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Purpose: The purpose of this study was to assess the influence of physiological and kinematic predictors on 400-m front crawl
race in young male swimmers and to consider the interrelation between them. Methods: Nineteen male swimmers took part in this
study (age: 13.5 ± 0.44 years, height: 168.6 ± 7.77 cm, body mass: 56.9 ± 10.57 kg). Measurements of physiological parameters were
conducted using expired air analyzer (Start 2000 MES, Poland) during step-test in water flume. Kinematic indices were computed while
analyzing video recording of 400-m front crawl race. To check for possible influence of biological age (BA) diversity in studied group,
partial correlation with age control was computed. Results: Swimming to exhaustion in water flume defined as speed at maximum
oxygen uptake and anaerobic threshold (

max2OVV &
 and VAT) occurred to be strongly positively correlated with 400-m race speed. Speed in

surface swimming zones (Vsurface) was related to ability of kinematics adjustment and significantly correlated with stroke index (SI).
Vsurface at the beginning and the end of the race, i.e., at 1st, 7th and 8th lap interplayed with stroke rate (SR) measured at corresponding
laps. Conclusions: Our study showed that 400-m front crawl performance of young male swimmers is strongly dependent on swimming
efficiency developed with aerobic conditioning. Significant role of proper pacing strategy was also identified, which indicates that race
pace training should be implemented.
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1. Introduction

Swimming performance of young swimmers is de-
termined by the interaction of morphological, physio-
logical, biomechanical and psychological factors, based
on individual genetic endowment and continuously
modulated by the training process [17], [29], [35]. Nar-
rowing down, best performance in swimming depends
on the amount of metabolic energy spent in trans-
porting the body mass of the athlete and on the econ-
omy of aquatic locomotion over the unit of swimming
distance [44]. Difference of swimming economy from
one adolescent swimmer to another, also depending on
competitive skill – swimming kinematics, physiologi-

cal capacity or morphological development [12], [18],
[36]. Metabolic energy related to physiological devel-
opment of young athlete is influenced by growth and
maturation, it was observed at both aerobic [24] and
anaerobic [6] conditioning level. Appropriate level of
aerobic conditioning of the talented young swimmer is
a matter of great importance when our goal is to lead
him to compete in the close and further future [31].

At the elite level, the best mid- and long-distance
swimmers are expected to demonstrate high aerobic
capacity with high enough anaerobic threshold, and
competition usable aerobic power – max2OV& . There-
fore, the level of these indicators, if possible, is peri-
odically monitored during the training of age groups
in order to further gradually improve endurance [20],
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[39] and it is combined with proper technique skills
development.

Interesting, however, is the relationship between
morphological development and swimming perform-
ance kinematics – stroke rate (SR), stroke length (SL),
stroke index (SI) including (or excluding) the influ-
ence of maturation state of young swimmers [1]. So
far, measurements (free swimming) of oxygen con-
sumption have been rarely carried out to assess the
aerobic conditioning of young swimmers [22], [41],
[43] but researchers have interest in this topic [3].
Indeed these valuable assessments of aerobic prepara-
tion, need to be performed during exercise that fully
utilizes the aerobic metabolism. Interestingly, these
tests include different procedures when swimming at
least the 400 meters or during longer gradual speed
increases [9], [31], [38]. The blood lactate or oxygen
uptake outcome of all-out 400-m front crawl swim-
ming could illustrate level of aerobic conditioning and
aerobic maximal velocity [10]. Fernandes et al. [14]
performed incremental test with the time limit at max2OV&

examination – time of maintaining swimming speed
corresponding to maximal oxygen uptake – showing
that it is possible that the maintaining of slow compo-
nent of max2OV&  is very similar to 400-m front crawl
race duration. In young swimmers however, it’s com-
plicated by the level of maturation which affect the
aerobic conditioning, performance by enhancing those
more advanced in puberty [24], [32].

In swimming, the aerobic condition is shaped
during water training, along with the kinematic char-
acteristics of locomotion related to both anthropome-
try and the persistence to technique building up [18],
[22], [26]. Douda et al. [13] claim that when consid-
ering young swimmers performance there is no consen-
sus about which determinants are the most important,
but growth process (maturation) should be always con-
sidered. Morais et al. [28], after analyzing large number
of literature, stated that in young swimmers talent iden-
tification could be characterized as multifactorial, ho-
listic. Abbott et al. [2] indicate technique and anthro-
pometric variables which in their opinion have the
biggest influence on youth swimmers performance.

Morais et al. [29] stated that biomechanics is re-
sponsible for 60% of the young swimmers perform-
ance. Silva et al. [37] showed that, in age-group
swimmers, technique training is crucial and the level
of technique efficiency is influenced by maturation
process. There are three the most frequently used in-
dices which characterize swimming technique: stroke
rate (SR), stroke length (SL) and stroke index (SI). The
SI is considered as the one which explains the most

a level of swimming efficiency [23], [27] but less
experienced (especially they) young swimmers and
also the others have often difficulties with saving en-
ergy, and/or consciously manipulating the SR and SL
as fatigue inevitably increases with the race distance
covered.

Taking the dependencies that result in the develop-
ment of talented swimmers into account, we set our-
selves the goal of examining: (a) physiological, biome-
chanical determinants of front crawl performance
collected in aquatic motorized swimming flume during
stage test and 400-m race, (b) the interplay between
physiological and kinematic indices with swimmers
maturity and 400-m freestyle race, (c) changes in
kinematic indices through the 400-m freestyle race.

It is expected that kinematic and physiological in-
dices associated with higher aerobic endurance
(higher anaerobic thresholds), will be significant pre-
dictors of 400-m front crawl performance simultane-
ously with the ability to use appropriate kinematics
along with the fatigue.

2. Materials and methods

2.1. Participants

Nineteen male swimmers (age 13.5 ± 0.44 years)
participated in this study. They were recruited as the
most talented swimmers from their age category from
Kraków region, Poland. Participants presented swim-
ming level which resulted in mean value of 352 FINA
points for 400-m front crawl race. All of them were
healthy and had licenses from the Polish Swimming
Federation. Participants height (168.6 ± 7.77 cm, sta-
diometer – Sieber Hegner Maschinen AG, Switzer-
land) and body mass (56.9 ± 10.57 kg, Tanita BC-418,
Japan) were measured and body mass index calculated
(19.6 ± 2.28 kg/m2). The study was approved by the
Regional Medical Chamber in Kraków on 5 June 2020
(No. 94/KBL/OIL/2020). All participants and their
parents provided informed consent for their participa-
tion in intensive physical effort during this study (par-
ents of all participants became acquainted with the
study program and with a short description of the tests).

2.2. Biological age

Biological age (BA) examination of participants
was conducted by experienced anthropologist and was
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calculated as follows: BA = [(BHage + BMage)/2],
where: BHage – age obtained from percentile charts
on the basis of the participant’s body height, Bmage
– age obtained from percentile charts on the basis of
the participant’s body mass. Additionally, pubertal
development was assessed. Tanner stages based on
pubic hair scale were estimated [8].

2.3. Physiological indices
measurements

Stage test in water flume (Fig. 1) in laboratory-
-controlled environment (temperature, humidity) was
conducted. Sufficiently in advance, swimmers were
asked to rest the day before the test and to maintain
their daily diet. Before entering the water flume swim-
mers were instructed to testing procedure and went
through 1000 meters in-water warm-up, as  before the
competition. Entering the test procedure swimmers
fitted nose clip and were attached to respiratory/valve
system with expired air analyzer (Start 2000 MES,
Poland). Than placed own body in order to marker on
the bottom of the flume (with eyesight controlling the
position of the body relative to the marker through
entire test) and to adjust proper valve system (attached
to a rod-alike construction, just above a swimmers’
head). One minute slow pace swim ensured to adjust
to testing conditions. Whistle signal started (from
–0.93 m/s), 2-minutes of 0.06 m/s speed increased
steps. Breath by breath exhaled air was continuously
sampled by expired air analyzer and saved for further
analysis (Ergo2000M software MES, Poland). max2OV& ,
Aerobic Threshold (AT), Respiratory Compensation
Point (RCP) were estimated according to Beaver et al.
[5]. The test was terminated after complete exhaustion
and inability to maintain required swimming pace

reaching criteria of max2OV&  examination [19]. Time of
test termination (ttest), speed of the water flow (VAT,
VRCP, 

max2OVV & ) and oxygen uptake (VO2AT, VO2RCP,

max2OV& ) accompanying to occurring the ventilatory
indices or were also assessed. Swimmers were also
filmed through entire test duration (JVC GC-PX100BE,
Japan) in order to calculate the kinematic indices of:
SR, SL, SI at VAT, VRCP, .

max2OVV &  Mentioned indices were

calculated from 3 cycles at each step.

2.4. 400-m front crawl race

400-meter all-out test was carried out in a 25-m
swimming pool that meets International Swimming
Federation (FINA) requirements. Final results and
split times of the race were measured with automatic
timing device (Omega, Switzerland). Each one of the
race series were performed by five to four swimmers,
similarly, as in competition conditions. Participants
reached 105.2% of their personal best time in 400-m
front crawl while performing in our study. All trials
were recorded with (JVC GC-PX100BE, Japan) cam-
era with 50 Hz framing. Camera was placed at the
tripod at the tribune, 6 metres above the water surface
in the extension of the middle point of the pool.
Starting from the block swimmers were asked to
emerge until the 10th meter. To separate the areas of
surface swimming, the pool was divided into zones.
Markers were placed at the side of the pool to locate
the line of 7 metres from each of the walls. For the first
lap one marker was attached 10 metres from the starting
block. Pool (excluding first lap) was divided to three
zones: I – turn zone (7 m), II – surface swimming zone
(11 m), III – turn zone (7 m). Including first 10 m start
zone it resulted in: a) 227 meters for VSTF (start, turn,

Fig. 1. Swimmer during stage test procedure in water flume
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finish velocity) calculation, b) 173 meters for Vsurface

(surface swimming velocity) examination. Times for
separate sectors were measured when swimmers head
cross the imaginary line linking markers at the sides
of the pool using program Kinovea – ver. 0.8.15.
Stroke kinematic indices SR, SL, SI were calculated
from surface swimming zones. The SR (cycle · min–1)
from each of surface swimming zones (extracted from

3 cycles). The SL (m) was estimated as: SL = .surface

SR
V

Stroke index SI (m2 ⋅ cycle · s–1) was calculated as:
SI = Vtotal ⋅ SL. Kinematic results were averaged for every
50-m lap. Intraclass correlation (ICC) for SR calculation
process was: ICC = 0.99, 95%CI = 0.990 – 0.999.

2.5. Statistical analysis

Standard statistical methods were used to calculate
means and standard deviations (mean ± SD). The
normality of the data assumptions were examined
with the Shapiro–Wilks test. One-way ANOVA with
repeated measures and Tukey HSD post-hoc test was
carried out to detect and present differences between
average velocities (Vtotal, Vsurface, VSTF). Examination
for relationship were computed between: a) stage test
indices of: VAT, VRCP, 

max2OVV & , ATOV 2
& , RCPOV 2

& ,

max2OV& , b) kinematic indices (SR, SL, SI) of 400-m
race or stage test and: (i) BA using Pearson’s correla-
tions; and (ii) Vtotal or Vsurface using partial correlations
controlled with BA factor. Partial correlations with
BA control were also executed to show a relation-
ship between Vsurface and SR, SL, SI on the each lap of
400-m race and at last between kinematic indices
of stage test SR, SL, SI and physiological indices of

ATOV 2
& , RCPOV 2

& , max2OV& .
Sphericity assumption of the data entered in one-

way ANOVA repeated measures (Vsurface, Vturn, Vtotal,
SR, SL, SI) was examined with Mauchly’s test. As-
sumption of sphericity was not met, than MANOVA
Wilk’s Lambda test was conducted to assess differ-
ences between the laps means of kinematic variables.
Square or cubic trends were adjusted for the values of
kinematic variables measured for each lap of 400-m
front crawl race. The tests were conducted with
STATISTICA 13.1 software (StatSoft, Inc). Signifi-
cance level of p ≤ 0.05 were established.

3. Results

A significant differences are shown between
separated speeds of 400-m front crawl race: Vtotal,

Fig. 2. Comparison between average speed values of: all of the distance (Vtotal),
surface swimming zones (Vsurface) and start, turn and finish zones (VSTF) measured during 400-m front crawl race
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Vsurface, VSTF (F = 100.1; p < 0.001). Post-hoc Tu-
key’s (HSD) test confirmed significant differences
among all of the measured averages ( p < 0.001). In
Figure 1, differences between analysed speeds are
presented.

No significant but positive correlations were noted
between biological age (BA) and VAT, VRCP, 

max2OVV & .

Significant partial correlations controlled for BA were
found between VAT, 

max2OVV &  and Vtotal (Table 1).

Table 1. Pearson correlations between BA and:
VAT, VRCP, 

max2OVV &
 (A). Partial correlations controlled with BA

between stage test kinematics indices: VAT, VRCP, 
max2OVV &

and result of  400-m front crawl race (Vtotal) (B)

Correlations VAT [m⋅s–1]
0.89 ± 0.11

VRCP [m⋅s–1]
1.17 ± 0.06

max2OVV &
 [m⋅s–1]

1.24 ± 0.06

A BA [years]
14.74 ± 1.82 0.01 0.26 0.12

B Vtotal [m⋅s–1]
1.33 ± 0.06 0.48 * 0.28 0.68 **

* Significant relationship between analysed indices with p ≤ 0.05;
** p ≤ 0.01.

There were strong, significant relationships be-
tween BA and ATOV 2

& , RCPOV 2
& , max2OV& . With BA

control Vtotal did not significantly interplay with
ATOV 2

& , RCPOV 2
& , max2OV& , although partial correlation

between ATOV 2
&  and Vtotal was close to significant

(Table 2).

Table 2. Pearson correlations between BA and:
ATOV 2

& , RCPOV 2
& , 

max2OV&  (A). Partial correlations controlled

for BA between stage test physiological indices: ATOV 2
& , RCPOV 2

& ,

max2OV&  and result of  400-m front crawl race (Vtotal) (B)

Correlations
ATOV 2

&

[l⋅min–1]
2.06 ± 0.46

RCPOV 2
&

[l⋅min–1]
2.85 ± 0.58

max2OV&

[l⋅min–1]
3.46 ± 0.71

A BA [years] 0.63 ** 0.71 ** 0.57 *

B Vtotal [m⋅s–1] 0.43
p = 0.07 0.05 0.33

* Significant relationship between analysed indices with p ≤ 0.05;
** p ≤ 0.01.

Strong and significant correlations were found
between BA and SL, SI. The kinematic indices of SR

and SL showed no relationship with Vsurface when con-
trolled for BA, but SI significantly interplayed with
Vsurface (Table 3).

Table 3. Pearson correlations between BA and:
SR, SL, SI (A). Partial correlations, controlled for BA

between kinematic indices:
SR, SL, SI of 400-m front crawl race and Vsurface (B)

Correlations SR [cycle⋅min–1]
37.6 ± 3.62

SL [m]
2.01 ± 0.19

SI ⎥
⎦

⎤
⎢
⎣

⎡
s

m2

2.51 ± 0.30

A BA [years] –0.44
p = 0.06 0.54 * 0.53*

B
Vsurface
[m⋅s–1]

1.25 ± 0.06
0.28 0.24 0.62**

* Significant relationship between analysed indices with p ≤ 0.05;
** p ≤ 0.01.

In further proceedings, we decided to present the
changes in kinematic variables and their interde-
pendence to Vsurface also excluding the impact of bio-
logical age (these results are inserted close to squares
of values averages in the graphs – Figs. 3B–D). We
noted significant and high interrelation of SR and
Vsurface on the first, seventh and the last lap (Fig. 3B),
and also on the most laps between SI and Vsurface

(Fig. 3D).
There were significant differences between 50-m

laps speed (Vsurface) in 400-m front crawl race (Λ =
0.097, p < 0.001) (Fig. 3A), stroke rate (SR) for each
of 50-m (Λ = 0.114, p < 0.001) (Fig. 3B), stroke
length (SL) (Λ = 0.261, p < 0.001) and stroke index
(SI) (Λ = 0.225, p < 0.001). For Vsurface, SR, SI curves
square trend was established as the most suitable one
(Figs. 3A, B, D). Cubic trend was established as the
best fitted to SL curve (Fig. 3C).

For each of 50-m lap of average swimming veloc-
ity (Vtotal) (Λ = 0.035, p < 0.001) and velocity in turn
zones (Vturn (Λ = 0.157, p < 0.001) significant differ-
ences were measured (Figs. 4A, B). Square trend was
established as the most suitable one for Vtotal curve and
cubic trend for Vturn curve.

Additionally, we decided to compute Pearson’s
correlation of stage test SR, SL, SI calculated at venti-
latory thresholds and max2OV&  with Vsurface. We found
that SI at AT was significantly correlated with Vsurface
(r = 0.48, p < 0.05), when excluding BA in partial
correlations it was nonsignificant.
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* Significant relationship between analysed indices with p ≤ 0.05; ** p ≤ 0.01.

Fig. 3. Vsurface (A), SR (B), SL (C) and SI (D) indices on each 50-m lap of 400-m front crawl race. Wilk’s test results (Λ)
and trend’s established for the curves (square trend, cubic trend). Partial correlations controlled for BA

between Vsurface and SR, SL, SI at particular laps are presented in graphs B, C, D

Fig. 4. Vtotal (A) and Vturn (B) values on each 50 m lap of 400-m front crawl race.
Wilk’s test values (Λ) and trend’s established for the curves (square trend, cubic trend)
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4. Discussion

These results show the rarely observed influence
of physiological preparation and simultaneous kine-
matic-technical shaping on swimming results of young
puberty male swimmers. In the presented study the re-
sult of 400-m front crawl race (Vtotal) was positively,
significantly interrelated with physiological swim-
ming efficiency – 

max2OVV &  (r = 0.68, p < 0.01) and with

VAT (r = 0.48, p < 0.05). Furthermore, the Vsurface inter-
played strongly with 400-m SI kinematic (r = 0.62,
p < 0.01) and was also significantly correlated to stage
test – SI at AT (r = 0.48, p < 0.05). These studies also
show the magnitude of the influence of maturation on
the level of physiological and kinematic indicators.
Thus, the physiological indices of oxygen uptake at
metabolic thresholds – ATOV 2

& , RCPOV 2
& , max2OV&  did

not interplayed significantly with results of 400-m
front crawl race, when controlled for BA. On the other
hand, interplay between ATOV 2

&  and Vtotal (close to
significant) shows the importance of a well-developed
aerobic energy generation system in 400-m swim-
ming, which was at the same time strongly dependent
on BA (Table 2). Similarly, BA influenced on the
shaping of kinematics, but their level and impact on
Vsurface we can state had to be mainly dependent by
training (Table 3).

Considering these results, we can ask whether high
oxygen uptake at the time of the appearance of subse-
quent metabolic thresholds is beneficial? Does higher
oxygen uptake values at thresholds mean lower econ-
omy? It is possible to state that, the level of aerobic
capacity represented by max2OV&  seems to influence
the efficiency of aerobic system, but also enhance the
anaerobic mechanisms of energy production used in
400-m front crawl race. Thus, higher max2OV& , sup-
ports the fast creatine phosphate reconstruction and
the elimination of lactate [31]. These positive effect of
high aerobic capacity level combined with the ability
to swim fast using as much of oxidative energy as
possible, could lead to later fatigue occurrence in 400-
m front crawl race. Fernandes and Vilas-Boas [15]
reported that best high level swimmers with great
level of aerobic power are less likely to maintain
the 

max2OVV &  max for the longer time than the other tal-

ented swimmers who possess even higher aerobic ca-
pacity. The power of the former lies in the ability to use
the entire oxygen potential supported-supplemented
by a well-trained glycolytic component [33]. It could

be also like that between different level or in more
proficient swimmers with higher aerobic power but
having smaller aerobic capacity the work will be not
able to continue at the highest intensities [9].

Study of Jürimäe et al. [18] revealed that, among
young male swimmers, SL, SI and VO2peak presented
the strongest correlations with 400-m front-crawl re-
sults. Zacca et al. [42] reported that technique (SR, SI)
showed the greatest influence on 400-m front crawl
performance of age-group swimmers among others
physiological, anthropometrical indices. Similarly to
Abbott et al. [2] we found significant interrelation be-
tween SI and maturation level. In the study by Strzała
et al. [40], the 400-m front-crawl performance was
highly correlated with SR, propulsive phases of arm
index of coordination (IdC) total body length and
anerobic threshold assessed in arm-cranking. In the
study by Mezzaroba and Machado [27], multiple lin-
ear-regression including only 1 variable of SI ex-
plained 89% of 400-m front crawl performance in
young male swimmers. Similarly, in the study by Lätt
et al. [23] stepwise regression analysis showed that SI
was the best predictor of 400-m front crawl performance
(R2 = 0.449; p < 0.05) distinguished from the equation
contained physiological, biomechanical parameters. It
is similar to this study, where SI controlled for BA
occurred to be strongly correlated (r = 0.62, p < 0.01)
with Vsurface. Our results also correspond to the other
premises of care for shaping the appropriate kinemat-
ics of limb movements [16], [30].

In this study SI, reached at AT was significantly
interrelated to Vsurface. It could be explained by the
fact that more efficient swimmers reached their AT
later with respectively higher oxygen consumption, it
means that their energetics was more supported by
oxidative mechanisms. It means that swimming
economy must be basically more dependent on the
efficient oxidative mechanisms, always when the
swimming distance is going to be longer. A valuable
outcome of the presented study was that Vsurface at
first, 7th and 8th lap was significantly correlated with
SR measured. It seems that ability to increase SR at
the very end of the race is crucial for maintaining
speed and to compensate drop of SL. It was shown by
Mezzaroba and Machado [27], who stated that the not
fully developed anaerobic mechanisms of adolescent
swimmers could not provide enough energy for
maintaining the proper coordination patterns (mainly
increase SR) at maximum speeds at longer races. It is
in accordance with the study of Dekerle et al. [11],
where it has been shown that muscle fatigue leads to
progressive increase in the energy cost in swimming
and fall of kinematic parameters (also index of coordi-
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nation highly related to SR). Zacca et al. [43] con-
cluded that decrease in 400-m front crawl velocity
after 4 weeks training cessation is caused by signifi-
cantly lower SR. They stated that identification of

max2OVV &  is more applicable for evaluating energetics in

age-group swimmers than max2OV&  or energy cost of
swimming – C [kJ · m–1]. It is because that in their
study 

max2OVV &  values were related to the individual

400-m front crawl performance. Our results are con-
sistent with these observations because Vsurface and

max2OVV &  in this study are almost identical. We could

state that 
max2OVV &  sets up the limit for the 400-m front

crawl performance.
It was observed in our study that Vsurface, Vtotal,

SR and SI values change in a parabolic pattern and
were parallel to each other (Figs. 3A, B, D, Fig. 4A),
square trend suited for them the best. This pacing
strategy was noted earlier by Robertson et al. [34]. It
means that first lap of the race is the fastest, the mid-
dle ones are the slowest and the last one is close to the
fastest ones from the beginning of the race, it is
known also as fast-start-even strategy. The results pre-
sented in Fig. 4A are a good example of parabolic pac-
ing strategy implication. Study by Mauger et al. [25]
revealed that elite 400-m front crawl swimmers
choose fast-start-even and parabolic pacing strategy
most often. They claimed that these strategies are
chosen because of their high effectiveness in terms of
work-rate distribution. Bishop et al. [7] provided the
physiological explanation for the fast-start-even pac-
ing advantage, and showing the need of initial high
intensity. It requires the use of phosphocreatine re-
serve resulting in a further greater oxidative contribu-
tion, which prevents swimmers from higher muscle
fatigue level due to great anaerobic energy involve-
ment and also saves the anaerobic pathway for the
finish of the race.

Changes observed in our study in speed and SL,
SR along 400-m front crawl race were similar to those
presented by Laffite et al. [21]. They also noted drop
of SR at the beginning of the second lap which ends at
the final laps with the significant increase of SR and
the progressive decrease of SL all along the distance.
They also underline that SL decrease during all-out
400-m front crawl race seems not to be responsible for
performance level, but the only way to sustain a high
swimming velocity is increase of SR. It is in accor-
dance with results of Aujouannet et al.  [4], they found
a relation between drop in swimming velocity in the
middle-distance front crawl swimming and decrease
of SR values.

5. Conclusions

The present study demonstrates result of significant
interrelation between 400-m front crawl race (Vtotal) with
physiological and kinematic swimming efficiency
indices of young male swimmers. It was shown that
swimming speeds and oxygen uptake at ventilatory
thresholds has a great importance for swimmers’ per-
formance level and their swimming efficiency. We
could also observe how maximal oxygen uptake and
oxygen uptake at ventilatory thresholds as well as
kinematic indices SR, SL, SI are strongly influenced
by biological maturation. It gives a premise (informa-
tion) for the implementation of sustainable training
momently and in the long term.

This results can indicate that level of oxygen uptake
influences the ability to maintain efficient stroke kine-
matic pattern, represented by the higher SI of young
male swimmers. It could be explained by later fatigue
occurrence and saving up anaerobic energy supplies for
the last part of the race. Most of the swimmers used
fast-start-even or parabolic strategy where SL decreased
along covered laps and SR presented the U-shaped,
square trend. Ability to increase SR at the final laps of
the race in this study was crucial in 400-m front crawl
race in young male puberty swimmers.

References

[1] ABBOTT S., HOGAN C., CASTIGLIONI M.T., YAMAUCHI G.,
MITCHELL L.J.G., SALTER J., ROMANN M., COBLEY S., Matur-
ity-related developmental inequalities in age-group swim-
ming: The testing of ‘Mat-CAPs’ for their removal, J. Sci.
Med. Sport., 2020.

[2] ABBOTT S., YAMAUCHI G., HALAKI M., CASTIGLIONI M.T.,
SALTER J., COBLEY S., Longitudinal relationships between
maturation, technical efficiency, and performance in age-group
swimmers: Improving swimmer evaluation, Int. J. Sports.
Physiol. Perform., 2021, 16, 1082–1088.

[3] ALMEIDA T., FILHO P., ESPADA D.M., REIS M.C., SANCASSANI J.F.,
MASSINI A.A., SANTOS F.J., ALVES F.B., Physiological Re-
sponses During High-Intensity Interval Training in Young
Swimmers, Front. Physiol., 2021, 12, 984.

[4] AUJOUANNET Y.A., BONIFAZI M., HINTZY F., VUILLERME N.,
ROUARD A.H., Effects of a high-intensity swim test on kinematic
parameters in high-level athletes, Appl. Physiol. Nutr. Metab.,
2006, 31 (2), 150–158.

[5] BEAVER W.L., WASSERMAN K., WHIPP B.J., A new method for
detecting anaerobic threshold by gas exchange, J. Appl.
Physiol., 1986, 60 (6), 2020–2027.

[6] BENCKE J., DAMSGAARD R., SAEKMOSE A., JØRGENSEN P.,
JØRGENSEN K., KLAUSEN K., Anaerobic power and muscle
strength characteristics of 11 years old elite and non-elite
boys and girls from gymnastics, team handball, tennis and
swimming, Scand. J. Med. Sci. Sport, 2002, 12, 171–178.



Study of talented young male swimmers – scientific approach to the kinematic and physiological predictors of 400-m front crawl race 37

[7] BISHOP D., BONETTI D., DAWSON B., The influence of pacing
strategy on VO2 and supramaximal kayak performance, Med.
Sci. Sports. Exerc., 2002, 34, 1041–1047.

[8] BORNSTEIN M.H., The SAGE Encyclopedia of Lifespan Human
Development, National Institute of Child Health and Human
Development, 2018.

[9] COSTILL D.L., MAGLISCHO E.W., RICHARDSON A.B., Swim-
ming, Blackwell Scientific Publications, Oxford, London,
1992.

[10] COSTILL D.L., 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.

[11] DEKERLE J., NESI X., LEFEVRE T., DEPRETZ S., SIDNEY M.,
MARCHAND F.H., PELAYO P., Stroking parameters in front
crawl swimming and maximal lactate steady state speed, Int.
J. Sports Med., 2005, 26 (01), 53–58.

[12] DORMEHL S., Performance across a Swimmer’s Career, [in:]
High Performance Youth Swimming, Routledge, 2020, 32–50.

[13] DOUDA H.T., TOUBEKIS A.G., GEORGIOU C., GOURGOULIS V.,
TOKMAKIDIS S.P., Predictors of Performance in Pre-Pubertal
and Pubertal Male and Female Swimmers, XIth Int. Symp.
Biomech. Med. Swim., 2010, 126.

[14] FERNANDES R., BILLAT V., CARDOSO C., BARBOSA T.,
ASCENSAO A.O.P.C., DEMARLE A., VILAS-BOAS J.P., Time
Limit at vVO2max and VO2max Slow Component in Swim-
ming . A Pilot Study of University Students, IXth Interna-
tional World Symposium on Biomechanics and Medicine in
Swimming, Université de Saint Etiénne, 2003, 331–336.

[15] FERNANDES R.J., VILAS-BOAS J.P., Time to exhaustion at the
VO2max velocity in swimming: A review, J. Hum. Kinet.,
2012, 32, 121–134.

[16] FERREIRA S., CARVALHO D., MONTEIRO A., ABRALDES J.,
VILAS-BOAS J.P., TOUBEKIS A., FERNANDES R., Physiological
and Biomechanical Evaluation of a Training Macrocycle in
Children Swimmers, Sports.,  2019, 7, 57.

[17] FIGUEIREDO P., SILVA A., SAMPAIO A., VILAS-BOAS J.P.,
FERNANDES R.J., Front crawl sprint performance: A cluster
analysis of biomechanics, energetics, coordinative, and anthro-
pometric determinants in young swimmers, Motor. Control,
2016, 20, 209–221.

[18] JÜRIMÄE J., HALJASTE K., CICCHELLA A., LÄTT E., PURGE P.,
LEPPIK A., JÜRIMÄE T., Analysis of swimming performance
from physical, physiological, and biomechanical parameters in
young swimmers, Pediatr. Exerc. Sci., 2007, 19 (1), 70–81.

[19] KARILA C., DE BLIC J., WAERNESSYCKLE S., BENOIST M.R.,
SCHEINMANN P., Cardiopulmonary exercise testing in children:
An individualized protocol for workload increase, Chest,
2001, 120, 81–87.

[20] KAVOURAS S., TROUP J., Growth and developmental changes
in selected characteristics of age group swimmers, Biomech.
Med. Swim., VII 1996, 234–239

[21] LAFFITE L.P., VILAS-BOAS J.P., DEMARLE A., SILVA J.,
FERNANDES R., BILLAT V.L., Changes in physiological stroke
parameters CJAP, 2004.

[22] LÄTT E., Selected anthropometrical, physiological and biome-
chanical parameteres as predictors of swimming performance in
young swimmers, Dissertationes Technologiae Universitatis Tartu-
ensis – PhD thesis, Univeristy of Tartu, Tartu, Estonia, 2021.

[23] LÄTT E., JÜRIMÄE J., HALJASTE K., CICCHELLA A., PURGE P.,
JÜRIMÄE T., Physical development and swimming perform-
ance during biological maturation in young female swim-
mers, Coll. Antropol., 2009, 33, 117–122.

[24] MALINA R.M., BEUNEN G., LEFEVRE J., WOYNAROWSKA B.,
Maturity-associated variation in peak oxygen uptake in active
adolescent boys and girls, Ann. Hum. Biol., 1997, 24, 19–31.

[25] MAUGER A.R., NEULOH J., CASTLE P.C., Analysis of pacing
strategy selection in elite 400-m freestyle swimming, Med.
Sci. Sports Exerc., 2012, 44, 2205–2212.

[26] DE MELLO VITOR F., BÖHME M.T.S., Performance of young
male swimmers in the 100-meters front crawl, Pediatr. Exerc.
Sci., 2010, 22, 278–287.

[27] MEZZAROBA P.V., MACHADO F.A., Effect of age, anthropometry,
and distance in stroke parameters of young swimmers, Int. J.
Sports. Physiol. Perform., 2014, 9, 702–706.

[28] MORAIS J.E., BARBOSA T.M., FORTE P., SILVA A.J.,
MARINHO D.A., Young Swimmers’ Anthropometrics, Biome-
chanics, Energetics, and Efficiency as Underlying Perform-
ance Factors: A Systematic Narrative Review, Front. Physiol.,
2021, 12, 1485.

[29] MORAIS J.E., JESUS S., LOPES V., GARRIDO N., SILVA A.,
MARINHO D., BARBOSA T.M., Linking selected kinematic,
anthropometric and hydrodynamic variables to young swim-
mer performance, Pediatr. Exerc. Sci., 2012, 24, 649–664.

[30] MORAIS J.E., SILVA A.J., GARRIDO N.D., MARINHO D.A.,
BARBOSA T.M. The transfer of strength and power into the
stroke biomechanics of young swimmers over a 34-week period,
Eur. J. Sport. Sci., 2018, 18, 787–795.

[31] OLBRECHT J., The science of winning: planning, periodizing
and optimizing swim training, F&G Partners, 2000.

[32] OLIVEIRA M., HENRIQUE R.S., QUEIROZ D.R., SALVINA M.,
MELO W.V., MOURA DOS SANTOS M.A., Anthropometric
variables, propulsive force and biological maturation: A me-
diation analysis in young swimmers, Eur. J. Sport. Sci., 2020,
21 (4), 507–514.

[33] PYNE D.B., LEE H., SWANWICK K., Ranked Swimmers,
World, 2001, 291–297.

[34] ROBERTSON E., PYNE D., HOPKINS W., ANSON J., Analysis of
lap times in international swimming competitions, J. Sports.
Sci., 2009, 27, 387–395.

[35] SAAVEDRA J.M., ESCALANTE Y., RODRÍGUEZ F.A., A multi-
variate analysis of performance in young swimmers, Pediatr.
Exerc. Sci., 2010, 22, 135–151.

[36] SANTOS C.C., MARINHO D.A., NEIVA H.P., COSTA M.J.,
Propulsive forces in human competitive swimming: a system-
atic review on direct assessment methods: Propulsive forces
in competitive swimming, Sport. Biomech., 2021, 1–21.

[37] SILVA A., FIGUEIREDO P., SOARES S., SEIFERT L., VILAS-
-BOAS J.P., FERNANDES R.J., Front crawl technical charac-
terization of 11 to 13-year-old swimmers, Pediatr. Exerc. Sci.,
2012, 24, 409–419.

[38] SOKOŁOWSKI K., STRZAŁA M., STANULA A., KRYST Ł.,
RADECKI-PAWLIK A., KRĘŻAŁEK P., ROSEMANN T., KNECHTLE B.,
Biological age in relation to somatic, physiological, and
swimming kinematic indices as predictors of 100 m front
crawl performance in young female swimmers, Int. J. Environ.
Res. Public. Health., 2021, 18 (11), 6062.

[39] STAGER J.M., STICKFORD J.G.K., Energy systems and physi-
ology, [in:] Riewald S & RS (ed.), Science of swimming
faster, Human Kinetics, 2015.

[40] STRZAŁA M., TYKA A., Physical endurance, somatic indices
and swimming technique parameters as determinants of front
crawl swimming speed at short distances in young swimmers,
Medicina Sportiva, 2009, 13 (2), 99–107.

[41] VORONTSOV A.R., DYRCO V.V., BINEVSKY D.A.,
SOLOMATIN V.R., SIDOROV N.N., Patterns of growth for



K. SOKOŁOWSKI et al.38

some characteristics of physical development, functional and
motor abilities in boy-swimmers 11–18 years, Godišnjak Fak.
Sport. i fizičkog vaspitanja, 2002, 303–311.

[42] ZACCA R., AZEVEDO R., CHAINOK P., VILAS-BOAS J.P.,
DE S CASTRO V.A., PYNE D.B., FERNANDES R.J., Moni-
toring age-group swimmers over a training macrocycle: ener-
getics, technique, and anthropometrics, J. Strength Cond. Res.,
2020, 34 (3), 818–827.

[43] ZACCA R., TOUBEKIS A., FREITAS L., SILVA A.F., AZEVEDO R.,
VILAS-BOAS J.P., PYNE D.B., CASTRO F., FERNANDES R.J.,
Effects of detraining in age-group swimmers performance, ener-
getics and kinematics, J. Sports. Sci., 2019, 37, 1490–1498.

[44] ZAMPARO P., CAPELLI C., CAUTERO M., DI NINO A., Energy
cost of front-crawl swimming at supra-maximal speeds and
underwater torque in young swimmers, Eur. J. Appl. Physiol.,
2000, 83, 487–491.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


