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This study assessed the energy cost in swimming (C) during short and middle distances to analyze the sex-specific responses of C during supramaximal velocity and whether body composition account to the expected differences. Twenty-six swimmers (13 men and 13 women: 16.7 ± 1.9 vs. 15.5 ± 2.8 years old and 70.8 ± 10.6 vs. 55.9 ± 7.0 kg of weight) performed maximal front crawl swimming trials in 50, 100, and 200 m. The oxygen uptake ([image: image]O2) was analyzed along with the tests (and post-exercise) through a portable gas analyser connected to a respiratory snorkel. Blood samples were collected before and after exercise (at the 1st, 3rd, 5th, and 7th min) to determine blood lactate concentration [La–]. The lean mass of the trunk (LMTrunk), upper limb (LMUL), and lower limb (LMLL) was assessed using dual X-ray energy absorptiometry. Anaerobic energy demand was calculated from the phosphagen and glycolytic components, with the first corresponding to the fast component of the [image: image]O2 bi-exponential recovery phase and the second from the 2.72 ml × kg–1 equivalent for each 1.0 mmol × L–1 [La–] variation above the baseline value. The aerobic demand was obtained from the integral value of the [image: image]O2 vs. swimming time curve. The C was estimated by the rate between total energy releasing (in Joules) and swimming velocity. The sex effect on C for each swimming trial was verified by the two-way ANOVA (Bonferroni post hoc test) and the relationships between LMTrunk, LMUL, and LMLL to C were tested by Pearson coefficient. The C was higher for men than women in 50 (1.8 ± 0.3 vs. 1.3 ± 0.3 kJ × m–1), 100 (1.4 ± 0.1 vs. 1.0 ± 0.2 kJ × m–1), and 200 m (1.0 ± 0.2 vs. 0.8 ± 0.1 kJ × m–1) with p < 0.01 for all comparisons. In addition, C differed between distances for each sex (p < 0.01). The regional LMTrunk (26.5 ± 3.6 vs. 20.1 ± 2.6 kg), LMUL (6.8 ± 1.0 vs. 4.3 ± 0.8 kg), and LMLL (20.4 ± 2.6 vs. 13.6 ± 2.5 kg) for men vs. women were significantly correlated to C in 50 (R2adj = 0.73), 100 (R2adj = 0.61), and 200 m (R2adj = 0.60, p < 0.01). Therefore, the increase in C with distance is higher for men than women and is determined by the lean mass in trunk and upper and lower limbs independent of the differences in body composition between sexes.
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INTRODUCTION

Swimming energy cost (C) expresses the effectiveness of a motor task, allowing the analysis of the motor ability to save or enhance energy production and reflect skilled performance level and muscular work capacity (respectively) from low to high swimming intensities (Fernandes et al., 2006; Zamparo et al., 2008, 2011; Gonjo et al., 2018). In a front crawl, C increases from 0.70 to 1.23 kJ × m–1 at 1.0 and 1.5 m × s–1, reaching 2.20 kJ × m–1 at 2 m × s–1 among elite male swimmers (Capelli et al., 1998). The alteration from low to high velocities in swimming requires both muscle power output and energy release to be increased proportionally. Therefore, C defines how mechanical and metabolic capabilities interact to enhance swimming velocity and tolerance according to swimmer sex-group, training status (Toussaint and Hollander, 1994; Capelli et al., 1998; Fernandes et al., 2005, 2006), technical level, and swimming stroke technique (di Prampero et al., 2008; Gonjo et al., 2018).

In elite male swimmers, the energy requirements reach ∼3.33, ∼2.72, and ∼1.94 kW at 45.7, 91.4, and 182.9 m in a front crawl performed at ∼1.97, ∼1.75, and ∼1.62 m × s–1 (Capelli et al., 1998). However, the energy requirements attained ∼3.16, ∼1.86, and ∼1.25 kW for young swimmers from both sexes performing 50, 100, and 200 m in a front crawl at ∼1.67, ∼1.46, and ∼1.29 m × s–1 (Almeida et al., 2020). These differences in energy contributions and swimming performances would probably rely on the swimmers’ technical and conditioning levels (Fernandes et al., 2006). Muscle mass and fiber composition can also account to those differences, since muscle strength, anaerobic power, and reliance on glycolytic motor units are age group performance influencing factors in short distance swimming races (Hellard et al., 2018).

It is reasonable to consider the amount of muscle mass involved in an exercise with a reliable index of the energetic contribution during a high intensity performance. This is due to how the potential of metabolic resources to the energy releasing can be scaled in body size units, e.g., 0.418 kJ × kg–1 for phosphocreatine, 0.0689 kJ × mmol–1 × kg–1 for blood lactate accumulation, and 0.125 kJ × kg–1 for O2 stored in arterial blood, i.e., ∼6 ml × kg–1 (Medbo et al., 1988). Nevertheless, other key attributes beyond larger muscle mass to anaerobic releasing are greater fast-type muscle fiber composition (enhancing enzymatic lactate dehydrogenase inhibition/activation rulers and redox potential) and glycogen source, which differ between sexes (Esbjörnsson et al., 1993; Esbjörnsson-Liljedahl et al., 1999).

These differences can reflect the advantage in power production by the body region wherein lean mass is larger, e.g., for upper limbs, when comparing men to women (Weber et al., 2006). In swimming, studies corroborating the role of lean mass on high intensity exercise performance have demonstrated that lean mass in upper-limbs correlates with the maximal aerobic velocity, the velocity at 200 m races, and anaerobic reserve estimates among young men (Pessôa Filho et al., 2016). In addition, the highest muscle mass in upper and lower limbs is associated with higher aerobic and anaerobic release during performances lasting 2–3 min among swimmers of both sexes (Ogita et al., 1996). Furthermore, the 400 m front crawl swimming performance peak [image: image]O2 and C differed between prepubertal and pubertal male swimmers, which was a result that can be explained considering the differences in anthropometrical variables, including lean mass (Jürimäe et al., 2007).

However, while adenosine triphosphate turnover requirements of short to middle swimming distances (e.g., 50, 100, and 200 m) are preconized to rely on large anaerobic metabolism demand, with aerobic contribution rising in proportionality to distance-trial length (Almeida et al., 2020), the assumptions for the sex-specific response regarding C and the role of lean mass is lacking. C values for both sexes have been reported for maximal and supramaximal velocities (Zamparo et al., 2000) but the values of C were measured at 1.2, 1.4, and 1.6 m × s–1, which were not necessarily velocities corresponding to 50, 100, and 200 m trial performances for all tested swimmers. In addition, the reasons explaining the C differences between sexes at these swimming intensities remain elusive.

Therefore, the association between velocity and energy supply, having sex-based factors as a rule, would evidence a limited rate of energy release for a specific metabolic pathway due to muscle mass difference, even when technical and conditioning levels remain constant. The lack of studies comparing male and female swimmers underappreciated the role of regional and whole-body composition on race performance and swimming training specificity for men and women. Moreover, considering the specific C values during short (50 and 100 m) and middle distances swimming efforts (200 m), the sex differences regarding regional and whole-body lean mass would expect to have an important role. The current study aimed to analyze the C sex-specific responses during supramaximal velocity and if body composition account to the expected differences.



MATERIALS AND METHODS

Twenty-six swimmers participated in the current study (13 men and 13 women with 16.7 ± 1.9 vs. 15.5 ± 2.8 years of age, 178.4 ± 8.4 vs. 162.9 ± 7.6 cm of height, 70.8 ± 10.6 vs. 55.9 ± 7.0 kg of weight). All swimmers were regularly engaged in competitive training programs for at least three annual seasons, with a volume of 25 km × week–1 during the testing application. Their best front crawl performances at the 50, 100, and 200 m represented 575 ± 95 vs. 534 ± 63, 599 ± 100 vs. 529 ± 78, and 588 ± 94 vs. 552 ± 83 FINA points for male and female swimmers, respectively. Participants were informed about all the study procedures and experimental risks and signed a written informed consent (or their legal guardians when under 18 years old) prior to the experiments. The current research was conducted according to the Declaration of Helsinki and was approved by the Ethics Committee of the São Paulo State University (Protocol 54372516.3.0000.5398).

The participants performed five tests, all in front crawl and separated by, at least, 24 h: (i) a 200 m maximal test to establish the velocities during the incremental step test; (ii) an incremental step test performed in six progressive steps of 250 m at 50, 55, 60, 70, 80, and 90% plus a single set at 100% of 200 m test, or until voluntary exhaustion (i.e., when swimmers were unable to follow the pacing or stop the exercise (Almeida et al., 2021); and (iii) 50, 100, and 200 m maximal trials (see Figure 1). The control of the swimming velocity during the incremental step test was provided by an underwater LED circuit (Pacer2 Swim®, KulzerTEC, Aveiro, Portugal). At the end of each step, a passive rest (30 s) was performed for blood lactate sampling. All procedures were performed in a 25 m indoor pool and, to minimize the differences of prior exercise and the circadian rhythms effects, the same environmental conditions were applied (∼50 of relative humidity, ∼28°C of water temperature, and ±2 h of time of day). The tests were performed during the preparatory period of the training season, and all swimmers went through a familiarization process with the gas collection instruments in the week before the experiments.
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FIGURE 1. An overview of the experimental protocol. (A) The 200 m maximal test. (B) The incremental step test. (C) 50, 100, and 200 m maximal trials.


Pulmonary gas exchange was analyzed breath-by-breath during and in the 420 s after the incremental step test and the 50, 100, and 200 m maximal trials were analyzed using a portable gas analyzer (K4b2, Cosmed, Rome, Italy) connected to the swimmer by a respiratory snorkel (new-AquaTrainer®, Cosmed, Rome, Italy; Baldari et al., 2013). The K4b2 unit was calibrated before each test according to the manufacturer’s instructions, and the snorkel was connected to the swimmer before each test for assessing the [image: image]O2 baseline (e.g., last 30 s averaged values sampled with swimmer resting for 10 min seated on the pool wall). Blood samples (25 μl) were collected before each test, during the intervals of the incremental step test, and at the 1st, 3rd, 5th, and 7th min after all tests for peak blood lactate concentration determination ([La–]peak) (YSI, 2300 STAT, Yellow Springs, OH, United States).

Dual-energy x-ray absorptiometry (DXA; Hologic®,QDR Discovery Wi®) was used for obtaining regional and whole-body composition, with the software Hologic APEX® displaying values for body mass, bone mass, body lean mass (LMTotal), trunk lean mass (LMTrunk), upper limb lean mass (LMUL), lower limb lean mass (LMLL), lean mass index (ILM = LM × H1/2), and appendicular muscle index (IApp = LMApp × H 1/2). The measurements for upper and lower limbs are the results from the sum of the left and right upper and lower limbs values, respectively, the trunk measurements corresponded to the central body region (from neck to pelvis), and the lean mass measurements result from fat free mass minus bone mineral content (Sala et al., 2007). The equipment was calibrated following the manufacturer’s recommendations, and all the analysis were operated by an experienced technician. Participants wore light clothing and were positioned in the supine position on a flat table with the feet close together and the upper limbs placed parallel to the trunk.

The [image: image]O2 data obtained during incremental step test were smoothed (3 s filter and 15 s moving mean) and peak [image: image]O2 ([image: image]O2peak) considered the highest value observed, while the velocity at the stage where the [image: image]O2peak was attained and was corresponded to the v[image: image]O2peak, despite the swimmer being able to initiate another step and the [image: image]O2 rise was not larger than ∼2 ml × min–1 × kg–1 (Reis et al., 2012). From the performance of 50, 100, and 200 m, the breath-by-breath [image: image]O2 was continuously sampled during each trial with a recovery for 420 s. The data were time aligned, followed by noise exclusion (coughing, sighing, and sneezing), which were defined as three standard-deviation from the local mean of five breaths and, finally, the data were interpolated second-by-second (Pessoa Filho et al., 2012). [image: image]O2 off-kinetics was adjusted by a biexponential equation according to Scheuermann et al. (2001) (Eq. 1):
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where EE[image: image]O2 is the end-exercise [image: image]O2 (the last 15 s moving averaged value), representing the baseline at the very onset of the recovery phase. The physiologically relevant exponential [image: image]O2 response is the primary phase (A1off) of the recovery curve and the amplitude of the second phase (A2off) corresponds to the slow component of [image: image]O2 recovery (SC[image: image]O2). The time delay (TD1 and TD2) and time constants (τ1 and τ2) describe the onset and the velocity of [image: image]O2 recovery in each phase and tf is the total recovery time. The cardiodynamic phase at the beginning of the recovery was excluded by removing the first 15–20 s of [image: image]O2 response (Özyener et al., 2001).

During each swimming test, the aerobic energy demand (EAer) was obtained from the net [image: image]O2 curve time integral (Eq. 2), and the anaerobic energy demand (EAn), in O2 equivalents (EqO2), was obtained by the phosphagen (EPCr) and glycolytic (E[La−]) components (Margaria et al., 1933; di Prampero and Ferretti, 1999). The EPCr was determined from the recovery phase fast component ([image: image]O2Fast) using data from the off-kinetic primary phase considering the [image: image]O2 magnitude from the TD1 limited to the total recovery time (Stirling et al., 2005; Eq. 3). The amount of 9% corresponding to O2 body reserves was subtracted from [image: image]O2Fast to strictly reflect the EPCr debt after exercise (Medbo et al., 1988; di Prampero and Ferretti, 1999; Weber and Schneider, 2002). E[La−] was determined according to Eq. 4 (di Prampero and Ferretti, 1999).
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where β is the O2 equivalent for each 1.0 mmol × L–1 [La–] of variation above the baseline value corresponding to 2.72 ml × kg–1 in swimming, Δ[La–] is the variation of the [La–] above the resting value (Δ[La–] = [La–]peak - [La–]rest), and BM is the whole-body mass in kg.

The estimated absolute values of each of the above-referred energetic components provide total energetic demand (ETotal) and were converted into J, assuming an energy equivalent of 20.9 kJ × LO2–1. Subsequently, this energy demand was normalized by the performance time, providing a value in kJ × s–1, i.e., the absolute power equivalent. Finally, this power unit was rated by the swimming velocity for each swimming distance providing the C (kJ × m–1). The value of the anaerobic C (CAn) was determined by the sum of CPCr and C[La−], and the total cost (CTotal) was obtained from the sum of the CAn and aerobic C (CAer).

Normality of the data was checked with Shapiro-Wilk test (n < 50), the sphericity by the Mauchly test, and using the Greenhouse-Geisser correction when violated. Independent t-student test analyzed the effect of sex on body composition variables and on swimming velocity, time performance, [La–]peak, and estimated absolute values in EqO2, P, and ETotal for each of the studied test distances. The differences in energetics and C values between sexes (men vs. women) by distances (i.e., 50, 100, and 200 m) and for each distance by sex were tested by the two-way ANOVA, with Bonferroni as post hoc test for pairwise comparison. The effect size for the t-student test was calculated using Hedges’ g and interpreted as follows: <0.19 (insignificant), 0.20–0.49 (small), 0.50–0.79 (moderate), 0.80–1.29 (large), and >1.30 (very large) (Rosenthal, 1996). For ANOVA, the partial square eta (η2p) was used and interpreted as follows: 0.0099 (small), 0.0588 (medium), and 0.1379 (large; Cohen, 1988).

The relationships between C and body composition variables were assessed by Pearson’s coefficient and classified as follows: 0.00–0.29 (small), 0.30–0.49 (low), 0.50–0.69 (moderate), 0.70–0.89 (high), and 0.90–1.00 (very high; Mukaka, 2012). The regression coefficient that was adjusted to the sample (R2adj) analyzed the similarity of variance between C and body composition variables during each 50, 100, and 200 m distance and was considered as <0.04 (trivial), 0.04–0.24 (small), 0.25–0.63 (medium), and >0.64 (strong; Ferguson, 2009). Pearson and regression analysis were controlled for the sex-specific variance of the values. The sample power for the coefficient of correlation, considering the sample size, was the corresponding value of Zα = 1.96 for a security index of α = 0.05. The level of significance was set at ρ ≤ 0.05 for all analysis, with all statistical analyzes performed with the Statistical Package for the Social Sciences (SPSS, version 26.0, Chicago, IL, United States).



RESULTS

The [image: image]O2peak values associated to the incremental test was 4.05 ± 0.46 and 3.09 ± 0.36 LO2, and v[image: image]O2peak corresponded to 1.30 ± 0.07 and 1.20 ± 0.06 m × s–1, respectively, for men and women. During the v50m, v100m, and v200m, the performances corresponded to 129.8 ± 13.7, 114.8 ± 9.0, and 97.4 ± 7.9% of v[image: image]O2peak for men and 126.7 ± 8.6, 117.7 ± 6.9, and 101.9 ± 5.7% of v[image: image]O2peak for women with no differences between sexes for each distance (all at ρ > 0.05). The data related to performances and physiological responses are shown in Table 1. Swimming velocity and p were higher for short compared to long swimming distances (i.e., 50 > 100 > 200 m), while total energy measurements in EqO2 increased with swimming distance (i.e., 50 < 100 < 200 m). Males demanded higher EqO2 and p than female swimmers for the 50, 100, and 200 m, but the swimming velocity differed only during 50 and 100 m swimming bouts. Figure 2 highlights the differences between sexes regarding body composition variables. The comparisons between sexes for LMTotal, LMTrunk, LMLL, LMUL, ILM, and IApp indicated higher values for men than women (all at ρ < 0.01), with the effect size “g” ranging from 1.43 to 2.60 and, therefore, were all considered very large.


TABLE 1. Performance and physiological profiles during short and middle distance races.
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FIGURE 2. Body composition variables for men and women. Obs.: Significantly different at ρ ≤ 0.01**.


The ETotal demand for men and women during 50 (58.8 ± 8.4 vs. 54.9 ± 8.2 ml × kg–1), 100 (91.5 ± 14.2 vs. 85.0 ± 12.2 ml × kg–1), and 200 m (141.9 ± 24.6 vs. 141.0 ± 10.4 ml × kg–1) did not differ (ρ = 0.24, 0.23, and 0.91) between sexes for each distance. Figure 3 depicts the energetics during the performances of the 50, 100, and 200 m with regards to the demands (Panels A–C, in EqO2 per BM) and contributions [Panels D–F, in relative terms (%)] attained by the energetics components (EPCr, E[La–], and EAer). The EPCr contribution was higher for men than women only for the 200 m (ρ = 0.04, η2p = 0.247), with no differences for the 50 (ρ = 0.75) and 100 m (ρ = 0.13) distances, while the E[La−] and EAer components showed no differences between sexes for the 50 (ρ = 0.40 and 0.22), 100 (ρ = 0.73 and 0.37), and 200 m (ρ = 0.30 and 0.70) distances. The contributions of EPCr, E[La−], and EAer components to the ETotal demand in the 50, 100, and 200 m differed between all distances for men and women at ρ < 0.01 level, i.e., %EPCr 50 > 100 > 200 m (η2p = 0.815); %E[La−] 50 > 100 > 200 m (η2p = 0.890); and %EAer 50 < 100 < 200 m (η2p = 0.954), whatever the sex. Moreover, men had higher %EPCr in the 200 m than women (ρ = 0.03), while women had higher %E[La−] in the 50 m than men (ρ = 0.02), with no other differences.
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FIGURE 3. The energetic demand (A–C) contribution (D–F) to the performance in 50, 100, and 200 m for men and women. Obs.: Horizontal continuous and traced lines at the top of Panels (A–C) refer to ETotal for men and women, respectively. The acronyms EPCr, E[La−], and EAer represent the phosphagenic, glycolytic, and aerobic components of ETotal. See text for statistical analysis.


For the performances in the 50, 100, and 200 m tests, the values obtained for CAn, CAer, and CTotal are presented in Figure 4. The Panels A–C (Figure 2) demonstrate the sex-effect on CAn, CAer, and CTotal, with higher values for men than women in the 50, 100, and 200 m tests (ρ < 0.01, and η2p = 0.456, = 0.487, and = 0.519). Also, the reduction of CAn and CTotal values with the increase of the swimming distance was observed for both sexes (Panels A and C), i.e., CAn and CTotal in 50 > 100 > 200 m (ρ < 0.01, and η2p = 0.919 and = 0.778). However, the CAer values were higher with the increase of the swimming distance for both sexes (Panel B), i.e., CAer in 50 < 100 < 200 m (ρ < 0.01, and η2p = 0.838). When expressed per unit of body mass (i.e., J × kg–1 × m–1), the CTotal values did not differ for men vs. women in 50 (24.6 vs. 23.0, ρ = 0.24), 100 (19.1 vs. 17.8, ρ = 0.22), and 200 m (14.8 vs. 14.7, ρ = 0.91).
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FIGURE 4. The comparisons of CAn, CAer, and CTotal values (A–C) between the sexes and distances. Obs.: The acronyms CAn, CAer, and CTotal represent the anaerobic, aerobic, and total costs. Significantly different from men at ρ ≤ 0.05† in 200 m, and at ρ ≤ 0.01 in 50**, 100##, and 200 m††. Significantly different from 50 m at ρ ≤ 0.01‡‡. Significantly different from 100 m at ρ ≤ 0.05 § and ≤ 0.01 §§.


Table 2 shows the Pearson’s coefficients for the correlations of whole-body and regional lean mass variables with the measurements of CAn, CAer, and CTotal in 50, 100, and 200 m. The correlations were considered significant, classified as moderate or high, and attaining SP ≥ 95% for all analysis, with exception to the LMUL, ILM, and IApp with CTotal in the 200 m, which were low and SP < 80%. The variables LMTrunk, LMUL, and LMLL showed medium to strong influence on CAn, CAer, and CTotal values in the 50, 100, and 200 m (Figure 5, Panels A–I), with LMTrunk and LMUL attaining high rates to explain the CAn values during these distances (Panels A–C), and LMLL as the variable explaining the CAer values for all distances (Panels D–F). Finally, the results at Panels G–I highlight the rates of 72, 61, and 60% for the variables LMTrunk, LMUL, and LMLL, explaining CTotal values in 50, 100, and 200 m, respectively.


TABLE 2. Relationship between body composition variables and values of CAn, CAer, and CTotal for the 50, 100, and 200 m.
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FIGURE 5. Dispersion plots between body composition variables and values of CAn, CAer, and CTotal for the 50 m (A,D,G), 100 m (B,E,H), and 200 m (C,F,I). Obs.: The symbols (♦) and (●) represent the dispersion for men and women, respectively. The acronyms CAn, CAer, and CTotal represent the anaerobic, aerobic, and total costs.




DISCUSSION

This study addressed the C during short and middle distances performances in swimming, finding a sex-specific response regarding the energetics contribution to the performances, to C during each swimming distance, and to the role of regional lean mass on C values. The findings indicated no differences between sexes for the ETotal and for the components EPCr, E[La−], and EAer, suggesting similar capacity between young men and women to meet the energy requirements per unit of body mass in a front crawl. However, the CTotal was higher in men than women for all swimming distances performed, despite how both sexes presented similar C components regarding the reliance on CAna and CAer expenditure, respectively, during short distances (50 and 100 m) and middle distances (200 m). For the current study, these differences in CAn, CAer, and CTotal can be attributed to the increased production of metabolic power in men, which was observed to relate to lean mass in the trunk and upper and lower limbs.

The similarities for EPCr, E[La−], and EAer in the 50, 100, and 200 m (with EPCr at the 200 m being the only exception) support the evidence that fast-energy pathways (i.e., phosphagens and glycolysis), level of activation, and contribution, while the oxidative supply is rising from short to middle distances performances, have no constraints related to sex-specific energy metabolism. In addition, similarities were also noted to the interplay (% of contribution) between EPCr, E[La−], and EAer as trial time increases from the 50 to 200 m, evidencing that sex has no influence on given metabolism requirements neither on the balance between the metabolism components as the demand changes according to the swimming intensity and duration over the distances.

These findings are aligned with the evidence toward similarities in energetics rely on fiber type distribution in biceps brachialis and vastus lateralis, with no differences between young men and women, and on the reports relating fiber firing to exercise intensity as sex-independent (Esbjörnsson et al., 1993; Miller et al., 1993; Hunter, 2016). In addition, other reports evidencing larger fiber areas (I, IIa, and IIb) of the biceps brachialis and vastus lateralis in men than women (Esbjörnsson et al., 1993; Miller et al., 1993) probably account for the differences in total muscle PCr content between sexes (Esbjörnsson et al., 1993; Esbjörnsson-Liljedahl et al., 1999). Therefore, the PCr content might explain the small differences between sexes observed in the current study and account for the higher reliance on EPCr in men compared to women as the distance increases from 50 to 200 m, and for the women reliance on larger E[La−] than men during the performance of short distance, i.e., 50 m.

However, the finding in which no differences between men and women, regarding anaerobic glycolytic contribution, is not in agreement with the well-reported reduced glycolytic activity for women when compared to men during Wingate and MAOD tests in cycling and running (Esbjörnsson et al., 1993; Gratas-Delamarche et al., 1994; Naughton et al., 1997; Hill and Vingren, 2011). These studies attributed the differences upon glycolytic demand to the higher absolute exercise intensity reached by men (i.e., peak power) since no significant differences between sexes in power (Maud and Shultz, 1986; Nindl et al., 1995; Hegge et al., 2015) or anaerobic demand (Weber and Schneider, 2002) were found when whole-body and regional mass or lean mass were considered.

In addition, the [La–]peak values for the current study are aligned with the values reported for the 50, 100, and 200 m maximal swimming performances (Chatard et al., 1988; Troup et al., 1992; Capelli et al., 1998) and, therefore, the acidosis level is compatible to the other results exploring the energetics requirements during short and middle distances swimming performance. Furthermore, the observed similarities between men vs. women in [La–]peak and E[La−] responses cannot be attributed to the trial differences in %v[image: image]O2peak and duration during each performance since these parameters were not significantly different between sexes. The only exception was the duration of 50 m, which was smaller in men than women. However, the differences seem to not be large enough to modify glycolytic contribution according to sex-specific performances.

The lack of differences between sexes was also observed for EAer responses in 50, 100, and 200 m, which was an expected result considering the limited capacity to uptake and deliver oxygen to the working muscles at exercise rates higher than or close to [image: image]O2peak for women is associated to the body size differences to men and, therefore, relating energetics to a scaling issue (Weber and Schneider, 2002). Indeed, the absolute differences in cardiac, circulatory, and respiratory determinants of O2 availability to muscle while exercising near or at 100% [image: image]O2peak are not significant when comparing sexes per unit of lean mass (Peltonen et al., 2013), which are further supported to the evidence that fiber type I functions and distribution, pulmonary diffusive capacity, blood volume, and hemoglobin content are not different when comparing between sexes accounting to the effect of body size or lean mass (Esbjörnsson-Liljedahl et al., 1999; Russ et al., 2005; Haizlip et al., 2015; Bouwsema et al., 2017; Koons et al., 2019).

Analogous to the evidence of “size” effect on energetics between sexes (Chatard et al., 1991), the results from the current study also observed higher absolute energy demand in EqO2 for men compared to women in the 50, 100, and 200 m tests, either considering the total (i.e., ETotal) or the components of the energetics (i.e., EPCr, E[La−] and EAer). These results remain unchanged even when considering the performance variable time or velocity to normalize energy demand, giving important insights into the relevance of body morphology for the sex-specific energetics response per unit of time or distance while swimming at high intensity rates. The remarkable finding is the predominance of anaerobic energy releasing per unit of distance in the 50 and 100 m, whereas aerobic energy predominated along the 200 m. Furthermore, aerobic and anaerobic C differed between sexes, with lean mass in the trunk and upper and lower limbs explaining 60–73% of CTotal for 50–200 m.

In swimming, the energy contribution from phosphagen, glycolytic, and aerobic components during 50, 100, and 200 m has been reported to differ between sexes only in 200 m and with regards the phosphagen (men > women) and glycolytic (men < women) contributions (Almeida et al., 2020). When comparing the current data from the energy released with the aforementioned reports, there are slight differences with regards to anaerobic energetics, which are probably due to the methodological assumptions for the estimation of phosphagen and glycolytic components (i.e., the subtracted amount of hemoglobin O2 content and the stoichiometric coefficient for blood lactate net accumulation – Medbo et al., 1988; di Prampero and Ferretti, 1999) since swimmers are similar with regards to age group, conditioning index ([image: image]O2peak and v[image: image]O2peak), and performance pacing (v and %v[image: image]O2peak). However, the differences between the studies are also large for aerobic contribution, which just reinforce the concerns on the data processing strategies influence on [image: image]O2 analysis (Robergs et al., 2010). However, the interpretation from Almeida et al. (2020) that energetics during short and middle distances performance did not differ between sexes per unit of body mass is aligned with the current results.

Indeed, the reports for aerobic and anaerobic percentage of contribution to total energy released by elite male swimmers in 50 (∼15/85%), 100 (∼33/77%), and 200 yards (∼62/38%) (Capelli et al., 1998) are quite aligned to the current findings and therefore supports the reliance on anaerobic sources during performances around 60 s, which has already been demonstrated for swimming (Capelli et al., 1998; Ogita et al., 2003) and cycling exercise (Bangsbo et al., 1990; Spencer and Gastin, 2001). The current results indicated a larger phosphagen than glycolytic contribution for the anaerobic releasing during 50 and 200 m in men, and similar contributions for these two components in women during 50, 100, and 200 m, which are not aligned to previous reports. In fact, highest glycolytic reliance during short and middle distances performances have been observed in elite male swimmers [i.e.: EPCr/E[La−] (%) ∼26/54, 19/43, 13/24 in 50, 100 and 200 yards, Capelli et al., 1998; and EPCr/E[La−] (%) ∼11/15 in 200 m, Sousa et al., 2013] and for junior and senior male swimmers [i.e., EPCr/E[La−] (%) ∼20/27 and 18/37 in 100 m, Hellard et al., 2018], but exceptionally, Figueiredo et al. (2011) reported EPCr/E[La−] (%) ∼20/14% in 200 m, which is close to the proportionality in the current study.

The aforementioned estimates of EPCr, supposing a maximal depletion of PCr store (i.e., 18.5 mmol/kg of wet muscle at 23.4 s time constant for substrate splitting), have been suggested as reasonable (Capelli et al., 1998; Hellard et al., 2018) and expected to give similar results when compared to the analyzes of the fast component of [image: image]O2 recovery curve (at least for the 200 m swimming performance; Sousa et al., 2013). However, in the current study, the values observed for the time constant of the [image: image]O2 recovery fast component ranged from 44 to 46 s for 50, 100, and 200 m, which are in the range reported for severe exercise in cycling (35 ± 11 s), high intensity lower limbs extension (51 ± 6 s) (Özyener et al., 2001; Rossiter et al., 2002), and short distance swimming trial (Almeida et al., 2020) but diverge with that reported for 200 m in swimming (27 ± 5 s, Sousa et al., 2013). Despite the differences of parameters selection (i.e., EE[image: image]O2 vs. [image: image]O2baseline) for the equation model that can account for the differences of the time constant response, the evidence of similarities or discrepancies between methods for phosphagen component estimation needed to be further investigated.

Nevertheless, considering that the release of ∼3.33, ∼2.72, and ∼1.94 kW in elite male college swimmers during short and middle distances performances at ∼139, ∼123, and ∼114% v[image: image]O2max (Capelli et al., 1998), and that the maximal anaerobic supply during high-intensity performances can reach 1,452 J × kg–1 (or ∼69.5 ml × kg–1) in well-trained swimmers (Toussaint and Hollander, 1994), we suppose that the swimmers in the current study are still in the development training stage therefore requiring metabolic power output and anaerobic capacity improvements. Despite how the women have shown lower values, the average anaerobic release (i.e., EPCr + E[La−]) reached the highest values during the 100 and 200 m (e.g., ∼57 ml × kg–1) which is lower than values for the 200 m (∼68 ml × kg–1) reported in international level male swimmers (Fernandes et al., 2006), corroborating the range for improvements in the aforementioned variables for young swimmers. However, the current values are also revealed to be higher than anaerobic release during 100 m (e.g., ∼48 and 54 ml × kg–1) as reported for male swimmers with 18–22 years old and low to high FINA points (Hellard et al., 2018), and higher than the estimated anaerobic capacity (e.g., ∼50–52 ml × kg–1) for college swimmers (Ogita et al., 1996, 2003; Capelli et al., 1998).

From these comparisons, there is considerable support to consider no sex-constraints among young swimmers to reach the expecting anaerobic conditioning to compete at a high level despite the transference for elite performance being limited to the fact that current swimmers are well-trained but not top-level athletes. However, the energy releasing sources do not seem to be the only determinant to the performance level during short and middle distances (Figueiredo et al., 2013; Ribeiro et al., 2017; Zacca et al., 2020), although the variables power and cost have been considered determinants of swimming performance, exercise tolerance, total energy requirement, and aerobic/anaerobic metabolism balance during high-intensity bouts (Toussaint, 1990; Chatard et al., 1991; Fernandes et al., 2006; di Prampero et al., 2008).

For example, as swimming velocity increases, the metabolic power should raise proportionality to afford mechanical adjustments with no technical impairments (i.e., accommodating higher stroke rate with minimal disturbance in stroke length), allowing to differentiate swimmers according to the conditioning and technical levels (Toussaint, 1990; Wakayoshi et al., 1995; Ribeiro et al., 2017). This explains the lower race pace, energy power, and cost when comparing men from the current study with college male swimmers performing short and middle distances, or even the economical pacing of these later swimmers when compared to the ones from the current study by estimating C from front crawl equation (=0.228[10.488v], Capelli et al., 1998) at the same average velocity in 50, 100, and 200 m (e.g., ∼1.5 vs. ∼1.7; ∼1.2 vs. ∼1.3; and ∼.9 vs. ∼1.0 kJ × m–1). Despite that the economy is a feature of the skilled technique, other variables like age, anthropometry, training level, and engaged muscle mass can account for C difference among male swimmers (Chatard et al., 1990, 1991; Fernandes et al., 2006; Morris et al., 2016; Hellard et al., 2018), which seems to be the case for the comparisons with values from the current study.

However, the current findings are aligned with the statements on the C augmentation with swimming front crawl velocity increment at supramaximal velocities (Capelli et al., 1998), which was observed for both sexes. The increase in C with velocity has been demonstrated for young female swimmers with a different level of performance in 400 m, while performing a common range of velocities below each group level from v400m (Chatard et al., 1991), for teenage women during the performance of 50, 100, 200, and 400 m (Zamparo et al., 2000), and between young competitive female swimmers performing 200 m with different stroke rate values (Morris et al., 2016). Although the C values for female swimmers are scarce for performances at supramaximal velocities, a single study demonstrated that young women spent 19, 15, and 10% less energy when compared to young men at 1.2, 1.4, and 1.6 m × s–1 (Zamparo et al., 2000), which were not, necessarily, the actual velocities for 400, 200, 100, and 50 m. Therefore, the current findings can be useful to compare C measurement methods and analyze performance levels while swimming at actual 50, 100, and 200 m events.

For example, the average C values reported for high ranked young female swimmers at 1.4 m × s–1 (or ∼103% v[image: image]O2peak) was 27.3 ml × m–1 (Unnithan et al., 2009), which is 31% lower than the C estimated in the current study at the correspondent swimming intensity (∼102% v[image: image]O2peak at 200 m) or 43% lower than C at the same pacing (∼1.41 m × s–1 at 100 m). Taking into account that these authors assessed only [image: image]O2 response to estimate C, and that anaerobic contribution to 200 and 100 m can reach ∼29 and ∼46%, respectively, for women (Almeida et al., 2020), these C values can be considered equivalent. Indeed, the C values for women observed in the current study for 200 m are only ∼8% higher than the C for low trained level female swimmers (∼13.6 J × kg–1 × m–1) performing at 1.2 m × s–1 (or ∼103% v[image: image]O2peak), but are 25% higher than C of high-trained level female swimmers (∼11.7 J × kg–1 × m–1) performing at the same absolute pacing (1.2 m × s–1) but at lower relative intensity (∼86% v[image: image]O2peak) (Fernandes et al., 2006). While the comparison with low-trained swimmers did not differ, since the EPCr was not considered to the energetics measurements, which usually account for more than ∼10% at exercise rate (Sousa et al., 2013), the comparison to the high-trained woman highlights the importance of swimming economy to the athlete consolidation.

Moreover, the current findings also observed that the differences in CTotal between sexes during each distance were eliminated when expressed in body mass units, which is aligned to the reports for both sexes at the same absolute submaximal pacing (i.e., 1.3 m × s–1) but different exercise rate for men vs. women: ∼90 vs. ∼98% v[image: image]O2peak (Fernandes et al., 2006). However, previous studies comparing both sexes at 100% v[image: image]O2peak (Fernandes et al., 2005) or at different stroke rates and velocities (Morris et al., 2016) found higher C for men than women, which was considered an effect of high velocity or stroke rate achieved at [image: image]O2peak in men and, therefore, different energy requirement compared to women. The current findings support that the higher C for young men than young women while performing 50 to 200 m can be attributed to the highest velocity performed by men, which is probably accounted to the larger hydrodynamic resistance (Zamparo et al., 2000, 2008).

The current study did not observe differences in C when scaled to the body mass, which may be occurred due to the paired supramaximal exercise rate where hydrodynamics compromises both sexes maximally and hence accounting less to explain the C values variation with velocity (Zamparo et al., 2000, 2008). Also, differences between sexes of C values at swimming circumstance >100%v[image: image]O2peak, lasting 30–150 s, would be supported to the differences in [image: image]O2 adjustments to its maximum and the rate of anaerobic stores depletion, which have been theoretically demonstrated by comparing swimmers while swimming with different stroke technique or having no similar [image: image]O2peak level (di Prampero et al., 2008). In absence of this case, the technical proficiency (favoring women) and the energetic releasing (favoring men) would be balanced by a given similar C between sexes. However, this still remains in a theoretical scenery and could be explored in the future studies by analyzing swimmers with similar C.

Finally, this is the first study demonstrating that swimmers with the largest lean mass in the trunk and upper limb are less economical while performing 50 and 100 m because lean mass is related to high anaerobic C, and swimmers with the largest lean mass in the lower limb should present more aerobic C, whatever the sex. On the other hand, if C increases with swimming velocity demanding high metabolic energy (Zamparo et al., 2000, 2008; di Prampero et al., 2008), then lean mass content between swimmers is crucial to the improvement of short and middle distance performances, which is a sex-specific C statement complementing that reporting body mass and composition as explanatory variables for energy metabolism and performance differences between athletes from different maturation level (Hellard et al., 2018).

Inasmuch as the biological level of maturation for each sex-group was not determined in the current study, we are unable to refute the fact that maturation level has an effect on energetics and C, and on the relation of these variables with lean mass. Thus, this is a limitation of the current findings, indicating that the interplay between lean mass and energy releasing could be an effect of maturation and not related to sex differences (Jürimäe et al., 2007) or, at least, suggesting limited transference to other age-groups. Although, swimmers were supposed to have similar status respective to each sexual developmental stage, as suggested to the low variability of lean mass, height, and body weight values in each sex-group (Zemel, 2013).

Furthermore, as traditional or specific resistance training can modify force-velocity relationship in muscle and neuromuscular coordination affecting swimming performance positively along with increasing lean mass (Crowley et al., 2017), it should therefore be highly recommended to explore in future studies the potential of muscle hypertrophy to improve swimming performance during supramaximal exercise rates. Taking all of these in consideration, the findings suggest young male and female swimmers can improve their actual conditioning level, and, therefore, their short and middle distances performances by following exercises planning to improve trunk and upper and lower limbs lean mass, enabling limbs muscles to attend for high C demands.



CONCLUSION

The current study observed sex independence on the profile of contribution and reliance of the energetics components during high intensity swimming performance. This evidence is favoring no constraints for the energetics capability of women to match men’s energy balance and releasing during high intensity swimming performance. Moreover, current results about C are aligned to the notion that differences between sexes on energetics are related to body mass and composition, and therefore eliminated when scaled to body size dimensions. However, this finding refers to an analysis not encompassing top-level athletes, but concern to swimmers in-preparation and with similar training experience and conditioning levels for which the differences in hydrodynamics and supramaximal exercise rates are minor. Finally, the specificities of each sex regarding the energetics and lean mass responses to training should be further explored in future studies engaging top-level swimmers from different age-groups.
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