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Similar Supine Heart Rate Variability Changes During 24-h Exposure to Normobaric vs. Hypobaric Hypoxia
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Purpose: This study aimed to investigate the differences between normobaric (NH) and hypobaric hypoxia (HH) on supine heart rate variability (HRV) during a 24-h exposure. We hypothesized a greater decrease in parasympathetic-related parameters in HH than in NH.

Methods: A pooling of original data from forty-one healthy lowland trained men was analyzed. They were exposed to altitude either in NH (FIO2 = 15.7 ± 2.0%; PB = 698 ± 25 mmHg) or HH (FIO2 = 20.9%; PB = 534 ± 42 mmHg) in a randomized order. Pulse oximeter oxygen saturation (SpO2), heart rate (HR), and supine HRV were measured during a 7-min rest period three times: before (in normobaric normoxia, NN), after 12 (H12), and 24 h (H24) of either NH or HH exposure. HRV parameters were analyzed for time- and frequency-domains.

Results: SpO2 was lower in both hypoxic conditions than in NN and was higher in NH than HH at H24. Subjects showed similarly higher HR during both hypoxic conditions than in NN. No difference in HRV parameters was found between NH and HH at any time. The natural logarithm of root mean square of the successive differences (LnRMSSD) and the high frequency spectral power (HF), which reflect parasympathetic activity, decreased similarly in NH and HH when compared to NN.

Conclusion: Despite SpO2 differences, changes in supine HRV parameters during 24-h exposure were similar between NH and HH conditions indicating a similar decrease in parasympathetic activity. Therefore, HRV can be analyzed similarly in NH and HH conditions.
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INTRODUCTION

Altitude training is an effective method commonly used by elite athletes (Millet and Brocherie, 2020). Prolonged altitude exposure increases erythropoiesis, which is explained by increased plasma erythropoietin concentration (Stray-Gundersen et al., 2001) and leads to an apparent increase in peripheral tissues oxygen delivery. This altitude-related increase in red blood cell mass increases the oxygen-carrying capacity of the blood and improves aerobic power (Hauser et al., 2016). Moreover, skeletal muscle adaptations could improve oxygen extraction during altitude exposition (Brooks et al., 1992).

The two main methods used for hypoxic exposure are hypobaric hypoxia (HH; FIO2 = 20.9%; PB <760 mmHg; real altitude in mountain or hypobaric “decompression” chamber) and normobaric hypoxia (NH; FIO2 <20.9%; PB = 760 mmHg; simulated altitude by using hypoxic facilities). On the one hand, HH has been used for years by endurance athletes during training camps On the other hand, the democratization of NH, accelerated by technical progress, allows the use of the usual lowland infrastructures, and avoids the time and inconvenience of transport to altitude. An updated panorama of all HH and NH hypoxic training methods is available in Girard et al. (2017). Based on the equivalent air altitude equivalent model (Conkin and Wessel, 2008), NH is frequently used as a surrogate to HH. However, recent research suggested that NH and HH are not interchangeable (Fulco et al., 2011; Millet et al., 2012; Saugy et al., 2014, 2016a; Coppel et al., 2015; DiPasquale et al., 2015a; Conkin, 2016) although the differences between HH and NH are still debated (Millet and Debevec, 2020; Richalet, 2020). The following differences were already reported for a matched inspired oxygen pressure (PIO2) in HH vs. NH, respectively: (1) lower pulse oximeter oxygen saturation (SpO2) (Saugy et al., 2016c; Aebi et al., 2020; Debevec et al., 2020); (2) greater performance impairment (Beidleman et al., 2014; Saugy et al., 2016a), both recently confirmed in a study with perfectly controlled environmental factors (Takezawa et al., 2021); (3) higher oxidative stress (Faiss et al., 2013; Ribon et al., 2016); (4) impaired nitric oxide bioavailability (Faiss et al., 2013); (5) greater fluid retention (Loeppky et al., 2005; Conkin and Wessel, 2008), and (6) sleep structure perturbation (Heinzer et al., 2016; Saugy et al., 2016b). In addition, breathing patterns are affected as well: lower tidal volume, lower minute ventilation, higher physiological dead space, and higher respiratory frequency during HH exposure compared to NH (Savourey et al., 2003; Conkin and Wessel, 2008; Saugy et al., 2014). It was also demonstrated that HH provokes stronger hypoxic pulmonary vasoconstriction, altering the ventilation-perfusion ratio (Loeppky et al., 1997). Moreover, hypocapnia and blood alkalosis are greater in HH than NH (Savourey et al., 2003; Coppel et al., 2015). Despite all these differences, which suggest that exposure in terrestrial altitude (HH) may induce more pronounced stress with larger physiological responses than simulated altitudes (NH), there is still an ongoing debate about their clinical significance. A “point-counterpoint” (Millet et al., 2012; Mounier and Brugniaux, 2012) reported the main arguments on this subject, and a more recent crosstalk (Millet and Debevec, 2020; Richalet, 2020) brought the debate back to the forefront. All protagonists agreed that further studies with a rigorous methodological approach and new perspectives would allow a more comprehensive understanding of the role of barometric pressure per se in different hypoxic conditions.

One of the potential perspectives to evaluate the differences between HH and NH could be the heart rate variability (HRV). HRV is the fluctuation in the time intervals between adjacent heartbeats (Malik et al., 1996). There are two main methods for the HRV analyses: time-domain and frequency-domain. Time-domain indices of HRV (LnRMSSD, natural logarithm of root mean square of the successive differences) quantify the amount of variability in measurements of the interbeat interval. Frequency-domain measurements [The low frequency spectral power (LF) and HF, respectively low and high frequency spectral power] estimate the distribution of absolute or relative power into frequency bands. This non-invasive method is used to assess cardiac autonomic control (Buchheit, 2014). It is especially an accurate means of estimating parasympathetic activation by looking specifically at HF with frequency-domain analysis (Malik et al., 1996; Grossman and Taylor, 2007). Moreover, those frequency-domain analyses are known to be more sensitive than time-domain (Schmitt et al., 2015a). In general, acute hypoxia decreases HRV and parasympathetic activity (Wille et al., 2012). Since SpO2 is lower in HH, the hypoxic chemoreflex should lead to a greater vagal withdrawal in HH than in NH (Parati et al., 2015) and thus potentially result in differences in the autonomic cardiac control. Moreover, variations in SpO2 are related to variations in HRV parameters. Indeed, a decrease in SpO2 is related to a decrease in both LnRMSSD (Krejèí et al., 2018) and HF and to an increase in the low-to-high frequency ratio (LF/HF) (Botek et al., 2015). Since ventilation influences cardiac autonomic activity (Brown et al., 1993), the above-mentioned differences in breathing patterns between NH and HH could also generate distinct HRV responses. Considering those physiological mechanisms, one may speculate on different influences of NH vs. HH on HRV.

The effects of NH vs. HH on HRV were studied only during acute exposures (≤ 30 min) (Basualto-Alarcón et al., 2012; Aebi et al., 2020). The LF/HF ratio was slightly higher in HH, but the evidence for a hypobaric effect per se on HRV in hypoxia during acute exposures was not strong enough (Aebi et al., 2020). Therefore, the present study aimed to compare the influence of a 24-h exposure in NH vs. HH on supine HRV. Since HH induced a larger desaturation than NH, the hypothesis of a greater decrease in parasympathetic-related HRV parameters (such as LnRMSSD and HF) in HH condition was tested. Furthermore, since breathing patterns are different between HH and NH, greater differences in frequency-domain parameters (especially in HF influenced by respiratory sinus arrhythmia) (Grossman and Taylor, 2007) than in time-domain parameters (i.e., LnRMSSD) were expected.



METHODS


Subjects

Forty-one healthy lowland trained men regularly practicing endurance sports have participated in our study. The main characteristics of all subjects were: age 30 ± 7 years, body height 179 ± 5 cm, body weight 73 ± 7 kg, VO2max 62 ± 8 mL⋅kg–1⋅min–1. Subjects were included only if exposed to the three NN, NH, and HH conditions. They were non-smokers and neither acclimatized nor recently exposed to altitude for at least a month before the experiment. Subjects’ characteristics are displayed in Table 1.


TABLE 1. Data are reported as mean ± standard deviations.
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Study Design

This study brings together original unanalyzed data from three previous studies performed by our laboratory (Faiss et al., 2013; Saugy et al., 2016a,c). All these studies have in common a randomized continuous 24 h exposure in NH and HH for each subject and a comparison with the control condition (NN). The measurements in NN were performed a few hours before each hypoxic exposure, whether in NH or HH. Regarding the washout period that was different between the two hypoxic exposures (see Table 1), the minimum duration required has always been respected to avoid potential interactions between hypoxic exposures. Many more methodological details are reported in the already published studies, but their respective main characteristics are also outlined in Table 1 for the reader’s convenience.

Since these studies were planned independently and their measurement times do not match exactly, measurement time points were grouped into the following three categories:


•NN: H0 (all three studies, control condition before each hypoxic exposition).

•H12: H8 and H12 (Faiss et al., 2013); H10 (Saugy et al., 2016a).

•H24: H24 (Saugy et al., 2016c); H20 and H24 (Faiss et al., 2013); H20 (Saugy et al., 2016a).





Measurements

Measurements included SpO2, heart rate (HR), and supine HRV with identical equipment and measurement protocol between studies. SpO2 and HR were recorded continuously using a wrist oximeter connected to a finger sensor (Wristox 3100TM with 8000SM-WO Sensor; Nonin, Plymouth, MN) at each measurement time point during a 7 min supine rest period at 0.25 Hz.

The HRV measurement was performed during the last 5 min of a 7 min supine rest period. Measurement of the interval duration between two R waves of the cardiac electrical activity was performed with an HR monitor. Heartbeats that do not originate from the sino-atrial node have been shown to have drastic effects on the outcome of HRV indexes (Malik et al., 1996). To this end, the RR-intervals were first analyzed to remove ectopic beats from the recordings using automatic and visual inspections of the RR series. Then, time-domain analyses were performed with LnRMSSD, reflecting mainly the activity of the parasympathetic system (Kleiger et al., 2005; Plews et al., 2013). The spectral power was calculated with Fast Fourier Transform and was expressed in ms2: with HF (0.15–0.40 Hz) reflecting modulation of parasympathetic influence to the heart (Malik et al., 1996; Shaffer et al., 2014) and related to respiratory sinus arrhythmia (Grossman and Taylor, 2007); and LF (0.04–0.15 Hz) reflecting mainly baroreceptor activity during resting conditions (Goldstein et al., 2011; Shaffer et al., 2014; Mccraty and Shaffer, 2015). LF was calculated in absolute spectral power units (ms2) as described above and in normalized units (nu) with LFnu = LF/(LF + HF). This study does not show HFnu because of its total dependence with LFnu, both in absolute values and statistical analysis. The total spectral power (TP) was calculated by adding LF and HF. The LF/HF ratio was also calculated. All procedures were carried out according to the Task Force recommendations (Malik et al., 1996).



Statistical Analysis

Data are reported as mean ± standard deviation in the text and table, mean ± standard error in graphs. Data were tested for both homogeneity of variance (Fisher-Snedecor F-test) and normality (Shapiro–Wilk test). When both conditions were met, a two-way measures analysis of variance (ANOVA) was performed to assess whether physiological variables were differentially affected depending on the condition (NH, HH) and time points (H0, H12, and H24). Tukey’s post hoc tests were used to localize differences when significant main or interaction effects were found. When either equality of variance or normality were not satisfied, variables were analyzed for each condition using a Friedman test for repeated measures to determine time effects using pairwise multiple comparison procedures (Bonferroni test). Differences between overall exposure mean (H12 and H24 combined) in NH vs. HH were compared using paired t-test. Corrections for multiple comparisons were applied (Bonferroni). Null hypothesis was rejected at p < 0.05. The statistical analyses were performed with SPSS 27.0 software (IBM Corp., New York, NY, United States).




RESULTS

The statistical power (calculated with G*Power software, version 3.1.9.7, Heinrich-Heine-Universität Düsseldorf) was satisfying for the four “main” variables in descending order; SpO2 (0.95); LnRMSSD (0.85); HR (0.74); and HF (0.69).


Oxygen Saturation

There were significant main effects on SpO2 between exposures (p = 0.009) and time points (p < 0.001). The interaction was significant (p = 0.038). As expected, SpO2 decreased in both hypoxic conditions at H12 (p < 0.001) and H24 (p < 0.001) when compared to NN. SpO2 was higher in NH than in HH only at H24 (p = 0.002). SpO2 was higher at H24 than at H12 in both NH (p < 0.001) and HH (p = 0.021) (Figure 1). The overall exposure mean (H12 and H24 combined) yielded a higher SpO2 in NH vs. HH (p = 0.008).
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FIGURE 1. Values are presented as mean ± SE. n = 41, 25, and 41 for NN, H12, and H24, respectively (n = 36, 18, and 37 for SpO2). HR, heart rate; LnRMSSD, natural logarithm of the root mean square of the successive differences; LF, low frequency; HF, high frequency; TP, total power; NN, normobaric normoxia; NH, normobaric hypoxia; HH, hypobaric hypoxia; bpm, beat per minute; h, hours; *p < 0.05, **p < 0.01, and ***p < 0.001 for difference with NN, #p < 0.05, ###p < 0.001 for difference with H12, $$p < 0.01 for difference with NH.




Heart Rate

There was a significant main effect on HR between time points (p < 0.001). HR increased in both exposures at H12 (p < 0.001, p < 0.001) and H24 (p < 0.001, p < 0.001) when compared to NN (Figure 1). No differences between NH and HH were found either in individual time or overall exposure mean (H12 and H24 combined).



Heart Rate Variability

There were significant main effects between time points on all HRV parameters except LF. LnRMSSD was lower in both NH and HH at H12 (p = 0.044, p = 0.022), but only in HH at H24 (p = 0.008), when compared to NN (Figure 1). LF did not show any significant main effect (Figure 1). HF decreased in NH and HH at H12 (p < 0.001, p = 0.004) and H24 (p = 0.008, p < 0.001) when compared to NN (Figure 1). TP decreased in both exposures at H12 (p = 0.041, p = 0.041), but only in HH at H24 (p = 0.012) when compared to NN (Figure 1). LFnu increased in NH and HH at H12 (p < 0.001, p < 0.001) and H24 (p < 0.001, p = 0.003) when compared to NN (Figure 1). LF/HF ratio increased in both exposures at H12 (p < 0.001, p < 0.001) and H24 (p < 0.001, p < 0.001) when compared to NN (Figure 1). No differences in HRV parameters between NH and HH were found either in individual time or overall exposure mean (H12 and H24 combined).




DISCUSSION

To our knowledge, the present study is the first to compare heart rate variability between normobaric normoxia, normobaric hypoxia, and hypobaric hypoxia during prolonged exposures. The main finding was that NH and HH elicited similar HRV changes during 24-h exposures despite a higher mean SpO2 in NH. Indeed, the decrease in parasympathetic-related parameters (LnRMSSD and HF) was similar between NH and HH, contrary to our hypothesis.

To properly interpret the results of this study, it is necessary to mention the main cardiorespiratory adaptations in acute hypoxia: (1) a decrease in SpO2 due to reduction in inspired oxygen pressure (PiO2) (Maufrais et al., 2017), even at low altitude (Goldberg et al., 2012) and despite the diverse hypoxic-related ventilatory and cardiovascular compensations; (2) an increase in resting heart rate and cardiac output (Duplain et al., 1999; Bärtsch and Gibbs, 2007; Naeije, 2010), due to increased sympathetic activity and vagal withdrawal (Koller et al., 1988, 19) and inversely proportional to the decrease in SpO2 to maintain unchanged oxygen delivery to the tissues (Naeije, 2010); and (3) a largely unchanged blood pressure (Wolfel et al., 1994; Parati et al., 2015). The baroreflex and chemoreflex are also of great importance when considering the effects of hypoxia on the autonomic nervous system. On the one hand, the peripheral chemoreceptors in the carotid body respond primarily to hypoxemia and increase sympathetic activity while decreasing parasympathetic activity (Parati et al., 2015). On the other hand, the baroreflex ensures strict blood pressure regulation with stretch-sensitive baroreceptors located in the carotid sinuses and aortic arch. An increased blood pressure activates the baroreceptors, leading to decreased sympathetic activity and greater parasympathetic activation (Pitzalis et al., 1998). Finally, the already well-documented higher SpO2 in NH vs. HH can be explained by faster and shallower respiration, which increases dead space ventilation in HH (Faiss et al., 2013). The initial triggers of this SpO2 difference between NH and HH are still unclear. However, since chemosensitivity seems not to be changed in altitude (Loeppky et al., 1996), modification in gases density and diffusivity are the main hypotheses (Savourey et al., 2003). Our study confirmed a higher oxygen saturation in NH vs. HH after 24 h of hypoxic exposure. This is already well described for shorter exposition times (Aebi et al., 2020; Debevec et al., 2020) and logically was also already reported in the three support experiments of the present study. However, the latter was still debated for exposures longer than 8 h (Coppel et al., 2015). As expected, HR was higher in hypoxic conditions compared to normoxia in response to the increased sympathetic activity and vagal withdrawal. Several studies have further found lower HR in NH vs. HH (Savourey et al., 2003; DiPasquale et al., 2015b; Heinzer et al., 2016; Ross et al., 2019; Aebi et al., 2020) but only during short exposures. In addition, studies examining longer exposures (>8 h) found no difference in HR (Faiss et al., 2013; Richard et al., 2014). Unsurprisingly, our results hence suggest similar HR between NH and HH.

A decrease in LnRMSSD (Liu et al., 2001; Long et al., 2006) and HF (Bernardi et al., 1998; Sevre et al., 2001) in hypoxia is already well described and demonstrates a clear hypoxic-related parasympathetic decrease. Firstly, since LnRMSSD mainly reflects the activity of the parasympathetic system (Kleiger et al., 2005; Plews et al., 2013) and is not very sensitive to respiratory variations (Hill et al., 2009; Buchheit, 2014), its decrease in both hypoxic conditions at H12 was not surprising. When compared to NN, a potentially larger parasympathetic tone reduction might explain that LnRMSSD remained lower in HH but not in NH at H24. However, the difference between NH and HH was not significant (p = 0.328). Secondly, since vagal activity is the major contributor to the HF component (Malik et al., 1996; Shaffer et al., 2014), a significant decrease in both hypoxic exposures at H12 and H24 was observed as expected. HF is called the “respiratory band” because it corresponds to the frequency of the respiratory sinus arrhythmia variations (Grossman and Taylor, 2007). Therefore, considering the differences in respiratory patterns between NH and HH mentioned in the introduction, one may expect differences in HF between NH and HH. However, these differences remained non-significant, maybe due to limited breathing differences or other confounding factors (as discussed below in “Strengths and limitations”). Thus, considering the LnRMSSD and HF data, it can be concluded that parasympathetic activity is similarly decreased in NH and HH compared to NN.

Hypoxia increases sympathetic activity (Duplain et al., 1999) mainly via peripheral chemoreceptor activation (Heistad and Abboud, 1980), as proved by increased plasma and urinary catecholamines (Mazzeo et al., 1991; Bogaard et al., 2002) and skeletal muscle sympathetic activity (Hansen and Sander, 2003). Therefore, the similar increase in HR between NH and HH may be seen as a consequence of similar sympathetic activity between those two hypoxic conditions. However, since there is no well-established marker of sympathetic activity in the HRV parameters measured in this study, it is not possible to make a stronger statement about the sympathetic activity similarities in NH vs. HH here.

LF reflects baroreceptor activity during resting conditions (Goldstein et al., 2011; Shaffer et al., 2014; Mccraty and Shaffer, 2015) which is primarily vagally mediated (Keyl et al., 2001). Therefore, it should not be used as a marker of sympathetic nervous system activity at rest (Eckberg, 1983; Kember et al., 2001; Billman, 2013; Shaffer et al., 2014). Since hypoxia increases sympathetic activity partly through altered baroreceptor function (Hainsworth et al., 2007), and as already reported (Schmitt et al., 2015b,2018; Aebi et al., 2020), a decrease in LF during hypoxic exposures could theoretically be observed. However, that was not the case in this study since no difference in LF between normoxia and hypoxia was found, thus confirming the challenging interpretation of LF. Two additional precautions should be kept in mind when considering the data presented here. On the one hand, the consequent decrease in HF can alone be the reason behind the significant increase of LFnu in NH and HH exposures, especially considering that both branches of the autonomic nervous system are frequently non-reciprocal (Billman, 2013). On the other hand, it is often assumed that LF/HF ratio reflects the sympathetic-parasympathetic balance (Taylor, 2006). However, it is frequently shifted due to reductions in LF power which do not reflect sympathetic nervous system activity at rest. The LF/HF ratio should thus be interpreted with caution (Shaffer et al., 2014). Moreover, both branches of the autonomic nervous system can be simultaneously active (Berntson and Cacioppo, 1999). Furthermore, the interactions between parasympathetic and sympathetic nervous systems are complex, non-linear, and frequently non-reciprocal (Billman, 2013). Therefore, as LF is not decreased, it can be stated that this increase in LF/HF ratio mainly displays the hypoxic sympathetic-parasympathetic misbalance due mainly to a parasympathetic alteration.

Altogether, despite the greater hypoxemia in HH, which could lead to a potential greater decrease in parasympathetic activity, no differences in HRV between NH and HH were found. When taken as a whole, the above results converge toward lowered parasympathetic activity during hypoxic exposures and confirmed previous findings (Marshall, 1998; Wille et al., 2012), again without differences between NH and HH. However, HRV analyses need to be conducted carefully as many other factors than autonomic tone affects HRV. These are, for instance, the already mentioned regulation loops as baroreflex or respiratory sinus arrhythmia (Aebi et al., 2020).


Perspectives

The present study showed once again that normobaric and hypobaric hypoxia are not interchangeable and elicit different responses on physiological parameters (SpO2) but same HRV responses. Because HRV and hypoxic exposures are increasingly used among athletes (Schmitt et al., 2018), this has important implications. Considering our results, HRV can be used independently of the hypoxic methods for monitoring the athletes’ adaptations to altitude and training loads. However, further investigations, particularly on standing HRV in NH vs. HH, are required before a possible replication of the diagnosis of fatigue sub-category in hypoxia (Schmitt et al., 2015b). Furthermore, standing HRV provides information about the dynamic adaptations of the autonomic nervous system and orthostatic tolerance (Schmitt et al., 2015b). Moreover, since supine and standing HRV are independent (Schmitt et al., 2015a), one cannot be extrapolated from the other, and hypoxia effects on standing HRV remain to be clarified. Further research could also increase the altitude and lengthen the duration of NH and HH exposures. Further research could also increase the altitude and lengthen the duration of NH and HH exposures.



Strengths and Limitations

On the one hand, this pooling study included more subjects than most other studies in this field, allowing us to reduce the risk of type II errors (false negative). Moreover, the subjects had homogeneous individual characteristics (Table 1). As the eight variables in this study are measured only at three different times, and corrections for multiple comparisons were applied, the risk of type I errors (false positive) remained reasonably low as well. Both hypoxic exposures were performed with rigorous protocol ensuring close experimental conditions and thus limiting external confounding factors. This allowed a targeted and specific analysis on the effects of barometric pressure per se in hypoxia. Finally, the perfectly matched control conditions between groups allow an appropriate comparison between two close conditions.

On the other hand, despite that the three protocols performed by our laboratory were quite similar (same crossover design, similar subjects, same measuring equipment and protocol, same data analysis, …), one cannot rule out some potential flaws since the altitude level was different between the three “original” studies. In addition, the present protocols were performed with uncontrolled breathing frequency, known for potentially changing the LF- HF band boundary. However, in our view, this point is not relevant since (1) strictly imposing a breathing frequency may per se alter HRV, and (2) this may hide the searched differences in HRV, particularly HF between NH and HH. Moreover, with sensitive variables like HRV, differences in comfort, stress, and environmental conditions such as temperature, humidity, and hypercapnia between exposures may have affected the results (Bernardi et al., 2001).




CONCLUSION

Altitude training (alternating “live high – train high” in HH and “live high – train low” in NH) (Millet et al., 2010) and HRV are increasingly used for enhancing and monitoring the athletes’ fatigue and responses to training. In this context, the present study showed that, at least during 24-h hypoxic exposures, the decrease in parasympathetic activity was similar between NH and HH. Therefore, HRV could be analyzed similarly in NH and HH conditions. Furthermore, together with previous results on acute exposures (Aebi et al., 2020), it forms a reliable basis for a similar interpretation of HRV in NH and HH during both acute and long hypoxic exposures.
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