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Abstract: This study describes the relationships between different physiological measurements and
combinations of critical velocity and performance in elite open-water swimmers. A total of 15 inter-
national male open-water swimmers performed a 5 x 200 m front crawl incremental test to estimate
maximal aerobic speed (MAS), maximal oxygen consumption (VO2ay), the first lactate threshold
(VLT1), the second lactate threshold (VLT2), the speed corresponding to 2 mmol/L (Vmmer/1) and
to 4 mmol/L (Vammol/L), and the lactate threshold (Vpmax)- A 10 km pool trial was also performed
to assess swimming performance. Official competition performances in 200, 400, 800, and 1500 m
events were collected and were also used to calculate critical velocity (CV) with various combinations
of distances. Personal best performances in 1500 m events were 941.76 + 20.28 s. For the 10 km
trial, performance was strongly correlated to Vi1 and moderately to Vomel L (r = 0.73 and 0.67,
respectively). For the 400, 800, and 1500 m events, strong correlations were observed for Vymol/L
and Vmmol/L- Moderate correlations with these events were also observed for V11 and for Vpmax
(400 and 800 m only). For long-distance swimmers, assessment with a fixed blood lactate value
seems to be a good option to estimate swimming performance in distance events. In addition, 10 km
performance seems to be more related to the aerobic threshold than the anaerobic threshold.

Keywords: threshold concept; elite athletes; physiology; endurance

1. Introduction

It is well known that the best endurance athletes are used to sustaining severe exertion
for many hours and need to develop a high aerobic capacity to achieve maximal perfor-
mance [1]. Open-water swimming is one such activity, where swimmers exhibit a high
percentage of VO2max during a race [2]. At the same time, the best open-water swimmers
in the world present higher speeds in pool events than others [3], with a great end spurt at
the end of the race [4]. Open-water swimming is also characterized by more fluctuations in
energy cost than in pool conditions [5], which is partially due to biomechanical variables [6].
Intensity zones for open-water swimmers seem to be quite different than those reported
for other endurance disciplines [7]. In long-distance swimming events, some authors have
already investigated the relationships between velocity corresponding to 4 mmol/L and
performance [8]. The assessment of the lactate threshold (LT) is often used from young
swimmers [9] to elite swimmers [10,11] to monitor training intensity and to observe physi-
ological changes throughout cycles and seasons. The assessment of the LT is essential in
long-distance swimmers because they train and compete near this swimming speed [12].

The concept of the LT has already been largely discussed in the literature, and a lot
of methods allow for the estimation of this threshold [13]. Some authors use gas analysis
to measure the anaerobic threshold [14], but this method seems to not be appropriate for
swimmers because of the complexity of the protocol. Indeed, gas analysis during swimming
places a lot of constraints on the swimmers, like the impossibility of performing turns, the
modification of breathing caused by the snorkel, and the resulting difficulty in achieving
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maximal swimming velocity. Another method exists for measuring oxygen consumption:
at the moment of the swimmer’s first breath after reaching the wall [15]. This technique is
associated with a mathematical model allowing a post-exercise measurement to quantify
oxygen uptake [15]. The assessment of blood lactate concentration values appears to be the
best method to estimate the LT in elite swimmers [8,16]. This is why, in swimming, the LT
is estimated with lactate measurements, whereas the anaerobic threshold can be estimated
when the gas analysis is performed.

In swimming, two different protocols allow for the determination of the LT, where the
maximal lactate steady state (MLSS) is obtained after continuous swimming exercise and
the LT is estimated after an incremental test [17,18]. Currently, the incremental swimming
test is preferred by sports scientists because of its ease of use, the possibility to categorize
swimming intensity, the ability to collect other physiological measurements like maximal
heart rate and maximal oxygen consumption, and the ability to observe stroke kinematics
changes [9-11,17-19]. This test allows for the creation of a lactate—velocity curve, which
gives an estimation of the LT. The LT is frequently debated with various possible measure-
ment methods [13]. This can lead to different results depending on the method used and
thus can have an impact on assessing endurance performance [13].

Another concept which appears to be linked with endurance performance is the critical
velocity [20], which is defined as the velocity that can be maintained without exhaustion. It
is assessed from swimming performance at various distances [21]. In swimming, Wakayoshi
et al. [22] presented a method to calculate the critical velocity and demonstrated that it
could be adopted as an index of swimming endurance. In that study, the authors showed
that critical velocity (CV) highly correlated with the velocity at the onset of blood lactate
accumulation (OBLA) and the mean velocity of the 400 m freestyle [22]. More recently,
Toubekis et al. [23] also observed a strong correlation between the CV calculated from a
combination of distances including 50, 100, 200, and 400 m and the LT in young swimmers.
This study highlighted that only two or three distances can be applied to assess endurance
performance without the need for any equipment [23].

To date, some studies have highlighted the correlations between pool performances
and open-water performances, but few studies have described the main physiological
variables for elite open-water swimmers. In this sense, the aim of this study was to
identify which physiological capacities of such open-water swimmers are related to long-
distance swimming performance. We hypothesized that the LT will strongly correlate with
swimming endurance performance.

2. Materials and Methods
2.1. Experimental Approach to the Problem

All the testing procedures were performed in a 50 m indoor swimming pool located
at the National Institute of Sport (Paris, France). The swimmers were advised to avoid
caffeine and alcohol at least 48 h before the experimental sessions. The swimmers were
equipped with a habitual competition wetsuit. They performed in-water starts and open
turns using the front crawl stroke. All tests were conducted between 14:00 h and 16:00 h in
the same period, corresponding to the last weekend of May in various training seasons.

2.2. Participants

This study included 15 male swimmers (20.3 £ 3.9 years, 72.3 &£ 3.5 kg of body mass,
1.83 & 0.06 m in height) who were all on the open-water French swimming team (2 of them
participated in the Olympic Games, 3 of them participated in the World Championships,
2 of them participated in the World Cup, and 8 of them participated in the European
Junior Championships). The swimmers had at least 9 years of experience as competitive
swimmers, and they trained 24-28 h with 10 & 2 sessions per week. The best swimming per-
formance characteristics of swimmers are presented in Table 1. This study was conducted
in accordance with the Declaration of Helsinki. After comprehensive verbal explanations,
all participants signed an informed consent form to participate.
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Table 1. Mean =+ SD for performances during official swimming competition, physiological measures
during the incremental test, and critical velocities from performance times.

Performances Times (s)

SB200 SB400 SB800 SB1500 PB200 PB400 PB800 PB1500
n=15 1:56:78 + 04:00:74 + 08:15:81 + 15:47:99 + 01:55:86 + 03:59:20 + 08:13:35 + 15:41:76 +
- 00:02:86 00:04:47 00:09:31 00:14:77 00:02:99 00:05:04 00:10:33 00:20:28
Performances Times (m/s)
SB200 SB400 SB800 SB1500 PB200 PB400 PB800 PB1500
1.71 £ 0.04 1.66 + 0.03 1.61 +£0.03 1.58 £ 0.02 1.73 £ 0.04 1.67 +£0.03 1.62 +0.03 1.59 £ 0.03
Physiological Variables
Vozpeak Lapeak HRmax MAS LT1 LT2 Dmax
(mL/min/kg) (mmol/L) (bpm) (m/s) (mmol/L) (mmol/L) (mmol/L)
n=15 70.8 + 7. 91+24 190 +9 1.70 £ 0.04 2.0+0.6 35+1.0 274+0.8
Physiological Variables (Lactate Measurements in m/s)
Vaommol/L VimmonL Vim Vir VDmax
n=15 54 + 0.04 1.62 +0.04 1.52 +0.05 1.59 £ 0.05 1.57 £ 0.03
Critical Velocities (m/s)
CV2001400 CVao0i00 CVso0/1500 CV2001800 C V20011500 CV200/400/800 CVap0/800/1500 CV2001400/800/1500
n=15 1.61 £ 0.05 1.57 £0.03 1.55 £ 0.03 1.58 + 0.04 1.56 +0.03 1.58 £+ 0.04 1.55 £ 0.03 1.56 + 0.03

Abbreviations: SB200 = season best time for 200 m freestyle, SB400 = season best time for 400 m freestyle,
SB800 = season best time for 800 m freestyle, SB1500 = season best time for 1500 m freestyle, PB200 = personal best
time for 200 m freestyle, PB400 = personal best time for 400 m freestyle, PB800 = personal best time for 800 m
freestyle, PB1500 = personal best time for 1500 m freestyle, VO2max = maximal oxygen consumption, Lape,k = peak
blood lactate concentration at the end of the incremental test, HR,,ax = maximal heart rate, MAS = maximal aerobic
speed, LT1 = blood lactate value for first lactate threshold, LT2 = blood lactate value for second lactate threshold,
Dmax = blood lactate value for Dmax method, Vammol/1. = speed corresponding to 2 mmol/L, V4yme1/1 = speed
corresponding to 4 mmol/L, Vi1 = speed corresponding to first lactate threshold, Vi1, = speed corresponding to
second lactate threshold, Vpmax = speed corresponding to Dmax point, and CV = critical velocity for combinations
of 200, 400, 800, and 1500 m events.

2.3. Procedures

The incremental test was conducted following the protocol proposed by Mujika
et al. [24] after a standardized 1200 m warm-up, which included general, arm, and leg
work, with a progressive-intensity specialty set, concluding with low-intensity aerobic
swimming. The test consisted of swimming 5 x 200 m with velocity increments of 0.05 m/s
and 1 min of rest between each 200 m step. The velocity was not paced, as the swimmers
were accustomed to performing this test during the season. The velocity of the last step
was determined by the swimmer’s best 400 m freestyle personal record. Capillary samples
for blood lactate concentration ([La],) were collected from the finger using a Lactate Pro
2 analyzer (Arkray Factory Inc., Otsu, Japan) within the first 30 s after each step. For the
last step, blood lactate was measured until reaching a maximal blood lactate concentration
([La]max). Heart rate was monitored using a Garmin Swim Belt (Garmin, Olathe, KS, USA).

For each swimmer, the velocity-lactate curve was fitted using a third-degree poly-
nomial regression curve [25] based on the shape of the blood lactate data [13]. An Excel
file specifically created for these calculations was used. We aimed to select methods from
the literature and those that are easily reproducible by practitioners. First, the speed at a
fixed ([Laly) of 4 mmol/L (V4mmo1/1) Was determined by linear interpolation of the lactate
concentration—velocity curve [9,11,26]. This procedure was then repeated for the speed at
the blood lactate concentration of 2 mmol/L (Vommel/L). Another variable was derived
using the method adapted from Cheng et al. [25]. The two extremes of the curve were con-
nected by a straight line. After, the point of maximal deviation (Dmax) between this straight
line and the lactate curve was calculated. The velocity corresponding to the Dimax point was
defined as Vpmax. The first LT (LT1) was identified as the velocity at which the increase
in lactate at the next step exceeds 0.3 mmol (Vir1) [15,27]. The LT1 value corresponds to
the blood lactate concentration observed at this point. The second LT (Vi2) was estimated
using the modified Dmax method [15,27,28], which identifies the point on the lactate curve
with the greatest perpendicular distance from the previously described linear relationship
(LT2). The velocity at the second lactate threshold (Vr12) corresponds to this point (LT2).
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The velocity of the final 200 m was considered as the maximal aerobic speed (MAS). Figure 1
illustrates the physiological variables derived from the lactate measurements.

Lactate (mmol/L)

VLTl VmeleL VDmaxVLT2V4-mmUIfL
Speed (m/s)

Figure 1. Physiological variables from different mathematical methods based on the literature.
LT1 = blood lactate value for first lactate threshold, LT2 = blood lactate value for second lactate
threshold, Dimax = blood lactate value for Djax method, Vommer /1 = speed corresponding to 2 mmol/L,
Vimmol/L = speed corresponding to 4 mmol/L, V11 = speed corresponding to first lactate threshold,
ViT2 = speed corresponding to second lactate threshold, and Vpp,x = speed corresponding to
Dmax point.

At the end of the incremental test, a breath-by-breath gas analysis was performed
immediately after the last step. As soon as the swimmer’s head emerged from the water, a
mask was placed on the swimmer for 30 s. The first 20 s was used to determine VO2max-
A K4b2 analyzer connected to a face mask (Hans Rudolph, Shawnee, KS, USA) and back-
ward extrapolation were employed to collect and process the data [29]. The technique
described by Chaverri et al. was used to estimate VO2y,,x, using the heart rate at the
end of the 20 s recovery period and the heart rate at the end of the exercise [15]. This
approach provided predicted VO, values using the following equation: pVO2(t) = VO2(t)
HReng-exercise/HR(t) [15], where pVO2(t) is the predicted post-exercise VO2 at time t, VO2(t)
is the 1 s interpolated post-exercise VO2 at time ¢, HR(#) is the 1 s interpolated post-exercise
HR at time t, and HR¢p g exercise i the highest HR recorded during the last 10 s of exercise.

Critical velocity (CV) was calculated from the slope of the linear regression between
swimming distance and time [19]. The critical velocity was also calculated using combina-
tions of two, three, and four time distances based on the corresponding linear relationships
following the same procedure: CVy(g,/400 = CV from 200 and 400 m events, CV /500 = CV
from 400 and 800 m events, CVgyg /1500 = CV from 800 and 1500 m events, CVygy/800 = CV
from 200 and 800 m events, CVyq,/1500 = CV from 200 and 1500 events, CVy0g,400/800 = CV
from 200, 400, and 800 m events, CV400,5300/1500 = CV from 400, 800, and 1500 m events,
and CV200/400/800/1500 = CV from 200, 400, 800, and 1500 m events.

A 10 km time trial was performed the day after the incremental test using the same
warm-up procedure. It consisted of 5 steps: 500 m, 3000 m, 3500 m, 1500 m, and 1500 m, with
a 1 min break in between. These stages were chosen to replicate as closely as possible the
performance model of a 10 km open-water race. This model was developed by the French
Swimming Federation using data from international races (https://www.omegatiming.
com/, access on 1 August 2015 for the first time). The first 500 m of an international
open-water race is typically characterized by a fast start, generally between 01:06 and 01:08
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per 100 m. The next 3000 m are swam at a pace slightly below the first threshold (around
01:10 per 100 m), followed by 3500 m swam at a slightly faster pace (around 01:09). The
subsequent 1500 m is performed at an even faster pace (around 01:07), with a final maximal
effort over the last 1500 m (around 01:04). Each swimmer was instructed to complete the
time trial according to their individual performance model.

Additionally, the swimming course performance results for each swimmer were
collected for the 200, 400, 800, and 1500 m freestyle events. Personal best (PB) and seasonal
best (SB) performances (converted into speed in m/s) were recorded for each swimmer.
The SB times were taken from official competitions held during the season in which the
swimmer performed the incremental test. Thus, there were 8 pool performances: SBy,
SB400, SBsoo, SB1500, PB2oo, PB4go, PBsgo, and PBysg for the 200, 400, 800, and 1500 m events
(season and personal best times). All data were collected from the French Swimming
Federation website.

2.4. Statistics

Quantitative variables are presented as mean =+ standard deviation. The normality of
distribution was tested using the Kolmogorov-Smirnov test. Pearson’s product-moment
correlations were used to examine the relationships between the physiological measurement
variables observed during the incremental test (VOzpeak, Lamax, HRmax, MAS, LT1, LT2,
Dmaxs Vommol/Ls Vammol/L, ViT1, VL2, and VDmax) and the combinations of critical velocity
(CV200/400, CV400/800, CV800/1500, €V 200,800, CV200/1500, CV200/400/800, €V 400/800/1500, and
CV200/400/800/1500) and performance times (SB2go, SB4oo, SBsoo, SB1500, PB200, PBaoo, PBsoo,
and PBq5q). Correlation threshold values were set to 0.3, 0.5, 0.7, and 0.9 corresponding to
small, moderate, strong, and very strong correlations, respectively. The level of significance
was set at a p-value < 0.05. Only correlations with a p-value < 0.05 are reported in the
Results section. All statistical analyses were performed using the Rstudio software package,
version 4.2.2 (PBC, Boston, MA, USA).

3. Results
3.1. Performance

The average velocity for the 10 km pool trial was 1.46 £ 0.03 m/s, corresponding to a
100 m pace of 1:08:00. This 10 km velocity was equivalent to 86.0 &= 2.4% of the MAS. A
strong correlation was also observed between SBi599 and the 10 km performance (r = 0.70).
Table 1 provides data on the physiological variables collected during the incremental test,
performance times (200, 400, 800, and 1500 m), and critical velocities derived from the
performance times.

3.2. Relationships between Physiological Capacities and Performance

The relationships between physiological measurements and performance are pre-
sented in Figure 2, showing the r correlations. The main predictors for 10 km performance
were V71 and Voymel/1, With r = 0.73 and 0.67, respectively (p < 0.01). No other physi-
ological variable was significantly associated with 10 km performance. For pool events,
moderate to strong relationships were observed for the 400 m and 800 m events with
Vommol/Ls Vammol/L, VDmax, and Vir; (p < 0.05). For the 1500 m event, moderate to strong
correlations were observed with Vomol/L, Vammol/L, and Viri (p < 0.05). For the 200 m
event, only the MAS showed a positive correlation (r = 0.76, p < 0.001). Across all events,
no correlation was found with LT1, LT2, and VLT2.
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Figure 2. Correlation matrix with Pearson’s product moment correlation between physiological
capacities and performances. The r values are presented only when p-values were <0.05. Green
color indicates positive correlations, while red color indicates negative correlations. Vi, = speed
corresponding to the average velocity during the 10 km pool time trial, SB200 = season best time for
200 m freestyle, SB400 = season best time for 400 m freestyle, SB800 = season best time for 800 m
freestyle, SB1500 = season best time for 1500 m freestyle, VO2max = maximal oxygen consumption,
Lapeak = peak blood lactate concentration at the end of the incremental test, HRmax = maximal
heart rate, MAS = maximal aerobic speed, LT1 = blood lactate value for first lactate threshold,
LT2 = blood lactate value for second lactate threshold, Dmax = blood lactate value for Dmax method,
Vommol/L = speed corresponding to 2 mmol/L, V411 = speed corresponding to 4 mmol/L,
Vi1 = speed corresponding to first lactate threshold, Vi, = speed corresponding to second lactate
threshold, and Vpp,x = speed corresponding to Diax point.

3.3. Relationships between Critical Velocity and Performance

The relationships between critical velocity and performance are presented in Figure 3.
For the 800 and 1500 m events, all CV measurements showed moderate to very strong cor-
relations with performance (p < 0.001). For the 400 m event, moderate to strong correlations
were observed (p < 0.01), except for CVggyg /1500 (p = 0.11). No significant correlation was
observed for the 200 m event. For the 10 km time trial, correlations were moderate to strong
when the 1500 m event was included in the formula (CV800/1500, CV200/1500, CV400/800/1500,
and CVyg0,400/800/1500 With p < 0.01). A positive moderate correlation was also observed
with CV200/400 (p < 005)
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Figure 3. Correlation matrix with Pearson’s product moment correlation between critical velocities
and performances. The r values are presented only when p-values were <0.05. Green color indicates
positive correlations, while red color indicates negative correlations. Vygi, = speed corresponding to
the average velocity during the 10 km pool time trial, SB200 = season best time for 200 m freestyle,
SB400 = season best time for 400 m freestyle, SB800 = season best time for 800 m freestyle, SB1500 = sea-
son best time for 1500 m freestyle, CV200/400 = CV from 200 and 400 m events, CV400/800 = CV
from 400 and 800 m events, CV800/1500 = CV from 800 and 1500 m events, CV200/800 = CV
from 200 and 800 m events, CV200/1500 = CV from 200 and 1500 events, CV200/400/800 = CV
from 200, 400, and 800 m events, CV400/800/1500 = CV from 400, 800, and 1500 m events, and
CV200/400/800/1500 = CV from 200, 400, 800, and 1500 m events.

3.4. Relationships between Critical Velocity and Threshold Measurements

The relationships between critical velocity and lactate threshold measurements are
presented in Figure 4. All CV measurements were moderately to strongly correlated
with Vopmol/L (p < 0.01 for all CV measures, except for CVgy /1500 with a p < 0.05). A
similar trend was observed for Vym,me1/1, with moderate to strong correlations across all
CV measurements (p < 0.01), except for CVggyg /1500 (p = 0.09). For all CV measurements,
a moderate negative correlation was observed with Dpyax (p < 0.05). Moderate positive
correlations were observed between VLTl and CV200 /4007 CVgQO /1500~ CV200 /800 CV200 /1500~

CV400/800/1500, and CV200,/400/800,/1500 (P < 0.05).
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Figure 4. Correlation matrix with Pearson’s product moment correlation between physiological
capacities and critical velocities. The r values are presented only when p-values were <0.05. Green
color indicates positive correlations, while red color indicates negative correlations. CVyg /4990 = CV
from 200 and 400 m events, CV 9,800 = CV from 400 and 800 m events, CVgyg /1500 = CV from 800
and 1500 m events, CVyn/500 = CV from 200 and 800 m events, CVygp,1500 = CV from 200 and
1500 events, CVyq0,400,800 = CV from 200, 400, and 800 m events, CV 9,500,1500 = CV from 400, 800,
and 1500 m events, CVyq0,400,800/1500 = CV from 200, 400, 800, and 1500 m events, VO2max = maximal
oxygen consumption, La,e, = peak blood lactate concentration at the end of the incremental test,
HRpmax = maximal heart rate, MAS = maximal aerobic speed, LT1 = blood lactate value for first lactate
threshold, LT2 = blood lactate value for second lactate threshold, Dmax = blood lactate value for
Dmax method, Vymol/1. = speed corresponding to 2 mmol/L, V4,011, = speed corresponding to
4 mmol/L, Vi1 = speed corresponding to first lactate threshold, Vi1; = speed corresponding to
second lactate threshold, and Vpy,x = speed corresponding to Dmax point.

4. Discussion

This study examined the relationships between various physiological measurements
and long-distance swimming performance in elite open-water swimmers. Our results
demonstrate the very high speed corresponding to 2 mmol/L and 4 mmol/L in these
swimmers. For the 10 km pool trial, positive relationships were observed with Vi1
and Vyymol L, highlighting the importance of aerobic capacity for this event. For pool
events, other variables such as Vimmol/L and Vpmax were also correlated with performance.
It appears that critical velocity could be a useful tool to assess swimming endurance
performance without the need for any physiological equipment, given the very high
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correlation between CV and LT measurements. For open-water swimmers, CV including
the 1500 m event seems to be the most appropriate method.

Our results show that for the 400, 800, and 1500 m events, aerobic and anaerobic
indices appear to have similar associations with performance. This study reinforces pre-
vious research that demonstrated a positive relationship between threshold speed and
performance. Pyne et al. [10] have reported a positive correlation for performance in the
200 m event (r = 0.75), and Altimari et al. [30] found a positive correlation for performance
for the 400 m event (r = 0.90). Similarly, Olbrecht et al. [8] demonstrated an almost perfect
relationship between V mo1/1 and 30 min performance. This study shows that Voymer/L
and Vymmol/1 are major determinants of performance in swimming distance events. In our
study, Vammol/L Was closely associated with 800 m performance, while Vy,m01/1 Was asso-
ciated with 1500 m performance, which may explain the strong relationships between these
variables. As Vymol/1 and Vammol 1 are similar, both could be used to assess swimming
endurance performance. For longer distance events, such as 10 km, Vy,m01/1. Seems more
appropriate, as most of the race is likely performed at this pace. With a high V01,1,
open-water swimmers could conserve energy more efficiently.

However, our results show that 10 km pool trial performance in world-class swimmers
is only associated with key indicators of aerobic metabolism. It is important to note that
theVommol/L and Vir; values observed in these swimmers are much higher than those
previously reported in the literature for open-water swimmers [31]. As noted by leno et al.,
the 10 km open-water speed is slightly below V01,1, Which reinforces the importance
of training at this intensity [7]. These results highlight the necessity of training at high
volumes with low intensity to enhance fat oxidation [32] and facilitate oxygen diffusion
to the mitochondria [33]. Consequently, it is likely that the best open-water swimmers
can reduce energy expenditure and save energy for the end spurt at the final stage of the
race [4,32]. Studies on the best endurance athletes support this hypothesis, showing that a
significant portion of their training is performed below the first LT [34], although limited
data are currently available for open-water swimming [2].

The correlations between the different methods of lactate measurement show that
using speeds corresponding to fixed lactate values of 2 and 4 mmol/L appears to be the
method most associated with performance. Indeed, our results indicate that the absolute
lactate values do not seem to correlate with performance. Various methods exist for estimat-
ing the LT in incremental tests, but to the best of our knowledge, no author has compared
these methods in world-class swimmers. Nikititakis et al. suggested that the Dyax method
was most appropriate for young swimmers [35]. They also stated that the x-axis projection
of the intersection of the lines connecting the upper and lower points of the speed vs.
lactate curve (a method not tested in our study) was the best method for adolescents [35].
However, they did not test with the fixed-value blood lactate method. From a practical
perspective, the use of fixed lactate values seems appropriate and highly useful for coaches
and support staff. It is also important to note that Pyne et al. observed variations in blood
lactate concentration at the LT in world-ranked swimmers, but these were not associated
with changes in performance [10]. This highlights that swimming performance is also
influenced by other factors such as psychology, technique, and pacing strategy.

Our study also revealed moderate to strong relationships between CV and perfor-
mance in the 400, 800, 1500, and 10,000 m events. Wakayoshi et al. [36] found a stronger
correlation between V49 and CV (r = 0.865) than what we observed. In our study, the
correlation between CVyy /400/800/1500 and SBagg was r = 0.66. The CVs that appear to be
the best predictors of performance are those that include three or more events in their
formula (200, 400, 800, and 1500 m). Dekerle et al. have also supported the idea that CV is
more reliable when derived from three or four measurements. [37]. For the 10 km time trial,
given the correlation between the 10,000 m and 1500 m events, the highest associations
were found when the CV included 1500 m performance times. This aligns with the fact that
the best open-water swimmers in the world are also among the top performers in 1500 m
pool events [3].
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All CV measurements were moderately correlated with Vyme1/1 and Vammol /1, with
a slight tendency to be more correlated with V,nm01,1. Wakayoshi et al. [36] observed
similar results, showing that V45,011, Was strongly correlated with CV (r = 0.91). Toubekis
et al. also reported r > 0.9 between LT and CV, as well as between V g,01/1 and CV [22].
However, Dekerle al. highlighted that CV is correlated with MLSS but tends to present
higher values [38]. In our study, CV appears to fall between Vommor/L and Vammol /-
Additionally, moderate correlations were observed between CV, Dpax, and Vir; in our
study. As Dmax is located between LT1 and LT2, and CV is located between ViT; and V1o,
we can hypothesize that D,y may reflect the intensity of CV. Unfortunately, no studies
investigated these relationships in swimmers. However, Valenzuela et al. found similar
results in recreational cyclists, highlighting strong correlations between critical power and
Dmax [39]. It is important to note that while CV is correlated with performance, individual
variations in CV do not appear to be associated with changes in performance [23].

This study has some limitations. First, it was conducted with only 15 swimmers, who
may have exhibited varying levels of physiological condition. From a methodological stand-
point, the protocol may have been influenced by several factors that could affect the results,
such as the timing within the season, recovery duration, measurement equipment, etc.
Finally, while this study describes the characteristics of open-water swimmers, it does not
assess performances in official open-water competitions. It would be worthwhile to extend
this research to a larger population in natural environments under open-water conditions.

5. Conclusions

This study demonstrates that the use of an incremental test allows for the measurement
of changes in aerobic indices and their link to performance in the 400, 800, 1500, and even
10 km events. Fixed blood lactate values of 2 and 4 mmol/L appear to be the method most
closely associated with swimming performance. From a practical perspective, Vmo1/1 and
Vimmol,/L are excellent options for monitoring swimming training and evaluating changes
in long-distance swimming performance. For the 10 km event, Vo011 Was the index
most strongly correlated with performance. Further performance estimation is possible
using the concept of critical velocity by combining the speed of the 200 m personal best
and the speed(s) of the 400, 800, and 1500 m personal records.
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