work 
capacity, somatic variables and technique in relation to 100 and 400m time trials 
in young swimmers. J Hum Kinet, 2005; 14: 105–116. 

102. Strzala M, Tyka A. Physical endurance, somatic indices and swimming technique 
parameters as determinants of front crawl swimming speed at short distance in 
young swimmers. Med Sport, 2009; 13: 99–107. 

103. Tanner JM. Foetus into man: Physical growth from conception to maturity. 
London: Open Books, 1978. 

104. Tanner JM. Growth and Adolescence. Oxford, Blackwell Scientific Publication, 
1962. 

105. Termin B, Pendergast DR. Training using the stroke frequency-velocity 
relationship to combine biomechanical and metabolic paradigms. J Swimming 
Research, 2000; 14: 9–17. 

106. Theintz GE, Howard H, Weiss U, Sizonenko PC. Evidence for a reduction of 
growth potential in adolescent female gymnasts. J Pediatr, 1993; 122: 306–313. 

107. Toussaint HM, Carol A, Kranenborg H, Truijens MJ. Effect of fatigue on stroking 
characteristics in an arms-only 100-m front-crawl race. Med Sci Sports Sci, 2006; 
38: 1635–1642. 

108. Tsekouras YE, Kavouras SA, Campagna A, Kotsis YP, Syntosi SS, Papazoglou K, 
Sidossis LS. The anthropometrical and physiological characteristics of elite water 
polo players. Eur J Appl Physiol, 2005: 95: 35–41. 

109. Unnithan V, Holohan J, Fernhall B, Wylegala J, Rowland T, Pendergast DR. 
Aerobic cost in elite female adolescent swimmers. Int J Sports Med, 2009; 30: 
194–199. 

110. Van Handel P, Katz A, Morrow J, Troup J, Daniels J, Bradley P. Aerobic 
economy and competitive performance of US elite swimmers. In: Ungerechts B, 
Wilke K, Reischle K. (eds). Swimming Science V. Champaign, Illinois: Human 
Kinetics Books, 1988; 219–227. 

111. Vorontsov AR, Binevsky D. Swimming speed, stroke rate and stroke length 
during maximal 100m freestyle of boys 11–16 years of age. In: Chatard JC. (ed) 
Biomechanics and medicine in swimming IX. University of Saint-Etienne, France, 
2002. 

112. Wakayoshi K, D’Acquisto LJ, Cappaert JM, Troup JP. Relationship between 
oxygen uptake, stroke rate, and swimming velocity in competitive swimming. Int J 
Sports Med, 1995; 16: 19–23. 

113. Wakayoshi K, D’Acquisto LJ, Troup JP. Relationships between metabolic 
parameters and stroking technique characteristics in front crawl. In: Troup JP, 
Hollander AP, Strasse D, Trappe SW, Cappaert JM, Trappe TA. (eds). Bio-
mechanics and medicine in Swimming VII, International Series on Sport 
Sciences.London: E & FN Spon, 1996; 285–293. 

114. Weiss M, Reische K, Boows N, Simon G, Wiecker H. Relationship of blood 
lactate accumulation to stroke rate and distance per stroke in top female 



44 

swimmers. In: Ungerechts BE, Wilke K, Reische K. (eds). Swimming V, 
International Series on Sport Sciences. Champaign: Human Kinetics, 1988; 285–
293. 

115. Zamparo P, Antonutto G, Cappeli C, Francescato MP, Girardis M, Sangoi R, 
Soule RG, Pendergast DR. Effects of body size, body density, gender and growth 
on underwater torque. Scan J Med Sci Sport, 1996; 6: 273–280. 

116. Zamparo P, Bonifazi M, Faina M, Milan A, Sardella F, Schena F, Capelli C. 
Energy cost of swimming of elite long-distance swimmers. Eur J Appl Physiol, 
2005a; 94: 697–704. 

117. Zamparo P, Capelli C, Cautero M, di Nino A. Energy cost of front crawl 
swimming at supra-maximal speeds and underwater torque characteristics in 
young swimmers. Eur J Appl Physiol, 2000; 83: 487–491. 

118. Zamparo P, Capelli C, Pendergast D. Energetics of swimming: a historical 
perspective. Eur J Appl Physiol, 2011; 11: 367–378. 

119. Zamparo P, Lazzer S, Antoniazzi C, Cedolin S, Avon R, Lesa C. The interplay 
between propelling efficiency, hydrodynamic position and energy cost of front 
crawl in 8 to 19 year-old swimmers. Eur J Appl Physiol, 2008; 104: 689–699. 

120. Zamparo P, Pendergast DR, Mollendorf J, Termin A, Minetti AE. An energy 
balance of front crawl. Eur J Appl Physiol, 2005b; 94: 134–144. 



45 

SUMMARY IN ESTONIAN 

Erinevate antropomeetriliste, füsioloogiliste ja  
biomehaaniliste näitajate mõju noorujujate ujumistulemusele 

 
Sissejuhatus 

Ujumises alustatakse tavaliselt raskete treeningutega enne puberteediea saabu-
mist ja kõrge rahvusvaheline tase saavutatakse suhteliselt noores eas. Ujumis-
tulemus on seotud erinevate antropomeetriliste, füsioloogiliste ja biomehaani-
liste näitajatega. Nende näitajate mõju täiskasvanud ujujate ujumistulemusele 
on uuritud suhteliselt palju. Kuid pikaajalisi uuringud kehaliste parameetrite, 
füsioloogiliste näitajate ja ujumise tehnika vahel on noortel ujujatel tehtud vähe. 

Ujumise aegset hapnikutarbimist on oluline mõõta spordispetsiifilistes tingi-
mustes, mis annab mõõdetavatele parameetritele suurema usaldusväärsuse. 
Täiskasvanud ujujatel on leitud, et koormuse järgselt mõõdetud hapnikutarbi-
mise näitajad on sobivad, et määrata hapnikutarbimist ujumise ajal, kuid antud 
meetodi sobivust lastele pole varem uuritud. 
 
Uurimustöö eesmärk ja ülesanded: 
Käesoleva töö eesmärgiks oli uurida spetsiifiliste füsioloogiliste, biomehaani-
liste ja antropomeetriliste parameetrite mõju ujumistulemuse arengule noor-
ujujate bioloogilise küpsemise ajal. 

Käesoleva töö ülesanneteks olid: 
1. võrrelda vees mõõdetud maksimaalse hapnikutarbimise näite laboratoor-

sel teel mõõdetud maksimaalse hapnikutarbimise näitudega ja arvutada 
ujumise energiakulu; 

2. vaadelda spetsiifiliste füsioloogiliste, biomehaaniliste ja antropomeetri-
liste parameetrite arengut noorujujatel (poisid) nende bioloogilise arengu 
ajal; 

3. vaadelda spetsiifiliste füsioloogiliste, biomehaaniliste ja antropomeetri-
liste parameetrite arengut noorujujatel (tüdrukud) nende bioloogilise 
arengu ajal; 

4. leida millised parameetrid (antropoloogilised, füsioloogilised või bio-
mehaanilised) mõjutavad kõige enam ujumise tulemust noorujujatel (poi-
sid) nende bioloogilise arengu ajal; 

5. leida millised parameetrid (antropoloogilised, füsioloogilised või bio-
mehaanilised) mõjutavad kõige enam ujumise tulemust noorujujatel 
(tüdrukud) nende bioloogilise arengu ajal; 

 
Uuritavad ja metoodika 

Uuringus osales 55 noorujujat – 29 poissi (vanus 13.0±1.8 aastat, pikkus 
163.3±11.9 cm, kehakaal 51.6±13 kg) ja 26 tüdrukut (vanus 12.7±2.2 aastat, 
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pikkus 160.9±9.3 cm, kehakaal 50.3±9.2 kg), kes olid treeninud vähemalt 3 
aastat ja osalesid treeningutel keskmiselt 7 korda nädalas. Uuritavatel viidi läbi 
kahe aasta jooksul kolm mõõtmist. Igal mõõtmise korral: 

 mõõdeti peamised antropomeetrilised näitajad (pikkus, kehamass, käte 
siruulatus, kehamassiindeks); 

 määrati bioloogiline vanus vastavalt Tanneri meetodile; 
 sooritasid ujujad maksimaalse 400-m ujumise, peale mida mõõdeti mak-

simaalne hapnikutarbimine ning määrati sõrmeotsaverest laktaadi näita-
jad kolmandal, viiendal ja seitsmendal minutil. Hapnikutarbimise ja lak-
taadi näitajate alusel arvutati ujumise energiakulu. Ujumise jooksul mää-
rati ujumise kiirus, tõmbepikkus, tõmbesagedus ning arvutati tõmbe-
indeks; 

 kehakoostise parameetrid (rasvaprotsent, rasvavaba mass, rasva mass, 
luude mass ja luutiheduse näitajad) määrati DXA meetodil. 

 
Esimesel mõõtmisel määrati ka maksimaalne hapnikutarbimine veloergomeetril, 
selleks et võrrelda seda ujumise järgselt saadud maksimaalse hapnikutarbi-
misega. 
 
 
Järeldused 

1. 400-m maksimaalse krooliujumise järgselt mõõdetud hapnikutarbimine 
on sobilik meetod määramaks noorujujate maksimaalset hapnikutarbimist 
ujumise ajal. Energikulu määramist, kasutades hapnikutarbimist ja lak-
taadi kontsentratsiooni muutust peale ujumist, võib kasutada ujumise 
ökonoomuses hindamiseks noorujujatel; 

2. Ujumistulemuse paranemine noorujujatel (poisid) bioloogilise arengu ajal 
oli peamiselt seotud kehapikkuse ja kätesiruulatusega mõõdetud antropo-
meetrilistest näitajatest, spordispetsiifilise hapnikutarbimisega mõõdetud 
füsioloogilistest näitajatest ja tõmbeindeksiga mõõdetud biomehaani-
listest näitajatest; 

3. Ujumistulemuse paranemine noorujujatel (tüdrukud) bioloogilise arengu 
ajal oli peamiselt seotud rasvavaba massi ja lude massiga mõõdetud 
antropomeetrilistest näitajatest, spordispetsiifilise hapnikutarbimisega 
mõõdetud füsioloogilistest näitajatest ja tõmbeindeksiga mõõdetud bio-
mehaanilistest näitajatest; 

4. Kahe aastase uuringu jooksul mõjutasid noorjujate (poisid) 400-m rinnu-
likrooli ujumistulemust kõige enam biomehaanilised järgnesid antropo-
meetrilised ja füsioloogilised näitajad; 

5. Kahe aastase uuringu jooksul mõjutasid noorjujate (tüdrukud) 400-m 
rinnulikrooli ujumistulemust kõige enam biomehaanilised näitajad järg-
nesid antropomeetrilised ja füsioloogilised näitajad. 
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