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Abstract

The purpose of this study was to analyze the relationships be-
tween 100-m front crawl swimming performance and relevant
biomechanical, anthropometrical and physiological parameters
in male adolescent swimmers. Twenty five male swimmers
(mean + SD: age 15.2 + 1.9 years; height 1.76 £ 0.09 m; body
mass 63.3 = 10.9 kg) performed an all-out 100-m front crawl
swimming test in a 25-m pool. A respiratory snorkel and valve
system with low hydrodynamic resistance was used to collect
expired air. Oxygen uptake was measured breath-by-breath by a
portable metabolic cart. Swimming velocity, stroke rate (SR),
stroke length and stroke index (SI) were assessed during the test
by time video analysis. Blood samples for lactate measurement
were taken from the fingertip pre exercise and at the third and
fifth minute of recovery to estimate net blood lactate accumula-
tion (ALa). The energy cost of swimming was estimated from
oxygen uptake and blood lactate energy equivalent values. Basic
anthropometry included body height, body mass and arm span.
Body composition parameters were measured using dual-energy
X-ray absorptiometry (DXA). Results indicate that biomechani-
cal factors (90.3%) explained most of 100-m front crawl swim-
ming performance variability in these adolescent male swim-
mers, followed by anthropometrical (45.8%) and physiological
(45.2%) parameters. SI was the best single predictor of perform-
ance, while arm span and ALa were the best anthropometrical
and physiological indicators, respectively. SI and SR alone
explained 92.6% of the variance in competitive performance.
These results confirm the importance of considering specific
stroke technical parameters when predicting success in young
swimmers.

Key words: oxygen uptake, stroke index, energy cost, front
crawl.

Introduction

Certain anthropometric characteristics must be taken into
consideration in analysing sprint swimming performance,
including body height, arm span and lean body mass
(Jirimée et al.,, 2007; Strzala and Tyka, 2009). These
somatic attributes are largely inherited and determine
swimming technique to a high degree. However, data on
the relationship among anthropometric properties, physi-
cal capacity and sprint swimming performance in adoles-
cent swimmers are scarce. Since metabolic capacities as
well as skill acquisition, are affected by growth and de-
velopment (Malina, 1994), it can be suggested that factors
predicting swimming performance may vary for young

swimmers and may be different compared to adults. In
fact, Geladas et al. (2005) found that total upper extremity
length, leg power and handgrip strength could be used as
predictors of 100-m front crawl performance in 12-14
year-old boys. A multivariate analysis of swimming per-
formance in a large sample (n = 66) of male swimmers
(11-12 years) of high national level found that predictive
variables pertaining to the anthropometric (sitting height),
physiological (aerobic speed and endurance) and technical
(swimming index) domains explained 82.4% of competi-
tive performance (Saavedra et al., 2010). Overall, it ap-
pears that somatic traits play an important role in swim-
ming performance during the years of growth.

Energy cost is a key parameter to evaluate per-
formance in swimming and it has been described as a
predictor of performance in human locomotion, in both
terrestrial and aquatic environments (di Prampero, 1986;
Zamparo et al., 2005b). Traditionally, the energy cost of
swimming (Cy) is defined as the total energy expenditure
required for displacing the body over a given unit of dis-
tance (di Prampero et al., 1986; Pendergast et al., 2003).
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 velocity, thus
confirming the results obtained by Ratel and Poujade
(2009) in a group of 12-13 year-old boys and 18-22 year
old men. C; increases as a function of velocity (Capelli et
al., 1998; Poujade et al., 2002) and has usually been as-
sessed from the ratio of oxygen uptake (VO,) to the corre-
sponding velocity (vs) in swimmers (Kjendlie et al.,
2004a). When calculating C based in the VO, and veloc-
ity, there are two ways to computing that. Some research-
ers use VO,-v° to illustrate C, with linear function (Kjend-
lie et al., 2004a; 2004b), but the common use is VO,-v
(curvilinear function) (Barbosa et al., 2008; Capelli et al.,
1998; Poujade et al., 2002; Zamparo et al., 2005a). How-
ever, it is also important that anaerobic metabolism is also
taken into account (Barbosa et al. 2005b, Barbosa et al.,
2006), since its relatively higher contribution during 100-
m distance.

The recent development of improved instrumenta-
tion and technology in breath-by-breath analysis has re-
sulted in new approaches to study VO, also in aquatic
environments. The last generation of miniaturized breath-
by-breath metabolic carts can be used in combination of
newly developed snorkels to directly measure cardiorespi-
ratory parameters during swimming with acceptable accu-
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racy and reliability (Keskinen et al., 2003; Rodriguez et
al., 2008). This instrumentation has also been used to
characterize VO, kinetics during free swimming (Barbosa
et al., 2006; Rodriguez et al., 2003). However, no studies
using breath-by-breath gas analysis have been conducted
to determine oxygen consumption and C, during sprint
swimming in adolescent swimmers.

The understanding of the behavior of stroke me-
chanics and its relationship to v, is one of the major points
of interest in biomechanical research in swimming (Ke-
skinen and Komi, 1993; Kjendlie et al., 2006; Toussaint
et al., 2006). Increases or decreases in vy are due to a
combined increase or decrease in stroke rate (SR) and
stroke length (SL) (Keskinen and Komi, 1993; Toussaint
et al., 2006). Stroke mechanics is considered to reach an
optimal balance between SR and SL when v values are at
their highest level with a relatively low C; (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 vy does not increase with age
(Kjendlie et al., 2004b). According to the literature, at a
given v, C significantly increases with increasing SR
(Barbosa et al., 2005a; Zamparo et al., 2005b). Less con-
sistent is the decrease of C; with increasing SL (Barbosa
et al., 2005a; Costill et al., 1985; Pendergast et al., 2003;
Zamparo et al., 2005b). High stroke index (SI) values are
strongly associated with low C, (Costill et al., 1985). In
this sense, and following the referred authors, SI can also
be used as an overall estimation of swimming efficiency.

To our knowledge, no studies have investigated the
influence of different anthropometric, physiologic and
technical parameters together to determine sprint swim-
ming performance in young swimmers. There is also lack
of studies using breath-by-breath technology, and thus
being able to characterize oxygen consumption, in during
swimming in adolescent swimmers. Accordingly, the
purpose of this study was to investigate the contribution
of different anthropometrical, physiological and biome-
chanical parameters to sprint swimming performance in
adolescent boys. We hypothesis that sprint swimming
performance at that young age could be predicted from a
relatively low number of selected variables pertaining to
these three testing domains.

Methods

Participants

Twenty-five adolescent male swimmers (15.2 = 1.9 years)
participated in the study. All swimmers had a training
background of 5.6 = 1.5 years and over the last two years
they had been practicing for 5.6 + 1.5 h/week. Swimmers
were recruited from local swimming clubs on a voluntary
basis. Biological age was measured according to the
method of Tanner (Tanner and Whitehouse, 1976), which
uses self-assessment of genitalia development and pubic
hair stage in boys. The participants were given photo-
graphs, figures and descriptions, and asked to choose the
one that most accurately reflected their appearance. This
study was approved by the Medical Ethics Committee of
the University of Tartu. All swimmers and their parents
were informed of the purposes and methods of the study

and a written informed consent was obtained from the
parents before participation.

Procedures

Test and assessments were conducted on two different
occasions during the study period. On a first visit, anthro-
pometrical parameters and biological age were assessed.
The same day, a second testing session consisted of an
all-out 100-m front crawl swimming test in the pool. On a
second day, body composition parameters were measured.

Anthropometry and body composition
Body height was measured to the nearest 0.1 cm using a
Martin’s anthropometer, body mass (kg) was measured to
the nearest 0.05 kg using calibrated medical balance
scales (A&D Instruments Ltd., UK), and body mass index
(BMI; kg'm™?) was then calculated. In addition, arm span
was measured to the nearest 0.1 cm Anthropometrical
assessments were performed by internationally certified
ISAK level 1 anthropometrist.

Body fat mass (kg), fat-free mass (kg), bone mass
(kg), total bone mineral density (g-cm™) and spine (L1-
L4) bone mineral density (g:em™) were measured by
DXA using the DPX-IQ densitometer (Lunar Corpora-
tion, Madison, WI, USA) equipped with proprietary soft-
ware. The procedure was conducted by a qualified radi-
ologist. Coefficient of variation (CV) for measured body
fat mass, fat-free mass, bone mass and bone mineral den-
sity values was less than 2%.
Maximal swimming test

The C; of swimming, peak oxygen uptake in
swimming (VOapea) and stroking parameters were as-
sessed during an all-out 100-m front crawl test performed
in 25-m swimming pool. Restricted as they were by the
gas sampling devices, the swimmers started without div-
ing from the wall and did not perform regular turning
motions at the end of the lane but instead resumed swim-
ming immediately without gliding underwater after the
turn. Turns were made to the same lateral side at both
ends of the pool to avoid distortion of the gas analyser’s
sampling line. Swimmers performed a 400-m warm-up
swim, followed by a 10 min passive resting period before
the 100-m all-out trial. A respiratory snorkel and valve
system with low hydrodynamic resistance was used to
collect breathing air samples (Keskinen et al., 2003; Rod-
riguez et al., 2008; Toussaint et al., 1987) and was con-
nected to a telemetric portable breath-by-breath gas ana-
lyzer (Metamax-3B, Cortex, Leipzig, Germany) (Aspenes
et al., 2009). Values were averaged for 10-s periods. The
respiratory device, connected to a portable gas analyzer of
similar technical characteristics (K4 b* Cosmed, Italy)
has demonstrated good validity and accuracy (Keskinen et
al., 2003; Rodriguez et al., 2008) and has been used in
recent published works (Barbosa et al., 2005a; Rodriguez
et al., 2003). Swim performance was assessed from the
time spend in seconds. The swimmers were familiarized
with the snorkel by letting them swim 100-m at moderate
speed with the breathing apparatus preceding the maximal
trial.

Capillary blood samples for the measurement of
blood lactate concentration (La; mmol-L™") were taken
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from the fingertip pre exercise and at the third (La;) and
fifth (Las) minute during the recovery period (Capelli et
al., 1998) and analysed using an enzymatic photometric
method (Lange Microanalyzer, Lange GMBH, Berlin,
Germany). The net increase of blood lactate concentration
(ALa) was obtained by subtracting the pre-trial value from
the peak value attained during the recovery phase.

To exclude the influence of turning and starting,
the average swimming velocity (v,; m/s) attained by each
swimmer during the trial was measured over 15 m within
two points 5.0 m apart from each end of the pool (v, =
D/t15, where D = 15 m and t15 = time for the 15-m dis-
tance) (Poujade et al., 2002; Zamparo et al., 2005a).

Swimming velocity and stroking parameters were
measured by means of time video analysis (Huot-
Marchand et al., 2005), by two independent evaluators.
SR (cycles'min™) was calculated as the average number
of strokes completed by the swimmers during the 15-m
distance (Poujade et al., 2002). One SR cycle being de-
fined as the time between the entry of one hand until the
following entry of the same hand (Huot-Marchand et al.,
2005). SL (m-cycle™) was calculated as the ratio between
average velocity and the corresponding SR (Poujade et
al., 2002). SI (m*s'-cycle™) was calculated by multiply-
ing swimming velocity by SL (Costill et al., 1985). Total
energy expenditure (E,; mLOz-kg'1~min'1) corrected for
body mass was calculated using the net VO, (i.e. differ-
ence between the value measured at the end of the 100 m
trial and the resting value), and the oxygen energy equiva-
lent of net blood lactate concentration (i.e. difference
between the value measured at the end of the task and the
resting value) (Rodriguez 1999). The VO, energy equiva-
lent was assumed to be 2.7 mLO,kg" min™, as that pro-
posed by di Prampero et al. (1978) for competitive swim-
ming. C, was calculated as the ratio between Eq, and v,

(mLO,'m™), and then converted into the SI units (kJ-m™)
by assuming that 1 mLO, is equivalent to 20.1 J (di
Prampero et al., 1986; Pendergast et al., 2003).

Statistical analysis
The normality of distribution was assessed on all data
using the Kolmogorov-Smirnov test. Means, standard
deviations, minimum and maximum values were calcu-
lated for all parameters (Table 1). Partial correlation coef-
ficients (r,) with age as control variable were used to
determine the degree of association between assessment
variables and swimming performance. For each type of
assessment backward stepwise linear regression analyses
were used to assess the potential relationships with
swimming performance and to evaluate which group of
parameters (i.e., anthropometrical, physiological, biome-
chanical) best characterized swimming performance.
Additionally, multiple linear regression (MLR) models
using the backward stepwise procedure were developed
entering all variables.

A p-value < .05 was considered to be statistically
significant. SPSS for Windows, version 13.0; (SPSS Inc.;
Chicago, IL) was used for all analyses.

Results

Mean (£ SD) 100-m performance time was 77.6 = 9.1 s.
The average v, without gliding start and turnings was 1.34
+ 0.14 m's”. Descriptive statistics for anthropometrical,
physiological and biomechanical parameters and their
relationship with 100- front crawl performance time with
age as control variable are presented in Table 1. Partial
correlation analysis showed that swimming performance
was significantly correlated (p < .05) with body height,
bone mass, spine bone mineral density and arm span

Table 1. Anthropometrical, physiological and biomechanical parameters and their correlate with 100-m front crawl swim-
ming performance in adolescent swimmers (n = 25). Data are means (£ standard deviations, SD), minimal and maximal val-
ues, and partial correlation coefficients (r,) with age as control variable.

Variable Mean (SD) min max _ Partial correlation with 100-m time (r,)
Body height (cm) 1.76 (.09) 1.52 1.89 -.536%*
Body mass, BM (kg) 63.3 (10.9) 45.0 89.0 -.480
Body mass index, BMI (kg-m'z) 20.2 (2.2) 15.6 24.9 -.247
Body fat (%) 12.8 (3.3) 7.5 18.4 .061
Total body fat mass, (kg) 8.0(2.2) 4.1 11.6 -.174
Fat-free mass, (kg) 54.7 (9.6) 39.0 77.4 -.506
Bone mass, (kg) 2.7 (.6) 1.60 3.84 -.543 *
Total bone mineral density, (g-cm'z) 1.12 (.10) .95 1.33 -.462
Spine bone mineral density, (g-cm™) 1.06 (.15) .79 1.28 -.516 *
Arm span (cm) 182.8 (11.5) 152.5  200.5 -.557 *
Velocity, v, (m's?) 1.34 (.14) 1.01 1.57 -.938 *
Stroke length, SL (m-cycle™) 1.00 (.09) .84 1.22 -.506
Stroke rate, SR (cycle-min) 40.2 (2.9) 35.0 46.0 =785 *
Stroke index, SI (m?*sec-cycle™) 1.35 (.24) 85 1.83 -.643 *!
VOspear (Lmin™) 3.51(.82) 2.31 5.72 -.398
VOspeax (ml'min™-kg™) 55.2(5.9) 44.4 70.6 -.017
AVO, (L-min™) 3.02 (.79) 1.86 5.31 -.322
La; (mmol-L™") 6.40 (2.81) 2.64 14.20 -.525 %
Las (mmol-L™) 6.58 (3.03) 2.65 14.20 =574 *
Blood lactate accumulation, ALa (mmol-L™) 4.9 (3.0) 0.61 12.6 -.598 *
Energy cost of swimming, C; (kJ-m™) 3.99 (1.78) 1.31 8.50 -.544 *
Tanner sexual maturation stage (1-5) 3.9 (1.02) 2 5 -.285

* Statistically significant correlation (p <.05); ' controlled also for swimming velocity
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Table 2. Backward stepwise linear regression analyses to assess the potential relationships with swimming performance and
to evaluate which group of parameters (i.e., anthropometrical, physiological, biomechanical) best characteriz swimming
performance. Multiple linear regression (MLR) models using the backward stepwise procedure were developed entering all

variables.

Variables Variables entered in model R>  Adjusted R’ t p F p

Biomechanical SR, SI 911 903 19.902 .000  (2;24)=112.87 .000
Arm span,

Anthropometrical height, bone mass, spine bone  .559 458 4.115  .001 (4;16) =5.503 .012
mineral density

Physiological ALa, Las, Las, C; 551 452 4.558 .000 (4;,22) =5.531 .004

In all variables SR, SI .936 .926 16.867 .000  (2;15)=94.412 .000

(anthropometrical parameters), SR and SI (biomechanical
parameters), and C,, La;, Las and ALa (physiological
parameters). SL was correlated with v but not with 100-
m.

Multiple linear regression analysis demonstrated
that SI (R*= 0.788; p = 0.000), arm span (R*= 0.485; p =
0.001), and ALa (R*= 0.317; p = 0.003) were the best
overall predictors of 100-m performance in adolescent
swimmers, respectively. Thus from this analysis, it ap-
peared that biomechanical factors, that were entered into
the model (Table 2) characterized best the 100-m swim-
ming performance in these adolescent swimmers (90.3%;
p < 0.05), followed by anthropometrical (45.8%; p < 0.05)
and physiological factors (45.2%; p < 0.05). Only these
parameters were entered to the models that were signifi-
cantly related to swimming performance. Multiple linear
regression model for all related variables with 100-m
swimming performance indicated that two biomechanical
parameters (SI and SR) explained 92.6% of the variance
(Table 2).

Additionally, as C; was related to swimming time,
we evaluated the possible contribution of different pa-
rameters to C,. Partial correlation analysis showed that C;
was significantly related to v (r =.576; p =.025), La; (r =
.580; p =.000), Las (r = .632; p=.000) and ALa (r = .646;
p = .000), but not to VO, (r=.377; p=.833) or AVO, (r =
.288; p=.072).

Discussion

This study investigated the contribution of different an-
thropometrical, physiological and biomechanical parame-
ters to sprint swimming performance in adolescent boys.
The main findings are: 1) that biomechanical factors may
explain 90.3% of the variance in 100-m swimming per-
formance 2) that anthropometrical (45.8%) and physio-
logical (45.2%) parameters were also strongly related to
100-m performance 3) that the best single performance
predictors were SI, arm span and ALa; and 4) that two
selected variables included in the MLR model for all
varables (SI and SR) explained 92.6% of the variance in
100-m swimming performance in this adolescent
swimmrers.

Few studies have investigated the relationship of
different biomechanical and physiological parameters to
100-m front crawl performance in adolecent swimmers
(Kjendlie et al., 2004a; 2004b). Swimmers start heavy
trainings at relatively young age therefore, it is important
to assess which parameters may be the best predictors of
sprint swimming performance. This enables consideration

of specific parameters when predicting success and plan-
ning specific training programs in young swimmers.

The obtained SR values (40.1 + 2.8) were in rela-
tively same range as found in other studies (Dekerle et al.,
2002; Fernandes et al., 2008; Strzala and Tyka, 2009).
However, even SL parameters can not be easily compared
since most studies have not used respiratory snorkel that,
due to some resistance, has the impact on SL. In elite
swimmers using respiratory snorkel, SL was significantly
higher compared to our study (Dekerle et al., 2005; Fer-
nandes et al., 2008). However, their subjects were also
significantly older (19 years vs 15 years, respectively).
The present investigation showed that biomechanical
parameters (SI and SR) are close correlates of 100-m
swimming performance, SI being the best single predictor
of 100-m swimming performance in these adolescent
male swimmers. Previous studies have shown that SI is
strongly related to swimming performance in adolescent
swimmers also in longer distances (Jiirimée et al., 2007,
Litt et al., 2009a; 2009b), as well as a good predictor of
overall competitive performance (Saavedra et al., 2010).
Therefore, it seems important to emphasize the impor-
tance of teaching and learning the correct swimming
technique from the early years of swimming training,
regardless of the event. Marinho et al., 2010 also recom-
mended that specific training sets concerning technique
correction and improvement in young swimmers might be
a main aim during training planning in swimming.

C; is one of the commonly used parameter to pre-
dict the swimming performance (Kjendlie et al., 2004a;
Poujade et al., 2002; Zamparo et al., 2005b). In this study
we measured VO, using modern procedures for collecting
and measuring breath-by-breath expired gas, which al-
lowed the characterization of VO, kinetics during swim-
ming exercise. This method has been found suitable for
assessing swimming performance in young swimmers
(Keskinen et al., 2003; Kjendlie et al., 2004a; Ratel and
Poujade, 2009; Rodriguez et al., 2008). VO, parameter at
similar age subjects has not been extensively studied. The
obtained VOqpea values in this study were in the same
range as in Strzala et al. (2005), where VO, values were
measured during 100-m distance in adolescents Tanner
stage 4-5. However, they measured oxygen consumption
on cycle ergometer (Strzala et al. 2005). Two other stud-
ies (Dekerle et al., 2005; Fernandes et al., 2008) measured
VO, in the pool, but their subjects were older (19 years
old) and at higher level, that resulted in high VO,peq val-
ues (> 70 ml'min-1"kg™). C; is a key parameter to evalu-
ate performance in swimming, but there are only a few
studies that have investigated the determinants of C; in
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children and adolescents (Kjendlie et al., 2004a; Poujade
et al., 2002). Previous investigations have found relation-
ships between C; and body height, body mass and arm
span in adolescent swimmers (Jiirimée et al., 2007; Latt et
al., 2009b; Ratel and Poujade, 2009), but this was not the
case in our study, where no relationships between anthro-
pometrical parameters and C, were found.

In sprint swimming v, seems to depend mainly on
anaerobic capacity and swimming efficiencyin adolescent
swimmers (Strzala and Tyka, 2009), although peak VO,
has also been found to significantly correlated with 100-m
speed (r = .787) in adult swimmers (Rodriguez et al.,
2003). In our study C was significantly related to La;, Las
and ALa, but not to VO,pea or AVO, value. This may be
explaned by the fact that Cs is calculated based on both
aerobic and anaerobic energy expenditure (Barbosa et al,
2005b; 2006; di Prampero et al., 1986). We suggest that
swimming in our study was performed quite extensively
in anaerobic zone and thus general C; relied mostly on the
anaerobic energy metabolism. The fact that C; is related
to the VO, may be due to the role of the anaerobic proc-
esses to the total energy expenditure, which is not always
taken into account or is obviously less important when
longer distances are used. The relative contribution of this
bioenergetical system to the overall energy expenditure
should not be disregarded (Camus and Thys, 1991). Str-
zala and Tyka (2009) also found that a large contribution
of anaerobic energetic processes in sprint efforts leads to
high post-exercise blood lactate concentration. Sprint
events are heavily reliant on the anaerobic energy proc-
esses, but children’s ability to generate energy via this
system is limited (Taylor et al., 2003), therefore C; was
probably not related to 100m front crawl sprint perform-
ance. By investigating how anaerobic performance devel-
ops during growth and maturation, it may be possible to
identify the capacity for improvement and provide guide-
lines to coaches for the preparation of specific training
sessions for young swimmers.

In this study, biomechanical parameters were
closely related to 100-m swimming time and SI was the
best predictor of performance. SI is an index of swimming
technical efficiency, since higher values denote that the
swimmer covers a given distance with fastest time and
with less number of strokes. We found a direct relation-
ship between swimming time and v, as expected, and an
inverse relationship with SR, which is in accordance with
previous studies (Barbosa et al., 2005a; Strzala and Tyka,
2009; Vorontsov and Binevski 2003). Contrary to reports
proving that front crawl swimming results are most
strongly correlated with SL in elite adult swimmers
(Arellano et al., 1994; Kennedy et al., 1990), we did not
find a significant relationship between SL and swimming
time. Instead, sprint swimming performance in young
swimmers seem to be dependent on SR and its mainte-
nance on relatively stable level (Alberty et al., 2005 Pot-
devin et al., 2006; Seifert et al., 2007) and on higher and
stable increase of SL (Seifert et al., 2007). It is worthy to
note, though, that swimming technique could have been
affected by the breathing apparatus despite previous fa-
miliarization, since swimmers need to perform the test
with some discomfort and could not turn their head (and

probably their rolling motion was also reduced) or per-
form regular turns.

Previous reports have found that sprint swimming
performance is related to body mass, lean body mass,
body height and arms span (Geladas et al., 2005; Grim-
ston and Hay, 1986; Jiriméde et al., 2007, Silva et al.,
2007). In our study, 100-m front crawl swimming time
was significantly related to body height and arm span.
The consistent relationship between height and swimming
performance could be explained by the fact that taller
swimmers seem to glide better through the water (Geladas
et al., 2005; Toussaint and Hollander, 1994) and taller
swimmers usually show a larger arm span, which benefits
swimming efficiency (i.e. larger stroke length) (Saavedra
et a., 2010). The significant correlation between 100-m
performance and arm span, consistent with a previous
reports (Geladas et al., 2005: Saavedra et al., 2010), sug-
gests that the length of the upper extremities and shoul-
ders width combined may be related with biomechanical
factors relevant to propulsion.

We must acknowledge certain limitations of our
study. Firstly, as previously discussed, stroking parame-
ters and 100-m performance could have been affected by
the modifications imposed by the breathing apparatus
used for VO, measurements (head turning, body rolling,
breathing rate, turns, etc.). Previous familiarization seems
an important requirement and, additionally, swimmers
should be instructed to minimize modifications in their
technique. Secondly, it cannot be discarded that certain
correlations with sprint performance, as in fact also evi-
dent in previous reports, could have been biased by co-
variance. Such may be the case of SI (i.e. the best predic-
tor of performance), which, by definition, depends on vy
and C,, which is computed from ALa energy equivalent.
Thirdly, the seventh minute post exercise lactate concen-
tration was not measured, which could have had influence
to peak lactate values for some subjects. However, the
increase from third to fifth minute post lactate concentra-
tion was relatively small and not statistically significant
therefore, the possible influence of seventh minute post
lactate value would have had very small influence.

Conclusion

Present results indicate that biomechanical factors
(90.3%) explained most of 100-m front crawl swimming
performance variability in these adolescent male swim-
mers, followed by anthropometrical (45.8%) and physio-
logical (45.2%) parameters. SI was the best single predic-
tor of performance, while arm span and 4La were the best
anthropometrical and bioenergetical indicators, respec-
tively. SI and SR alone explained 92.6% of the variance
in competitive performance. To take into account these
results, it is of utmost importance to consider specific
stroke technique parameters when predicting success in
young swimmers.

Acknowledgements
The authors would like to thank the participants and their coaches for
their commitment during this study.



Litt et al.

403

References

Alberty, M., Sidney, M., Hout-Marchand, F, Hespel, J.M. and Pelayo, P.
(2005) Intracyclic velocity variations and arm coordination dur-
ing exhaustive exercise in front crawl stroke. International
Journal of Sports Medicine 26, 471-475.

Arellano, R., Brown, P., Cappaert, J. and Nelson, R.C. (1994) Analysis
of 50-, 100-, and 200-m freestyle swimmers at the 1992 Olym-
pic Games. Journal of Applied Biomechanics 10, 1889-199.

Aspenes, S., Kjendlie, P.L., Hoff, J. and Helgerun, J. (2009) Combined
strength and endurance training in competitive swimmers. Jour-
nal of Sports Science and Medicine 8, 357-365.

Barbosa, T.M., Fernandes, R., Keskinen, K.L., Colaco, P., Cardoso, C.,
Silva, J. and Vilas-Boas, J.P. (2006) Evaluation of the energy
expenditure in competitive swimming strokes. International
Journal of Sports Medicine 27, 894-899.

Barbosa, T.M., Fernandes, R.J., Keskinen, K.L. and Vilas-Boas, J.P.
(2008) The influence of stroke mechanics into energy cost of
elite swimmers. European Journal of Applied Physiology 103,
139-149.

Barbosa, T.M., Keskinen, K.L., Fernandes, R., Colaco, P., Carmo, C.
and Vilas-Boas, J.P. (2005a) Relationships between energetic,
stroke determinants and velocity in butterfly. International
Journal of Sports Medicine 26, 841-846.

Barbosa, T.M., Keskinen, K.L., Fernandes, R., Colago, P., Lima, A.B.
and Vlas-Boas, J.P. (2005b) Energy cost and intracyclic varia-
tion of the velocity of the centre of mass in butterfly stroke.
European Journal of Applied Physiology 93, 519-523.

Camus, G. and Thys, H. (1991) An evaluation of the maximal aerobic
capacity in man. International Journal of Sports Medicine 12,
349-355.

Capelli, C., Pendergast, D.R. and Termin, B. (1998) Energetics of
swimming at maximal speeds in humans. European Journal of
Applied Physiology 78, 385-393.

Costill, D.L., Kovaleski, J., Porter, D., Kirwan, J., Fielding, R. and King,
D. (1985) Energy expenditure during front crawl swimming:
predicting success in middle-distance events. International
Journal of Sports Medicine 6, 266-270.

Dekerle, J., Nesi, X., Lefevre, T., Depretz, S., Sidney, M., Huot-
Marchand, F., Pelayo, P. (2005) Stroking parameters in front
crawl swimming and maximal lactate steady state speed. Inter-
national Journal of Sports Medicine 26, 53-58.

Dekerle, J., Sidney, M., Hespel, J.M., Pelayo, P. (2002) Validity and
reliability of critical speed, critical stroke rate, and anaerobic
capacity in relation to front crawl swimming performance. /n-
ternational Journal of Sports Medicine 23, 93-98.

di Prampero, P. (1986) The energy cost of human locomotion on land
and in water. International Journal of Sports Medicine 7, 55-72.

di Prampero, P.E., Pendergast, D.R., Wilson, D.W. and Rennie, D.W.
(1978) Blood lactic acid concentrations in high velocity swim-
ming. In: Swimming Medicine IV. Eds: Eriksson, B. and Fur-
berg, B. Baltimore: University Park Press. 249-261

Fernandes, R.J., Keskinen, K.L., Colaco, P., Querido, A.J., Machado,
L.J., Morais, P.A., Novais, D.Q., Marinho, D.A. and Vilas Boas,
J.P. (2008) Time limit at VO, velocity in elite crawl swim-
mers. International Journal of Sports Medicine 29, 145-150.

Geladas, N.D., Nassis, G.P. and Pavlicevic, S. (2005) Somatic and
physical traits affecting sprint swimming performance in young
swimmers. International Journal of Sports Medicine 26, 139-
144.

Grimston, S.K. and Hay, J.G. (1986). Relationship among anthropomet-
ric and stroking characteristics of college swimmers. Medicine
and Science in Sport and Exercise 18, 60-68.

Huot-Marchand, F., Nesi, X., Sidney, M., Alberty, M. and Pelayo, P.
(2005) Variations of stroking parameters associated with 200-m
competitive performance improvement in top-standard front
crawl swimmers. Sports Biomechanics 4, 89-99.

Jirimée, J., Haljaste, K., Cicchella, A., Litt, E., Purge, P., Leppik, A.
and Jurimde, T. (2007) Analysis of swimming performance
from physical, physiological and biomechanical parameters in
young swimmers. Pediatric Exercise Science 19, 70-81.

Kennedy, P., Brown, P., Chengular, S.N. and Nelson, R.C. (1990)
Analysis of male and female Olympic swimmers in the 100-
meters events. International Journal of Sports Biomechanics 6,
187-197.

Keskinen, K.L. and Komi, P.V. (1993) Stroking characteristics of front
crawl swimming during exercise. Journal of Applied Biome-
chanics 9,219-226.

Keskinen, K.L., Rodriguez F.A. and Keskinen, O.P. (2003) Respiratory
snorkel and valve system for breath-by-breath gas analysis in
swimming. Scandinavian Journal of Medicine & Science in
Sports 13, 322-329.

Kjendlie, P.L., Haljand, R., Fjortoft, O. and Stallman, R.K. (2006)
Stroke frequency strategies of international and national swim-
mers in 100-m races. In: Biomechanics and Medicine in Swim-
ming X. Eds: Vilas-Boas, J.P., Alves, F. and Marques, A. Porto,
Portugal. 52-54.

Kjendlie, P.L., Ingjer, F., Madsan, O., Stallman, R.K. and Stray-
Gundersen, J. (2004a) Differences in the energy cost between
children and adults during front crawl swimming. European
Journal of Applied Physiology 91, 473-480.

Kjendlie, P.L., Stallman, R.K and Stray-Gundersen, J. (2004b) Adults
have lower stroke rate during submaximal front crawl swim-
ming than children. European Journal of Applied Physiology
91, 649-655.

Latt, E., Jirimée, J., Haljaste, K., Cicchella, A., Purge, P. and Jirimée,
T. (2009a) Longitudinal development of physical and perform-
ance parameters during biological maturation of young male
swimmers. Perceptual and Motor Skills 108, 297-307.

Latt, E., Jurimde, J., Haljaste, K., Cicchella, A., Purge, P. and Jirimée,
T. (2009b) Physical development and swimming performance
during biological maturation in young female swimmers. Col-
legium Antropologicum 1, 177-122.

Malina, R. (1994) Physical growth and biological maturation of young
athletes. In: Exercise and sport science reviews. Ed: Holloszy, J.
Baltimore: Williams and Wilkins. 389-433.

Marinho, D.A., Barbosa, T.M., Costa, M.J., Figueiredo, C., Reis, V.M.,
Silva, A.J. and Marques, M.C. (2010) Can 8-weeks of training
affect active drag in young swimmers? Journal of Sports Sci-
ence and Medicine 9, 71-78.

Pendergast, D., Zamparo, P., di Prampero, P.E., Capelli, C., Cerretelli,
P., Termin, A., Craig, A. Jr., Bushnell, D., Paschke, D. and
Mollendorf, J. (2003) Energy balance of human locomotion in
water. European Journal of Applied Physiology 90, 377-386.

Potdevin, F., Bril, B., Sidney, M. and Pelayo, P. (2006) Stroke fre-
quency and arm coordination in front crawl swimming. Interna-
tional Journal of Sports Medicine 27, 193-198.

Poujade, B., Hautier, C.A. and Rouard, A. (2002) Determinants of the
energy cost of front-crawl swimming in children. European
Journal of Applied Physiology 87, 1-6.

Ratel, S. and Poujade, B. (2009) Comparative analysis of the energy cost
during front crawl swimming in children and adults. European
Journal of Applied Physiology 105, 543-549.

Rodriguez F.A. (1999) Cardiorespiratory and metabolic field testing in
swimming and water polo: from physiological consepts to prac-
tical methods. In: Biomechanics and Medicine in Swimming
VIII. Eds: Keskinen, K.L., Komi, P.V. and Hollander, A.P. Jy-
viskyld, Finland: Gummerus Printing. 219-226.

Rodriguez, F.A., Keskinen, K.L., Keskinen, O.P. and Malvela, M.
(2003) Oxygen uptake kinetics during free swimming: a pilot
study. In: Biomechanics and Medicine in Swimming IX. Ed:
Chatard, J.C. Saint-Etienne: Publications de 1’Université de
Saint-Etienne. 379-384.

Rodriguez, F.A., Keskinen, K.L., Kusch, M. and Hoffmann, U. (2008)
Validity of a swimming snorkel for metabolic testing. Interna-
tional Journal of Sports Medicine 29, 120-128.

Saavedra, J.M., Escalante, Y., and Rodriguez, F.A. (2010) A multivari-
ate analysis of performance in young swimmers. Pediatric Ex-
ercise Science 22, 135-151.

Seifert, L., Chollet, D. and Rouard, A. (2007) Swimming constraints and
arm coordination. Human Movement Science 26, 63-86.

Silva, A.J., Costa, A.M., Oliveira, P.M., Reis, V.M., Saavedra, J., Perl,
J., Rouboa, A. and Marinho, D.A. (2007) The use of neural
network technology to model swimming performance. Journal
of Sports Science and Medicine 6, 117-125.

Strzala, M. and Tyka, A. (2009) Physical endurance, somatic indices and
swimming technique parameters as determinants of front crawl
swimming speed at short distances in young swimmers. Medi-
cina Sportiva 13, 99-107.

Strzala, M., Tyka, A., Zychowska, M., Woznicki, P. (2005) Components
of physical work capacity, somatic variables and technique in



404

Factors affecting swimming performance

relation to 100 and 400m time trials in young swimmers. Jour-
nal of Human Kinetics 14, 105-116.

Tanner, J.M. and Whitehouse, R.H. (1976) Clinical longitudinal stan-
dards for height, weight, height velocity, weight velocity and
stages of puberty. Archives of Disease in Childhood 51, 170-
179.

Taylor, S., MacLaren, D., Stratton, G. and Lees, A. (2003) The effects of
age, maturation and growth on tethered swimming performance.
In: Biomechanics and Medicine in Swimming IX. Ed: Chatard,
J.C. Saint-Etienne: Publications de I’Université de Saint-
Etienne. 185-190.

Toussaint, H.M., Carol, A., Kranenborg, H. and Truijens, M.J. (2006)
Effect of fatigue on stroking characteristics in an arms-only
100-m front-crawl race. Medicine and Science in Sports and
Exercise 38, 1635-1642.

Toussaint, H. and Hollander, P. (1994) Energetics of competitive
swimming: implications for training programmes. Sports Medi-
cine 18, 384-405.

Toussaint, H.M., Meulemans, A., de Groot, G., Hollander, A.P.,
Schreurs, A.W. and Ver-Voorn, K (1987) Respiratory valve for
oxygen uptake measurements during swimming. European
Journal of Applied Physiology 56, 363-366.

Vorontsov, A. and Binevsky, D. (2003) Swimming speed, stroke rate
and stroke length during maximal 100 m freestyle of boys 11-16
years of age. In Biomechanics and Medicine in Swimming IX.
Ed: Chatard, J.C. Saint-Etienne: Publications de I’Université de
Saint-Etienne. 195-199.

Zamparo, P., Bonifazi, M., Faina, M., Milan, A., Sardella, F., Schena, F.
and Capelli, C. (2005a) Energy cost of swimming of elite long-
distance swimmers. European Journal of Applied Physiology
94, 697-704.

Zamparo, P., Pendergast, D., Mollendorf, J., Termin, A. and Minetti, A.
(2005b) An energy balance of front crawl. European Journal of
Applied Physiology 94, 134-144.

Key points

e This study investigated the influence of different
anthropometrical, physiological and biomechanical
parameters on 100-m swimming performance in
adolescent boys.

e Biomechanical factors contributed most to sprint
swimming performance in these young male swim-
mers (90.3% of variability in performance), fol-
lowed by anthropometrical (45.8%) and physiologi-
cal (45.2%) parameters.

e Two selected variables (stroke index and stroke rate)
explained 92.6% of the variance in competitive per-
formance in these adolescent swimmers.
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