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Abstract

:

Altitude training is a common strategy to improve performance in endurance athletes. In this context, the monitoring of training and the athletes’ response is essential to ensure positive adaptations. Heart rate variability (HRV) has been proposed as a tool to evaluate stress and the response to training. In this regard, many smartphone applications have emerged allowing a wide access to recording HRV easily. The purpose of this study was to describe the changes of HRV using a validated smartphone application before (Pre-TC), during (TC), and after (Post-TC) an altitude training camp in female professional cyclists. Training load (TL) and vagal markers of heart rate variability (LnRMSSD, LnRMSSDcv) of seven professional female cyclists before, during, and after and altitude training camp were monitored. Training volume (SMD = 0.80), LnRMSSD (SMD = 1.06), and LnRMSSDcv (SMD = −0.98) showed moderate changes from Pre-TC to TC. Training volume (SMD = 0.74), TL (SMD = 0.75), LnRMSSD (SMD = −1.11) and LnRMSSDcv (SMD = 0.83) showed moderate changes from TC to Post-TC. Individual analysis showed that heart rate variability responded differently among subjects. The use of a smartphone application to measure HRV is a useful tool to evaluate the individual response to training in female cyclists.
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1. Introduction


In high-level endurance athletes, altitude training camps are a common strategy to improve performance [1]. The main utility of these training camps resides in the signaling of hypoxia-inducible factor-1α, which stimulates the erythropoietic response and consequently, favors the hemoglobin mass and other hematological and non-hematological changes [2,3,4]. These changes are related to the performance in aerobic disciplines because of the use of oxygen as the main source of energy. According to Mujika et al. [5], the proper programming of altitude training camps is the key factor to successfully obtain the desirable adaptations to achieve performance increases. In general, it seems that a duration of 3 to 4 weeks at 2000–2500 m of altitude is optimal [6]. In altitude training camps, training periodization must be prescribed to maximize and favor the benefits of the hypoxic condition. Therefore, training volume, intensity, and daily and weekly training frequency should be properly adjusted to match the additional stress of altitude [5]. Thus, the selection of proper tools to assess the stress-recovery process could be useful to optimize the training process, maximize the benefits of altitude training camps, and prevent non-functional overreaching [7].



In this regard, Heart Rate Variability (HRV) has been suggested as a tool to assess fatigue, stress, and response to the training load (TL) [8]. HRV reflects the autonomous nervous system (ANS) status and reflects the adaptive response through the sympathovagal balance [9]. Many studies have used HRV to monitor the adaptation to training at sea levels and they conclude on its usefulness [10,11,12]. It has been reported that HRV decreases after an overload training period, showing that the additional training stress results in a decrease in parasympathetic activity [13]. Likewise, it seems that after a recovery or a decrease in training, there is an increase in HRV [13]. Some studies have linked an increase in HRV with a positive response to training and an increase in performance [14]. Furthermore, significant and prolonged decreases in HRV are related to a poor or bad response to training and non-functional overreaching [15]. However, some authors did not find direct relationships between TL and HRV [16,17,18]. Barrero et al. [17] did not report a correlation between an increase in the TL and HRV in well-trained female cyclists that performed the Tour of France circuit. In the same line, another research did not find a relationship between readiness-to-perform and HRV [12], concluding that HRV presents a highly individual behavior and its interpretation must be individualized. This fact could be due to the fact that HRV is influenced by all kinds of stress, not only by the training stress. The hypoxic condition in altitude is stressful for humans and the body’s ability to overcome this stress produces some adaptations, like the aforementioned adaptation. In this regard, a decrease in HRV in hypoxia conditions has been reported [19,20,21]. Thus, the additional stress imposed by altitude may be harmful during training camps if the TL and the body’s response to the TL and altitude are not properly monitored. Schmitt et al. [22] proposed the daily adjustment of TL monitoring based on HRV morning recordings during an altitude training camp in elite endurance athletes. They found that adjusting the TL based on HRV will blunt the decrease in parasympathetic activity compared with a predefined training program. This confirmed that the use of HRV may be helpful in the prevention of overtraining syndrome, even in altitude conditions.



In the last years, the measurement of HRV has been simplified thanks to technological and scientific developments. For example, measurement length has been shortened from short (5 to 10 min) to ultra-short (<1.5 min) [23,24]. Furthermore, many smartphone applications have emerged, allowing a wide access to recording HRV easily [25]. In this regard, HRV4training is a scientifically validated smartphone application [26] that can register the HRV from a normal Bluetooth chest strap or use photoplethysmography (PPG) technology. PPG measures heart rate through the reflection of the illumination of the skin when a light-emitting diode is applied (e.g., the smartphone’s camera flash), as local blood volume increases during cardiac systole, which reduces the light intensity and therefore detects the heartbeat. The PPG measures provided by the HRV4training smartphone application have shown nearly perfect correlations against the gold standard electrocardiogram [26]. Thus, PPG simplifies the daily monitoring of valid HRV measurements, as no additional devices are required like heart rate chest straps or electrodes. This fact could lead to better compliance with the daily measurement of HRV.



Although HRV4training has been implemented in different studies aiming at the optimization of training monitoring [10,27,28], to the best of our knowledge, there is no study in female professional cyclists reporting the response of HRV using HRV4training during an altitude training camp. Therefore, the purpose of this study was to describe the dynamic of HRV parasympathetic markers before, during and after an altitude training camp of female professional cyclists using the PPG technology of this smartphone application.




2. Materials and Methods


2.1. Subjects


Seven (n = 7) female professional cyclists participated in this study. All cyclists were fully informed about the purpose of the study and remained healthy and free of injury during the duration of the study. All the subjects belonged to the same professional cycling team. The research followed the principles of the declaration of Helsinki and was approved by the ethical committee of the Miguel Hernandez University of Elche (DPS.JSM.02.18).




2.2. Design


An observational study design was carried out during nine weeks subdivided into three periods of three weeks: (1) Pre-altitude training camp (Pre-TC), (2) Altitude training camp (TC), and (3) Post-altitude training camp (Post-TC). The cyclists maintained their individualized training program during the nine weeks. The TL followed the previous recommendations [5] to ensure the best possible acclimatization to high-altitude conditions. During Pre-TC and Post-TC, the training altitude and residence of the cyclists were <1000 m from sea level. There were brief exposures at higher altitudes due to the nature of road cycling (i.e., mountain climbs during training). During the TC, cyclists were living at an altitude between 2000 and 2300 m from sea level and spent most of the day (>18 h) at this altitude. The inclusion criteria were that all the participants should be female cyclists currently racing within a professional cycling team. To be included in the final analysis, the cyclists must complete at least the 90% of the HRV measurements with no less than 6 measurements each week.




2.3. Methods


The TL was continuously monitored with a Garmin 820 (Garmin Ltd., Southampton, UK) that recorded training volume and intensity. Training intensity was monitored using power output measured with a portable power meter fitted on the crankset (Power2Max type S, Zossen, Germany) [29] and training load was calculated with training stress score (TSS) mathematical model [30]. This model calculates training load using the time (volume) and intensity (power output) by the following equation:


TSS (arbitrary units) = ((t⋅NP⋅IF)/(FTP⋅3600)) ⋅100



(1)




where t is the training volume in seconds, NP is the normalized power attained during the training, and IF (intensity factor) is the ratio between the NP and the functional threshold power (FTP, i.e., 95% of the highest 20-min mean power output obtained during the training sessions, tests, and competitions of the preceding four weeks) [31]. The TSS metric was expressed in arbitrary units (a.u). All the training data was analyzed daily using specific training software that included a cloud service (TrainingPeaks, Bolder, EEUU).



For the daily HRV assessment, the participants were instructed to measure their R-R interval data upon waking up and emptying their bladder. The HRV measurements were captured with the HRV4training smartphone application [26]. HRV was measured in a supine position and over a 90 s period [24]. Cyclists were instructed to remain seated and not to perform any further activity during the recordings. The first 30 s were discarded and the last 60 s of the HRV measurement were captured [32]. The root mean squared differences of successive RR intervals (RMSSD) was chosen as the vagal index, based on its greater suitability and reliability than other indexes [33]. The HRV data were transformed by taking the natural logarithm (LnRMSSD) to allow parametric statistical comparisons that assume a normal distribution [34]. In addition, the coefficient of variation of LnRMSSD (LnRMSSDcv) was calculated because of the relationship of this variable with a positive or negative response to training. When HRV data were inappropriate or erroneous, the cyclists would be informed by the smartphone application and the data would be discarded. Then, the cyclists would be asked to repeat the measurement until it was deemed successful.




2.4. Statistical Analysis


A Shapiro–Wilk test was used for testing the normality of the data. Besides, the normal distribution of the data was graphically verified by box plot and Q-Q graphs. All variables were reported as mean ± standard deviation (SD). A repeated-measures analysis of variance (ANOVA) was performed to analyze the effects of the training period on dependent variables. Mauchly’s sphericity test was used to validate repeated-measures ANOVA, and the Greenhouse–Geisser correction of the F statistical degree of freedoms was implemented in case of no assumption of sphericity. Later, post hoc comparisons were carried out using pairwise comparisons with a Sidak correction for multiple comparisons. The critical value used to consider statistical significance was set at p < 0.05. Standardized mean difference (SMD) was used to estimate the magnitude of changes between training periods. SMD was interpreted as follows: trivial (<0.20), small (0.20–0.59), moderate (0.60–1.19), large (1.20–1.99), and very large (>2.0). Pearson’s correlation was used to quantify the relationship between training load and autonomic variables. Pearson’s correlation was interpreted as follows: weak (<0.30), moderate (0.30–0.60), and strong (>0.60). All data analyses were carried out using IBM SPSS Statistics software (v.25; IBM Corp., Armonk, NY, USA). The individual changes were assessed by computed Pre-TC as the baseline period and calculating the percentage of change from Pre-TC to TC and Post-TC.





3. Results


Training volume, intensity of training, and TL did not change (p ≥ 0.05) from Pre-TC to TC (Table 1). Training volume showed moderate increases during the TC (SMD = 0.80) while total distance covered showed moderate decreases (SMD = −1.04). In contrast, distance (p = 0.01; SMD = 2.842) increased from TC to Post-TC. Training volume (SMD = 0.74) and TL (SMD = 0.75) showed moderate increases from TC to Post-TC.



LnRMSSD did not change statistically from Pre-TC to TC, but it showed moderate increases (SMD = 1.06). Conversely, LnRMSSDcv showed moderate decreases (SMD = −0.98) in the same period. From TC to Post-TC, LnRMSSDcv increased (p = 0.02; SMD = 0.83). LnRMSSD also showed moderate decreases (SMD = −1.11).



Figure 1 shows the individual changes (in percentage) during the TC and the Post-TC in training volume (A), training load (B), LnRMSSD (C), and LnRMSSDcv (D). The training volume (Figure 1A) changed by −10% in the first week of the TC. These changes ranged between 4% and −38% among the subjects. The TL (Figure 1B) was changed during the first week of TC by −17%, this variation ranged between 6% and −41% among subjects. After the first week of the TC, training volume and TL tend to increase during the remaining weeks of the TC and the Post-TC. However, high differences were found among subjects. LnRMSSDcv showed a mean change of −30% during the first week of TC and the individual change ranged between 6% and −69%.



LnRMSSD showed weak and non-significant (p > 0.05) correlations with training volume (r = 0.18), distance (r = 0.11), and TL (r = 0.15). Similar results were observed with LnRMSSDcv that did not correlate with training volume (r = 0.01), distance (r = 0.13), and TL (r = 0.05).




4. Discussion


This study aimed to describe the influence of training load and altitude in the HRV response of professional female cyclists using the HRV4training smartphone application. The main finding of this study is that HRV responded differently among the cyclists and the use of HRV4training may help coaches and practitioners to individualize training load and recovery to optimize training adaptation.



HRV is a non-invasive methodology used to assess the status of the autonomous nervous system [35]. In this regard, a significant increase in the stress imposed on the athlete will produce a decrease in the parasympathetic activity [36]. Conversely, the recovery processes and positive training adaptation will increase parasympathetic activity. In our study, moderate increases in training volume (SMD = 0.744) and TL (SMD = 0.754) during the Post-TC resulted in moderate decreases in LnRMSSD (SMD = −1.111) with concomitant increases in LnRMSSDcv (SMD = 0.827). These results can be observed in detail in Table 1. These findings are in line with previously published articles that showed a reduction of LnRMSSD and increases in LnRMSSDcv during overload periods in collegiate female soccer players [27] and international female hockey players [37]. Thus, it seems that these vagal markers could be used to track the response to the training of professional female cyclists both at sea level and in moderate altitude conditions using a smartphone application. The implementation of daily HRV measurements in the field is possible because of the use of validated smartphone applications. In this regard, the HRV4training smartphone application has shown nearly perfect correlations with laboratory ECG measurements [26]. The HRV4training smartphone application allowed coaches to measure HRV accurately in ecological sport contexts.



In contrast, moderate increases in training volume from the Pre-TC to the TC result in moderate increases of LnRMSSD and moderate decreases of LnRMSSDcv, despite the altitude level during the TC (>2000 m above sea level). A possible explanation for this fact is that the TL remained constant between the Pre-TC and the TC (see Table 1) and the moderate levels of hypoxia did not produce enough stress to affect their vagal tone. To note is that this population had previous experience in altitude training camps and previous research has shown that this experience may produce lesser disturbances in the athletes’ body. Furthermore, this population usually performed a large volume of training with high proportions of high intensity training [38]. This fact may cause that the response to the additional stress imposed by altitude is not enough to produce changes in HRV when the TL remained similar (no increases and decreases in the TL) as in this study, especially in moderate altitudes in which the training camps for endurance athletes took place (1800–2500 m). Therefore, in this study vagal markers were affected when the TL changed, but not with changes in altitude or training volume. This fact is important because the TL is the combination of training volume and intensity of effort. Thus, in the case of changes from the Pre-TC to the TC, total TL remained similar despite a decrease in training volume.



In this observational study, the subjects followed their individualized training program. As can be seen in Figure 1A, the training volume changed by −10% in the first week of the TC. However, this variation from the Pre-TC to the first week of the TC ranged between 4% and −38% among the subjects. Regarding the TL (Figure 1B), the first week of the TC changed by −17%; this variation ranged between 6% and −41% among the subjects. Mujika et al. [5] recommended reductions of the training volume and load during the initial days of an altitude training camp. However, this recommendation may vary among different subjects depending on different factors such as their previous experience in altitude training or their individual response to hypoxia. During the following weeks of the TC and the Post-TC, the training volume and the TL tended to increase but with high differences among all the subjects. The highest increases in training occurred during the last weeks of the Post-TC.



LnRMSSD increased during the first week of the TC in all the subjects despite the altitude (Figure 1C). The mean increase was a 2% while the individual change ranged between 1% and 3%. This could be due to the reduction of the training volume and the TL. Similar research but at sea level has shown greater increases in vagal markers of HRV when the TL is reduced after an overload period [13]. In this study, it is possible that the moderate altitude resulted in a lower increase in LnRMSSD; however, this is speculative, and this result must be taken with caution.



LnRMSSDcv showed a mean change of −30% during the first week of the TC and the individual change ranged between 6% and −69%. Thus, it seems that the exposition to moderate levels of hypoxia did not produce enough stress to induce reductions in the vagal activity in this population and this reduction could be due to the concomitant reduction in the TL, as seen before in other sports [37,39,40]. It is important to note that these markers evolved differently among individuals. For example, subject 5 experienced a reduction of LnRMSSD during weeks 2 and 3 of the TC. In contrast, subject 3 showed the inverse response with large increases (8–9%) during the same mentioned weeks (see Figure 1C). Therefore, the use of these vagal markers could be used to detect the different responses during the training and, consequently, individualize the training prescription to optimize increases in performance [41] and avoid overtraining [42].



Regarding correlational analysis, our results support previous studies that did not find relationships between HRV parasympathetic markers (LnRMSSD and LnRMSSDcv) and training load variables [16,17,18]. These results reinforce the hypothesis about the individual response of HRV for each athlete and the need for individual analysis and interpretation of the daily HRV measurements.



The nature of this preliminary study was observational, in which researchers described the changes of HRV due to the changes in the TL and/or altitude in female professional cyclists in an ecological context. Thus, this study has limitations that must be acknowledged. The main weakness of this study is the low sample size (n = 7); for this reason, the authors also showed the individual change of each subject in the variables analyzed in this study. Furthermore, the subjects followed their individualized training program with their own overload and recovery periods. Further studies should standardize the training load among subjects to discern clear patterns in this population. However, as cyclists followed the scientific evidence to optimize altitude training camps, the TL dynamics were very similar among them. In addition, future studies should add direct performance measurements to further support the relationship between the HRV dynamics and the changes in performance. In addition to this, blood hematological response should be taken into account to evaluate the effectiveness of the response to altitude training. It is worth mentioning that all participants are from the same team, so the results may differ from the global reality of other athletes. Given the limitations of this preliminary study, the results and conclusions must be interpreted with caution. Our future work will continue investigating the use of HRV in this population but solving these limitations.




5. Conclusions


This study concludes that the use of a smartphone application to measure HRV (HRV4training) could be a useful tool to evaluate the individual response to training in professional female cyclists. The information given by HRV4training can be used by coaches and practitioners to optimize the training process in this elite athlete population.







Author Contributions


Conceptualization, A.J. and M.M.-R.; methodology, M.M.-M., S.S.-Q. and A.M.-R.; formal analysis, S.S.-Q. and A.M.-R.; investigation, A.J and M.M.-M.; writing—original draft preparation, A.J., M.M.-M. and M.M.-R.; writing—review and editing, A.J. and M.M.-R.; supervision, M.M.-R.; project administration, M.M.-R.; funding acquisition, M.M.-R. All authors have read and agreed to the published version of the manuscript.




Funding


The preparation of this article was financially supported by Ministerio de Ciencia e Innovación (Plan Nacional de I + D + I; Ref: PID2019-107721RB-I00).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Committee of Universidad Miguel Hernández de Elche (Ref: DPS.JSM.02.18).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The datasets generated from the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lundby, C.; Robach, P. Does “altitude training” increase exercise performance in elite athletes? Exp. Physiol. 2016, 101, 783–788. [Google Scholar] [CrossRef] [PubMed]

	



Semenza, G.L. HIF-1: Mediator of physiological and pathophysiological responses to hypoxia. J. Appl. Physiol. 2000, 88, 1474–1480. [Google Scholar] [CrossRef] [PubMed]

	



Saunders, P.U.; Garvican-Lewis, L.A.; Schmidt, W.F.; Gore, C.J. Relationship between changes in haemoglobin mass and maximal oxygen uptake after hypoxic exposure. Br. J. Sports Med. 2013, 47 (Suppl. 1), i26–i30. [Google Scholar] [CrossRef]

	



Gore, C.J.; Clark, S.A.; Saunders, P.U. Nonhematological mechanisms of improved sea-level performance after hypoxic exposure. Med. Sci. Sports Exerc. 2007, 39, 1600–1609. [Google Scholar] [CrossRef] [PubMed]

	



Mujika, I.; Sharma, A.P.; Stellingwerff, T. Contemporary Periodization of Altitude Training for Elite Endurance Athletes: A Narrative Review. Sports Med. 2019, 49, 1651–1669. [Google Scholar] [CrossRef] [PubMed]

	



Chapman, R.F.; Karlsen, T.; Resaland, G.K.; Ge, R.L.; Harber, M.P.; Witkowski, S.; Stray-Gundersen, J.; Levine, B.D. Defining the “dose” of altitude training: How high to live for optimal sea level performance enhancement. J. Appl. Physiol. 2014, 116, 595–603. [Google Scholar] [CrossRef] [PubMed]

	



Bourdon, P.C.; Cardinale, M.; Murray, A.; Gastin, P.; Kellmann, M.; Varley, M.; Gabbett, T.J.; Coutts, A.J.; Burgess, D.J.; Gregson, W.; et al. Monitoring athlete training loads: Consensus statement. Int. J. Sports Physiol. Perform. 2017, 12 (Suppl. 2), S2-161–S2-170. [Google Scholar] [CrossRef] [PubMed]

	



Singh, N.; Moneghetti, K.J.; Christle, J.W.; Hadley, D.; Froelicher, V.; Plews, D. Heart rate variability: An old metric with new meaning in the era of using mHealth technologies for health and exercise training guidance. Part two: Prognosis and training. Arrhythmia Electrophysiol. Rev. Radcl. Cardiol. 2018, 7, 247–255. [Google Scholar] [CrossRef] [PubMed]

	



Camm, A.J.; Malik, M.; Bigger, J.T.; Breithardt, G.; Cerutti, S.; Cohen, R.J.; Coumel, P.; Fallen, E.L.; Kennedy, H.L.; Kleiger, R.E.; et al. Heart rate variability: Standards of measurement, physiological interpretation, and clinical use. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Eur. Heart J. 1996, 17, 354–381. [Google Scholar]

	



Oliveira, R.S.; Leicht, A.S.; Bishop, D.; Barbero-Alvarez, J.C.; Nakamura, F.Y. Seasonal changes in physical performance and heart rate variability in high level futsal players. Int. J. Sports Med. 2013, 34, 424–430. [Google Scholar] [CrossRef] [PubMed]

	



Abad, C.C.C.; do Nascimento, A.M.; Gil, S.; Kobal, R.; Loturco, I.; Nakamura, F.Y.; Mostarda, C.T.; Irigoyen, M.C. Cardiac autonomic control in high level Brazilian power and endurance track-and-field athletes. Int. J. Sports Med. 2014, 35, 772–778. [Google Scholar] [CrossRef] [PubMed]

	



Plews, D.J.; Laursen, P.B.; Buchheit, M. Day-to-day Heart Rate Variability (HRV) Recordings in World Champion Rowers: Appreciating Unique Athlete Characteristics. Int. J. Sports Physiol. Perform. 2016, 12, 697–703. [Google Scholar] [CrossRef] [PubMed]

	



Flatt, A.A.; Hornikel, B.; Esco, M.R. Heart rate variability and psychometric responses to overload and tapering in collegiate sprint-swimmers. J. Sci. Med. Sport 2017, 20, 606–610. [Google Scholar] [CrossRef] [PubMed]

	



Vesterinen, V.; Häkkinen, K.; Laine, T.; Hynynen, E.; Mikkola, J.; Nummela, A. Predictors of individual adaptation to high-volume or high-intensity endurance training in recreational endurance runners. Scand. J. Med. Sci. Sports 2016, 26, 885–893. [Google Scholar] [CrossRef] [PubMed]

	



Schmitt, L.; Regnard, J.; Parmentier, A.L.; Mauny, F.; Mourot, L.; Coulmy, N.; Millet, G.P. Typology of “Fatigue” by Heart Rate Variability Analysis in Elite Nordic-skiers. Int. J. Sports Med. 2015, 36, 999–1007. [Google Scholar] [CrossRef] [PubMed]

	



Flatt, A.A.; Howells, D. Effects of varying training load on heart rate variability and running performance among an Olympic rugby sevens team. J. Sci. Med. Sport 2019, 22, 222–226. [Google Scholar] [CrossRef] [PubMed]

	



Barrero, A.; Schnell, F.; Carrault, G.; Kervio, G.; Matelot, D.; Carré, F.; Le Douairon Lahaye, S. Daily fatigue-recovery balance monitoring with heart rate variability in well-trained female cyclists on the Tour de France circuit. PLoS ONE 2019, 14, e0213472. [Google Scholar] [CrossRef]

	



Figueiredo, D.H.; Figueiredo, D.H.; Moreira, A.; Gonçalves, H.R.; Stanganelli, L.C. Effect of Overload and Tapering on Individual Heart Rate Variability, Stress Tolerance, and Intermittent Running Performance in Soccer Players During a Preseason. J. Strength Cond. Res. 2019, 33, 1222–1231. [Google Scholar] [CrossRef]

	



Sanz-Quinto, S.; López-Grueso, R.; Brizuela, G.; Flatt, A.A.; Moya-Ramón, M. Influence of Training Models at 3900-m Altitude on the Physiological Response and Performance of a Professional Wheelchair Athlete: A Case Study. J. Strength Cond. Res. 2019, 33, 1714–1722. [Google Scholar] [CrossRef]

	



Yamamoto, Y.; Hoshikawa, Y.; Miyashita, M. Effects of acute exposure to simulated altitude on heart rate variability during exercise. J. Appl. Physiol. 1996, 81, 1223–1229. [Google Scholar] [CrossRef] [PubMed]

	



Bhattarai, P.; Paudel, B.H.; Thakur, D.; Bhattarai, B.; Subedi, B.; Khadka, R. Effect of long term high altitude exposure on cardiovascular autonomic adjustment during rest and post-exercise recovery. Ann. Occup. Environ. Med. 2018, 30, 34. [Google Scholar] [CrossRef] [PubMed]

	



Schmitt, L.; Willis, S.J.; Fardel, A.; Coulmy, N.; Millet, G.P. Live high-train low guided by daily heart rate variability in elite Nordic-skiers. Eur. J. Appl. Physiol. 2018, 118, 419–428. [Google Scholar] [CrossRef]

	



Nakamura, F.Y.; Pereira, L.A.; Esco, M.R.; Flatt, A.A.; Moraes, J.E.; Abad, C.C.C.; Loturco, I. Intra- and inter-day reliability of ultra-short-term heart rate variability in rugby union players. J. Strength Cond. Res. 2016, 31, 548–551. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, F.Y.; Flatt, A.A.; Pereira, L.; Ramirez-Campillo, R.; Loturco, I.; Esco, M.R. Ultra-Short-Term Heart Rate Variability is Sensitive to Training Effects in Team Sports Players. J. Sports Sci. Med. 2015, 14, 602–605. [Google Scholar]

	



Dobbs, W.C.; Fedewa, M.V.; MacDonald, H.; Holmes, C.J.; Cicone, Z.S.; Plews, D.J.; Esco, M.R. The Accuracy of Acquiring Heart Rate Variability from Portable Devices: A Systematic Review and Meta-Analysis. Sports Med. 2019, 49, 417–435. [Google Scholar] [CrossRef] [PubMed]

	



Plews, D.J.; Scott, B.; Altini, M.; Wood, M.; Kilding, A.E.; Laursen, P.B. Comparison of heart-rate-variability recording with smartphone photoplethysmography, Polar H7 chest strap, and electrocardiography. Int. J. Sports Physiol. Perform. 2017, 12, 1324–1328. [Google Scholar] [CrossRef] [PubMed]

	



Flatt, A.A.; Esco, M.R. Smartphone-derived heart-rate variability and training load in a women’s soccer team. Int. J. Sports Physiol. Perform. 2015, 10, 994–1000. [Google Scholar] [CrossRef]

	



Javaloyes, A.; Sarabia, J.M.; Lamberts, R.P.; Moya-Ramon, M. Training prescription guided by heart-rate variability in cycling. Int. J. Sports Physiol. Perform. 2019, 14, 23–32. [Google Scholar] [CrossRef]

	



Maier, T.; Schmid, L.; Müller, B.; Steiner, T.; Wehrlin, J.P. Accuracy of cycling power meters against a mathematical model of treadmill cycling. Int. J. Sports Med. 2017, 38, 456–461. [Google Scholar] [CrossRef] [PubMed]

	



Allen, H.; Coggan, A. Training and Racing with a Power Meter; VeloPress: Boulder, CO, USA, 2010; 326p. [Google Scholar]

	



Van Erp, T.; Sanders, D. Demands of professional cycling races: Influence of race category and result. Eur. J. Sport Sci. 2020, 21, 666–677. [Google Scholar] [CrossRef]

	



Esco, M.R.; Flatt, A.A. Ultra-short-term heart rate variability indexes at rest and post-exercise in athletes: Evaluating the agreement with accepted recommendations. J. Sports Sci. Med. 2014, 13, 535–541. [Google Scholar] [PubMed]

	



Plews, D.J.; Laursen, P.B.; Le Meur, Y.; Hausswirth, C.; Kilding, A.E.; Buchheit, M. Monitoring training with heart rate-variability: How much compliance is needed for valid assessment? Int. J. Sports Physiol. Perform. 2014, 9, 783–790. [Google Scholar] [CrossRef]

	



Plews, D.J.; Laursen, P.B.; Kilding, A.E.; Buchheit, M. Heart-rate variability and training-intensity distribution in elite rowers. Int. J. Sports Physiol. Perform. 2014, 9, 1026–1032. [Google Scholar] [CrossRef]

	



Singh, N.; Moneghetti, K.J.; Christle, J.W.; Hadley, D.; Plews, D.; Froelicher, V. Heart rate variability: An old metric with new meaning in the era of using mhealth technologies for health and exercise training guidance. Part one: Physiology and methods. Arrhythmia Electrophysiol. Rev. Radcl. Cardiol. 2018, 7, 193–198. [Google Scholar] [CrossRef] [PubMed]

	



Buchheit, M.; Simon, C.; Piquard, F.; Ehrhart, J.; Brandenberger, G. Effects of increased training load on vagal-related indexes of heart rate variability: A novel sleep approach. Am. J. Physiol. Circ. Physiol. 2004, 287, H2813–H2818. [Google Scholar] [CrossRef]

	



González-Fimbres, R.A.; Hernández-Cruz, G.; Flatt, A.A. Ultrashort Versus Criterion Heart Rate Variability Among International-Level Girls’ Field Hockey Players. Int. J. Sports Physiol. Perform. 2021, 16, 985–992. [Google Scholar] [CrossRef] [PubMed]

	



Van Erp, T.; Sanders, D.; De Koning, J.J. Training Characteristics of Male and Female Professional Road Cyclists: A 4-Year Retrospective Analysis. Int. J. Sports Physiol. Perform. 2019, 15, 534–540. [Google Scholar] [CrossRef] [PubMed]

	



Sztajzel, J.; Jung, M.; Sievert, K.; De Luna, A.B. Cardiac autonomic profile in different sports disciplines during all-day activity. J. Sports Med. Phys. Fit. 2008, 48, 495–501. [Google Scholar]

	



Flatt, A.A.; Esco, M.R.; Nakamura, F.Y.; Plews, D.J. Interpreting daily heart rate variability changes in collegiate female soccer players. J. Sports Med. Phys. Fit. 2016, 57, 907–915. [Google Scholar]

	



Kiviniemi, A.M.; Hautala, A.J.; Kinnunen, H.; Tulppo, M.P. Endurance training guided individually by daily heart rate variability measurements. Eur. J. Appl. Physiol. 2007, 101, 743–751. [Google Scholar] [CrossRef] [PubMed]

	



Achten, J.; Jeukendrup, A.E. Heart rate monitoring: Applications and limitations. Sports Med. 2003, 33, 517–538. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 21 05497 g001a 550][image: Sensors 21 05497 g001b 550] 





Figure 1. Individual changes (%) from Pre-TC to TC and Post-TC in training volume (A), training load (B), LnRMSSD (C) and LnRMSSDcv (D). Pre-TC: Period of 3 weeks before the altitude training camp; TC: Period of 3 weeks of altitude training camp; Post-TC: Period of 3 weeks after the altitude training camp; LnRMSSD: Natural logarithm of the root mean squared differences of successive RR intervals; LnRMSSDcv: Coefficient of variation of the natural logarithm of the root mean squared differences of successive RR intervals. 
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Table 1. Cardiac autonomic measures, training load values and statistical comparisons.
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Pre-TC

	
TC

	
Post-TC

	
Statistical Comparisons




	

	
Pre-TC vs. TC

	
TC vs. Post-TC

	
Pre-TC vs. Post-TC




	
F

	
p

	
η2

	
p

	
SMD

	
p

	
SMD

	
p

	
SMD






	
Training volume (min)

	
16,1245.00 ± 7989.85

	
174,100.00 ± 10008.96

	
185,993.00 ± 6449.65

	
4.195

	
0.042

	
0.411

	
0.656

	
0.804

	
0.284

	
0.744

	
0.041

	
1.548




	
Distance (km)

	
1209.90 ± 77.30

	
1095.70 ± 64.10

	
1407.31 ± 42.99

	
14.474

	
<0.001

	
0.707

	
0.343

	
−1.042

	
0.005

	
2.842

	
0.024

	
1.801




	
Intensity (%)

	
76.95 ± 1.44

	
76.09 ± 1.73

	
77.12 ± 3.10

	
0.096

	
0.910

	
0.016

	
0.979

	
−0.182

	
0.962

	
0.218

	
0.999

	
0.035




	
TL (au)

	
2926.48 ± 183.19

	
2969.94 ± 100.18

	
3286.35 ± 184.83

	
1.536

	
0.255

	
0.204

	
0.993

	
0.104

	
0.379

	
0.754

	
0.605

	
0.858




	
LnRMSSD

	
4.67 ± 0.08

	
4.76 ± 0.07

	
4.66 ± 0.11

	
2.756

	
0.104

	
0.315

	
0.179

	
1.063

	
0.229

	
−1.111

	
0.999

	
−0.045




	
LnRMSSDcv

	
5.65 ± 1.26

	
3.64 ± 0.49

	
5.33 ± 0.61

	
1.947

	
0.185

	
0.245

	
0.367

	
−0.980

	
0.024

	
0.827

	
0.995

	
−0.153








Values are delivered as mean ± standard deviation. Statistical significance was set at p < 0.05. F = F value. η2 = eta squared. TL: training load; LnRMSSD: Natural algorithm of root mean squared differences of successive RR intervals; LnRMSSDcv: Coefficient of variation of the natural algorithm of root mean squared differences of successive RR intervals.
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