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Abstract

:

A total of nineteen elite youth cross-country skiers (16 ± 2 years) were divided into three groups: a low-load group (LL, n = 6) performing 15–20 repetitions per exercise, a high-load group (HL, n = 9) executing 6–12 repetitions, and a control group (CON, n = 4) exclusively engaging in endurance training. Testing included 1RM in upper-body exercises, VO2max running tests, and double-poling (DP) ergometer exhaustion and sprint tests to determine peak oxygen uptake (VO2peak-DP) and peak power (PP). The results indicated that HL and LL showed significant increases in VO2peak-DP, both in absolute values (d = −1.2 and −1.2, p < 0.05) and when normalized to body mass (d = 0.93 and 1.3, p < 0.05). Although there were no group*time effects for VO2peak-DP, PP during DP tests to exhaustion increased in both HL (d = −1.6, p < 0.05) and LL (d = 1.4, p < 0.05) compared to CON. Standardized to body mass, only HL showed significant improvements in PP during the sprint test (d = 1.7, p < 0.05). During the sprint test, both absolute and body-mass-normalized peak power increased only in the high-load group (d = −1.0 and 0.93, p < 0.05). In conclusion, high-load resistance training resulted in the greatest improvements in strength, DP performance, and VO2peak-DP, indicating a dose–response relationship to the load magnitude of resistance training.
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1. Introduction


Cross-country skiing is a winter endurance sport, performed in varying terrain, necessitating constant transitions between sub-techniques, with propulsion derived from varying degrees of upper- and lower-body involvement. In recent decades, the average skiing speed in World Cup competitions has increased by 5–8%, with the addition of mass starts and sprint competitions that demand higher power outputs. This shift underscores the growing importance of anaerobic capacity, maximal strength, and speed, which now play a more significant role alongside aerobic metabolism in determining competitive success [1,2].



Double poling (DP), a sub-technique within the classical style with the highest degree of upper-body involvement, has therefore become increasingly important [3,4,5,6]. Research has focused on strength and power development, especially in the upper body, due to double poling’s significance in cross-country skiing [7]. Double-poling performance is linked to upper-body strength and power, resulting in higher peak forces, shorter contact times, increased cycle length, and reduced poling frequency at both maximal and submaximal speeds [1,6,8,9,10]. The significance of having superior upper-body endurance capacity is emphasized by strong correlations between peak oxygen uptake in double-poling (VO2peak-DP) and race performance [11,12,13,14]. Several studies have investigated the impact of adding heavy resistance training (within the three to twelve repetition range) to the regular endurance training regime of cross-country skiers on double-poling performance, with varying results. Some studies indicated positive effects of resistance training on double-poling performance [15,16,17,18]. However, other studies reported positive effects in experimental as well as control groups (both active and passive), with no changes between groups [10,18,19,20], or in the control group only [21]. While certain studies have reported improvements in exercise economy during double poling at submaximal intensities [15,16,17], others did not report a significant reduction in oxygen cost [19].



The effects of resistance training on VO2peak-DP are inconsistent, too, underscoring the need for a detailed analysis of potentially contributing factors. Notably, only a few studies reported VO2peak-DP increases following resistance training among junior cross-country skiers, suggesting a nuanced relationship between resistance training and physiological adaptations in this athletic population. [19,20]. However, when normalized for body mass, no significant changes were observed in any of these studies. Other studies have reported no significant effects of resistance training on VO2peak-DP, although it could be expected that better double-poling performance would allow a greater utilization of VO2max in the double-poling technique [15,16,17,18]. In this context, previous research suggests that peak oxygen uptake (VO2peak) is considerably influenced by the active muscle mass during upper-body dominant modes [22,23,24]. In accordance, various investigations in cross-country skiers reported a decrease in oxygen uptake when using techniques with decreasing muscle-mass recruitment [25,26,27]. For example, Hegge et al. [28] reported a decrease in VO2peak-DP by 15% and 22% when power output during DP was only generated by the upper body and a further decrease by 23% and 25% when the arms worked in isolation compared to whole body DP for men and women, respectively.



However, previous literature has mainly focused on resistance training methods aimed to provide minimal muscle hypertrophy [29,30,31,32], and no study has so far aimed to investigate the potential effects of increasing muscle mass in the upper body on VO2peak and DP performance, even though significant correlations between fat-free mass in the upper body and DP performance have already been reported [33,34]. Therefore, the current study aimed to investigate the effects of low- and high-load upper-body resistance training, aiming to provide upper-body muscle hypertrophy, on maximum strength and double-poling performance, as well as on peak oxygen uptake. This would address gaps in our current understanding on how to optimize training strategies in cross-country skiing with the increasing importance of upper-body performance. It was hypothesized that resistance training would increase maximum strength, as well as both VO2peak-DP and DP performance.




2. Materials and Methods


During the 10-week intervention, experimental groups incorporated two upper-body resistance training sessions per week into their late preparation phase (September–December). Participants were divided into a low-load (LL, n = 6) and a high-load training group (HL, n = 9). The study was not fully randomized due to the limited number of highly trained and experienced participants within this peer group who were willing to participate in 10 weeks of extensive resistance training or control testing. However, similar selection has previously been frequently used when studying high-level athletes [10,35]. LL executed 15–20 repetitions per exercise and HL aimed for 6–12 repetitions, while both groups trained to momentary concentric muscle failure in each session. Training volume was balanced across groups by matching the number of sets and sessions [36,37]. The control group (n = 4) maintained their usual endurance training without added resistance training. All groups continued their regular core stability training, incorporating band or sling exercises, Swiss Ball routines, and various mat exercises, targeting lower back and abdominal muscles.



Before and after the 10-week intervention phase, all participants were assessed through upper-body strength and power tests, a treadmill running test to exhaustion, and both submaximal and maximal double-poling ergometer tests. This comprehensive testing protocol aimed to evaluate the participants’ strength and endurance adaptations resulting from the intervention (see Figure 1).



2.1. Participants


Twenty-six (male, n = 11; female, n = 15; age: 16 ± 2 years; height: 1.69 ± 0.08 cm; body mass: 56.8 ± 6.5 kg; VO2max: 61.1 ± 7.1 mL·kg−1·min−1) youth cross-country skiers (n = 12) and biathletes (n = 14) from two elite training centers volunteered to participate in this study. Participants included in the study were classified as at least highly trained/national-level (Tier 3) [38]. The participants placed among the top 30 in their respective national and international competition classes (mean: 19; range: 1–52) and can therefore be defined as elite [39].



Each subject and their parents (if the subjects were younger than 18 years) were informed about the aims of the study and the experimental risks involved with the research before providing written informed consent. Furthermore, this study was performed in accordance with the Declaration of Helsinki and was approved by the Universities Ethics Committee (DHGS-EK-2023-004). Eight participants were subsequently excluded from the study (LL, n = 3; CON, n = 5) due to illness (COVID-19, n = 6), other reasons (n = 1), or lack of compliance with the prescribed training (n = 1).




2.2. Test Procedures


All participants completed at least one familiarization session on the double-poling ergometer and in the strength tests one week prior to the pre-test at the start of the intervention. Athletes with little to no experience with performance diagnostics completed two sessions to familiarize themselves with the different testing protocols. All participants were familiar with the VO2max running test. The majority of the participants were already acquainted with ski ergometer and resistance training, thus requiring only one familiarization session. The strength familiarization began with three submaximal sets, with increasing load: 10 repetitions at 40%, 6 repetitions at 75%, and 3 repetitions at 85% of the estimated 1RM. Then, two heavier, almost maximal lifts were performed to estimate 1RM. The familiarization process for the ski ergometer began with a 10 min general warm-up using the ergometer. This was followed by two to three submaximal 4 min stages, and finally, two successive 15 s sprints.



Participants were asked to exercise for a maximum of ninety minutes at low intensities (<75% of maximum heart rate [HRmax]) the day before the test days. They were instructed to avoid consuming large meals or coffee, or other products containing caffeine, during the last 3 h before the test. On test days, participants refrained from performing any training before testing. All tests were conducted under similar environmental conditions, specifically at a temperature range of 21–24 °C, and at approximately the same time of day to avoid circadian variance within a range of ±1.5 h.



The testing protocol was conducted over two consecutive days. The tests were conducted in the following order: anthropometric measurements, upper-body strength tests, VO2max running tests on test day 1, and double-poling ergometer tests on test day 2. Verbal encouragement was provided to athletes throughout all tests to stimulate maximal effort.




2.3. Assessment of Upper-Body Maximal Strength


One-Repetition Maximum


Upper-body maximal strength was assessed by measuring the 1RM in bench-press and bench-pull exercises. Repetition maximum testing was conducted in accordance with the guidelines established by the National Strength and Conditioning Association [40]. The warm-up protocol included a 10 min warm-up on a cycle ergometer, followed by 3 sets with 2–5 repetitions at approximately 50–80% of 1RM for each exercise. The initial attempts were performed with a load of approximately 90–95% of the estimated one-repetition maximum (1RM). The load was then increased by 2–5% after each successful attempt until the participants were unable to lift or pull the load with proper technique. The best attempt was recorded as the 1RM after two consecutive non-accepted attempts. The order of the tests was consistent across all testing sessions. Rest periods of at least five minutes were given between the trials. The 1RMs were achieved within a maximum of five attempts. All 1RM testing was supervised by the same investigator and conducted on the same equipment with identical equipment positioning for each subject.



Bench-press performance was tested in supine position on a bench. Proper form was assessed based on a 5-point body contact position, which required the head, upper back, and buttocks to be firmly on the bench with both feet flat on the floor. During the eccentric phase of the exercise, a gentle contact of the barbell with the chest was permitted, although the attempt was considered unsuccessful if the chest movement helped the execution. The end position was determined by fully extended elbows at the end of the concentric movement [41].



Bench-pull performance was tested in prone position on a bench. The examiner visually inspected whether the arms were straight as participants grabbed the barbell. The athletes performed a concentric arm flexion beginning from the extended position. The end position was determined by touching the bench with an elbow angle of ≤90° [42]. Chest and lower extremities were required to stay in contact with the bench for a trial to be successfully performed.



Given the hypothetical significance of body weight for endurance performance, 1RMs were reported as both absolute (kilogram) and relative strength (kilogram per kilogram of body mass).





2.4. Assessment of Maximal Aerobic Capacity


Maximum Oxygen Uptake Test


Following a standardized 20 min warm-up (60–80% of HRmax), the subjects ran with poles on a treadmill at a constant incline of 10.5%. The speed increased incrementally by 1 km·h−1 every 60 s until exhaustion, with a starting speed of 7 km·h−1. The subjects reached exhaustion within 4 min and 45 s to 8 min and 15 s. VO2max was calculated as the average of the three highest consecutive 10 s measurements. To evaluate whether VO2max was achieved, two or more of the following criteria had to be met: (1) a respiratory exchange ratio (RER) greater than 1.1; (2) a plateau in oxygen uptake, observed when the two highest oxygen uptake (VO2) measurements were within 2.5 mL·kg−1·min−1 of each other; (3) heart rate (HR) greater than 95% of the subjects’ reported HRmax; or (4) blood lactate concentration ([La-]) greater than 8.0 mmol·L−1. The highest HR averaged over 30 s during the test was considered the subject’s HRmax (Polar H10, Polar, Kempele, Finland). Similarly, the oxygen pulse was averaged over 30 s and taken as O2-PulseVO2max. Peak treadmill speed (Vmax) was calculated using the formula: Vmax = vCOM + (t/60) × S, where vCOM is the speed of the last completed stage, t is the number of seconds completed in the last uncompleted stage, and S is the change in velocity of the last uncompleted stage.



Respiratory parameters (VO2, VCO2) were measured (10 s sampling time) using a computerized metabolic unit with mixing chamber (K5, Cosmed, Rome, Italy). The flow turbine was calibrated with a 3L calibration syringe. The metabolic system was calibrated with known concentrations of certified calibration gases before each test according to the specifications of the manufacturer. The spiroergometric system used for the double-poling tests was identical.





2.5. Assessment of Double-Poling Capacity


A specially designed double-poling ergometer (SkiErg, Concept 2, Morrisville, VT, USA) was used for all double-poling capacity tests. Power is generated by pulling cords that spin a wind resistance flywheel. The deceleration rate of the flywheel (drag factor) is controlled by a damper located on the flywheel. Therefore, the work required to accelerate the flywheel during each stroke is predetermined. For all performance tests, the damper settings were set at 100% of body weight to account for the hypothetical importance of body weight for endurance performance. Similar set-ups were utilized in previous studies [43]. Participants were instructed to choose a position that mimicked their habitual positions during double poling on skis.



Given the hypothetical significance of body weight for endurance performance, mean power was reported in both absolute (watts) as well as standardized values (watts per kilogram of body mass).



2.5.1. Assessment of Double-Poling Power (Sprint Test)


After a self-paced 5 min warm-up on the ski ergometer, the participants performed a 15 s bout with maximal effort to determine their maximal double-poling power (DPP15s). The mean power was used for subsequent analyses. Participants were allowed to choose their own cadence. Wattage and cycle rate were recorded using software (C2 ErgData Version 2.2.21, Concept 2, Morrisville, VT, USA).




2.5.2. Peak Oxygen Uptake Test during Double Poling


After 10 min of rest, participants performed a 15 min warm-up at different submaximal intensities (i.e., relative intensities between 65% and 81% of HRmax) followed by an incremental test to exhaustion on the double-poling ergometer. The test began at 75 W for women and 80 W for men, with the work rate increasing by 15 and 20 W, respectively, every minute. Exhaustion was defined as a power output drop of five or more watts below the required work rate for five or more seconds. Participants were free to choose their own cadences at each stage of the test. The subjects reached exhaustion within 3 min to 7 min and 10 s. Cardiorespiratory variables were continuously monitored during the test. The highest average VO2 during a continuous 30 s period was defined as VO2peak-DP. The subject’s peak heart rate during double poling (HRpeak-DP) was determined as the highest HR averaged over 30 consecutive seconds (Polar H10, Polar, Kempele, Finland). Similarly, the oxygen pulse was averaged over 30 consecutive seconds and recorded as O2-PulseVO2peak-DP. Peak power output (DPPPEAK) was calculated using an equation originally developed for stationary cycle ergometer test protocols [44]: DPPPEAK = DPPCOM + (t/60) × W. Here, DPPCOM is the power output of the last completed stage, t is the number of seconds completed in the last uncompleted stage, and W is the change in power output of the last uncompleted stage [45].





2.6. Intervention


Both the HL and LL groups underwent two weekly resistance training sessions on non-consecutive days for 10 weeks in addition to their regular endurance training. The hypertrophy-oriented resistance training protocols aimed to increase the maximum strength of the upper-body muscles and subsequently enhance VO2peak-DP. As previously described [46,47], effort (proximity to failure) and volume (number of working sets) were considered principal factors for hypertrophic outcomes. Accordingly, the protocol consisted of five sets of the free-weight bench press and bench pull, as well as dips and chin-ups, performed for five sets per exercise, with a minimum of two minutes of rest taken between sets. As described by Schoenfeld, Contreras, Vigotsky, and Peterson [41], participants were verbally encouraged to perform all sets until they reached momentary concentric muscular failure, which is defined as the inability to perform another concentric repetition while maintaining proper form. This helped to standardize the training protocols. Additionally, participants were instructed to perform repetitions with a focus on maximal acceleration and speed during the concentric phase (i.e., lasting around 1 s), while the eccentric phase, which is non-performance specific, should be performed in a slower, more controlled manner (i.e., lasting around 2–3 s). This approach is based on the assumption that the intended velocity, rather than the actual velocity, determines the velocity-specific training response [48,49,50]. During the intervention period, participants in the HL group aimed to maintain a 6–12 repetition maximum (RM) per set and per exercise, while participants in the LL group aimed to maintain a 15–20 RM per set and per exercise. Following a standardized warm-up, which consisted of 10 min of general aerobic exercise (running or cycling at a self-selected intensity) and three submaximal series (8-6-3 reps) with increased loads (40%, 60%, and 80% of 1RM), participants performed the working sets for the first exercise. For the subsequent exercises, two warm-up sets per exercise (2–4 repetitions, 80% of 1RM) were performed before the maximal sets. The participants in both groups were encouraged to progressively increase their RM loads during the intervention period while maintaining the target repetition range. They were permitted assistance on the final repetition. Participants were supervised during every training session by either the research team or a coach to ensure proper technique and appropriate workload.



Aerobic endurance training in HL, LL, SIT, and CON was managed by the participants’ respective coaches. Throughout the intervention period, participants logged their training sessions and provided this information to the project coordinator. Aerobic endurance training was categorized into three intensity zones: low-intensity training (LIT: 60–81% of HRmax), moderate-intensity training (MIT: 82–87% of HRmax), and high-intensity training (HIT: ≥88% of HRmax). The volume and intensity of endurance training were determined based on data recorded by heart rate monitors.




2.7. Blinding


To minimize potential bias, one level of blinding was incorporated into the analysis of this study. Statistical analyses were performed blinded; only after the analyses were completed was the correct dataset unveiled to the responsible researcher. However, it was not possible to blind the performance tests, and thus the potential for bias in the measures cannot be completely ruled out.




2.8. Statistical Analysis


Statistical analyses were performed using SPSS 29.0.1.1 (IBM, Ehningen, Germany) and data visualization using syntax from Loffing [51]. The best performance values were used in the data analyses for all performance tests. Data are presented as the means, standard deviations, and 95% confidence intervals. The level of significance was set a priori at p < 0.05 for all statistical methods. Data were checked for a normal distribution using the Shapiro–Wilk test.



For the longitudinal data, differences between groups at baseline were determined using one-factor ANOVA. The effect sizes for pairwise comparisons were calculated using Cohen’s d [52]. To analyze the changes in performance within and between groups, a 3 × 2 ANOVA with repeated measures (baseline to 10 weeks) was performed using the factors ‘time’ and ‘interaction’ (group × time). In the case of significant F-values, post hoc Scheffé tests were conducted for pairwise comparisons. The effect sizes for the global effects were calculated via the partial square of eta (η2). In general, effect sizes of η2 ≥ 0.25 are classified as large, η2 ≥ 0.1 as moderate, and η2 ≥ 0.01 as small. The effect sizes for pairwise (inner-subject) comparisons were calculated using Cohen’s d. In general, effect sizes of Cohen’s d defined as d > 0.8 can be interpreted as large effects, d > 0.5 can be interpreted as medium effects, and > 0.2 can be interpreted as small effects [52]. The analysis included calculating the number of participants who showed improvements exceeding the smallest worthwhile change (SWC) from baseline to 10 weeks, defined as 0.5 of the between-athletes standard deviations, reflecting a Cohen effect size of 0.50 [53].



The relationships between pre- to post-changes in strength parameters and upper-body endurance parameters were analyzed with one-tailed bivariate Pearson correlation coefficient (r). Additionally, a 95% CI for correlation coefficients was reported. Correlation coefficients were squared (r2) to examine the variance (in percent [%, r2 × 100]) explained by each variable.





3. Results


3.1. Baseline Characteristics and Body Mass


The study found no differences between age and anthropometrics between groups. There were no within- (F = 2.900, p = 0.108, partial η2 = 0.153) or between-group differences (F = 1.902, p = 0.108, partial η2 = 0.192) in body mass changes. There were differences between HL and LL in bench-pull 1RM absolute (F = 5.021, p = 0.02, partial η2 = 0.386; ES, d = −1.79 [−3.01 to −0.58]) and standardized to body mass (F = 4.387, p = 0.03, partial η2 = 0.354; ES, d = −1.58 [−2.76 to −0.41]). No other performance variable showed differences between the groups prior to the intervention (F = 0.325–3.843, p = 0.103–0.727).




3.2. Endurance Training during the Intervention


Analysis of training data extracted from the subject’s training diaries revealed no significant difference in the weekly duration of endurance training or its distribution across the low-, medium-, and high-intensity zones between HL (10.0 ± 0.8 h, 0.3 ± 0.2 h, and 0.8 ± 0.1 h, respectively), LL (9.9 ± 0.8 h, 0.2 ± 0.1 h, and 0.9 ± 0.1 h, respectively), and CON (9.9 ± 1.3 h, 0.4 ± 0.2 h, and 0.8 ± 0.1 h, respectively) during the 10-week intervention period.




3.3. Maximum Strength


The results for 1RMs in absolute terms are shown in Table 1. Figure 2 illustrates the mean and individual changes in relative strength in bench press and bench pull within HL, LL, and CON, respectively.



Maximal strength tests revealed large main effects for the time (i.e., from pre to post) for relative strength in bench press (F = 18.184, p < 0.001, partial η2 = 0.532) and bench pull (F = 13.507, p = 0.002, partial η2 = 0.458), as well as for the interaction effect group * time (F = 5.255, p = 0.018, partial η2 = 0.963) for relative strength in bench pull. The Scheffé test showed that the relative strength in bench press increased significantly in HL (0.72 ± 0.08 kg·kg−1 to 0.82 ± 0.10 kg·kg−1, d = −2.561, p < 0.05) and LL (0.63 ± 0.14 kg·kg−1 to 0.67 ± 0.13 kg·kg−1, d = −0.780, p < 0.05) but not in CON (0.66 ± 017 kg·kg−1 to 0.68 ± 0.14 kg·kg−1) and the relative strength in bench pull increased significantly in HL (0.81 ± 0.04 kg·kg−1 to 0.93 ± 0.04 kg·kg−1, d = −2.754, p < 0.05) and LL (0.69 ± 0.10 kg·kg−1 to 0.80 ± 0.13 kg·kg−1, d = −0.926, p < 0.05) but not in CON (0.84 ± 0.14 kg·kg−1 to 0.83 ± 0.11 kg·kg−1) from pre-test to post-test, respectively. The group differences determined by the Scheffé test showed significant differences between HL and LL, as well as HL and CON, for relative strength in bench press (p < 0.05), as well as significant differences between HL and CON, as well as LL and CON, for relative strength in bench pull (p < 0.05). No significant differences could be determined between HL and LL for relative strength in bench pull, as well as LL and CON for relative strength in bench press. Figure 3 shows correlations between changes in 1RM and VO2peak, as well as DPPpeak and DPP15s including all participants within the study.




3.4. Maximal Endurance Measurements


Table 1 show the results for upper-body maximal endurance and sprint measurements during the ski ergometer tests. Figure 4 illustrates mean and individual changes in VO2max and VO2peak DP within HL, LL, and CON, respectively. Figure 5 illustrates the individual responses for pre- and post-test changes summarized in two categories: high-responder (>0.5*STDpre) and low-responder (<0.5*STDpre).



3.4.1. VO2max


Results of the VO2max treadmill test showed no time effect for VO2max rel (HL: 61.1 ± 5.3–58.9 ± 5.4 mL·min−1·kg−1; LL: 59.7 ± 9.4–59.9 ± 8.3 mL·min−1·kg−1; CON: 63.4 ± 8.6–63.3 ± 6.0 mL·min−1·kg−1; p = 0.905), O2-PulseVO2max (HL: 18.9 ± 2.6–18.3 ± 2.5 VO2·HR−1; LL: 15.9 ± 5.0–16.3 ± 4.5 VO2·HR−1; CON: 17.8 ± 3.2–18.3 ± 3.2 VO2·HR−1; p = 0.735), and Vmax (HL: 11.6 ± 0.8–12.0 ± 1.3 km·h−1; LL: 11.7 ± 0.9–11.9 ± 0.9 km·h−1; CON: 12.5 ± 1.5–12.5 ± 1.1 km·h−1; p = 0.202). There were no significant interactions between time and group for any of the variables.




3.4.2. VO2peak-DP


The repeated-measures ANOVA revealed large main effects for time (i.e., pre to post) for VO2peak-DP rel (F = 7.788, p = 0.003, partial η2 = 0.327) and the ratio between VO2max and VO2peak-DP (F = 9.335, p = 0.008, partial η2 = 0.368), as well as the ratio between O2-PulseVO2max and the O2-PulseVO2peak-DP (F = 11.312, p = 0.004, partial η2 = 0.414). There were no significant interactions between time and group for both variables, respectively. The Scheffé test showed VO2peak-DP rel increased significantly in HL (46.6 ± 10.9–51.0 ± 6.7, d = −0.929, p < 0.05) and LL (48.1 ± 9.8–52.6 ± 9.0, d = −1.288, p < 0.05) but not in CON (50.4 ± 6.8–50.2 ± 4.0, d = 0.030, p < 0.05). The ratio between VO2max and VO2peak-DP increased significantly in HL (0.76 ± 0.13–0.87 ± 0.06, d = −1.055, p < 0.05) but not in LL (0.80 ± 0.07–0.87 ± 0.05) and CON (0.79 ± 0.04–0.80 ± 0.06). The ratio between O2-PulseVO2max and O2-PulseVO2peak-DP increased significantly in HL (0.78 ± 0.11–0.88 ± 0.06, d = −1.091, p < 0.05) and LL (0.82 ± 0.07–0.90 ± 0.07, d = −1.294, p < 0.05), but not in CON (0.85 ± 0.05–0.85 ± 0.07).






4. Discussion


To the best of the authors’ knowledge, this is the first study designed to investigate the effects of a volume-based (i.e., sets per exercise or muscle group) resistance training protocol on performance in well-trained endurance athletes. The primary findings of this study demonstrate that elite youth cross-country skiers improve their double-poling aerobic capacity and performance after a 10-week training intervention independent of loading, provided that sets are equated and carried out with a close proximity to momentary concentric muscle failure. Both HL and LL increased maximal dynamic strength and power, as well as aerobic capacity and power, during double-poling ergometry; however, only HL increased significantly in average power during the 15 s sprint. Group differences in traditional determinants of endurance performance were only found for changes in peak power during the double-poling peak oxygen uptake test.



Significant upper-body strength increases of 9–17% were observed in both intervention groups, aligning with previous studies showing 6–24% strength gains after 6–12 weeks resistance training in cross-country skiers [7]. HL showed superior strength gains, supporting a strength–endurance continuum and a dose–response effect of load on dynamic strength [47,54,55]. This observation warrants caution due to the presence of an outlier (a decrease in performance) in both LL and control groups, which could influence the overall interpretation of the data. The cause of this variance remains uncertain, whether it is natural variability, issues with test–retest reliability, fatigue, or learning effects. Strength gains likely resulted from both neural adaptations and hypertrophy [56,57,58,59,60], with studies indicating similar hypertrophy changes in HL and LL conditions when effort (proximity to failure) and volume (number of working sets) are equated [47,54,61], emphasizing the significance of load in maximizing dynamic strength in experienced individuals [47].



The study observed moderate to large correlations between changes in dynamic strength and changes in peak power during double-poling oxygen uptake tests. This highlights the critical role of the neuromuscular system in generating high-propelling forces for optimal double-poling performance, which aligns with prior research [4,5,6,62]. The results highlight the importance of maximum strength in improving mean power output for HL during the double-poling sprint test, with a significant increase of 12.2% (relative and absolute). In contrast, LL and CON conditions showed non-significant improvements of 7.7% (absolute) and 6.1% (relative), and 4% (absolute) and 2.2% (relative), respectively. Further investigation is warranted due to the low delta-correlations (8.5–9% explained variance) observed between sprint power and strength measures. This may indicate a need for enhanced technical efficiency through sprint-specific training to facilitate improved force production transfer into sport-specific double-poling performance.



The study observed large improvements in VO2peak-DP for both absolute terms (HL: 8.5%, LL: 9.2%) and relative terms (HL: 9.4%, LL: 9.4%), with no significant changes observed in the control group. It is worth noting that there were no alterations across the groups, aligning with prior research [7]. The change in the ratio between VO2max and VO2peak-DP highlights the distinct effect of resistance training on aerobic performance during DP, necessitating further exploration of the underlying mechanisms.



The findings align with resistance training research, highlighting hypertrophic effects across muscle fiber types and capillary adaptations in response to training duration and intensity [47,54,63,64,65,66]. These adaptations may enhance upper-body oxidative capacity [67,68], facilitating improved oxygen extraction and utilization of Type I muscle fibers, delaying the recruitment of Type II fibers [69]. Additionally, increased upper-body strength might reduce muscle activation during prolonged submaximal exercise [69,70], leading to improved perfusion conditions [8,15,16] and muscle oxygen saturation [71].



Strong correlations between resistance-training-induced strength gains (1RM) and changes in VO2peak-DP underscore the role of resistance training in mitigating peripheral limitations, explaining 23–41% of the observed variance. However, existing literature presents varying outcomes regarding the relationship between resistance training and VO2peak-DP [15,16,17,18,19,20]. While some studies reported increases in absolute terms that became non-significant when normalized for body mass [19,20], others showed no effect at all [15,16,17,18], emphasizing the need for a comprehensive understanding of contributing factors. Studies have shown that an increase in VO2peak is often accompanied by a rise in muscle-mass-related parameters such as body mass, fat-free mass, and upper-extremity circumference [19,20]. This supports the hypothesis that, up to a certain threshold, VO2peak-DP is primarily constrained by the amount of muscle mass that can be utilized to produce propulsion and/or peripheral factors within the working muscles. This limitation persists until a critical level of active muscle mass is attained. At this point, central factors, such as stroke volume, assume a more prominent role in limiting VO2peak and VO2max [24]. Therefore, the current body of evidence on the impact of resistance training on VO2peak-DP may be biased due to the focus on neuromuscular adaptations in previous studies, potentially neglecting hypertrophic or other physiological responses [15,16,17]. In this study, the somewhat lower response rate for VO2peak-DP compared to dynamic strength (Figure 5) could be attributed to potential neural adaptations resulting from resistance training, underscoring the greater impact of structural changes over neural adaptations on VO2peak-DP development.



Additionally, the performance level and gender of the investigated populations are crucial variables that need consideration. For instance, Ofsteng et al. [18] reported no significant effect of resistance training on VO2peak-DP standardized to body mass (from 68.5 ± 5.3 mL·min−1·kg−1 to 68.3 ± 5.4 mL·min−1·kg−1), despite a regimen involving three exercises for three sets in the 4 to 12 RM range. Although VO2max data were not provided, the reported values suggest a smaller ratio between VO2peak and VO2max compared to the population in this study, indicating limited potential for performance improvement by peripheral factors. This may elucidate why resistance training failed to influence VO2peak-DP despite a notable increase in upper-body lean body mass. Moreover, Carlsson et al. [20] observed significant enhancements in VO2peak-DP among female athletes but noted non-significant changes in men. Hegge et al. [28] linked gender differences in DP performance to significantly higher muscle mass in the upper body of male athletes compared to that of their female counterparts. These sex-specific nuances underscore the importance of considering the diverse physiological responses to resistance training based on sex, further contributing to the complexity of understanding its impact on VO2peak-DP.



The observed increase in VO2peak-DP corresponded to substantial improvements in peak power during the DP peak oxygen uptake test, particularly evident in the HL group (14.6% absolute; 14.8% relative) compared to LL (10.3% absolute; 8.1% relative) and CON (0.2% absolute; −1.6% relative). These outcomes align with existing studies demonstrating the positive effect of resistance training on various aspects of DP performance. The generation of high power outputs during DP is partially influenced by VO2peak, but also related to the fractional utilization of VO2peak, efficiency, and anaerobic capacity. Therefore, one possible explanation for improved DP performance could be the increased energetic flux resulting from the enhanced oxidative capacity within the working muscles, possibly supplemented by an increased maximal strength, and anaerobic capacity—assuming that there was an increase in lean body mass [72]. The significance of dynamic strength is uncertain. For instance, upper-body 1RM measurements were imprecise in distinguishing between national and world-class athletes in their capacity to generate high power outputs on DP ergometers. [1,6,73,74].



One of the limitations of the study was that participants were relatively young and included both genders, leading to a heterogeneous group. This diversity might influence the results due to variations in maturation, with younger individuals in the LL and control group potentially affecting outcomes differently compared to those in the HL group. Therefore, these findings might not be directly applicable to more homogeneous groups of elite or world-class senior athletes. Moreover, the study utilized a per-protocol design rather than intent-to-treat, due to organizational reasons. Therefore, a reduced sample size (n = 8) and varying sample size within the different groups diminished the statistical power, possibly impacting the significance levels. Additionally, the decrease in study population size during the intervention, due to illness, limited the number of participants in different groups for robust analysis, which means that a single outlier impacts the calculation. This situation underscores the inherent challenges of conducting applied research in elite sports, where such specific populations are rarely accessible. Despite these obstacles, the data collected remain valuable, providing unique insights into a group that is seldom studied, thus contributing significantly to our understanding of high-performance sports.



The study’s findings demonstrate significant improvements in VO2peak-DP among elite youth cross-country skiers following a 10-week resistance training intervention. This suggests enhanced peak aerobic capacity with potential implications for enhancing endurance performance in cross-country skiing. While both HL and LL protocols resulted in significant increases in upper-body strength, HL showed superior improvements compared to LL in strength. This indicates a dose–response relationship to load magnitude for strength development. Interestingly, these strength gains, particularly pronounced in the HL group, significantly enhanced DP performance. Thus, endurance athletes could benefit from prioritizing high-load protocols with ample volume (e.g., 20 sets per major muscle group per week) while emphasizing effort (proximity to failure) to maximize their upper-body endurance performance. However, future investigation is warranted to ascertain whether this improvement extends to DP efficiency, as observed in previous research. Examining the interplay between increased energy delivery and potential improvements in efficiency will contribute to a more comprehensive understanding of the performance adaptations resulting from resistance training.




5. Conclusions


The study demonstrates that high-volume resistance training, particularly high-load protocols, can significantly enhance upper-body strength as well as double-poling VO2peak and performance among elite youth cross-country skiers and biathletes, indicating a dose–response relationship to the load magnitude of resistance training. These findings provide valuable insights that can guide future resistance training practices which will potentially contribute to advancements in performance outcomes in cross-country skiing and biathlon.
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Figure 1. A schematic overview of the experimental protocol. 
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Figure 2. Individual data points for 1RM Bench Press and 1RM Bench Pull standardized to body mass before (pre-test) and after the intervention period (post-test) for HL, LL, and CON. The absolute difference indicates Δ changes in maximum strength during the interventional period. The data points in bold and black with red crossbars represent mean values for each data set. * Larger than at pre (p < 0.05). # Different from CG at post (p < 0.05). % Different from LL at post (p < 0.05). 
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Figure 3. Correlations between changes in 1RM and VO2peak, as well as DPPpeak and DPP15s including all participants within the study. R-values interpreted as follows: <0.1, trivial; 0.1–0.3, small; 0.3–0.5, moderate; 0.5–0.7, large; 0.7–0.9, very large; 0.9, nearly perfect; 1.0, perfect. Dashed lines represent 95%CI. * p < 0.05. ** p < 0.01. 
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Figure 4. Individual data points for VO2max and VO2peak-DP standardized to body mass before (pre-test) and after the intervention period (post-test) for HL, LL, and CON. The absolute difference indicates Δ changes in oxygen uptake during the interventional period. The data points in bold and black with red crossbars represent mean values for each data set. * Larger than at pre (p < 0.05). 
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Figure 5. Smallest worthwhile change: individual responses for pre- to post-test changes summarized in two categories: high-responder (dark gray), >0.5*STDpre; and low-responder (light gray), <0.5*STDpre. 
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[image: Applsci 14 02774 g005]







 





Table 1. Upper-body maximal strength, endurance capacity, performance, and physiological indices at pre- and post-intervention in 19 well-trained xc-skiing and biathlon athletes, presented as mean ± SD (CI).
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Variable

	
Group

	
Baseline (T1)

	
Post-Test (T2)

	
Effect Sizes (d)

	
Time Effect

	
Interaction

Effect






	
1 RM Bench Pull (kg)

	
HL

(n = 9)

	
48.8 ± 6.3

(43.9–53.6)

	
55.8 ± 7.5

(50.1–61.6)

	
−2.416 *

	
F = 15.464

p = 0.001

η2 = 0.491

	
F = 3.485

p = 0.055

η2 = 0.303




	
LL (n = 6)

	
36.7 ± 7.4

(28.9–44.4)

	
42.5 ± 8.7

(33.4–51.6)

	
−0.998 *




	
CG (n = 4)

	
47.5 ± 10.2

(31.3–63.7)

	
47.5 ± 9.8

(31.9–63.1)

	
0.000




	
1RM Bench Press (kg)

	
HL

(n = 9)

	
43.1 ± 7.2

(37.6–48.6)

	
48.9 ± 8.9

(42.0–55.8)

	
−2.694 *%#

	
F = 30.635

p < 0.001

η2 = 0.657

	
F = 5.456

p = 0.016

η2 = 0.405




	
LL (n = 6)

	
32.9 ± 8.7

(23.8–42.1)

	
35.8 ± 8.3

(27.1–44.6)

	
−0.998 *




	
CG (n = 4)

	
37.5 ± 11.6

(19.1–55.9)

	
38.8 ± 10.3

(22.4–55.2)

	
−0.500




	
VO2peak-DP

(mL·min−1)

	
HL

(n = 9)

	
2790 ± 485

(2417–3163)

	
3028 ± 398

(2723–3334)

	
−1.182 *

	
F = 12.597

p = 0.003

η2 = 0.441

	
F = 1.716

p = 0.211

η2 = 0.177




	
LL (n = 6)

	
2651 ± 778

(1835–3467)

	
2894 ± 719

(2139–3649)

	
−1.209 *




	
CG (n = 4)

	
2834 ± 479

(2071–3596)

	
2866 ± 325

(2348–3384)

	
−0.171




	
O2-PulseVO2peak-DP (VO2·HR−1)

	
HL

(n = 9)

	
14.8 ± 2.6

(12.8–16.8)

	
16.1 ± 2.4

(14.3–17.9)

	
−1.202 *

	
F = 14.484

p = 0.002

η2 = 0.475

	
F = 1.351

p = 0.287

η2 = 0.144




	
LL (n = 6)

	
13.3 ± 5.1

(8.0–18.6)

	
14.9 ± 4.7

(10.0–19.9)

	
−1.111 *




	
CG (n = 4)

	
15.1 ± 3.3

(9.9–20.3)

	
15.5 ± 2.4

(11.6–19.3)

	
−0.392




	
DPPPEAK (W)

	
HL

(n = 9)

	
143.9 ± 14.8

(132.5–155.2)

	
165.0 ± 13.5

(154.6–175.4)

	
−1.638 *%#

	
F = 16.982

p < 0.001

η2 = 0.515



Greenhouse-Geisser

	
F = 4.730

p = 0.024

η2 = 0.372








	
LL (n = 6)

	
122.5 ± 32.1

(88.9–156.1)

	
135.2 ± 39.3

(94.0–176.4)

	
−1.425 *#




	
CG (n = 4)

	
143.3 ± 43.6

(73.8–212.7)

	
143.5 ± 33.8

(89.7–197.3)

	
−0.023




	
DPPPEAK (W·kg−1)

	
HL

(n = 9)

	
2.43 ± 0.38

(2.13–2.72)

	
2.78 ± 0.32

(2.54–3.03)

	
−1.695 *%#

	
F = 11.805

p = 0.003

η2 = 0.425



Greenhouse-Geisser

	
F = 5.483

p = 0.015

η2 = 0.407








	
LL (n = 6)

	
2.31 ± 0.35

(1.94–2.67)

	
2.49 ± 0.48

(1.99–2.99)

	
−1.223 #




	
CG (n = 4)

	
2.53 ± 0.66

(1.49–3.58)

	
2.49 ± 0.42

(1.82–3.16)

	
0.163




	
DPP15s (W)

	
HL

(n = 9)

	
217.1 ± 32.0

(192.5–241.7)

	
243.7 ± 36.7

(215.5–271.9)

	
−1.029 *

	
F = 11.815

p = 0.003

η2 = 0.425

	
F = 1.493

p = 0.254

η2 = 0.157




	
LL (n = 6)

	
183.2 ± 58.6

(121.7–244.6)

	
197.3 ± 59.0

(135.5–259.2)

	
−1.216




	
CG (n = 4)

	
202.0 ± 58.7

(108.6–295.4)

	
210.0 ± 55.5

(121.8–298.2)

	
−1.494




	
DPP15s (W·kg−1)

	
HL

(n = 9)

	
3.63 ± 0.41

(3.32–3.94)

	
4.07 ± 0.36

(3.80–4.35)

	
−0.9321 *

	
F = 7.411

p = 0.015

η2 = 0.317

	
F = 1.562

p = 0.240

η2 = 0.163




	
LL (n = 6)

	
3.44 ± 0.69

(2.71–4.16)

	
3.65 ± 0.74

(2.87–4.42)

	
−0.871




	
CG (n = 4)

	
3.57 ± 0.87

(2.18–4.96)

	
3.65 ± 0.74

(2.48–4.82)

	
−0.450








1RM, one-repetition maximum; VO2peak-DP, peak oxygen uptake during double-poling ergometry; O2pulseVO2peak-DP, peak oxygen pulse during double-poling ergometry; DPPpeak, peak power during double-poling ergometry; DPP15s, mean power during 15 s double-poling ergometer sprint. * Larger than at pre (p < 0.05). # Different from CG at post (p < 0.05). % Different from LL at post (p < 0.05).
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