www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Higher relevance of mechanical
determinants for short-distance
performance and metabolic
determinants for middle-distance
performance in female adolescent
swimmers at national level

Sebastian Keller(®:2:3> & Patrick Wahl|%2

The study investigated associations of metabolic, anthropometric, and neuromuscular parameters
with 50 to 400 m front crawl performance. Competition performances of 24 female swimmers

(14.9 +1.3 years) were recorded and metabolic determinants (maximal oxygen uptake and lactate
accumulation [¢cLa,_ ], cost of swimming [C], and lactate threshold 1 [LT1] using 200 m all-out, 20 s
sprint, 500 m submaximal, and 3 min incremental test, respectively), anthropometry and dryland
strength (squat and bench press 1 repetition maximum [1RM,,/1RM_.] and mean propulsive power
[MPPSQIMPPBP]) were assessed. 1RM,, (61.9+13.3 kg) and MPP_, (207 +45W) correlated significantly
with 50 (1.84 +0.07 m-s!) and 100 m performance (1.68 + 0.06 m-s™%) (r=0.45) and ¢Lamax (0.35+0.12
mmol-L1.s71) and body mass (60.1+7.0 kg) with 50 and 100 m, respectively (r=0.44). Only LT1

(1.23 £0.04 m-s?) correlated significantly with 200 (1.52 +0.05 m-s™1) and 400 m performance

(1.43 £0.06 m-s1) (r=0.56). Multiple regression explained 33-35% and 61-86% of the variance in
short- and middle-distance performance based on 1RM,, and arm span and LT1, C, and fat percentage,
respectively. Based on the analyses, mechanical determinants are more predictive of short- and
metabolic determinants of middle-distance performance.

Keywords Performance determinants, Strength training, Performance diagnostics, Lactate threshold,
Maximal oxygen uptake, Correlation

Swimming performance, i.e., the highest average swimming speed achieved in competition, is determined by
a complex interplay of metabolic power, including anaerobic and aerobic energy contributions, and energy
cost of swimming (C), which is influenced by mechanical parameters, e.g., anthropometric, neuromuscular,
and technical properties'2. Therefore, diagnostic assessments frequently involve parameters to estimate the
development and/or contributions of those determinants to performance®->. These include for example maximal
lactate accumulation assessed during short all-out tests for anaerobic power®, maximal oxygen uptake (VOZPeak)
during incremental tests or time trials for aerobic power®”5, and oxygen consumption (VO,) during swimming
at a given speed as a measure of C*!° on the metabolic side. In addition, metabolic (e.g., lactate) thresholds are
also frequently assessed as they present the interplay of metabolic power input and C>°. On the mechanical
side, anthropometric characteristics (including body dimensions and composition) and dryland strength (i.e.,
maximal strength and power) are commonly evaluated!!~13.

To find out which of these determinants might be most important, various studies have related diagnostic
parameters to swimming performance. In front crawl swimming, for example, the correlation between VO, pear and
performance has been frequently investigated for short distances, i.e., 50 and 100 m (e.g.,*”!*), and middle
distances, i.e., 200 and 400 m (e.g.,.>>!>1°). Interestingly, the individual studies not only reported differences
between distances, which would have been expected, e.g., due to different energy system contributions’ but
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also within the same distance. Thus, correlation coefficients ranged from r=0.02 to r=0.54 for short-distance
performance®”1” and from r=0.30 to r=0.70 for middle-distance performance®>!>1% which raises the question
of where this variance originates from. Potential explanations include different testing times across the season,
varying test protocols, and measurement or parameter determination methods.

Besides such methodological discrepancies, heterogeneous sample characteristics in terms of sex, age, and
performance level are a further source of random variance that limits the comparability of the study findings.
In addition, heterogeneity within a studied sample can also have a strong impact on the resulting correlation
coeflicients'®. This could be the case, for example, when pooling data from male and female swimmers where
sex-specific differences, e.g., lower dryland strength and VO, __, as well as performance, are expected”!!* and
may lead to overestimation of the correlation coefficient.

Unfortunately, studies investigating associations between metabolic and mechanical determinants and
performance in male and female swimmers separately or even only in female swimmers are scarce and focus,
if at all, on early junior swimmers (i.e., age between 10 and 14 years)!>!*20, However, since the late junior
age (i.e., 15-17 years) is much more predictive of high performance in adulthood?!?, it would be even more
important to know which determinants are related to performance in this age group. In one of the few studies
that examined female late junior swimmers at a high level, Unnithan et al.!° found no statistically significant
correlations between VO, . and performance from 50 to 1000 m, which contradicts some studies conducted in
highly trained men showing statistically significant moderate to high correlations, at least with middle-distance
performance (e.g.,'*?}). Regarding anthropometric and neuromuscular parameters, Seffrin et al.!? reported no
statistically significant correlation for body height, mass, composition, and segment lengths, as well as handgrip
strength and squat or countermovement jump performance with 100 to 400 m performance in female late junior
swimmers, but this could be at least partially related to the small sample size of N=4, which seems underpowered.
Besides the cited studies, to the best of the authors’ knowledge, there is currently no study that comprehensively
investigates the associations of several metabolic and mechanical parameters with performance over different
race distances among female late junior athletes at a high level.

Given this paucity of evidence, in this study we systematically examined the relationships of various commonly
assessed metabolic (i.e., blood lactate accumulation, VOZPeak, C, and LT1), anthropometric (i.e., body height,
mass, composition, and arm span), and neuromuscular parameters (i.e., squat and bench press maximal strength
and power), with front crawl swimming performance over different race distances in a homogeneous group
of female late junior swimmers at the national level. By always using the same test protocols and assessment
methods and using race times over multiple distances collected during the competition period from the same
participants, we aimed to overcome some of the methodological issues associated with the equivocal literature
findings shown previously. Thus, we sought to identify which metabolic and mechanical parameters are most
important for short- and middle-distance front crawl performance in this specific group.

2peal

Results

Of the 24 athletes included, 21, 24, 22, and 19 swimmers obtained official race results for 50, 100, 200, and 400 m
freestyle, respectively (Table 1), yielding mean speeds of 1.84+0.07, 1.68 +0.06, 1.52+0.05, and 1.43 +0.06 m-s~},
respectively. In addition, Table 1 presents all descriptive values for performance as well as the metabolic and
mechanical determinants including slight variations in sample size due to missing race times, invalid spirometric
measurements (2 x for VO, . and 1 x for C), determination of LT1 (2 x), and bioimpedance measurements (2 x
for body fat percentage), and problems in performing the neuromuscular tests with adequate exercise technique
(3 x for bench press and 4 x for squat).

Correlations of metabolic, anthropometric, and neuromuscular determinants with swimming performance
over the different race distances are presented in Figs. 1, 2, and 3 respectively. Of the metabolic parameters, cLa_
correlated moderately with 50 m performance (r=0.45, p=0.04), while LT1 correlated highly with middle-
distance performance (r>0.56, p<0.01). Due to consistently lower correlations between La . and performance
compared to ¢La__, only the latter was shown in Fig. 2. In contrast to moderate to high correlations between
most anthropometric variables (i.e., height, mass, and arm span; r>0.26) and short-distance performance, trivial
to low correlations were observed for the middle distances (—0.13<r<0.09). All neuromuscular parameters
were moderately to highly associated with short-distance performance (r>0.34), while trivial to small positive
or even moderate to high negative correlations were observed for 200 and 400 m performance (r<0.22). Besides
correlations with performance, Fig. 4 shows the correlations between all metabolic and mechanical performance
determinants.

The findings of the multiple regression analysis are presented in Table 2. Similar to the bivariate correlations,
mechanical parameters (i.e., IRMg, and arm span) were retained in the models for short-distance performance,
whereas metabolic parameters (i.e., LT1 and C) were primarily retained for middle-distance performance.

Discussion

The aim of the present study was to investigate which metabolic and mechanical parameters are most important
for short- and middle-distance front crawl performance in a homogeneous group of female adolescent
swimmers at the national level. Overall, mechanical parameters were more important for short-distance
performance, while metabolic parameters contributed most to middle-distance performance. Specifically,
IRMSQ and MPPy,, were significantly correlated with 50 and 100 m performance (r>0.45) and ¢La__and body
mass with 50 and 100 m, respectively (r>0.44), while LT1 was the only parameter significantly related to 200
and 400 m performance (r 20.56). By combining the predictive power of the single parameters using multiple
regression, 33-35% and 61-86% of the variance in short- and middle-distance performance could be explained.
Despite various studies reporting associations between metabolic or mechanical determinants and swimming
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‘ n ‘ Mean+SD | Range CV [%]
Performance time
50 m [s] 21 | 27211 |25.8-295 4.0
100 m [s] 24| 59.4+21 |559-64.6 36
200 m [s] 22 | 131.4+44 121.9-137.4 | 3.3
400 m [s] 19 | 279.4+11.7 | 262.5-299.0 | 4.2
Metabolic
VO, [Limin™!] 22| 348%0.37 |291-428 | 107
Lapenk [mmol-L™!] 24 | 6.70+£1.66 | 4.19-9.99 24.7
¢la_, [mmol-L™\s™!] [24 | 035+0.12 | 0.16-0.58 | 33.3
C [mL-m™] 23 | 354+59 |22.4-48.6 16.6
LT1 [m-s7'] 22 1.23+0.04 | 1.16-1.29 2.9
Anthropometric
Height [cm] 24| 17227 161-184 40
Body mass [kg] 24 | 60.1+7.0 |48.4-73.0 11.7
Fat percentage [%] 22 | 17.1+4.3 |9.0-26.4 25.0
Arm span [cm] 20 176 £9 164-200 5.0
Neuromuscular
1RMg, [kg] 21 | 48278 |355-65.0 16.3
MPPy, [W] 21 207 +45 122-286 21.8
IRM, [kg] 20 | 61.9+13.3 |37.0-875 |215
MPPSQ [W] 20 265+ 64 161-366 24.3

Table 1. Descriptive performance data as well as metabolic and mechanical characteristics of participants
presented as mean * standard deviation along with the range and coefficient of variation (CV). Abbreviations:
n: sample size; VOZPeak: maximal oxygen uptake; La peak blood lactate concentration; ¢La__ : maximal
lactate accumulation rate; C: energy cost of swimming; LT1: lactate threshold 1; 1RM,;;: bench press one
repetition maximum; MPP,,: bench press maximal mean propulsive power; 1RM,: squat one repetition

maximum; MPPy,: squat maximal mean propulsive power.

performance (e.g.,>*11"1%), we aimed to overcome at least some of the methodological issues associated with
previous inconclusive results by always using the same test protocols and assessment methods and by using race
times over multiple distances collected from the same participants during the competition period. Due to the
high and homogenous performance level of our participants, we are not surprised that overall correlations are
lower than in the previous studies with lower-level or more heterogeneous samples (see above).

For example, in agreement with the findings from Unnithan et al.!°, but in strong contradiction to other
studies (e.g.,>'*), we found low non-significant correlations between VO, and swimming performance across
all distances (i.e., -0.03 < r < 0.17), which is likely due to the homogeneous high level. Thus, it was suggested
early on in swimming, but also in other sports, that at a high performance level, when approaching a certain
physiological limit for VO, _,, submaximal indicators such as LT1 become more predictive of performance®?*.
Therefore, even though V62peak and C represent the main determinants of swimming performance from a
theoretical point of view!, they showed no relevant correlations with middle-distance performance. In contrast,
LT1 was strongly associated with middle-distance performance, which is in line with previous work>?. Taken
together, this indicates that different combinations of VO, , and C (e.g., relatively high VO, together with
high C or relatively low VO, . and C) can result in high T'T1 and thus middle-distance performance™’. This is
further underlined by the high positive and statistically significant correlation between VO, . and C, which is
also in line with previous work’. Regarding the short distances, we found a moderate and statistically significant
positive correlation between ¢La  _ and 50 m performance, consistent with previous work in high-level
adolescent to adult swimmers of both sexes®, reflecting the importance of anaerobic glycolytic energy supply for
short exercise times (i.e., 25.8-29.5 s)!”. The lower correlation coefficient in the present compared to the previous
study could be based on a lower variation in 50 m performance, i.e., 4.0% vs. 11.6%, which is likely due to the
inclusion of different strokes and both sexes®.

Among the mechanical determinants, anthropometrics generally showed the lowest associations with
performance (r <0.44). Nonetheless, the consistently low to moderate correlations of body height, mass, and
arm span emphasize a certain role of body dimensions for short-distance swimming. While larger height and
arm span may be related to a more favorable streamline position or leverage ratio for generating high propulsive
forces?®?’, body mass in this cohort can be considered similar to lean mass and therefore also directly related to
propulsive force production?”, which is crucial for sprint performance®?®. This is also reflected in the moderate
to large correlations between MPP,, and 50 and 100 m performance, consistent with previous work (e.g.,s’“'zg),
as bench press strength can be considered a good dryland estimate for front crawl thrust®. In contrast, moderate,
statistically significant positive correlations between 1RM, and short-distance performance are likely mediated
by the considerable influence of the start (e.g., 12-27% for short-course sprint performance“), which has been
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Fig. 1. Pearson correlation coefficients r along with the 95% confidence interval for the metabolic parameters,

maximal lactate accumulation rate (¢La ), maximal oxygen uptake (VO2P calk

), energy cost of swimming (C),

and lactate threshold 1 (LT1) with performance (i.e., average speed) across the race distances. Statistically
significant correlations are indicated by "p<0.05 and “p<0.01.
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Fig. 2. Pearson correlation coefficients r along with the 95% confidence interval for the anthropometric
parameters, body height, mass, fat percentage (%Fat), and arm span with performance (i.e., average
speed) across the race distances. Statistically significant correlations are indicated by "p<0.05.
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Fig. 3. Pearson correlation coefficients r along with the 95% confidence interval for the neuromuscular
parameters, bench press 1 repetition maximum (1RM;,), bench press mean propulsive power (MPP;), squat
1 repetition maximum (1RM,), squat mean propulsive power (MPPg,) with performance (i.e., average
speed) across the race distances. Statistically significant correlations are indicated by 'p <0.05.

shown highly associated with lower-body dryland strength***2. Unexpectedly, however, despite the increasing
relevance of turns with increasing race distance’', we found moderate negative correlations between lower-body
strength and middle-distance performance. A possible explanation could be that swimmers with stronger legs
also adopt a more leg-pronounced swimming style, which is assumed to require more energy and therefore be
less efficient, especially with increasing race distance®*3*.

Interestingly, besides moderate to large positive correlations with sprint performance, all dryland strength
parameters also demonstrated highly positive and statistically significant associations with ¢La_ . indicating a
common underlying mechanism, such as skeletal muscle mass and/or fiber type distribution. Thus, both higher
muscle mass or type I proportion could be related to higher glycolytic power and dryland strength?”3. This
explanation is further supported by the highly negative and statistically significant association between ¢La_
and LT1 since as a submaximal indicator of aerobic performance, the latter is rather related to the oxidative (i.e.,
fiber type I dominant) phenotype..

In addition to the bivariate correlations, multiple regression, which allowed testing which parameter
combinations might be most predictive for performance, demonstrated that mechanical determinants (i.e.,
1RM, and arm span) were more important for short-distance performance, whereas middle-distance
performance was mainly dependent on metabolic determinants (i.e., LT1, C, and body fat percentage). However,
while the majority of the variance (i.e., 61-85%) in middle-distance performance was explained by the model,
only 30-35% could be explained in short-distance swimming. This could be related, among other things, to the
non-specific dryland tests used, which differ from the force application in water despite high correlations with
thrust (e.g., due to the lack of hydrostatic pressure and drag on dryland)>3°. Alternatively, the rather conservative
statistical approach (i.e., using AIC as the criterion for the stepwise procedure instead of F-tests) may have
led to a lower variance explanation since the goodness of the model fit (i.e., variance explanation) is balanced
against model complexity (i.e., number of model predictors). Despite the limited predictive value of the multiple
regression analyses (especially for short-distance performance), the results can still be used to draw training
derivations for this specific group, which has been largely underrepresented in the literature so far. Thus, while
national-level female adolescent short-distance swimmers should focus more on strength development, middle-
distance swimmers benefit from a well-developed aerobic basis.

The following aspects should be considered when interpreting the study results. Due to the strict inclusion
criteria (i.e., female adolescents with a high and homogeneous performance level for the front crawl with current
race times over 50 to 400 m), which is considered a strength of the present compared to previous studies, the
sample size is limited and also varies slightly across the different race distances, limiting the multiple regression
analysis. The limited sample size is also the reason why more sophisticated statistical approaches, including
machine learning based algorithms (e.g.,*”) could not be used in the present study and may therefore be an
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maximal oxygen uptake [VOzpeak], energy cost of swimming [C], and lactate threshold 1 [LT1]),
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1 repetition maximum [1RM,,], bench press mean propulsive power [MPP,,], squat 1 repetition maximum
[1RM ], and squat mean propulsive power [MPP]) performance determinants. Statistically significant
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correlations are indicated by 'p<0.05, “p<0.01, and "p<0.001.
Distance
(n) Predictor |Beta |[SE | Std.beta |t P R |Adj.R* |F P
50m (Intercept) | 1.657 |0.079 | - 21.057 | <0.001 | 0.30 | 025 | 6.098 | 0.03
(1=16) | 1RM,, 0.003 | 0.001 | 0.551 2469 | 0.03

(Intercept) | 1.197 |0.235 | - 5100 | <0.001 | 035|027 |4.104 | 0.04
oty [1RMg 0.002 | 0.001 | 0.489 2354 | 0.03

Armspan | 0.002 | 0.001 | 0.315 1514 | 0.15

(Intercept) | 1.055 |0.274 | - 3847 | 0002|061 |051 6656 | 0.006
200m | LTl 0.492 | 0.194 | 0.489 2537 | 003
(n=17) | o4Fat —0.004 | 0.002 | —0.384 | -2.077 | 0.06

C ~0.002 | 0.001 | 0297 |-1557 | 0.14

(Intercept) | 0.761 |0.243 | - 3126 | 001 |0.85|080 |1823 |<0.001
400m | LT1 0.708 | 0.178 | 0.529 3.991 | 0.003
(n=14) | o4Fat ~0.000 | 0.000 | —0.449 | -3.443 | 0.006

C ~0.004 | 0.002 | —0.317 | -2.465 | 0.03

Table 2. Model summary resulting from stepwise multiple regression analyses using the performance
(average speed) across the different race distances as dependent variable and the metabolic (maximal

lactate accumulation rate [¢La ], maximal oxygen uptake [VOzpeak], energy cost of swimming [C], and
lactate threshold 1 [LT1]), anthropometric (body mass, height, fat percentage [%Fat] and arm span), and
neuromuscular (bench press 1 repetition maximum [1RMy,], bench press mean propulsive power [MPPp,],
squat 1 repetition maximum [1RM,], and squat mean propulsive power [MPPg,]) performance determinants
as independent variables. Abbreviations: n: sample size; Beta: beta coefficient; SE: standard error; Std. beta:
standardized beta coefficient; R% coefficient of determination, Adj. R% adjusted coefficient of determination.
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interesting area for future research. In addition, we did not control for menstrual cycle phase, which could
theoretically have an impact on our results. However, since current study findings estimate the influence to be
minor’, we deliberately decided against controlling for the menstrual cycle phase, as this is also not taken into
account in competitions so far and therefore our approach reflects the real-world settings. Lastly, due to the
demanding testing program in combination with relatively short resting periods (i.e., = 15 min), it cannot be
excluded that recovery may have been compromised, potentially affecting the diagnostic results. However, as
all participating athletes had been used to competing at national level for at least two years, they appeared to be
familiar with such schedules®, so this influence is considered minor.

In conclusion, moderately positive and statistically significant correlations were observed for IRM,, MPP,,
¢La_ ., and body mass with 50 and 100 m performance, while LT1 was the only parameter that was highly
positively and significantly associated with 200 and 400 m performance in national-level female adolescent
swimmers. Based on these correlations combined with the results of the multiple regression analyses, short-
distance swimmers should focus more on neuromuscular training and middle-distance swimmers on aerobic
swimming training.

Methods

Participants

Twenty-four healthy, female adolescent swimmers (age: 14.9+1.3 yrs, range: 12.9-18.1 yrs, coeflicient of
variation [CV]: 9.0%) volunteered to participate in the study. They were all members of the highest squad in
their age group and had at least 2 years of competition experience at the national level. Their average seasonal
water and dryland training volumes amounted to 13.1 £2.9 and 3.2 + 1.0 h-wk™?, respectively, and all athletes had
been systematically performing heavy barbell training for >1 year. Based on their seasonal best performance,
14 of them were categorized as short-distance (50/100 m) and 10 as middle-distance (200/400 m) swimmers
specialized mainly in front crawl (17), but few also in backstroke (4), and individual medley (2), and butterfly
(1). Nevertheless, all athletes regularly competed in freestyle competitions at the national level. According to
their seasonal best performance, which amounted to 721 +43 World Aquatic Points (range: 659-797, CV: 6.0%)
and following the classification proposed by Ruiz-Navarro et al.*?, they were all assigned to performance level
3. All athletes and their parents were informed about the benefits and risks of the investigation and provided
written informed consent. The study was conducted according to the declaration of Helsinki and was approved
by the local ethical committee (125/2020).

Study design

In this study, swimmers were tested as part of a longitudinal observational study at the peak of the competition
period. Therefore, the study design and test protocols are presented in detail elsewhere®. Briefly, athletes were
instructed to refrain from intensive training 24 h preceding the diagnostic assessment and to standardize
nutritional intake using a 24 h diet record. On the testing day, an anthropometric assessment and a 20 s sprint
test were performed first, followed by a submaximal 500 m test, 200 m all-out test, and a submaximal 3-min
incremental step test, each in water, as well as two dryland incremental strength tests, which were all completed
in randomized order. A rest period of > 15 min and =30 min was ensured between all water tests and between
water and dryland tests, respectively. All water tests were completed on the lateral lane of a 50 m pool using the
front crawl technique, in-water starts, and flip turns. During the submaximal swimming tests, swimming speeds
were prescribed using a visual pacing device (Virtual Swim Trainer, Indico Technologies, Torino, Italy; precision:
0.02 s). Heart rate was measured using chest straps (HRM-Swim™, Garmin Deutschland GmbH, Garching,
Germany) and 20 pl of capillary blood for lactate analysis (Biosen C-line; EKF Diagnostic Sales, Magdeburg,
Germany) was collected from the dried earlobe at specific time points indicated below.

Procedures

Dryland tests included the assessment of anthropometrics, i.e., body height, mass, and composition (seca 274,
seca GmbH & Co KG, Hamburg, Germany), as well as arm span, which was always performed by the same
experienced diagnostician using an anthropometric tape. In addition, incremental strength tests were performed
to determine athletes’ load-velocity profiles in squat and bench press exercises using a Smith machine (Gym80
international GmbH, Gelsenkirchen, Germany). After a standardized warm-up, the testing protocol started with
the unloaded bar (22 kg) as the initial load and was individually increased as described previously®. For each
load, the trial with the highest mean propulsive power (MPP, determined during the concentric part of the
movement using a linear velocity transducer with a sampling rate of 1000 Hz [T-Force System, Ergotech, Murcia,
Spain]) was used to compute the load-velocity profiles. The highest MPP value measured across all loads was
termed MPP,, and MPPy, and the repetition with the highest load performed safely and without assistance was
considered the one repetition maximum (1RM,, and 1RM,) for squat and bench press, respectively.

After an individualized warm-up on land and in water (~ 15 min), athletes first performed the 20 s sprint test
using in-water starts from a prone position with foot contact to the pool wall on an acoustic signal until they
were stopped by an acoustic and a tactile signal. Capillary blood samples were taken immediately before and
until the 9™ minute after the sprint (every minute) to determine peak blood lactate concentration (Lapeak) and
maximal lactate accumulation rate (¢La ) as estimates of anaerobic power>, ¢La, . was calculated according
to Eq. (1) with La__ as blood lactate concentration determined immediately before the test, t_ _as total exercise

time (20 s) and t . _as theoretical alactic time, which was set to 4 s according to Heck et al. 4,

La'maz‘ - Lapre (1)

éLamcLz -
tezer — talac
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Cand VO, , wereassessed via gas exchange measurement after a 500 m submaximal swimming bout at 1.2 m-s™
(this speedp was chosen for comparability with previous studies assessing C in young female swimmers'®3?) and
200 m all-out, respectively (MetaMax 3B, Cortex Biophysik GmbH, Leipzig, Germany). The 500 m submaximal
swim was divided into 300 and 200 m, with a 1 min rest in between to verify steady state conditions by repeated
VO, measurement, and the 200 m all-out was preceded by 100 m at progressively increased speed to ensure
sufficient exercise time for VOZpeak attainment. For the determination of both C and VO, .0 end-exercise Vo,
was estimated based on post-exercise VO, measurement corrected for the decline in heart rate, as this technique
has been shown to allow the highest agreement with online VO, measurement*>*?, The highest 5 s average of
the corrected VO, was considered for analysis, respectively’. C was determined as the average of the repeated
VO, measurement (i.e., after 300 and 200 m submaximal swimming) divided by speed®, also taking into account
the metabolic energy derived from lactate production (by multiplying the net value of lactate accumulation after
both laps by the oxygen equivalent for lactate accumulation in blood of 2.7 mL-mmol~!kg!)**.

Further, a submaximal incremental step test was conducted to determine LT1, starting at 88% of the current
400 m best performance minus 4 steps (0.12 m-s™') and increasing by 0.03 m-s™' every 3 min (plus 40 s resting
periods for blood sampling in between)>?. In contrast to previous work, the incremental test was not performed
until exhaustion but was terminated when an increase in blood lactate levels of >0.4 mmol-L™! was observed
in combination with a rating of perceived exertion> 15, which was sufficient to determine LT1. In accordance
with previous work>?>, LT1 was defined as the point on the blood lactate speed curve fitted with a third-order
polynomial with a slope equal to 10 (i.e., corresponding to a theoretical increase in blood lactate concentration of
0.3 mmol-L™! per step). Due to the almost perfect correlation between swimming speed at LT1 (determined with
this method) and maximal lactate steady state as previously demonstrated (i.e., r =0.97)%°, LT1 was considered
an adequate estimate of aerobic capacity, allowing the incremental test to be kept submaximal to limit the overall
effort for the athletes.

Around the time of the diagnostic assessment (average time difference: + 25 days), competition results of all
participants in official long-course freestyle races from 50 to 400 m were collected using the publicly accessible
database (Swimrankings.net, https://www.swimrankings.net/, Splash Software Ltd., Spiegel bei Bern, Swiss) of
the European Swimming Association (Ligue Européenne de Natation). The race times were then converted into
average speeds in [m-s~!], which were used as dependent variables for further analyses (see below).

Statistical analysis

Statistical analysis was performed using the stats package in R (Version 4.3.1, R Core Team, 2023), with an alpha
level of 0.05 applied for all statistical tests. All descriptive values are expressed as mean +standard deviation
(SD), range, and CV, the latter calculated as a measure of homogeneity by dividing the SD by the mean. After
visual inspection of normal distribution and homoscedasticity using Q-Q and residual plots, Pearson product-
moment correlation coefficients r along with the 95% confidence interval were used to examine the relationships
of metabolic (La, ae CLA VOZpeak’ C, and LT1), anthropometric (i.e., body height, mass, composition, and
arm span), and neuromuscular parameters (IRM,, IRM,, MPP, and MPP,,) with competition performance
over the different distances (50, 100, 200, and 400 m). Correlation coeflicients were classified as trivial (r<0.1),
low (0.1<r<0.3), moderate (0.3<r<0.5), high (0.5<r<0.7), very high (0.7 <r<0.9), and nearly perfect (r 20.9)
according to Hopkins®.

Further, to investigate the combined influence of the metabolic and mechanical determinants (independent
variables) on performance (dependent variable), multiple regression analysis using a bi-directional stepwise
selection procedure based on the Akaike information criterion (AIC) was conducted separately for each race
distance. The final models were checked for multicollinearity using the variance inflation factor (car package)
with a cut-off set to 5.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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