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Purpose: To compare acute physiological responses and perceived training stress between one long and two short time- and intensity-matched sessions of moderate-intensity training in endurance athletes.Methods: Fourteen male endurance athletes (VO2max: 69.2 ± 4.2 mL·min−1·kg−1) performed one 6 × 10-min interval session (SINGLE) and two 3 × 10-min interval sessions interspersed with 6.5 h recovery (DOUBLE) of moderate-intensity training on two separate days, while running in the laboratory, using a counterbalanced cross-over trial. The two training days were separated into a first part/session (interval stage 1–3) and second part/session (interval stage 4–6). Respiratory variables, heart rate (HR), blood lactate concentrations (BLa), and rating of perceived exertion (RPE) were collected during sessions, whereas supine heart rate (HR) was assessed in a 60-min recovery period following sessions. Measures of perceived training stress (1–10) were assessed in the morning of the subsequent day.Results: HR, Bla, and RPE increased in the second compared to first part of SINGLE (168 ± 7 vs. 173 ± 7 bpm, 2.60 ± 0.75 vs. 3.01 ± 0.81 mmol·L−1, and 13.4 ± 1.0 vs. 14.8 ± 1.1-point, respectively, all p < 0.05). HR and Bla decreased in the second compared to first session of DOUBLE (171 ± 9 vs. 166 ± 9 bpm and 2.72 ± 0.96 vs. 2.14 ± 0.65 mmol·L−1, respectively, both p < 0.05). SINGLE revealed higher supine HR in the recovery period following sessions (65.4 ± 2.5 vs. 60.7 ± 2.5 bpm p < 0.05), session RPE (sRPE, 7.0 ± 1.0 vs. 6.0 ± 1.3-point, p = .001) and sRPE training load (929 ± 112 vs. 743 ± 98, p < 0.001) compared to DOUBLE. In the subsequent morning, increased levels of perceived fatigue and muscle soreness were observed following SINGLE compared to DOUBLE (7.0 ± 2.5 vs. 8.0 ± 1.0-point, p = .049 and 6.0 ± 2.5 vs. 7.0 ± 2.5-point, p = .002, respectively).Conclusion: One long moderate-intensity training session was associated with a duration-dependent “drift” in physiological responses compared to two short time- and intensity-matched sessions, thereby suggesting a higher overall training stimulus. Simultaneously, the lower cost of the two shorter sessions indicates that such organization could allow more accumulated time at this intensity. Overall, these findings serve as a starting point to better understand the pros and cons of organizing moderate-intensity training as one long versus shorter sessions performed more frequently (e.g., as “double threshold training”) in endurance athletes.Keywords: cardiovascular drift, durability, endurance sport, threshold training, training characteristics, training intensity
INTRODUCTION
Endurance exercise performance is primarily limited by the athlete’s maximal oxygen uptake (VO2max), fractional utilization of VO2max [indicated by e.g., lactate/ventilatory “thresholds” or performance oxygen uptake (VO2)], and work economy/efficiency (Joyner and Coyle, 2008). To provide a stimulus for improving endurance performance, a sufficient training load must be achieved through the interaction between training volume, intensity, and frequency. Retrospective analyses of elite to world-class endurance athletes have reported annual training volumes ranging from 500 to 1,200 h depending on the sport-specific demands, with most training performed as low intensity (∼70–90%), supplemented by 10%–30% as moderate- to high-intensity training (Seiler, 2010; Stöggl and Sperlich, 2015; Sperlich et al., 2023; Staff et al., 2023). Although most scientific literature emphasizes the effects and underlying mechanisms of high-intensity training (Laursen and Jenkins, 2002; Laursen, 2010; Stöggl and Sperlich, 2015), endurance athletes, and particularly elite endurance athletes, perform surprisingly small volumes of high-intensity training and often substantially larger volumes of both low- and moderate-intensity training (Burnley et al., 2022; Haugen et al., 2022; Casado et al., 2023; Sandbakk et al., 2023).
Moderate-intensity training is performed between the first and second lactate/ventilatory “threshold” and therefore often referred to as “threshold training” (Seiler, 2010). This type of training can be performed both as continuous sessions and as intervals with relatively long work duration. In this context, an increasingly popular method adopted across different endurance sports is so-called “double-threshold training,” which means that two “threshold sessions” are performed on the same day (Bakken, 2022; Casado et al., 2023), with “easy days” of low-intensity training in between. Although there is limited scientific literature to support the use of “double-threshold training,” information from sports practice indicates that the method originates from, and is currently well established in middle- and long-distance running (Tjelta, 2019; Casado et al., 2023; Kelemen et al., 2023). Although the volume of each session is often reduced compared to performing one longer session, the aim is normally to increase the accumulated time at relatively high, competition-specific intensities. The internal exercise intensity during such sessions, is typically around 82%–87% of maximal heart rate (HRmax), 2–4 mmol·L−1 in blood lactate concentrations (Bla), and 12–16 in rating of perceived exertion (RPE) using the 6–20-point Borg scale (Seiler, 2010; Bakken, 2022; Casado et al., 2023).
Previous studies have speculated that higher overall volume of moderate-intensity training effectively drives positive adaptations related to the primary performance-determining factors in middle- and long-distance running (Bakken, 2022; Kelemen et al., 2023). In addition, lower injury risk through reduced mechanical loading combined with lower metabolic and autonomic disturbance per session (i.e., reduced recovery time) could be beneficial when performing two shorter sessions compared to one longer session (Bakken, 2022; Casado et al., 2023). However, another approach might be to split a long moderate-intensity session into two shorter sessions to allow a compensatory higher speed or power output and, thereby obtain higher external intensity/load at the same internal intensity/load [i.e., Bla, RPE, and heart rate (HR)] (Bakken, 2022; Casado et al., 2023). Although different approaches and potential benefits of performing two shorter sessions compared to one longer moderate-intensity session may exist, further examination is required to elucidate the underlying mechanisms.
In contrast, the benefits of performing fewer, but longer sessions at moderate intensity may include a larger acute training stimulus caused by greater work per session and a duration-dependent “drift” in internal intensity measures, which is speculated to upregulate molecular signaling and subsequent adaptations (Seiler, 2010; Maunder et al., 2021). Such changes in internal intensity-measures have previously been observed during prolonged sessions of low intensity endurance training in well-trained cyclists (Rønnestad et al., 2011; Hopker et al., 2017). It has also been shown that “drift” in internal intensity measures associated with performing one long compared to two shorter distance-matched sessions at low-intensity in national-level cross-country skiers influences subsequent measures of perceived training stress (Talsnes et al., 2022). However, the question is probably not whether “double-threshold training” is superior to one single session or vice versa, but rather to understand their different signal-to-stress ratios and choose the best tool at the right time for the purpose of maximizing adaptations and performance development. Taken together, despite information from sports practice emphasizing beneficial “effects” of adopting “double-threshold training” in elite to world-class endurance athletes (Bakken, 2022; Casado et al., 2023), the method has received little attention in the scientific literature. While training intervention studies are evidently required to investigate the actual training effects, descriptive studies on acute physiological responses at the same external intensity might be a starting point to better understand load and recovery differences between these types of organizing moderate-intensity (“threshold”) training.
Therefore, the present study compared acute physiological responses and perceived training stress between one long and two short time- and intensity-matched sessions of moderate-intensity training in endurance athletes. It was hypothesized that performing one long session would induce higher overall physiological responses and perceived training stress compared to two time- and intensity-matched short sessions.
METHODS
Participants
Fourteen trained male endurance athletes (national-level cross-country skiers, n = 11 and runners, n = 3) volunteered to take part in the study. Physiological and anthropometrical characteristics of the group are presented in Table 1. The inclusion criteria specified that participants had to be between 18–35 years of age, that they perform at least 5 endurance training sessions per week, with more than 5 years experience of endurance training and without any major interruption due to injury or illness. The participants were not familiar with performing “double-threshold training” prior to the study although all participants were familiar with running in relatively steep uphill’s. The Regional Committee for Medical and Health Research Ethics waives the requirement for ethical approval for such studies. Therefore, the study was approved by the Norwegian Centre for Research Data and conducted in accordance with the institutional requirements and the Declaration of Helsinki. All participants gave their oral and written consent before participation.
TABLE 1 | Anthropometrical characteristics and physiological tests of the fourteen male endurance athletes participating in the study.
[image: Table 1]Design
The study was a counterbalanced cross-over trial in which the participants reported to the laboratory on three separate occasions. Initially, preliminary physiological testing was performed within 2 weeks of the experimental trial as a part of the participants regular testing regimes. A preliminary test, including submaximal and maximal stages, was used to determine individual workloads for the subsequent moderate-intensity training sessions constituting the experimental trial. The experiment included two training days matched for the same time and external intensity consisting of either one 6 × 10-min interval session (SINGLE) or two 3 × 10-min interval sessions interspersed by 6.5 h of recovery in between (DOUBLE), conducted while running in the laboratory. In all analyses, SINGLE was separated into a first part (interval stage 1–3) and second part (interval stage 4–6), and DOUBLE separated into two sessions [first session (interval stage 1–3) and second session (interval stage 1–3)]. Respiratory variables, HR, Bla, blood glucose concentrations (BG), and RPE were collected during each session, whereas supine HR was assessed during a 60-min recovery period following each session. Different measures of perceived training stress and recovery were assessed both 15 min following each session and in the morning of the subsequent training day.
Preliminary physiological testing
The participants performed a blood lactate profile test followed by an incremental test to exhaustion, running at a 10.5% fixed incline using protocols previously described (Talsnes et al., 2021). The blood lactate profile test consisted of 5-min stages with increasing speeds (1 km·h−1) until the participants reached a Bla value of >4 mmol·L−1. Speed at 4 mmol·L−1 was calculated using linear interpolation The subsequent incremental test to exhaustion included increasing speeds by 1 km·h−1 every min until exhaustion, with a plate in VO2 despite of increasing speed as the main criteria for achieving VO2max (See Table 1 for data from the preliminary physiological test).
Experimental trial
The rationale for the experimental design and different sessions constituting SINGLE and DOUBLE were based on combination of verbal communication with coaches of elite- to world-class endurance athletes regularly performing “double-threshold training” and available scientific literature (Bakken, 2022; Casado et al., 2023) The experimental trial involved all participants, with half of them commencing with SINGLE and the other half with DOUBLE on the first training day, respectively. The complete study protocol is shown in Figure 1. Both training days were time- and intensity-matched and conducted at the same external intensity, corresponding to 90% of the participants’ speed at 4 mmol·L−1 from the preliminary blood lactate profile test. Based on extensive experience with physiological testing and verbal communication with sports practice, this external intensity was considered appropriate to elicit internal intensity measures that aligns with the use of “threshold training”. SINGLE comprised one 6 × 10-min interval session, while DOUBLE consisted of two 3 × 10-min interval sessions interspersed with 6.5 h of recovery in between. The recovery time between each interval stage during sessions was set to 2 min. Before each session, participants underwent a 20-min standardized warm-up protocol, including 15 min at a fixed incline and speed (5% and 8 km·h−1), followed by 5 min at the same incline as the intervals and a fixed speed (10.5% and 8 km·h−1). Following completion of the intervals, participants underwent a standardized cool-down protocol comprising 15 min at a fixed incline and speed (5% and 8 km·h−1). The relatively steep uphill was chosen for the purpose of the study in attempt to isolate physiological responses and decouple potential differences in running technique between participants. To time- and intensity-match the volume of both low- and moderate-intensity training across the two training days, a short low-intensity session (warm-up and cool-down protocol) was performed 6.5 h after SINGLE due to the additional warm-up and cool-down performed in connection with the second session of DOUBLE. The experimental trial was conducted in the laboratory under steady room temperature (17°C–19°C) and humidity (35%–45%). Participants were instructed to engage in low-intensity training exclusively during the last 2 days before the experimental trial and to replicate the same training regimen before both training days. The participants’ average training volume (exclusively low-intensity training) over the last 2 days was 2.0 ± 0.9 h and 1.9 ± 0.8 h before the SINGLE and DOUBLE sessions, respectively.
[image: Figure 1]FIGURE 1 | Complete protocol of the experimental trial consisting of (A) one 6 × 10-min interval session (SINGLE) and (B) two 3 × 10-min interval sessions interspersed with 6.5 h recovery (DOUBLE) of moderate-intensity training on two separate days, while running in the laboratory, using a counterbalanced cross-over trial. WU, warm-up; CD, cool-down; Bla, blood lactate concentrations; HR, heart rate.
Nutritional protocol
In best attempt to standardize nutritional status, the participants were instructed to replicate their dietary intake both the day before and the day constituting the experimental trial. During sessions, the participants consumed sports drink (Maxim, Orkla, Oslo, Norway) with the total fluid and carbohydrate (CHO) intake matched (1 L·h−1) between the two training days. The amount of sports drink and CHO intake (70 g·h−1) were according to ACSM guidelines on recommended CHO intake during endurance exercise (Rodriguez et al., 2009). In the 60-min recovery period following each session, the participants consumed a 185-kcal energy bar (New Energy, Nidar, Orkla, Trondheim, Norway) and a 100-kcal banana (BAMA Gruppen, Oslo, Norway) after 15 min, whereas water ad libitum were provided during the entire recovery period.
Physiological responses
Respiratory variables including VO2, minute ventilation (VE), and respiratory exchange ratio (RER) were collected over the entire 10-min interval stages. HR was monitored continuously during sessions and in the subsequent 60-min recovery period. Bla, BG, and RPE were collected after each interval stage was completed.
Supine heart rate
As a measure of autonomic recovery, supine HR was quantified 15 min before and 15, 30, 45 and 60 min following each session during a 5-min period where the participants lied down on a gym mat in the laboratory. The participants average HR over the last minute of the 5-min period was used for analyses.
Measures of perceived training stress and recovery
Prior to each session, the participants reported their perceived “motivation” and “readiness” on a scale ranging from 1 (poor) to 10 (excellent). 15-min following each session, the participants gave their session RPE (sRPE) on a 1–10 scale. Internal training load was calculated by multiplying the participants sRPE by the duration of each session in minutes (Halson, 2014). The participants further gave their perceived training quality on a scale ranging from 1 (poor) to 10 (excellent) from a physical, technical, and mental perspective using the training quality scale recently developed by Shell et al. (2023). Lastly, measures of perceived training stress and recovery were reported in the morning of the subsequent training day including questions on sleep quality, general mental and physical wellbeing, readiness to train, muscle soreness, fatigue, and attractiveness to the training day from 1 (poor) to 10 (excellent) (Ten Haaf et al., 2017).
Equipment and materials
The experimental trial was performed on a 2.5 × 0.7-m treadmill (RL 3500E, Rodby, Vänge, Sweden). Respiratory variables were collected using open-circuit indirect calorimetry with mixing chamber (Vyntus CPX, CareFusion, Hoechberg, Germany). Bla and BG were taken from the fingertip of the participants and analyzed using the stationary Biosen C-Line lactate device (Biosen, EKF Industrial Electronics, Magdeburg, Germany). HR was recorded using a Garmin Forerunner 935 watch with electrode belt (Garmin Ltd., Olathe, KS, United States). RPE was determined using the 6–20-point Borg scale (Borg, 1970). The participants body masses and heights were measured using a medical weight and stadiometer (Seca model 708, Seca GmbH, Hamburg, Germany).
Statistical analyses
Data are reported as mean ± standard deviation (SD) for continuous variables and median ± interquartile range (IQR) for ordinal variables. Normality was checked using a combination of histograms and QQ-plots. A mixed linear model was used for analyses, specifically using the “lme4” package in R version 4.2.2 (R Development Core Team, Vienna, Austria). The model aimed to compare physiological responses between the two training days of different moderate-intensity training organization. The model included fixed effects for training day (SINGLE vs. DOUBLE) and part/session (first part/session vs. Second part/session) within the different training days. Additionally, the model included interactions between the fixed effects and a random effect specified for the participants variability. Where fixed effects were evident, Tukey post hoc comparisons were performed to assess specific differences. Further, measures of perceived training stress and recovery between SINGLE and DOUBLE were compared using the non-parametric Wilcoxon signed-rank test. Hedges g effect sizes were also calculated (Lakens, 2013) and interpreted as: 0.2–0.5 = small effect, 0.5–0.8 = moderate effect, and >0.8 large effect (Hopkins et al., 2009). The significance level for all comparisons was set at alpha levels of p < 0.05.
RESULTS
Acute physiological responses
Data on acute physiological responses between moderate-intensity sessions are presented in Table 2 and Figures 2, 3. There was a 2.8% ± 1.8% higher HR (average across the different interval stages) in the second vs. First part of SINGLE, and −2.5% ± 2.3% lower HR in the second vs. First session of DOUBLE (all p < 0.05). Further, there was an interaction effect revealing 4.2% ± 2.8% higher HR in the second part of SINGLE vs. Second session of DOUBLE (all p < 0.001).
TABLE 2 | Acute physiological and perceptual responses to different organization of time- and intensity-matched moderate-intensity training in fourteen male endurance athletes.
[image: Table 2][image: Figure 2]FIGURE 2 | Acute responses in (A) oxygen uptake in percentage of maximal oxygen uptake (VO2max), (B) heart rate in percentage of maximal heart rate (HRmax), (C) minute ventilation (VE), and (D) respiratory exchange ratio (RER) to different organization of time- and intensity-matched moderate-intensity training in fourteen male endurance athletes.
[image: Figure 3]FIGURE 3 | Acute responses in (A) rating of perceived exertion (RPE), (B) blood glucose concentrations (BG), and (C) blood lactate concentrations (Bla) to different organization of time- and intensity-matched moderate-intensity training in fourteen male endurance athletes.
There were no significant differences either between or within SINGLE and DOUBLE in VO2 although there was a 6.7% ± 3.5% higher VE (average across the different interval stages) in the second vs. First part of SINGLE. Further, there was an interaction effect revealing 4.9% ± 3.9% higher VE in the second part of SINGLE vs. Second session of DOUBLE (all p < 0.001). There was also an interaction effect revealing 0.025 ± 0.020 lower RER in the second part of SINGLE vs. Second session of DOUBLE (all p < 0.05).
There were 0.46 ± 0.50 mmol·L−1 and 0.54 ± 0.70 mmol·L−1 higher Bla and BG (average across the different interval stages) in the second vs. First part of SINGLE, as well as −0.59 ± 0.65 mmol·L−1 and −0.32 ± 0.44 mmol·L−1 lower Bla and BG in the second vs. First session of DOUBLE (all p < 0.05). Further, there were interaction effects demonstrating 0.91 ± 0.88 mmol·L−1 and 0.46 mmol·L−1 higher Bla and BG in the second part of SINGLE vs. Second session of DOUBLE (all p < 0.001). Lastly, there was a 1.4 ± 0.8-point higher RPE (average across the different interval stages) in the second vs. First part of SINGLE (all p < 0.01), as well as an interaction effect revealing 1.0 ± 0.7-point higher RPE in the second part of SINGLE vs. Second session of DOUBLE (all p < 0.05).
Supine heart rate
Supine HR responses in the subsequent recovery period were 7.8% ± 12.3%, 9.4% ± 13.4%, and 9.0% ± 13.7% higher 30, 45, and 60 min following SINGLE, respectively, compared to the average values of the two sessions constituting DOUBLE, (all p < 0.05, Figure 4). There were no significant differences between the first vs. Second session of DOUBLE.
[image: Figure 4]FIGURE 4 | Supine heart rate (HR) before and at four time points following different organization of time- and intensity-matched moderate-intensity training in fourteen male endurance athletes.
Measures of perceived training stress and recovery
There was a −1.0 ± 0.5-point lower motivation in the second vs. First session of DOUBLE (p = .041, Table 3), with no other differences in perceived motivation and readiness before sessions reported. Further, no differences between SINGLE and DOUBLE in perceived training quality following sessions were reported, while higher sRPE and sRPE training load were evident for SINGLE compared to DOUBLE (−1.0 ± 0.7-point, p = .001 and 19.6% ± 9.3%, p < 0.001, respectively). In the morning of the subsequent training day, increased levels of perceived fatigue and muscle soreness were reported following SINGLE compared to DOUBLE (−1.0 ± 1.5, p = .049 and −1.0 ± 1.5, p = .002, respectively, Table 3).
TABLE 3 | Perceived training stress and recovery between two different organizations of time- and intensity-matched moderate-intensity training in fourteen male endurance athletes.
[image: Table 3]DISCUSSION
The present study compared acute physiological responses and perceived training stress between one long and two short time- and intensity-matched sessions of moderate-intensity training in endurance athletes. In accordance with our hypotheses, performing one long session was associated with overall higher physiological responses, attributed to a duration-dependent “drift” in HR, Bla, and RPE during the second compared to first part of the long session. Conversely, reductions in HR and Bla were observed in the second compared to first session during the performance of two short sessions. Additionally, performing one long session led to higher supine HR during a 60-min recovery period following sessions, as well as elevated session RPE and consequently training load, in comparison to two short sessions. Lastly, higher levels of perceived fatigue and muscle soreness were evident the following morning after the long session compared to the two short sessions.
Acute physiological responses
This study represents the first attempt to compare acute physiological responses between different methods of organizing moderate-intensity endurance training, specifically contrasting one long session with the increasingly popular “double-threshold training” approach, also by some, referred to as “the Norwegian method”. As anticipated, engaging in one long session induced a duration-dependent “drift” in several internal intensity measures, resulting in significant overall higher acute physiological and perceptual responses compared to two shorter sessions. These significant physiological responses (e.g., HR and RPE) between one long and two shorter sessions were further strengthened by the large effect sizes revealed for most interval stages, implying practically relevant differences. The observed changes in the ratio between internal-to-external intensity measures during the long session are consistent with the recent concept of physiological “durability/resilience,” characterized by the deterioration of physiological measures over time during prolonged endurance exercise (Maunder et al., 2021). While VO2 and energy cost remained relatively stable both between and within the two training days, the increased HR during SINGLE likely stemmed from cardiovascular “drift,” a well-recognized phenomenon in internal intensity measures during prolonged endurance exercise (Maunder et al., 2021; Smyth et al., 2022). This phenomenon is thought to be caused by decreased stroke volume and increased sympathetic nervous activity (Souissi et al., 2021). The observed increase in VE aligns with previous findings during prolonged endurance exercise, although in prior studies, this has been coupled with a “drift” in VO2 and energy cost (Rønnestad et al., 2011; Hopker et al., 2017), which were not evident in the present study. This discrepancy may be attributed to the shorter duration and higher exercise intensity in our study compared to previous investigations of physiological “drift” during more prolonged low-intensity sessions (Rønnestad et al., 2011; Hopker et al., 2017). Moreover, Bla and BG concentrations increased from the first to second part of SINGLE, likely reflecting increased glycolytic energy turnover as the session progressed. These findings are consistent with previous studies of physiological responses to prolonged low-intensity training and are likely attributable to increased recruitment of fast-twitch muscle fibers (Rønnestad et al., 2011; Hopker et al., 2017). Moreover, the observed increase in RPE from the first to second part of SINGLE aligns with previous studies investigating low-intensity training sessions (Rønnestad et al., 2011; Hopker et al., 2017; Talsnes et al., 2022), indicating an elevated perception of effort while maintaining the same external intensity over time.
The observed reduction in certain internal intensity measures (i.e., HR, Bla, and BG) from the first to second session of DOUBLE was notable. Specifically, we found significant interaction effects, indicating markedly lower levels of these intensity measures in the second session of DOUBLE compared to the second part of SINGLE. These findings are consistent with a recent study examining acute physiological responses to different organizational approaches of low-intensity training in cross-country skiers (Talsnes et al., 2022). In that study, reduced HR and Bla responses were observed in the second session of low-intensity training performed on the same day. The mechanisms underlying the reduced HR response in the second session of DOUBLE in our study may involve circadian variations (“time-of-day effects”) (Atkinson & Reilly, 1996; Chtourou & Souissi, 2012) and/or “preconditioning effects” from the first session (Kilduff et al., 2013). Additionally, the decreased Bla and BG levels from the first to second session of DOUBLE could be attributed to glycogen depletion and reduced CHO availability (Bartlett et al., 2015), despite the relatively short session duration and the provision of large amounts of exogenous CHO. However, these interpretations are not fully supported by the increased RER values observed in the second session of DOUBLE. Although the participants were instructed to replicate their dietary intake both the day before and the day constituting the experimental trial, no data on their nutritional intake or energy/CHO availability were included in the study. As such, the mechanisms driving the reduced physiological responses and particularly Bla and BG in the second session of DOUBLE remains speculative and should be investigated in future studies. Overall, these findings align with our hypotheses, suggesting a higher overall training stimulus when performing one long session compared to two shorter, time- and intensity-matched sessions of moderate-intensity training. Simultaneously, the lower physiological cost associated with the two shorter sessions indicates that this organization could allow for more accumulated time at this intensity in endurance athletes.
Autonomic recovery
Performing one long moderate-intensity training session was further associated with higher supine HR during the 60-min recovery period following sessions compared to two shorter sessions. This outcome aligns with the expected higher acute physiological responses observed with SINGLE. Although measures of heart rate variability (HRV) were not included in the present study, previous research has demonstrated that both HR and HRV following endurance exercise are affected by exercise intensity, duration, and training status, and may therefore serve as indicators of autonomic recovery following endurance exercise (Cottin et al., 2004; Seiler et al., 2007). Considering this, the current findings suggest that performing a time- and intensity-matched long session of moderate-intensity training induces greater training stress (i.e., autonomic disturbance) and potentially different recovery demands compared to two shorter sessions. Therefore, differences in signal-to-stress ratios between different organization of moderate-intensity training in endurance athletes should further be investigated using measures of both autonomic and hormonal (e.g., blood biomarkers) disturbance.
Measures of perceived training stress and recovery
Higher sRPE and internal training load (sRPE x duration) were evident in connection with SINGLE, indicating a higher perception of effort and most likely a higher overall training stimulus. This was further supported by increased levels of perceived fatigue and muscle soreness in the morning of the subsequent training day following SINGLE. These findings align with our hypotheses and reflect the higher overall physiological responses induced by performing one long session. Although no differences were found between SINGLE and DOUBLE in reported training quality (i.e., physical, technical, mental perspectives), lower motivation was reported before the second compared to first session of DOUBLE. This finding might be related to the participants’ lack of familiarity with performing “double-threshold training” and the laboratory-based nature of the design, which may differ from how this method would be implemented in a more ecologically valid setting.
Practical applications and future research
Although we achieved high internal validity of the study protocol by employing a time- and intensity-matched laboratory design as a starting point, it differs somewhat from the actual use of the method in sports practice. One reported benefit of “double-threshold training” is to increase the overall volume of moderate-intensity training. Therefore, a logical next step would be to increase the duration of the two short sessions to achieve the same internal training load as one single session. In our case, an additional 10-min duration with the same sRPE for the two short sessions would be necessary to match the internal training load of the single session. Alternatively, two shorter sessions at the same internal intensity as one long session could be performed at a higher external intensity (i.e., more competition-relevant speed or power), thereby enhancing motor unit recruitment. Moreover, the ability to switch between exercise modes in sports that utilize different modes (e.g., triathlon and cross-country skiing) could further enhance the tolerance of moderate-intensity training due to variations or reductions in muscular and mechanical loading between sessions. Lastly, performing one longer session leads to a higher acute physiological response due to a duration-dependent “drift” in physiological measures, which may elicit a greater magnitude of molecular signaling (i.e., training stimulus) and influence subsequent adaptations differently.
CONCLUSION
One long moderate-intensity training session was associated with a duration-dependent “drift” in acute physiological responses compared to two short time- and intensity-matched sessions. Simultaneously, the lower cost of the two shorter sessions indicates that such organization could allow for more accumulated time at this intensity. While future training intervention studies are required to investigate actual training effects, these findings serve as a starting point to better understand the pros and cons (i.e., different signal-to-stress ratios) of organizing moderate-intensity training as one long versus shorter sessions more frequently (e.g., as “double threshold training”) in endurance athletes.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
Ethical approval was not required for the studies involving humans because the Regional Committee for Medical and Health Research Ethics waives the requirement for ethical approval for such studies. Therefore, the study was done in accordance with the institutional requirements and in line with the Helsinki declaration. Approval for data security and handling was obtained from the Norwegian Centre for Research Data. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
RK: Conceptualization, Investigation, Writing–original draft, Writing–review and editing. P-ØT: Conceptualization, Investigation, Writing–review and editing. KS: Formal Analysis, Visualization, Writing–review and editing. ØS: Conceptualization, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
The authors would sincerely thank all participants for taking part in the study. The authors would further like to thank Guro Strøm Solli for valuable comments on the manuscript.
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.
REFERENCES
 Atkinson G., Reilly T. (1996). Circadian Variation in Sports Performance. Sports Med. 21 (4), 292–312. doi:10.2165/00007256-199621040-00005
 Bakken M. (2022). The Norwegian Model of Lactate Threshold Training and Lactate Controlled Approach to Training. Available at: http://www.mariusbakken.com/the-norwegian-model.html.
 Bartlett J. D., Hawley J. A., Morton J. P. (2015). Carbohydrate Availability and Exercise Training Adaptation: Too Much of a Good Thing?Eur. J. Sport Sci. 15 (1), 3–12. doi:10.1080/17461391.2014.920926
 Borg G. (1970). Perceived Exertion as an Indicator of Somatic Stress. Scand. J. Rehabil. Med. 2 (2), 92–98. doi:10.2340/1650197719702239298
 Burnley M., Bearden S. E., Jones A. M. (2022). Polarized Training Is Not Optimal for Endurance Athletes. Med. Sci. Sports Exerc 54 (6), 1032–1034. doi:10.1249/mss.0000000000002869
 Casado A., Foster C., Bakken M., Tjelta L. I. (2023). Does Lactate-Guided Threshold Interval Training within a High-Volume Low-Intensity Approach Represent the “Next Step” in the Evolution of Distance Running Training?Int. J. Environ. Res. Public Health 20 (5), 3782. doi:10.3390/ijerph20053782
 Chtourou H., Souissi N. (2012). The Effect of Training at a Specific Time of day: A Review. J. Strength Cond. Res. 26 (7), 1984–2005. doi:10.1519/JSC.0b013e31825770a7
 Cottin F., Médigue C., Leprêtre P. M., Papelier Y., Koralsztein J. P., Billat V. (2004). Heart Rate Variability During Exercise Performed Below and Above Ventilatory Threshold. Med. Sci. Sports Exerc 36 (4), 594–600. doi:10.1249/01.mss.0000121982.14718.2a
 Halson S. L. (2014). Monitoring Training Load to Understand Fatigue in Athletes. Sports Med. 44 (Suppl. 2), S139–S147. doi:10.1007/s40279-014-0253-z
 Haugen T., Sandbakk Ø., Seiler S., Tønnessen E. (2022). The Training Characteristics of World-Class Distance Runners: An Integration of Scientific Literature and Results-Proven Practice. Sports Med. Open 8 (1), 46. doi:10.1186/s40798-022-00438-7
 Hopker J. G., O’Grady C., Pageaux B. (2017). Prolonged Constant Load Cycling Exercise is Associated With Reduced Gross Efficiency and Increased Muscle Oxygen Uptake. Scand. J. Med. Sci. Sports 27 (4), 408–417. doi:10.1111/sms.12673
 Hopkins W. G., Marshall S. W., Batterham A. M., Hanin J. (2009). Progressive Statistics for Studies in Sports Medicine and Exercise Science. Med. Sci. Sports. Exerc. 41 (1), 3–13. doi:10.1249/MSS.0b013e31818cb278
 Joyner M. J., Coyle E. F. (2008). Endurance Exercise Performance: The Physiology of Champions. J. Physiol. 586 (1), 35–44. doi:10.1113/jphysiol.2007.143834
 Kelemen B., Benczenleitner O., Tóth L. (2023). The Norwegian Double-Threshold Method in Distance Running: Systematic Literature Review. Sci. J. Sport Perform. 3 (1), 38–46. doi:10.55860/NBXV4075
 Kilduff L. P., Finn C. V., Baker J. S., Cook C. J., West D. J. (2013). Preconditioning Strategies to Enhance Physical Performance on the Day of Competition. Int. J. Sports Physiol. Perform. 8 (6), 677–681. doi:10.1123/ijspp.8.6.677
 Lakens D. (2013). Calculating and Reporting Effect Sizes to Facilitate Cumulative Science: A Practical Primer for t-tests and ANOVAs. Front. Psychol. 4, 863. doi:10.3389/fpsyg.2013.00863
 Laursen P. B. (2010). Training for Intense Exercise Performance: High-Intensity or High-Volume Training? Scand. J. Med. Sci. Sports 20 (Suppl. 2), 1–10. doi:10.1111/j.1600-0838.2010.01184.x
 Laursen P. B., Jenkins D. G. (2002). The scientific Basis for High-Intensity Interval Training: Optimising Training Programmes and Maximising Performance in Highly Trained Endurance Athletes. Sports Med. 32 (1), 53–73. doi:10.2165/00007256-200232010-00003
 Maunder E., Seiler S., Mildenhall M. J., Kilding A. E., Plews D. J. (2021). The Importance of “Durability” in the Physiological Profiling of Endurance Athletes. Sports Med. 51 (8), 1619–1628. doi:10.1007/s40279-021-01459-0
 Rodriguez N. R., Di Marco N. M., Langley S. (2009). American College of Sports Medicine Position Stand. Nutrition and Athletic Performance. Med. Sci. Sports Exerc 41 (3), 709–731. doi:10.1249/MSS.0b013e31890eb86
 Rønnestad B. R., Hansen E. A., Raastad T. (2011). Strength Training Improves 5-Min All-Out Performance Following 185 Min Of Cycling. Scand. J. Med. Sci. Sports 21 (2), 250–259. doi:10.1111/j.1600-0838.2009.01035.x
 Sandbakk Ø., Pyne D. B., McGawley K., Foster C., Talsnes R. K. Solli G. S., et al. (2023). The Evolution of World-Class Endurance Training: The Scientist’s View on Current and Future Trends. Int. J. Sports Physiol. Perform. 18 (8), 885–889. doi:10.1123/ijspp.2023-0131
 Seiler S. (2010). What is Best Practice for Training Intensity and Duration Distribution in Endurance Athletes?Int. J. Sports Physiol. Perform. 5 (3), 276–291. doi:10.1123/ijspp.5.3.276
 Seiler S., Haugen O., Kuffel E. (2007). Autonomic recovery After Exercise in Trained Athletes: Intensity and Duration Effects. Med. Sci. Sports Exerc 39 (8), 1366–1373. doi:10.1249/mss.0b013e318060f17d
 Shell S. J., Slattery K., Clark B., Broatch J. R., Halson S. L., Coutts A. J. (2023). Development and validity of the subjective training quality scale. Eur. J. Sport Sci. 23 (7), 1102–1109. doi:10.1080/17461391.2022.2111276
 Smyth B., Maunder E., Meyler S., Hunter B., Muniz-Pumares D. (2022). Decoupling of Internal and External Workload During a Marathon: An Analysis of Durability in 82,303 Recreational Runners. Sports Med. 52 (9), 2283–2295. doi:10.1007/s40279-022-01680-5
 Souissi A., Haddad M., Dergaa I., Ben Saad H., Chamari K. (2021). A new perspective on cardiovascular drift during prolonged exercise. Life Sci. 287, 120109. doi:10.1016/j.lfs.2021.120109
 Sperlich B., Matzka M., Holmberg H. C. (2023). The Proportional Distribution of Training by Elite Endurance Athletes at different Intensities During Different Phases of the Season. Front. Sports Act. Living 5, 1258585. doi:10.3389/fspor.2023.1258585
 Staff H. C., Solli G. S., Osborne J. O., Sandbakk Ø. (2023). Long-Term Development of Training Characteristics and Performance-Determining Factors in Elite/International and World-Class Endurance Athletes: A Scoping Review. Sports Med. 53 (8), 1595–1607. doi:10.1007/s40279-023-01850-z
 Stöggl T. L., Sperlich B. (2015). The training intensity Distribution Among Well-Trained and Elite Endurance Athletes. Front. Physiol. 6, 295. doi:10.3389/fphys.2015.00295
 Talsnes R. K., Nordgarden S., Kocbach J., Solli G. S. (2022). One Long Versus 2 Short Sessions? Physiological and Perceptual Responses to Low-Intensity Training at Self-Selected Speeds in Cross-Country Skiers. Int. J. Sports Physiol. Perform. 17, 1590–1598. doi:10.1123/ijspp.2022-0212
 Talsnes R. K., Solli G. S., Kocbach J., Torvik P., Sandbakk Ø. (2021). Laboratory- and field-Based Performance-Predictions in Cross-Country Skiing And Roller-Skiing. PLoS One 16 (8), e0256662. doi:10.1371/journal.pone.0256662
 Ten Haaf T., van Staveren S., Oudenhoven E., Piacentini M. F., Meeusen R. Roelands B., et al. (2017). Prediction of Functional Overreaching From Subjective Fatigue and Readiness to Train After Only 3 Days of Cycling. Int. J. Sports Physiol. Perform. 12 (Suppl. 2), S287–s294. doi:10.1123/ijspp.2016-0404
 Tjelta L. I. (2019). Three Norwegian Brothers all European 1500 m Champions: What is the Secret?Int. J. Sports Sci. Coach. 14 (5), 694–700. doi:10.1177/1747954119872321
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.
Copyright © 2024 Kjøsen Talsnes, Torvik, Skovereng and Sandbakk. 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-15-1428536-t001.jpg
Age (y) 231 £ 41
Body height (cm) 1767 £42
Body mass (kg) 715£83
Body mass index (kg-m™) 2919

VOizpma (mLimin™) 4,896 + 495
VOauma (mLominkg™") 69242
HRyox (bpm) 196 + 6

Speed at 4 mmol-L™" (km-h™') 107 + 0.7
Speed at 90% of 4 mmol-L™ (kmh™) 96£05

VO, at 4 mmol-L™! (mLmin™) 3983 511
VO, in % of Oy at 4 mmol-L™ 821:42

Vit o consmoion Bl kil beirt iohe Ko bents por ot Vit stymn ot






OPS/images/fphys-15-1428536-t002.jpg
SINGLE DOUBLE SINGLE vs. DOUBLE

First part  Second part  First session  Second session  First part/session  Second part/session

Interval stage 1 (4) ES (Hedges g)
HR (bpm) 167 £ 8 173 £ 7% 1679 166 + 8" 0.00 0.90
HR in %HR 0 85.1+28 883+ 3.0 85.1 338 84.6 + 2.8 0.00 119
VO, (mL:min™") 3,962 + 433 4,078 + 488 | 3,840 = 500 3,829 + 488 0.26 0.49
VE (L'min™") 102 + 12 111 £ 14* 101 + 15 101 + 14" 0.07 0.68
RER 092 +0.03 091 +0.04 092 £ 0.04 0.93 + 0.03" 0.00 0.55
Bla (mmol-L™") 249 £ 074 298 +0.82* 264 + 094 2.17 £ 0.66" * 0.16 1.04
BG (mmol-L™) 478 £ 0.54 551 +0.63* 5.02 + 0.65 4.84 + 047" 0.39 0.85
RPE (6-20) 131 £08 145 + 1.2* 136 £ 08 134 £0.8° 0.58 1.02

Interval stage 2 (5)

HR (bpm) 170 £7 173 £7% 170 £ 9 165 + 9% ° 0.00 096
HR in %HRnax 866 +28 88.4 £ 3.0% 86.9 £ 3.9 84.4 £ 437 0.08 104
VO, (mL-min™") | 4,031 418 4,077 + 443 3,908 £ 500 | 3911 + 508 026 [ 033
VE (Lmin™) 106 + 14 112 # 14* 106 + 18 104 £ 15° 0.00 052
RER 091 +003 090 + 004 091 £ 0.04 | 092 £ 003 0.00 [ 050
Bla (mmol-L™") 272£082 303 +080% 280 £ 097 210 +063%° 0.08 125
BG (mmol-L) 5.08 + 040 553 + 062" 545 + 056 491 £ 039 * 074 117

RPE (6-20) 133212 147 £ 09% 142 £ 10° 139 £ 10° 078 079

Interval stage 3 (6)

HR (bpm) 17147 174£7 1729 168 £ 9% ° 012 072
HR in %HR o 875+28 887 +29 87.6 £ 4.0 85.9 £ 44% " 001 045
VO, (mLmin™) | 4,052 + 442 4,096 + 464 3947 £ 493 3956 + 510 021 026
VE (Lmin™) 109 + 14 112+ 14 108 + 17 107 £ 17 0.06 030
RER 090 + 004 090 + 004 0.91 £ 0.04 092 £ 003 022 048
Bla (mmol-L™") 283 %093 290 £ 073 313123 262129 030 022
BG (mmol-L™") 524 + 076 532073 552+ 061 517 + 063 023 020
VRPE (6-20) 138 % 1.0 | 152 £ 09% 146 £ 1.0° | 142£12° | 077 090

SINGLE, one 6 x 10-min “threshold interval session”; DOUBLE, two 3 x 10-min “threshold interval sessions’; ES, effect size; HR, heart rate; Ry, maximal heart rate; VO,, oxygen
consumption; VE, minute ventilation; RER, respiratory exchange ratio; Bla, blood lactate concentrations; BG, blood glucose concentrations; RPE, rating of perceived exertion.
“Significant different from first part/session within SINGLE, and DOUBLE (p < 0.05).

ferent from SINGLE (p < 0.05).






OPS/images/fphys-15-1428536-g003.gif
w
i

i
.o






OPS/images/fphys-15-1428536-g004.gif





OPS/images/fphys-15-1428536-t003.jpg
N\[eli DOUBLE

Total First session Second session
Variables pre
Motivation (1-10) 90%20 90225 80+ 18" 8523
Readiness (1-10) 75+ 10 80+ 1.0 75+ 18 7.5+ 10
‘ Variables Post
e (1-10) 70+ 10 | 6008 | 60+13 o1y
SRPE load 929 % 112 371247 371459 743 £ 98
' Physical training quality (1-10) 80%15 80+ 18 75+ 10 78+ 14
Technical training quality (1-10) 80+18 70£10 75+18 75%15
Mental training quality (1-10) 80+ 10 80418 70£25 75+ 19
| SINGLE DOUBLE
1 Variables
Sleep quality (1-10) 80+ 10 75%10
General mental wellbeing (1-10) 80+ 10 90+ 10
General physical wellbeing (1-10) 80+ 17 80x17
Readiness to train (1-10) 70+ 15 75+ 1.0
Muscle soreness (1-10) 60%25 70 £25
Fatigue (1-10) 70+25 80+ 10°
Attractiveness to the training day (1-10) 75%10 80%10

SINGLE, one 6 x 10-min “threshold interval session”; DOUBLE, two 3 x 10-min “threshold interval sessions”; Pre, 15-min before sessions, Post, 15-min after sessions; sRPE, session rating of
perceived exertion.

ferent from first session within DOUBLE (p < 0.05).

ferent from SINGLE (p < 0.05).






OPS/xhtml/nav.xhtml
Contents

		Cover

		Comparison of acute physiological responses between one long and two short sessions of moderate-intensity training in endurance athletes		Purpose

		Methods

		Results

		Conclusion

		Introduction

		Methods		Participants

		Design

		Preliminary physiological testing

		Experimental trial

		Nutritional protocol

		Physiological responses

		Supine heart rate

		Measures of perceived training stress and recovery

		Equipment and materials

		Statistical analyses





		Results		Acute physiological responses

		Supine heart rate

		Measures of perceived training stress and recovery





		Discussion		Acute physiological responses

		Autonomic recovery

		Measures of perceived training stress and recovery

		Practical applications and future research





		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Physiology

Comparison of acute
physiological responses
between one long and two short
sessions of moderate-intensity
training in endurance athletes





OPS/images/fphys-15-1428536-g001.gif





OPS/images/fphys-15-1428536-g002.gif
"
7










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
¥ frontiers | Frontiers in Physiology





