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Purpose: To investigate the relationships between maximal aerobic speed (MAS), lactate threshold in per cent of peak oxygen uptake (LT) and velocity at LT (LTv) in cross-country skiers. Secondly, we aimed to explore the fit of an equation previously used in cyclists and runners in a cohort of well-trained, competitive cross-country skiers for calculation of LTv. Thirdly, we aimed to investigate if a new LTv could still be calculated after a period of regular training only by providing a new MAS.

Methods: Ninety-five competitive cross-country skiers (65 males and 30 females) were tested for maximal oxygen uptake (VO2max), peak oxygen uptake in double poling (DP-VO2peak), oxygen cost of double poling (CDP), LT, and LTv. Thirty-five skiers volunteered to be tested 3 months later to evaluate potential changes in LT and LTv.

Results: Velocity at LT was mainly determined by MAS (r = 0.88, p < 0.01). LT did not show a significant impact on LTv. The product of MAS·LT precisely predicted LTv at baseline (r = 0.99, SEE = 2.4%), and by only measuring MAS, a new LTv could be accurately calculated (r = 0.92, SEE = 6.8%) 3 months later in a sub-set of the initial 95 skiers (n = 35).

Conclusion: The results suggest that LT has minor impact on LTv in DP tested in a laboratory. LTv seemed to be predominantly determined by MAS, and we suggest to put more focus on MAS and less on LT and LTv in regular testing to evaluate aerobic performance capacity in DP.
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INTRODUCTION

Cross-country skiing is a demanding aerobic endurance sport (Sandbakk and Holmberg, 2017). The product of maximal oxygen uptake (VO2max) and oxygen cost of movement (C) has previously been established as maximal aerobic speed (MAS; McLaughlin et al., 2010; Støa et al., 2020), and a technique-specific MAS in double poling (DP) has shown strong associations to better DP performance in cross-country skiers (Sunde et al., 2019; Johansen et al., 2020, 2021).

Lactate threshold (LT) has been defined as the highest intensity where there is a balance between production and removal of blood lactate (Brooks, 1986), expressed as a percentage of VO2max (Åstrand et al., 2003). Maximal lactate steady state (MLSS) is considered the most precise method to determine LT (Faude et al., 2009). As MLSS is a time-consuming method, several short-stage methods have been established and applied in previous studies, for example, a fixed LT at 4 mmol·L−1 (Green et al., 2006; Bragada et al., 2010; Rønnestad et al., 2014, 2016; Sylta et al., 2016) or an individual warm-up blood lactate concentration [La−]b plus a constant (Helgerud et al., 1990; Støren et al., 2014; Skattebo et al., 2019; Støa et al., 2020). In previous studies in various aerobic endurance sports (McLaughlin et al., 2010; Støren et al., 2013; Laaksonen et al., 2020; Støa et al., 2020), no relationship was found between LT and aerobic endurance performance. In contrast, in previous studies of similar aerobic endurance sports, a significant relationship between endurance performance and the velocity at LT (LTv) has been observed (Bragada et al., 2010; McLaughlin et al., 2010; Støren et al., 2013; Johansen et al., 2020; Støa et al., 2020).

Although both VO2max and C have been frequently studied, the relevance of LT in cross-country skiers has been less investigated. However, due to the constantly varying terrain, and thus high variation in intensity and speed, in traditional cross-country skiing events (Karlsson et al., 2018; Gløersen et al., 2020), a steady-state LTv may not be of practical relevance. However, LTv could be more relevant for steadier pace and intensity characteristics apparent in longer skiing events, for example, Vasaloppet (Stöggl et al., 2020).

Velocity at LT has previously been shown to be almost completely determined by the product of MAS and LT in running and cycling (Støren et al., 2014; Støa et al., 2020). In Støren et al. (2014), the following equation was used:
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where LTw is the power at LT, LT %VO2max is the LT, and Cc is the oxygen cost of cycling. This equation displayed a near-perfect correlation with LTw measured with blood samples (r = 0.98, SEE = 2.8%). Only modified to running velocity, the same equation showed similar results in a large cohort of recreational to elite runners in Støa et al. (2020). In addition, in previous training interventions, improvements in LTv or power at LT are often displayed together with improvements of either VO2max or C, or both (e.g., Helgerud et al., 2001, 2007; Enoksen et al., 2011; Stöggl and Sperlich, 2014; Rønnestad et al., 2016).

Støren et al. (2014) suggest that by measuring MAS exclusively, a subsequent LTv could be calculated, given no change in LT. Training interventions in already well-trained endurance athletes have displayed minor to no change in LT by training (Støren et al., 2008; Enoksen et al., 2011; Rønnestad et al., 2015, 2016; Sylta et al., 2016). Støa et al. (2020) displayed no differences in LT in runners ranging from a recreational to elite level. In contrast, improvements of VO2max and C have frequently been observed (Sandbakk et al., 2013; Rønnestad et al., 2014; Johansen et al., 2021). The suggestion by Støren et al. (2014) has not yet been directly investigated in interventions.

Accordingly, we aimed to investigate the relationships of MAS and LT on LTv in DP in cross-country skiers. Secondly, we aimed to explore the fit of the equation used in Støren et al. (2014) and Støa et al. (2020) on cyclists and runners, respectively, in a cohort of well-trained, competitive cross-country skiers for calculation of LTv. Thirdly, we aimed to investigate if a new LTv could still be calculated after a period of regular training only by providing a new MAS.



MATERIALS AND METHODS


Design

The present results build upon parts of the data material in previously published works by our research group (Sunde et al., 2019; Johansen et al., 2020). However, the data analyzes, and study aims are not identical to these studies. The present study had both a cross-sectional design and an observational design with a pre- and a post-test, i.e., quasi-experimental. The participants that performed pre-tests were asked to voluntarily perform a post-test 3 months later. No interventional instructions were given during these 3 months, and the participants were asked to conduct their training as normal. The whole study protocol is depicted in Figure 1.
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FIGURE 1. An overview of the study protocol.




Subjects

Ninety-five competitive and well-trained cross-country skiers (65 males and 30 females) were recruited and included for the baseline analyzes in the present study. Thirty-five of the participants volunteered to perform post-tests 3 months later. All tests were performed in the first half of the preparation period, i.e., April to September. The recruited skiers ranged in performance from mid-junior level to top national senior level. Subject and physiological characteristics are presented in Table 1.



TABLE 1. Subject characteristics at baseline.
[image: Table1]

The study was conducted in accordance with the Declaration of Helsinki, and the regional ethical committee (REC) and the ethical board at the University of Southeastern Norway approved the study. All participants gave their written informed consent after being provided oral and written information about the study protocol.



Methodology

All physiological tests were conducted over 2 consecutive days at the same laboratory. The first test day included a VO2maxtest in running (RUN-VO2max). The second test day consisted of a sub-maximal DP-test on a treadmill to measure LT, LTv, and oxygen cost of DP (CDP), and an incremental peak oxygen uptake in DP (DP-VO2peak) test. All preparation procedures prior to testing are described previously (Sunde et al., 2019; Johansen et al., 2020). In short, the protocol for this was that only easy training, i.e., training below 70% of HRmax, was allowed the last 24 h before tests. Food intake and nutritious drinks were not allowed the last hour prior to testing both days, while water intake was allowed. For the participants attending to the laboratory 3 months later, identical procedures were followed.


Day 1

The first day of testing started with a self-conducted warm-up procedure of 10 min, before the incremental RUN-VO2max test. The test was performed on a Woodway PPS 55 sport (Waukesha, WI, United States), controlled for speed and incline. The starting intensity was set to 7–8 and 9–10 km·h−1 for females and males, respectively, and 6% inclination. Within the first minute of the test, inclination increased to 8%, while only speed was increased by 0.5 km·h−1 every 30 s after that. The test terminated at voluntary fatigue, and VO2max was calculated by the three highest consecutive VO2measurements. In addition to voluntary fatigue and flattening of the VO2 curve, heart rate at ≥98% of HRmax, RER ≥ 1.05, and rate of perceived exertion ≥17 (Borg scale 6–20) was used to evaluate if VO2max was achieved. All VO2 measurements were performed with a MetaLyzer Cortex II (Biophysic GmbH, Leipzig, Germany), with measurements every 10 s. Prior to all tests, flow sensors were calibrated with a 3-L calibration syringe, and O2 analyzers were calibrated with certified calibration gases (16% O2/4% CO2) and ambient air. All HR measurements were performed with Polar s610 monitors (Kempele, Finland) or the participants individual HR monitor.



Day 2

Prior to the LT, LTv, and CDP assessments, all participants were familiarized to the rollerskiing treadmill (Rodby RL 2700E, Rodby Innovation, Vänge, Sweden) with a 30-min workout on different skiing velocities. After termination of the treadmill familiarization, measurements of [La−]b, heart rate (HR), and oxygen consumption (VO2) were measured in 4-min work periods while double poling at different sub-maximal intensities to evaluate LT, LTv, and CDP. The first work period started with an intensity assumed to be approximately 60% of DP-VO2peak. This corresponded to 4% inclination and 10–11.5 km·h−1 for males and 6–8 km·h−1 for females. After the first work period, the velocity was increased by 1–3 km·h−1 for subsequent work periods until [La−]b values exceeded the LT values. The individual LT value was calculated by the individual warm-up lactate value +2.3 mmol·L−1. This protocol is presented and evaluated in Helgerud et al. (1990) and Medbø et al. (2000) and previously used in several studies (Helgerud et al., 2007; Støren et al., 2013, 2014; Sunde et al., 2019; Johansen et al., 2020; Støa et al., 2020). The mean VO2 during the last minute of every work period was used to calculate CDP and LT. A Lactate Scout+ (SensLab, GmbH, Leipzig, ray Inc., Kyoto, Japan) was used to measure whole blood lactate values.

A DP-VO2peaktest was performed 5 min after the LT and CDP assessments. For 47 participants, the protocol presented in Sunde et al. (2019) was used. Briefly, the starting intensity was set to 6% inclination and 6 and 11.5 km·h−1 for females and males, respectively. Every 30 s, the speed was increased by 1 km·h−1 until 10 and 18 km·h−1 was reached for females and males, respectively. Increments of 0.5 km·h−1 every 30 s were then provided until exhaustion. For the remaining participants (n = 48), the protocol presented in Johansen et al. (2020) was used. The starting intensity was set to 7 km·h−1 and 6% inclination. While inclination was held constant, the speed increased by 1 km·h−1 every minute until exhaustion for both genders. In both protocols, voluntary exhaustion was defined as the time where the participants no longer were able to maintain their position at the treadmill. The test terminated when the subjects reached a pre-defined mark 1 m behind the starting position on the treadmill. By both protocols, the DP-VO2peak was defined as the mean of the two highest consecutive VO2measurements. MAS was calculated as the product of DP-VO2peak divided by CDP at 80% of DP-VO2peak for all participants. To calculate LTv, an equation based on Støren et al. (2014) and Støa et al. (2020) was used:
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where LTv is the velocity at LT, LT is LT in percent of DP-VO2peak, and CDP is the oxygen cost of DP.




Statistical Analysis

The data material was found to be normally distributed by use of quantile– quantile (QQ) plots and normality tests for DP-VO2peak, CDP, and LT. Thus, parametric statistics were used. Mean ± SD and inter-individual variability expressed as coefficient of variance (CV) were used as descriptive statistics for all variables. Independent sample t-tests and paired sample t-tests were used to evaluate differences between genders at baseline and physiological differences from pre to post (n = 35), respectively. To evaluate possible relationships between variables at baseline and changes in variables over time (delta correlations), correlation coefficients r was used from Pearson’s bivariate tests. Since the data material consisted of both males and females, partial correlations corrected for gender were also performed. Standard error of the estimate (SEE) was calculated by linear regression analyses.

In all two-tailed tests, the level of significance was set to a value of p < 0.05. The statistical package for social science, version 26 (SPSS, IBM, Chicago, IL, United States) was used for all statistical analyses.




RESULTS

Males had significantly higher values in all physiological variables, with two exceptions where males had significantly better CDP compared to females while no difference was observed in LT (Table 1). Equation 2 for calculating LTv displayed an almost identical value as the lactate measured LTv for the whole group, in males and in females. For the 35 skiers performing post-tests, no variables changed significantly (Table 2).



TABLE 2. Physiological characteristics prior and post 3 months of regular training (n = 35).
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Baseline correlations are presented in Table 3. The product of MAS·LT correlated very strongly with lactate measured LTv (Figure 2) and was held equally strong when controlled for gender and analyzed within genders. By use of this equation, LTv could be predicted within a range of 0.4 km·h−1. MAS displayed strong correlations to LTv (r2 = 0.77, SEE = 8.5%) independent of genders, while LT did not show any correlation at all (Figure 3). Both DP-VO2peak (r2 = 0.71, SEE = 9.8%) and CDP (r2 = 0.36, SEE = 14.4%) correlated significantly with LTv.



TABLE 3. Baseline correlations with LTv.
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FIGURE 2. Baseline correlation between velocity at LT (LTv) measured by blood lactate and LTv predicted by Equation 2. LTv, velocity at lactate threshold; Calc. LTv, calculated LTv by Equation 2; km·h−1, kilometers per hour; r, correlation coefficient; and SEE, standard error of the estimate in percentage.


[image: Figure 3]

FIGURE 3. Baseline correlation between LTv and LT. LTv, velocity at lactate threshold. LT, lactate threshold as a percentage of DP-VO2peak; km·h−1, kilometers per hour; and r, correlation coefficient.


By the use of the previously measured LT and a new MAS (MASpost·LTpre). LTv could be calculated at post-test within a range of 1.0 km·h−1 (Figure 4). Delta correlations also revealed a strong relationship between ΔLTv and ΔMAS (Figure 5). In addition, the changes in calculated LTv followed the changes in lactate measured LTv (r = 0.74, p < 0.01). In line with the baseline correlations, no significant delta correlation was apparent between ΔLTv and ΔLT (r = 0.11). However, ΔMAS correlated moderately negatively with ΔLT (r = −0.50, p < 0.01), which means that an improved MAS resulted in a lower LT and a reduced MAS provided higher LTvalues.
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FIGURE 4. Correlation between LTv at post-test measured by blood lactate and calculated LTv. LTvpost, velocity at lactate threshold at post-test. LTv pred., calculated LTv by a new MAS and LT from pre-tests. km·h−1, kilometers per hour; r, correlation coefficient; and SEE, standard error of the estimate in percentage.
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FIGURE 5. Delta correlation between change in MAS and change in LTv. ∆LTv; change in velocity at lactate threshold; ∆MAS, change in maximal aerobic speed; km·h−1, kilometers per hour; and r, correlation coefficient.


During the 3-month training period, the 35 skiers that volunteered for post-tests trained a total of 12.1 ± 3.0 h·week−1. Of this, 10.5 ± 2.8 h·week−1 were performed as endurance training. The relative intensity distribution was 77.8 ± 7.2% below 82% of HRmax, 4.2 ± 1.8% at 82%–87% HRmax, and 4.6 ± 2.4% above 87% of HRmax. Additionally, 10.1 ± 4.3% was performed as strength, speed and jump training, while 3.3 ± 4.9% was other training, e.g., soccer.



DISCUSSION

The main findings of the present study were (1) that the same equation as in Støren et al. (2014) and Støa et al. (2020) calculated LTv precisely in a large group of competitive cross-country skiers, (2) that MAS showed a major impact on LTv both at baseline and over time, (3) that LT was not associated with LTv, and (4) that only by measuring MAS, a subsequent LTv could be strongly predicted after 3 months of regular training.

In the present study, LTv was precisely calculated within a range of 0.4 km·h−1 (Figure 2) by the proposed mathematical model (Equation 2), and this finding supports previous use of this equation (Støren et al., 2014; Støa et al., 2020). Furthermore, variation in LTv seemed to follow variations in MAS, given the strong correlation between these two variables (r = 0.88). In contrast, LT did not show a significant impact on LTv. These results support previous findings in large cohorts of competitive cyclists (Støren et al., 2014) and runners (Støa et al., 2020) that LTv is determined by MAS. This assumption is further strengthened by the significant correlation between ∆MAS and ∆LTv in the present study. Previous training interventions also support the strong determinant impact of MAS on LTv, since improvements in LTv are frequently observed together with increased MAS (Helgerud et al., 2001, 2007; Enoksen et al., 2011).

Støren et al. (2014) suggested that a subsequent LTv could be calculated only by measuring MAS at subsequent testing sessions, given no change in LT. Several studies have reported minor to no adaptations in LT by training in already well-trained endurance athletes (Støren et al., 2008; Enoksen et al., 2011; Rønnestad et al., 2015, 2016; Sylta et al., 2016), while we have not been able to find reports with a significantly improved LT. To our knowledge, the present study is the first study to apply the calculated LTv in DP both pre and post a regular training period. However, the regular training performed by the skiers in this period resulted in only small non-significant changes in DP-VO2peak, CDP, LT, and LTv. No significant changes were detected in RUN-VO2max, RER or BW either (Table 2). Still, by measuring MAS at post-test in these skiers, and use the initial LT, LTv was predicted accurately within a range of 1.0 km·h−1 (Figure 4) compared to blood lactate measured LTv. This supports the suggestion made by Støren et al. (2014), although some caution should be taken in interpreting results with so small training adaptations.

Since LTv has been shown to depend primarily on MAS in the present study, as similar to the findings in Støren et al. (2014) and Støa et al. (2020), the impact of LTv on aerobic endurance performance (Støren et al., 2008, 2013; Bragada et al., 2010; McLaughlin et al., 2010; Johansen et al., 2020; Støa et al., 2020) may be regarded just as much as a result of MAS, as an independent performance-determining variable. LT, thus as a percent of VO2max or VO2peak, has on the other hand not been found to change much with training, nor has it been found to be a strong and independent performance-determining variable (Støren et al., 2008, 2013; McLaughlin et al., 2010; Johansen et al., 2020; Støa et al., 2020). In Støa et al. (2020), no difference was observed in LT among runners at a recreational to elite level. We therefore call for a discussion on whether or not regular LTassessments should be a useful tool to evaluate aerobic endurance performance level and training adaptations and if LT should be considered one of the main performance-determining variables in aerobic endurance sports (Pate and Kriska, 1984; Joyner and Coyle, 2008).

By only testing for VO2max or technique-specific VO2peak and C, the present findings combined with similar research (Støren et al., 2014; Støa et al., 2020) suggest that endurance athletes could generate a proper estimation of their development of LTv and aerobic endurance performance capacity, at least over shorter time frames. A suggestion for a possible testing protocol for cross-country skiers could be to perform an initial assessment of LT with continuous VO2 measurements to determine the per cent of VO2max/VO2peak, LTv, and C in the utilized technique, i.e., DP, and followed by a VO2max/VO2peak test like that of the present study. The whole protocol lasts approximately 45 min per athlete. For a subsequent test, only a 5- to 10-min warm-up procedure, 1–2 sub-maximal work periods to determine C at the preferable intensity (e.g., 80% VO2max), and a VO2max/VO2peak test are needed to calculate LTv. This protocol may not last for more than 20–25 min. Consequently, competitive cross-country skiers could reduce time for physiological testing of aerobic variables by approximately 50%.

The impact of LTv on aerobic endurance performance has been reported to be high in several studies in running (Bragada et al., 2010; McLaughlin et al., 2010; Støa et al., 2020) and cycling (Støren et al., 2013; Heuberger et al., 2018). However, the practical relevance of LTv in a single sub-technique in cross-country skiing could be questioned. The variation in terrain imposes variations in sub-techniques dependent on both speed and intensity over a traditional cross-country skiing competition (i.e., World Cup or World Championships; Karlsson et al., 2018; Gløersen et al., 2020). However, longer skiing events, like e.g., Vasaloppet and Marcialonga, are characterized with less variation in sub-techniques as well as in terrain (Stöggl et al., 2020). The performance in such competitions may in turn rely more on a steady sub-maximal velocity in a single sub-technique. These long-distance skiing competitions are thus more like long-distance running, characterized by a steadier sub-maximal race velocity and less variations in techniques (Ely et al., 2008).


Practical Implications and Limitations

Velocity at LT was found to be primarily a product of MAS in the present study. To evaluate training adaptations, instead of testing for LT, we suggest regular tests of VO2max or technique-specific VO2peak and C. The latter would also save time and blood samples.

The large number of participants in the present study makes the results statistically strong. However, controlled training interventions aimed to impose significant adaptations in either VO2peak or C or both should be performed to potentially confirm causal relationships between MAS, LT, and aerobic endurance performance. The proposed mathematical model utilized for calculations of LTv and suggested testing protocol for LT over time in the present study is only valid as long as LT does not change. Although we were not able to find scientific evidence of large adaptations in LT and that the present study did not reveal any adaptations in LT, we cannot completely rule out that this might be possible over longer time frames with substantial changes in performance level and in other less trained athletes. Thus, investigations of longer time span and in different cohorts of cross-country skiers (elite and/or recreational athletes) should be performed to confirm the present findings. In addition, evaluation of these relationships and the direct impact on performance in longer cross-country skiing events (10–90 km) and in other classical and skating techniques are warranted.



Conclusion

Both baseline and adaptations in LTv were minorly influenced by LT and merely a product of MAS. In addition, only by providing new MAS, a subsequent LTv could be strongly predicted after 3 months of training.




DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Regional Ethics Committee of Southeastern Norway and the Institutional Research Board at the University of Southeastern Norway. Written informed consent to participate in this study was provided by the participants. For all participants under the age of 18, written informed consent was provided from their legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

All authors contributed significantly to the design and planning of the study. ØS and J-MJ led the interpretation of data, while J-MJ led the writing of the manuscript. J-MJ, ØS, and AS took part in the data collection. All authors contributed to the different data analyzes and edited, reviewed, and approved the manuscript.



ACKNOWLEDGMENTS

We wish to thank all the participants and their respective trainers for great co-operation during the testing sessions. A special thanks to Lars Erik Gjerløw, Sannija Goleva-Fjellet, Martin Gjøra, and Lars Arne Skeimo for helping out during the extensive data collection.



REFERENCES

 Åstrand, P. O., Rodahl, K., Dahl, H. A., and Strømme, S. B. (2003). Textbook of Work Physiology; Physiological Bases of Exercise. 4th Edn. Champaign, IL: Human Kinetics.

 Bragada, J. A., Santos, P. J., Maia, J. A., Colaço, P. J., Lopes, V. P., and Barbosa, T. M. (2010). Longitudinal study in 3,000 m male runners: relationship between performance and selected physiological parameters. J. Sports Sci. Med. 9, 439–444.

 Brooks, G. A. (1986). Lactate production under fully aerobic conditions: the lactate shuttle during rest and exercise. Fed. Proc. 45, 2924–2929.

 Ely, M. R., Martin, D. E., Cheuvront, S. N., and Montain, S. J. (2008). Effect of ambient temperature on marathon pacing is dependent on runner ability. Med. Sci. Sports Exerc. 40, 1675–1680. doi: 10.1249/MSS.0b013e3181788da9 

 Enoksen, E., Shalfawi, S. A. I., and Tønnessen, E. (2011). The effect of high- vs. low-intensity training on aerobic capacity in well-trained male middle-distance runners. J. Strength Cond. Res. 25, 812–818. doi: 10.1519/JSC.0b013e3181cc2291 

 Faude, O., Kindermann, W., and Meyer, T. (2009). Lactate threshold concepts: how valid are they? Sports Med. 39, 469–490. doi: 10.2165/00007256-200939060-00003 

 Gløersen, Ø., Gilgien, M., Dysthe, D. K., Malthe-Sørenssen, A., and Losnegard, T. (2020). Oxygen demand, uptake, and deficits in elite cross-country skiers during a 15-km race. Med. Sci. Sports Exerc. 52, 983–992. doi: 10.1249/MSS.0000000000002209 

 Green, J. M., McLester, J. R., Crews, T. R., Wickwire, P. J., Pritchett, R. C., and Lomax, R. G. (2006). RPE association with lactate and heart rate during high-intensity interval cycling. Med. Sci. Sports Exerc. 38, 167–172. doi: 10.1249/01.mss.0000180359.98241.a2 

 Helgerud, J., Engen, L. C., Wisløff, U., and Hoff, J. (2001). Aerobic endurance training improves soccer performance. Med. Sci. Sports Exerc. 33, 1925–1931. doi: 10.1097/00005768-200111000-00019 

 Helgerud, J., Høydal, K., Wang, E., Karlsen, T., Berg, P., Bjerkaas, M., et al. (2007). Aerobic high-intensity intervals improve VO2max more than moderate training. Med. Sci. Sports Exerc. 39, 665–671. doi: 10.1249/mss.0b013e3180304570 

 Helgerud, J., Ingjer, F., and Strømme, S. (1990). Sex differences in performance-matched marathon runners. Eur. J. Appl. Physiol. 61, 433–439. doi: 10.1007/BF00236064 

 Heuberger, J. A. A. C., Gal, P., Stuurman, F. E., de Muinck Keizer, W. A. S., Miranda, Y. M., and Cohen, A. F. (2018). Repeatability and predictive value of lactate threshold concepts in endurance sports. PLoS One 13:e0206846. doi: 10.1371/journal.pone.0206846 

 Johansen, J.-M., Eriksen, S., Sunde, A., Slettemeås, Ø. B., Helgerud, J., and Støren, Ø. (2021). Improving utilization of maximal oxygen uptake and work economy in recreational cross-country skiers with high-intensity double-poling intervals. Int. J. Sports Physiol. Perform. 16, 37–44. doi: 10.1123/ijspp.2019-0689 

 Johansen, J.-M., Goleva-Fjellet, S., Sunde, A., Gjerløw, L. E., Skeimo, L. A., Freberg, B. I., et al. (2020). No change—No gain; the effect of age, sex, selected genes and training on physiological and performance adaptations in cross-country skiing. Front. Physiol. 11:581339. doi: 10.3389/fphys.2020.581339 

 Joyner, M. J., and Coyle, E. F. (2008). Endurance exercise performance: the physiology of champions. J. Physiol. 586, 35–44. doi: 10.1113/jphysiol.2007.143834 

 Karlsson, Ø., Gilgien, M., Gløersen, Ø., Rud, B., and Losnegard, T. (2018). Exercise intensity during cross-country skiing described by oxygen demands in flat and uphill terrain. Front. Physiol. 9:846. doi: 10.3389/fphys.2018.00846 

 Laaksonen, M. S., Andersson, E., Jonsson Kärström, M., Lindblom, H., and McGawley, K. (2020). Laboratory-based factors predicting skiing performance in female and male biathletes. Front. Sports Act Living 2:99. doi: 10.3389/fspor.2020.00099 

 McLaughlin, J. E., Howley, E. T., Bassett, D. R., Thompson, D. L., and Fitzhugh, E. C. (2010). Test of the classic model for predicting endurance running performance. Med. Sci. Sports Exerc. 42, 991–997. doi: 10.1249/MSS.0b013e3181c0669d 

 Medbø, J. I., Mamen, A., Olsen, O. H., and Evertsen, F. (2000). Examination of four different instruments for measuring blood lactate concentration. Scand. J. Clin. Lab. Invest. 60, 367–380. doi: 10.1080/003655100750019279 

 Pate, R. R., and Kriska, A. (1984). Physiological basis of the sex difference in cardiorespiratory endurance. Med. Sci. Sports Exerc. 1, 87–98. doi: 10.2165/00007256-198401020-00001 

 Rønnestad, B. R., Ellefsen, S., Nygaard, H., Zacharoff, E. E., Vikmoen, O., Hansen, J., et al. (2014). Effects of 12 weeks of block periodization on performance and performance indices in well-trained cyclists. Scand. J. Med. Sci. Sports 24, 327–335. doi: 10.1111/sms.12016 

 Rønnestad, B. R., Hansen, J., Hollan, I., and Ellefsen, S. (2015). Strength training improves performance and pedaling characteristics in elite cyclists. Scand. J. Med. Sci. Sports 25, e89–e98. doi: 10.1111/sms.12257 

 Rønnestad, B. R., Hansen, J., Thyli, V., Bakken, T. A., and Sandbakk, Ø. (2016). 5-week block periodization increases aerobic power in elite cross-country skiers. Scand. J. Med. Sci. Sports 26, 140–146. doi: 10.1111/sms.12418 

 Sandbakk, Ø., and Holmberg, H. C. (2017). Physiological capacity and training routines of elite cross-country skiers: approaching the upper limits of human endurance. Int. J. Sports Physiol. Perform. 12, 1003–1011. doi: 10.1123/ijspp.2016-0749 

 Sandbakk, Ø., Sandbakk, S. B., Ettema, G., and Welde, B. (2013). Effects of intensity and duration in aerobic high-intensity interval training in highly trained junior cross-country skiers. J. Strength Cond. Res. 27, 1974–1980. doi: 10.1519/JSC.0b013e3182752f08 

 Skattebo, Ø., Losnegard, T., and Stadheim, H. K. (2019). Double-poling physiology and kinematics of elite cross-country skiers: specialized long-distance versus all-round skiers. Int. J. Sports Physiol. Perform. 14, 1190–1199. doi: 10.1123/ijspp.2018-0471 

 Støa, E. M., Helgerud, J., Rønnestad, B., Hansen, J., Ellefsen, S., and Støren, Ø. (2020). Factors influencing running velocity at lactate threshold in male and female runners at different levels of performance. Front. Physiol. 11:585267. doi: 10.3389/fphys.2020.585267 

 Stöggl, T. L., Hertlein, M., Brunauer, R., Welde, B., Andersson, E. P., and Swarén, M. (2020). Pacing, exercise intensity, and technique by performance level in long-distance cross-country skiing. Front. Physiol. 11:17. doi: 10.3389/fphys.2020.00017 

 Stöggl, T., and Sperlich, B. (2014). Polarized training has greater impact on key endurance variables than threshold, high intensity, or high volume training. Front. Physiol. 5:33. doi: 10.3389/fphys.2014.00033 

 Støren, Ø., Helgerud, J., Støa, E. M., and Hoff, J. (2008). Maximal strength training improves running economy in distance runners. Med. Sci. Sports Exerc. 40, 1087–1092. doi: 10.1249/MSS.0b013e318168da2f 

 Støren, Ø., Rønnestad, B. R., Sunde, A., Hansen, J., Ellefsen, S., and Helgerud, J. (2014). A time-saving method to assess power output at lactate threshold in well-trained and elite cyclists. J. Strength Cond. Res. 28, 622–629. doi: 10.1519/JSC.0b013e3182a73e70 

 Støren, Ø., Ulevåg, K., Larsen, M. H., Støa, E. M., and Helgerud, J. (2013). Physiological determinants of the cycling time trial. J. Strength Cond. Res. 27, 2366–2373. doi: 10.1519/JSC.0b013e31827f5427 

 Sunde, A., Johansen, J.-M., Gjøra, M., Paulsen, G., Bråten, M., Helgerud, J., et al. (2019). Stronger is better: The impact of upper-body strength in double poling performance. Front. Physiol. 10:1091. doi: 10.3389/fphys.2019.01091 

 Sylta, Ø., Tønnessen, E., Hammarström, D., Danielsen, J., Skovereng, K., Ravn, T., et al. (2016). The effect of different high-intensity periodization models on endurance adaptations. Med. Sci. Sports Exerc. 48, 2165–2174. doi: 10.1249/MSS.0000000000001007 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Johansen, Sunde, Helgerud and Støren. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-13-829758-g005.jpg
=
j 2 ® r=072
<001

41— r T

5 0 5
AMAS (km - h'!)





OPS/images/fphys-13-829758-M1.jpg
LT, =

(LT, %VOrmax ) VOrnax ! Ce:





OPS/images/fphys-13-829758-g003.jpg
25

LT, (km - t')
= m B

o

o

50

60

70 80
LT (% DP-VO,pea)





OPS/images/fphys-13-829758-g004.jpg
)
S

=092
SEE =6.8%
»<0.01

S

Cale. LTy (MAS45t * LT pre)

10 15 20
LTvpust (km - h-l)





OPS/images/fphys-13-829758-t002.jpg
Variable Pre Post

BW (ko) 702:89 (13.5) 70.0+8.9 (12.8)
DP-VOzp0u

mLkg-min”! 55.157.6 (14.2) 55.8+7.9 (14.2)

3802086  (22.1) 3.92:0.86 (1.9

HR 191.0£95 (50 190.8:96 6.0)
RER 1.10£0.05 @9 1.102005 @8
RPE 17.6+1.2 (7.1) 17,6211 (6.4)
Cor

mlkg-'m' 019620021  (105)  0.193=0018 ©.5
MAS (kmh-)

MAS 17.2+3.4 (19.38)  17.5x32 (18.4)
LT

9%DP-VOzpu 826£6.1 7.4) 82.8+6.3 76
v (k') 14.2£2.7 (19.1) 146224 (16.7)
Cale. LT,

MAS-T. 141227 (19.3) 144227 (18.6)

Values are mean and SD with coeffcient of variance in percentage in parenthesis. BV,
body weight; kg, kiograms; DP-VOs,.s, peak oxygen uptake in double poling.
mLkg™"-min", milliters oxygen per kiogram bodyweight per minute; L min™, iters per
minute; HR, heart rate; RER, respiratory exchange ratio; RPE, rate of perceived exertion;
Con 0Xygen cost of double poling &t 80% 0f DP-VOsew; mLokg™"m~, milliters oxygen
per kiogram per meter; MAS, maximal aerobic speed calculated as the product of
DP-VOjyeus a1l Cov at 80%; LT, lactate threshold; %DP-VOzas, LT percentage of peak
oxygen uptake in DP; v, velocity; km, kiometers; h, hours; and Cale. LTy, calculated
lactate threshold velocity.





OPS/images/fphys-13-829758-M2.jpg
LT, = LT(DP~VOapear ! Cpp)





OPS/images/fphys-13-829758-t001.jpg
Variable Al (n=95) Males Females  p-value

(n=65) (n=30)
Age (year) 200£54 206261 18729 011
@7.0) (296) (15.5)
BW (kg) 71.3£8.3 742277 65.125.9 <0.01
(11.6) (10.4) ©.1)
Height (cm) 177.8+82  181.9:58  1690:52 <001
(4.6) ©2) @.1)
RUN-VOax
mLkg-min”! 655:83 698257 563250 <001
(12.7) ®2) (8.9
Lomint 470089  517+063  369:039 <001
(19.0) (122) (10.6)
DP-VOspeu
mLkg-min”! 565:7.8 604256 481243 <001
(13.8) ©3) (8.9
406:084  4.48+062  313:039 <001
20.7) (13.8) (12.5)
Cor
mLkg™"-m~ 0.183+£0.021 0.177+£0.020 0.197+0.020 <0.01
(11.5) (11.3) (102)
MAS (km-h-) 188:39  207:32 14717 <001
(20.7) (15.5) (1.6
LT
9%6DP-VOzp0uc 81.4+6.7 80.7+7.0 829159 0.15
®2) ®7) 7.1)
v kmeh) 15327 166+19  123:15 <001
(17.6) (11.4) (12.2)
Cale. LT,
MASLT, 15.2+2.8 16.6+2.0 122£15 <0.01

(18.4) (12.0) (129

Values are mean and SD with coeffcient of variance in percentage in parenthesis.
p value indlicates the level of significance for the difference between males and females.
¥r years; BW, body weight; kg, Kiograms; RUN-VOn.., maximal oxygen uptake in
funning; miLkg"-min”', millters oxygen per kiogram bodyweight per minute; L min”,
Iters per minute; DP-VO., peak oxygen uptake in double poling; Con 0xygen cost of
double poling at 80% 0f DP-VOsau; mL-kg~"-m, millters oxygen per kiogram body
weight per meter; MAS, maximal aerobic speed; kmh", kiometers per hour; LT, lactate
threshold; 94DP-VOzu, LT percentage of DP-VOs; v velocity; and Calc. LT,
calculated lactate threshold velocity by Equation 2.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Relationships Between Maximal Aerobic Speed, Lactate Threshold, and Double Poling Velocity at Lactate Threshold in Cross-Country Skiers



		Introduction



		Materials and Methods



		Design



		Subjects



		Methodology



		Day 1



		Day 2









		Statistical Analysis









		Results



		Discussion



		Practical Implications and Limitations



		Conclusion









		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References



















OPS/images/fphys-13-829758-g001.jpg
Cross-sectional study / pre-tests
A

Observational study, incl. post-tests

A

Day I: RUN-VOomax
Day 2: Cpp, LT, DP-VO2peax
N=95

3-months training period

Day 1: RUN-VO2max
Day 2: Cpp, LT, DP-VOopeak
N=35






OPS/images/fphys-13-829758-g002.jpg
Cale. LT, (MAS - LT)

20
15
=099
o SEE =2.4%
p <001
54 . . .
10 15 20

LT, (km - h')





OPS/images/fphys-13-829758-t003.jpg
Variable Allpooled  Controlled Within genders
(n=95) for gender

Males (n=65) ~ Females
(n=30)
DP-VOsc
mL-kg~"-min-" 0.84™ 0.66™ 0.67" 0.65"
081" 069" 059" 0.40°
-008 -024 -0.08 -0.01
-0.06 -0.09 -025" -0.31
004 025 028" -0.39"
-060"  -047" -052" -0.36
MAS (kmh-)
MAS 088" 088" 0.75"
T
96DP-VOjp0sc -002 <001 004 047"
v (kmh™) - - - -
Cale. LT,
MASLT% 099" 097" 098" 098"

Values are correlation coefficient r for all partcipants pooled, partial correlations
controlled for gender and within genders. DP-VO..., peak 0xygen uptake in double
poling; mL+kg~"min™", militers per kiogram bodyweight per minute; L:min™, liters per
minute; HR, heart rate; RER, respiratory exchange ratio; RPE, rate of perceived exertion;
Con 0Xygen cost of double poling at 80% 0f DP-VOsa; mLokg™"m, milliters per
Kiogram per meter; MAS, maximal aerobic speed calculated as the product of DP-
VO a1l Co at 80%; LT, lactate threshold; 36DP-VOses, LT percentage of peak
oxygen uptake in DP; v, velocity; km, kiometers; h, hours; and Calc. LT,; calculated
lactate threshold velocity

'0<0.05 significant correlation.

p<0.01 significant correlation.






OPS/images/cover.jpg
? frontiers
in Physiology

Relationships Between Maximal
Aerobic Speed, Lactate Threshold,
and Double Poling Velocity at Lactate
Threshold in Cross-Country Skiers









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





