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Abstract

The purpose of this study was to conduct a kinematical analysis
during swimming at the intensity corresponding to maximal
lactate steady state (MLSS). Thirteen long distance swimmers
performed, in different days, an intermittent incremental protocol
of n x 200 m until exhaustion and two to four 30-min submaxi-
mal constant speed bouts to determine the MLSS. The video
analysis, using APAS System (Ariel Dynamics Inc., USA), al-
lowed determining the following relevant swimming determi-
nants (in five moments of the 30-min test: 0, 25, 50, 75, and
100%): stroke rate, stroke length, trunk incline, intracyclic veloc-
ity variation, propelling efficiency, index of coordination and the
time allotted to propulsion per distance unit. An ANOVA for
repeated measures was used to compare the parameters mean
values along each moment of analysis. Stoke rate tended to
increase and stroke length to decrease along the test; a tendency
to decrease was also found for intracyclic velocity variation and
propelling efficiency whereas the index of coordination and the
propulsive impulse remained stable during the MLSS test. It can
be concluded that the MLSS is not only an intensity to maintain
without a significant increase of blood lactate concentration, but
a concomitant stability for some biomechanical parameters
exists (after an initial adaptation). However, efficiency indica-
tors seem to be more sensitive to changes occurring during
swimming at this threshold intensity.

Key words: Swimming, front crawl, biomechanics, aerobic
capacity, lactate.

Introduction

Swimming is an individual and cyclic sport influenced by
several determinant factors (Barbosa et al., 2010). From
these, biomechanical and energetic related parameters are
the most relevant, whose developments allow significantly
enhancing performance and achieving high-standard com-
petitive levels. The useful mechanical power in swimming
is that to overcome drag forces (¥ = {2 % ) and, since
metabolic power (&) is related to this component of total
mechanical power through the drag efficiency
(1 = Wy / E), swimming velocity is then determined by
(eg. di Prampero et al., 2011; Zamparo et al., 2011):

v=Ex{m S 00 (D

This equation indicates that swimming velocity
will be higher the highest the propelling efficiency and/or
the metabolic power are, and the lower the hydrodynamic
drag is.

Parameters representing each one of the above

mentioned areas should be frequently monitored, aiming
to develop better training processes and, therefore, in-
creasing performance. Indeed, tests are used as part of
elite training programs to assess the likely outcome of the
swimmers competitive performance (Anderson et al.,
2008). From these, one of the most well-known is the
Maximal Lactate Steady State (MLSS) test, which aims to
assess the highest workload that can be maintained over
time with stable blood lactate concentration values ([La ]),
ie., without a continuous blood lactate accumulation
(Beneke, 1995; Heck et al., 1985). The MLSS test is con-
sidered the gold-standard protocol for assessing swim-
mers’ individual anaerobic threshold (Beneke and Von
Dullivard, 1996) and, therefore, to evaluate and prescribe
individualized aerobic training.

Complementarily, the definition of training loads
should focus not only on volume, intensity and frequency
of training, but also on technical constraints, which would
enable to control the swimmers’ technique. Changes in
the stroke parameters partly depend on the aerobic poten-
tial (particularly on aerobic capacity) and the extent to
which the anaerobic metabolism is involved in total en-
ergy release also has a decisive role (Pelayo et al., 2007).
Moreover, long distance swimming (open water and long-
distance triathlons) has become increasingly popular and
the strategies to maintain a constant velocity during these
events, aiming to maintain the metabolic equilibrium, are
important to promote specific adaptations (i.e. oxidative
capacity) (Pelayo et al., 2007). Nonetheless, it possibly
requires a biomechanical adjustment, as peripheral fatigue
may evolve during these long duration events.

In fact, it has been reported that the anaerobic
threshold seems also to influence the behaviour of some
biomechanical variables, as concomitant changes on some
selected kinematical and coordinative parameters and
[La’] during incremental and constant load tests have
been reported (Figueiredo et al., 2013a; Keskinen and
Komi 1993; Psycharakis et al., 2008; Wakayoshi et al.,
1995) This supports the idea that, in swimming, biome-
chanical changes could be related to metabolic effects and
that the anaerobic threshold represents not only a physio-
logical transition but also a biomechanical and coordina-
tive boundary, coincident with a stroke length (SL) drop,
and an increase in the stroke rate (SR) and index of coor-
dination (IdC) (Figueiredo et al., 2013a; Oliveira et al.,
2012). Specifically when swimming at MLSS, it was
found stability in the SL, SF and IdC in national level
swimmers (Dekerle et al., 2005; Pelarigo et al., 2011), but
it was suggested that this could be different depending on
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the swimmers level as contradictory results were reported
(Pelarigo et al., 2011). In fact, this analysis should go
further, as swimming performance is influenced by other
relevant factors, particularly the hydrodynamic drag and
propulsive forces (Toussaint, 2011).

As it has been evidenced that biomechanical skills
in swimming are of far greater importance for metabolic
economy than in running and cycling, and that elite
swimmers adopt different combinations of stroke parame-
ters than their less proficient counterparts, we aimed to
analyse the behaviour of relevant kinematical parameters
when swimming at MLSS intensity. This analysis will
contribute to the understanding of the main factors that
influence the maintenance of the highest swimming inten-
sity that could be supported by the aerobic energy system
without a significant rise of the [La].

Methods

Thirteen long distance swimmers voluntary participated in
the present study. Their main physical and training back-
ground characteristics were: 27.8 + 10.9 years of age,
1.76 £ 0.56 m of height, 1.77 + 0.64 m of arm span, 68.8
+ 5.6 kg of body mass, 22.22 + 1.65 of body mass index
and 5.8 £ 4.8 years of swimming competitive experience.
The criterion for swimmers' participation was a perform-
ance of 360 s (or less) in the 400 m freestyle event. The
local ethics committee approved the experimental proce-
dures and all swimmers signed a written consent form in
which the protocol was detailed explained.

All test sessions took place in a 25 m indoor pool,
1.90 m deep, with a water temperature of 27.5°C. A stan-
dardized warm-up, consisting primarily of 1000 m of
aerobic swimming of low-to-moderate intensity, was
conducted before each protocol. Using in-water starts and
flip turns, each participant performed a front crawl inter-
mittent incremental protocol of n x 200 m until exhaustion
with increments of 0.05 m/s between steps and 30 s rest
intervals to assess the swimming velocity corresponding
to individual anaerobic threshold (Fernandes et al., 2006).
The individual anaerobic threshold was determined by
[La'] /velocity curve modelling method, as describe pre-
viously (Fernandes et al., 2011).

After a 48 h rest interval, a MLSS test — a long dis-
tance continuous intensity test proposed by Stegmann and
Kindermann (1982) and Heck et al. (1985) — was con-
ducted in front crawl, with swimmers performing two to
four 30 min bouts at different velocities with 24 h rest in-
between. The swimming velocity for the first trial was
established based on the individual velocity correspond-
ing to anaerobic threshold obtained in the intermittent
incremental protocol. The velocity increments (or de-
clines) between bouts corresponded to 2.5% of the initial
30 min velocity (Pelarigo et al., 2011) and the velocity
corresponding to MLSS (v@MLSS) was defined as the
highest swimming velocity during which [La ] increased
1 mmol-1" during the final 20 min of the test (Baron et al.,
2005; Dekerle et al., 2005; Heck et al., 1985; Hein et al.,
1989). The [La] corresponding to MLSS ([La’] MLSS)
was obtained through the mean of [La ] measured at the
10th and 30th min (blood samples were also taken at rest).

During both incremental and continuous tests, velocity
was controlled through a visual pacer (TAR. 1.1, GBK-
electronics, Aveiro, Portugal), with flashing lights on the
bottom of the pool, helping swimmers to keep up the
predetermined velocity.

Swimmers were videotaped in the sagittal plane us-
ing a dual-media set-up (Sony® DCR-HC42E, Nagoya,
Japan) that recorded the mid-pool stroke cycles, placed
0.30 m above and below the water surface at the lateral
wall of the pool, 6.78 m from the plane of movement, and
12.5 m from the starting wall. The images of both cam-
eras were recorded independently and swimmers were
monitored when passing through a specific pre-calibrated
space using a calibration frame (6.3 m?). Synchronization
of the images was obtained using a pair of lights, fixed to
the calibration volume, visible in the field of view of each
camera (de Jesus et al., 2012). The Ariel Performance
Analysis System software (Ariel Dynamics, USA) was
used to analyze the kinematical parameters along the
MLSS test. Nine anatomical points, (the right hip - femo-
ral condyle - and both sides finger tips, fist, elbow and
shoulder) were digitized manually and frame by frame at
a frequency of 50 Hz. After a bi-dimensional reconstruc-
tion using DLT procedure (Abdel-Aziz and Karara,
1971), a low pass filter of SHz was used (Winter, 1990).
The duration of the MLSS test was normalized to 100%
and split into five parts (0, 25, 50, 75, and 100% of the
30-min test) of its total duration for the analysis of the
variables along the test (0% was only considered at 75 m
because swimmers did not instantly catch up with the
right pace and only mid-pool non-breathing stroke cycles
were considered).

The kinematical analysis consisted on the assess-
ment of the stroke kinematics (mean velocity, SF and SL)
and the absolute trunk inclination with horizontal plane
(T1, as the value of the angle between the shoulder and the
hip segment and the horizontal at the end of insweep of
the upper limbs action, as proposed by Zamparo et al.,
2009). For the efficiency estimation, it were selected the
intracycle velocity variation (IVV, computed as the hip’s
instantaneous velocity coefficient of variation) and the
upper limb’s propelling efficiency (n,, by assessing the
underwater phase only, as proposed by Zamparo et al.,
2005 and indicated in Equation 2).

M =[(vx0.9)/2nx SFx1)] (2/m) 2)

Being | the average shoulder to hand distance (the
length in the vertical axis between the shoulder and the
hand during the insweep phase). The velocity was multi-
plied by 0.9 to take into account that ~10% of forward
propulsion in front crawl is produced by the lower limbs
action (Zamparo et al., 2005). To assess the motor con-
trol, the index of coordination (IdC) was evaluated, meas-
uring the lag time between the propulsive phases of each
upper limb and expressing it as the percentage of the
overall duration of the stroke cycle (Chollet et al., 2000).
Following these authors, the propulsive phase begins with
the start of the hand’s backward movement until the mo-
ment where it exits from the water (pull and push phases)
and the non-propulsive phase initiates with the hand water
release and ends at the beginning of the propulsive phase
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(recovery, entry and catch phases), existing three coordi-
nation modes: (i) catch-up, when a lag time occurred
between the propulsive phases of the two upper limbs
(IdC < 0%)); (ii) opposition, when the propulsive phase of
one upper limb started when the other ended its propul-
sive phase (IdC = 0%); and (iii) superposition, when the
propulsive phases of the upper limbs are overlapped (IdC
> 0%).

In addition, the change in the duration of the pro-
pulsive impulse, which seems to be useful to estimate the
time allotted by the swimmer to propulsion per lap
(Tprop/distance), Was estimated as indicated in Equation

3 (Alberty et al., 2009):

Tprop/distance = Tcycle.(100% + 2.1dC)D/SL (3)

where D/SL corresponds to the number of stroke cycles needed to
cover the distance and 1dC is the Index of Coordination.

Mean and SD were used as measures of centrality
and dispersion of the studied variables. The normal Gaus-
sian distribution of the data was verified by the Shapiro-
Wilk’s test and the compound symmetry (or sphericity)
was checked using the Mauchley test. When the assump-
tion of sphericity was not met, the significance of F-ratios
was adjusted according to the Greenhouse—Geisser proce-
dure when the epsilon correction factor was <0.75 or
according to the Huyn—Feld procedure when the epsilon
correction factor was >0.75 (Vincent, 1999). A one-way
ANOVA for repeated measures was used to compare the
mean values for each variable at each point of analysis (0,
25,50, 75 and 100% of the MLSS). When a significant F-
value was achieved, Bonferroni post-hoc procedure was
performed to locate the pairwise differences. All statisti-
cal analysis was performed using STATA 12.1 (Stata-
Corp, USA) and the level of statistical significance was
set at P < 0.05. Effect size was computed with Cohen’s f.
It was considered a (Cohen, 1988): (i) small effect size if
0 < |f] £0.10; (ii)) medium effect size if 0.10 < |f] < 0.25
and; (iii) large effect size if |f] > 0.25.

Results

As it was expected, velocity remained stable along the test
(Fassy=0.12, p = 0.98, £ < 0.01), with a mean value of
1.06 + 0.14 m/s, corroborated by the constant values of
[La-]MLSS between the 10" and 30" min (3.25 + 1.08 vs.
3.38 + 1.18 mmol.I"", respectively). However, adaptations
occurred concomitantly in the SF (F45 = 14.57, p <
0.001, f=0.23) and SL (F445y= 3.12, p = 0.02, £ = 0.10)
between the first and the last moment of the 30 min test
(Figure 1).

Efficiency parameters changed as well, with the n, de-
creasing from the 0 and 25% to the 100% of the test
(Faas) = 3.91,p=0.008, f=0.14) and the IVV diminish-
ing from the first three moments to the last stage of the
effort (Fu4s = 3.14, p = 0.02, £ = 0.26) (Table 1). Con-
versely, the TI remained stable along the test (Fas =
0.51, P=10.73, £<0.01) and no significant effect of time
on IdC (F 4= 1.11, p = 0.36, f = 0.03) and Tprop values
(Fa48=0.10, p = 0.98, £ < 0.01) was observed (Table 1).
All swimmers adopted the catch-up arm coordination
mode.

0.7
- SF(Hz) -= SL(m)
a 25
2.0
0.5
" - s
0%  25% 50% 75% 100%
MLSS duration

Figure 1. Evolution through MLSS test of the mean + SD
values of the stroke frequency (SF) and stroke length (SL).
2 Significantly different from 0% (p < 0.05).

Discussion

The aim of this study was to analyse the behaviour of
relevant kinematical parameters when swimming at the
MLSS intensity. Efficiency related parameters (IVV and
Mp) and general biomechanical parameters (SF and SL)
changed, but TI, IdC and Tprop remained stable along
this typically aerobic effort. Moreover, the observed [La ]
MLSS values were similar to those reported by Dekerle et

al. (2005) and Pelarigo et al. (2011) (3.30 and 3.28
mmol.I", respectively), notwithstanding the differences
obtained in the velocity attained at the MLSS (1.22 vs
1.06 m/s). The obtained [La ] values also evidenced, as
proposed previously (Fernandes et al., 2011; Stegmann
and Kindermann, 1982), that individual assessments
should be used rather than averaged fixed values.
Regarding the stroking parameters, the SF and the
SL values remained stable, with the exception of the 0%
moment where the SF was lower and the SL higher.

Table 1. Evolution through the MLSS test of the mean (= SD) values of the trunk incline (TI), upper limb pro-
pelling efficiency (1), intracycle velocity variation (IVV), index of coordination (IdC) and the time allotted for

propulsion per pool length (Tprop).

0% 25% 50% 75% 100%
TI () 10.8 (3.8) 10.5 (3.9) 10.3 (3.4) 10.0 (3.9) 10.1 (3.8)
M 36 (.05) 36 (.04) 35 (.04) 34(.04) 34 (.05)*
vV 24(.06) 23 (.05) 24(.04) 22 (.05) 20 (.05)%b<
1dC (%) -168(58)  -159(4.7)  -16.0(5.2) -15.6 (5.8) -15.2 (5.0)
Tprop (s) 16.7 (4.4) 17.0 (4.3) 16.7 (4.3) 16.8 (4.0) 16.7 (3.3)

*b Significantly different with 0, 25, and 50%, respectively (p < 0.05).
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These results are in agreement with Dekerle et al. (2005)
and Pelarigo et al. (2011) who also reported a stability in
SF and SL (but only started their analysis at 12.5% and
10th min of the test, respectively), suggesting that when
beginning at MLSS intensity there is an important phase
of adaptation to the imposed pace, enforcing a constancy
of the required propulsion to overcome the corresponding
drag impulse. However, by changing the magnitude of the
generated propulsion, swimmers have some freedom in
combining SF and SL.

Afterwards SF and SL remained stable, but as seen
before for 400 m front crawl at an intensity corresponding
to the anaerobic threshold (Keskinen and Komi, 1993)
and in MLSS (Dekerle et al., 2005) studies, SF increased
and SL decreased slightly and non-significantly in terms
of absolute values. In addition, after a 2 km test (simulat-
ing a long-distance competition by maintaining a 10 km
race pace) significant differences in SF and SL were re-
ported (Zamparo et al., 2005). Above this intensity, at
102.5-105% (Dekerle et al., 2005; Pelarigo et al., 2011),
or at the velocity of maximal oxygen consumption
(Marinho et al., 2006), greater changes in SF and SL were
reported, probably due to the higher technical constraints
at the heavy intensity domain (above moderate exercise).
This fact suggests that the maintenance of the muscular
homeostasis (evidenced by the [La’] stability) might be
relevant for stable stroke parameters behaviour; neverthe-
less some peripheral fatigue may start to evolve (as ob-
served for long distance swimming; Invernizzi et al.,
2014). In addition, differences in technical skill of the
swimmers could emphasize these possible changes, as it
was observed that subjects with higher technical skill
would be able to maintain higher SL values for longer
(Chollet et al., 1997; Craig et al., 1985).

Furthermore, the TI values remained stable during
the MLSS test, which might indicate that swimmers were
able to maintain their swimming technique along the
exercise without experiencing additional drag form, since
the frontal area (highly related to the TI) is expect to be
maintained (Zamparo et al., 2009). Regarding the effi-
ciency parameters, a decrease in IVV and m, was ob-
served along the MLSS, in spite of the observed stability
in other parameters. Nevertheless, it is known that IVV
and m, are related with the stroking parameters (Fi-
gueiredo et al., 2011; Figueiredo et al., 2013b), probably
changing along the exercise due to modifications in the
SF and SL. Thus, IVV and 7, seem to be more sensitive
to time rather than the general stroke parameters (SF and
SL), although these latter presents a tendency (in terms of
absolute values) to a decrease in SL and an increase of the
SF from the 1* quarter of the test till the end. In fact, n,
should not show a different trend from SL, as the ratio
v/SF (equation 2) is indeed SL and all other parameters
(but 1) are constant. It also should be considered the fact
that these variables are macro kinematical parameters,
representing every adaptation that occur in face of the
constraints imposed on action, resulting in the final veloc-
ity.

The task constraint of even pace should also be
discussed as it could have highly influenced the initial

moments of the test, rather than the eventual muscular
fatigue. In fact, it is believed that the pacing selected by
athletes is largely dependent on the anticipated exercise
duration and on the presence of an experientially devel-
oped performance template as studies investigating pacing
during prolonged exercise have observed a fast start in the
beginning of race (e.g. Roelands et al., 2013). Although
[La'] stability was observed, swimmers could have ex-
perienced some increase in the rate of perceived exertion,
profile of mood state (fatigue) and muscular pain, as ob-
served by Invernizzi et al. (2014) for long distance
swimming. In addition, the tendency to increase the SF in
the final of the test may be due to a neuromuscular re-
serve, as evidenced for cycling exercise (Marcora et al.
2010).

Complementarily, it is known that the lower limbs
action in front crawl swimming has a contribution of
about 15% to overall propulsion in maximal efforts,
which is considered to be low (Deschodt et al., 1999) and
expected to be even lower in long distance swimming.
However, as upper limb action efficiency decreased, the
role of the lower limbs action may be critical and should
be taken into consideration in futures studies on this topic.

The observed changes on propelling efficiency,
concomitant with the SF increase, did not changed the
required Tprop to overcome the drag impulse that was
expected to occur due to the constant pace, without ener-
getical increments. Alberty et al. (2009) showed that
swimmers have freedom to choose the combination of SF,
IdC and, consequently, Tprop. Although changes were
observed in SF in the beginning of the MLSS test, they
were not sufficient to impose changes on the IdC, even
being a control parameter. This non-relation between SF
and IdC was already reported, but during a time to ex-
haustion test (Alberty et al., 2009). A catch-up mode was
adopted during MLSS test, remaining stable throughout,
as previously observed by Pelarigo et al. (2011).

Conclusion

In summary, MLSS intensity in swimming is maintained
with a concomitant stability of [La’] and some biome-
chanical parameters (after an initial adaptation). However,
efficiency indicators seem to be more sensitive to possible
changes occurring through time at this intensity and
should be further considered. Thus, MLSS is a useful and
practical swimming intensity to be maintained for a long
period of time, but some constraints in technique can
occur.
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Key points

e In MLSS swimming intensity, stability of the stroke
length and stroke frequency occurs after an initial
adaptation.

e Efficiency indicators seem to be more sensitive to
possible changes occurring through time at MLSS
intensity.

e MLSS is a useful and practical swimming intensity
to be maintained for a long period of time, but some
constraints in technique can occur.
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