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Purpose: The purpose of this study is to establish the alterations in the activity of the autonomic nervous system
(ANS) via heart rate variability (HRV) in subjects exposed to 1 h of exogenous hypoxia for 10 consecutive days.
Methods: Twelve healthy non-smoker males at mean age of 29.8 ± 7.4 (mean ± SD) breathed hypoxic air delivered
through hypoxicator (FiО2 = 12.3% ± 1.5%) for 1 h in 10 consecutive days. Pulse oximetry and electrocardiography
were monitored during the visit and HRV was calculated for the entire 1-h hypoxic period. Results: Comparing the
last hypoxic visit to the ﬁrst, subjects had higher standard deviation of normal-to-normal interbeat intervals (SDNNs)
(65.7 ± 32.5 vs. 81.1 ± 32.0 ms, p = 0.013) and root mean square of successive R–R interval difference (RMSSD)
(58.1 ± 30.9 vs. 76.5 ± 34.6 ms, p = 0.029) as well as higher lnTotal power (8.1 ± 1.1 vs. 8.5 ± 0.9 ms2, p = 0.015)
and high frequency (lnHF) (6.8 ± 1.3 vs. 7.5 ± 1.2 ms2, p = 0.05) and lower LF/HF (2.4 ± 1.4 vs. 1.5 ± 1.0,
p = 0.026). Changes in saturation (87.0 ± 7.1 vs. 90.8 ± 5.0%, p = 0.039) and heart rate (67.1 ± 8.9 vs. 62.5 ±
6.0 beats/min, p = 0.040) were also observed. Conclusions: Intermittent hypoxic training consisting of 1-h hypoxic
exposure for 10 consecutive days could diminish the effects of acute exogenous hypoxia on the ANS characterized by
an increased autonomic control (SDNN and total power) with augmentation of the parasympathetic nervous system
activity (increased RMSSD and HF and decreased LF/HF). Therefore, it could be applied as a pre-acclimatization
technique aiming at an increase in the autonomic control and oxygen saturation in subjects with upcoming sojourn to
high altitude.
Keywords: altitude, hypoxia, autonomic nervous system, heart rate variability, intermittent hypoxic training,
acclimatization

Introduction
Applied as a training method, exogenous hypoxia leads to a number of adaptations, many of
which are related to a change in the activity of the autonomic nervous system (ANS). Since
heart rate variability (HRV) is a commonly used method to evaluate the ANS activity (43), it
could be used to assess some of the adaptations to exogenous hypoxia.
Intermittent hypoxic training (IHT) refers to the repetitive discontinuous use of
normobaric or hypobaric hypoxia lasting minutes to days in an attempt to reproduce some
of the key features of altitude acclimatization like increase in oxygen saturation (1) and
chemoreceptors’ sensitivity (15, 20, 30, 31, 36) and even baroreﬂex sensitivity in patients
with chronic obstructive pulmonary disease and bronchial asthma (44). Intermittent hypoxia is
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also an integral part of mountaineering – climbers ascend to high altitude, stay there before
coming back to the base camp, and reach even higher altitudes on their next attempt. IHT is a
method designed to reproduce pre-acclimatization in laboratory environment – a process of
training the oxygen transporting systems to an upcoming sojourn at high altitude (24, 30), since
commercial expeditions are time-restrained and are not always able to follow the routine
protocol dictating slow ascent. Other subjects who can beneﬁt from pre-acclimatization are
people traveling by plane to high-altitude cities (e.g., The Andes or Tibet) or elite athletes facing
competitions at high altitude (42). IHT could be performed by either isobaric or hypobaric
hypoxic exposure but always with a limited duration (13, 23).
Some of the adaptations to high altitude require prolonged time. Similarly, the 5%
increase in erythrocyte volume may need 3–4 weeks of living at 2,500 m and training at
1,300 m (35). Therefore, these adaptations are difﬁcult to achieve in a laboratory environment. Any pre-acclimatization exclusively inﬂuences those mechanisms, which are responsible for the early stages of high-altitude adaptations, i.e., to avoid acute mountain sickness
(AMS) if acute ascent was unavoidable. Some of the ﬁrst alterations to occur [increased
saturation and hypoxic ventilatory response (HVR)] correlate with the activity of the ANS
(26, 28); therefore, HRV is a reliable tool for estimating the changes observed during the
early stages of acclimatization (18, 22, 36, 39).
Long-term adaptations to high altitude (as well as IHT) associated with the ANS activity
include an increased chemoreceptor sensitivity (14, 21, 23, 37), as well as an augmented
baroreﬂex (2). Thus, the ANS activity during high-altitude sojourn is gradually shifted to
parasympathetic enhancement, supported by HRV results – increased overall variability,
especially high frequency (HF) (4, 8, 11).
It has also been hypothesized that HRV combined with the oxygen saturation (SpO2)
could be used as an AMS predictor – a decrease in both HRV and SpO2 at lower altitude is
associated with AMS development with further ascent (9, 17, 19). Moreover, positive
correlation between HRV and SpO2 has been found during exogenous hypoxic exposure
(22, 46), which indicates that HRV can be used as a tool for assessing the level of stress
caused by arterial hypoxemia and desaturation. However, most of the studies related to the
effect of hypoxia on ANS and adaptations to high altitude are based on long-lasting protocols,
which are hardly applicable in daily practice. In addition, there is no data considering the
minimal duration of a protocol that can contribute to better pre-acclimatization. Some studies
suggest that short protocols (FiO2 = 13% equivalent to 3,800-m altitude for 5 days 2 h/daily)
(3) or 2 h per day for 12 consecutive days at the same altitude (14) may induce signiﬁcant
pre-acclimatization like an increase in HVR, so that we believe that by a short protocol
with higher hypoxic dose adaptations in the cardiac autonomic control can be achieved.
Therefore, the aim of this study was to establish the alterations in the activity of the ANS
via HRV in subjects exposed to a short hypoxic protocol – 1 h of exogenous hypoxia for
10 consecutive days.

Materials and Methods
Participants
Sixteen healthy non-smoker males at mean age of 29.84 ± 7.43 years (mean ± SD) and mean
body mass index 24.3 ± 2.3 were included in the study. Inclusion criteria were male gender,
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age between 20 and 40 years, and good physical condition, and exclusion criteria were any
signiﬁcant pathologies that can affect the ANS status, smoking, and obesity. The participants
were all lowlanders and had never visited an altitude of more than 2,900 m or participated in
exogenous hypoxic protocols. All were engaged in regular physical activity (2–4 times
weekly). Four subjects discontinued their participation in the study due to premature beats
more than 15%, illness, or personal decision to withdraw their informed consent and were
excluded from the analysis and 12 men completed the whole protocol. The subjects received
all the relevant information about the study, regarding its aim, protocol, and included tests.
A signed informed consent was obtained from all the subjects prior to inclusion in the study
and a questionnaire about their physical status was ﬁlled in.
Measurements
The visits were carried out in the morning between 9 a.m. and 11 a.m. During the experiment
and the preceding day, the participants did not take any medications, drink coffee, or alcohol.
They abstained from eating at least 2 h prior to the visits. A physical examination including an
electrocardiogram reviewed by a cardiologist to exclude cardiovascular abnormalities or any
rhythm or conductive disorders was carried out. Four-channel electrocardiography (ECG)
(H3+, Mortara Instruments, Milwaukee, USA), pulse oximetry (CMS50F, Contec Medical
Systems, Qinhuangdao, China), and manually measured blood pressure (Boso, Bosch and
Sohn, Germany) were recorded during the whole visit.
The subjects were situated in supine position in a comfortable bed, placed in a quiet,
well-aerated room with constant light and ambient temperature in the absence of any
distracting factors. They were instructed to keep calm, motionless, and silent.
The intermittent hypoxic protocol consisted of a 1-h continuous hypoxic exposure for
10 consecutive days. During the ﬁrst 10 min of every visit, the participants breathed ambient
air at an altitude of 130 m (Plovdiv, Bulgaria) to reach a steady-state condition. Subsequently,
air with decreased oxygen concentration corresponding to an altitude of about 4,200 m
(FiО2 = 12.3% ± 1.5%) was applied for 1 h via full-face mask, using a hypoxicator (AltiPro
8850 Summit+, Altitude Tech, Canada). This protocol does not include any change in the
barometric pressure (normobaric hypoxia).
ECG recordings were reviewed manually and R–R intervals were subsequently
extracted automatically by H-Scribe 5 software (Mortara Instruments, Milwaukee, USA).
HRV data were analyzed using Kubios HRV software, which automatically computes all
commonly used parameters and uses an automatic ﬁlter for artifacts and premature beats (43).
HRV parameters were derived by analyzing the whole 1-h hypoxic period. Prior to the
spectral estimation, beat-to-beat R–R time series were transformed to evenly sampled time
series using a cubic spline interpolation. Fast Fourier transform was used for calculation of
the frequency domain parameters using Welch’s periodogram with a window length of 256 s
and 50% overlap.
To compare the effect of the acute hypoxic exposure on HRV, 5-min time intervals were
analyzed in normoxic conditions and compared to the last 5 min of hypoxic exposure during
the ﬁrst and last visit of the protocol.
The following parameters were derived from the R–R data: total power (TP) and
standard deviation of normal-to-normal interbeat intervals (SDNNs) as measures of
overall autonomic regulation, absolute and normalized (normalized units) powers of HF
(0.15–0.40 Hz) and low frequency (LF; 0.04–0.15 Hz) spectral components, respectively,
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reﬂecting parasympathetic nervous system (PSNS) activity and combined sympathetic
(SNS) and parasympathetic activities. The ratio LF/HF was also calculated as an index of
sympatho-vagal balance, although its reliability was challenged recently (7, 40). Root mean
square of successive R–R interval difference (RMSSD) is a time domain parameter associated
with the parasympathetic activity (short-term beat-to-beat variability) (32).
Statistical analysis
The statistical analysis was performed using SPSS v.17.0 (IBM corporation, Armonk, NY,
USA), using paired-sample t-test. Normality of distribution was assessed by Shapiro–Wilks
test. Skewness of distribution in some parameters (absolute spectral powers) was normalized
with natural logarithmic (ln) transformation. To assess the relationship between SpO2 and
HRV parameters, bivariate, two-tailed, Pearson’s correlation analysis was performed.
The study was presented and approved at a meeting of the institutional ethics committee
of Medical University of Plovdiv. The authors report no biomedical ﬁnancial interests or
potential conﬂicts of interest.

Results
The effect of the IHT on saturation, heart rate (HR), and basic HRV parameters is presented in
Tables I and II as a comparison between their respective baseline (Day 1) and end-of-protocol
(Day 10) values. Signiﬁcant increase in the HF and increase in the TP as well as a decrease in
the LF/HF ratio (Fig. 1) were observed for each of the tested subjects, but no signiﬁcant
change was present in the LF. Changes were also present in the time domain parameters –
subjects had higher SDNN and RMSSD (Fig. 2) at the end of the study. Oxygen saturation
and heart rate were also inﬂuenced by the IHT – increased SpO2 and decreased mean heart
rate (MeanHR). No signiﬁcant difference in arterial blood pressure was detected (118.3 ± 5.4/
72.9 ± 9.6 vs. 116.3 ± 6.4/77.9 ± 5.0, p = 0.210/0.060).
In addition, there was no signiﬁcant difference in the peak frequencies of HF between
the ﬁrst and the last visit (0.20 ± 0.05 vs. 0.19 ± 0.04, p = 0.503).

Table I. Comparison of oxygen saturation and time domain parameters (mean ± SD) between the ﬁrst and the last
days of 10-day intermittent hypoxic exposure protocol
Protocol
Parameter

Day 1

Day 10

Day 1 vs. Day 10 (p)

Mean SPO2 (%)

87.0 ± 7.1

90.8 ± 5.0

0.039

MeanHR (beats/min)

67.1 ± 8.9

62.5 ± 6.0

0.040

SDNN (ms)

65.7 ± 32.5

81.1 ± 32.0

0.013

RMSSD (ms)

58.1 ± 30.9

76.5 ± 34.6

0.029

HR: heart rate; RMSSD: root mean square of successive R–R interval difference; SDNN: standard deviation of the
intervals between normal beats; SpO2: oxygen saturation; RMSSD: root mean square of successive R–R interval
difference
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Table II. Comparison of frequency domain HRV parameters (mean ± SD) between the ﬁrst and the last days of
10-day intermittent hypoxic exposure protocol
Protocol
Parameter

Day 1

Day 10

Day 1 vs. Day 10

lnTotal power (ms )

8.1 ± 1.1

8.5 ± 0.9

0.015

2

lnLF (ms )

7.5 ± 1.0

7.7 ± 0.8

0.078

lnHF (ms2)

6.8 ± 1.3

7.5 ± 1.2

0.026

LF (nu)

66.8 ± 14.6

55.9 ± 13.4

0.032

HF (nu)

34.1 ± 14.5

44.1 ± 13.4

0.050

LF/HF

2.4 ± 1.4

1.5 ± 1.0

0.026

2

HRV: heart rate variability; SD: standard deviation; HF: high frequency; LF: low frequency; nu: normalized units;
ln: natural logarithm

Fig. 1. Changes in low frequency/
high frequency (LF/HF) index of
heart rate variability during the
10-day hypoxic protocol

When comparing normoxia with the end hypoxic period, there was a signiﬁcant increase
in LF/HF (1.5 ± 0.9 vs. 2.8 ± 1.7, p = 0.046) and MeanHR (63.6 ± 8.7 vs. 68.4 ± 9.0,
p = 0.016) during the ﬁrst hypoxic visit, but no change on the last day of the protocol
in LF/HF (1.8 ± 1.1 vs. 1.5 ± 1.2, p = 0.438) or MeanHR (64.2 ± 7.6 vs. 63.3 ± 8.1,
p = 0.590). Overall variability (SDNN) showed a tendency to increase on the ﬁrst visit
(59.7 ± 36.2 vs. 74.1 ± 47.3, p = 0.88) and a signiﬁcant increase during the last hypoxic visit
(63.2 ± 24.0 vs. 87.2 ± 38.6, p = 0.006).
No signiﬁcant difference was found when comparing the pre-hypoxia HRV parameters
between the ﬁrst and the last visit – SDNN (61.5 ± 37.3 vs. 63.2 ± 24.0 ms, p = 0.801),
RMSSD (59.0 ± 34.7 ms, p = 0.524), and LF/HF (1.5 ± 0.9 vs. 1.7 ± 1.1, p = 0.502).
A moderately strong positive correlation was found between the SDNN and the SpO2,
(ρ = 0.654, p = 0.029) and between RMSSD and SpO2 (ρ = 0.732, p = 0.010) during hypoxic
exposure at the last visit of the protocol (Fig. 3).
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Fig. 2. Changes in root mean
square of successive R–R interval
difference (RMSSD) during the
10-day hypoxic protocol

Fig. 3. Correlation between
RMSSD and SpO2 during
hypoxic exposure at the last visit
of the protocol

Discussion
The results of this study verify that 1-h daily exposure to exogenous hypoxia corresponding
to an altitude of 4,200 m for 10 consecutive days leads to adaptations related to increased
SpO2, decreased heart rate, and a rise in the overall variability (an increase in the TP and
SDNN) mainly due to parasympathetic activation – augmented RMSSD, HF, and a decrease
in the LF/HF index.
These results support the statement that IHT is able to decrease the effect of acute
exogenous hypoxia on the ANS (2), and effective pre-acclimatization could be accomplished
using intermittent hypoxic protocols before an upcoming high-altitude visit. Moreover, some
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studies suggest that IHT can induce acclimatization changes even more effectively than
chronic hypoxia without the side effects of long-term high-altitude sojourn (4, 30).
It is well known that acute exogenous hypoxia augments the SNS and decreases the
vagal activity of the ANS (10, 29), which leads to a decrease in HRV parameters (18, 47).
This statement was supported by our results presenting an increase in LF/HF and MeanHR
with exposure to exogenous hypoxia during the ﬁrst day of our protocol. This early shift to
sympathetic predominance is associated with fast ventilatory and cardiovascular responses to
hypoxia, which are some of the ﬁrst adaptive mechanisms to high altitude (28). However, this
SNS overactivation is a risk factor for long-term complications. Therefore, effective longterm acclimatization is characterized by a progressive shift toward a higher parasympathetic
inﬂuence, which is a result of reduced sympathetic activation and decreased parasympathetic
withdrawal during hypoxic exposure (4, 8). The same increase in the PSNS control is
observed at the end of our protocol – a rise in RMSSD and HF implying the applicability of
HRV for the assessment of the ANS adaptation to exogenous hypoxia. Moreover, breathing
hypoxic air did not cause any further increase in LF/HF or MeanHR compared to normoxic
during the last visit, which implies that the acquired adaptations are sufﬁcient enough to
prevent sympathetic overactivation.
Sympathetic activation as a result of hypoxic exposure induces ventilatory and
cardiovascular responses (12, 30). The initial SNS activation during early stages of hypoxic
exposure induces ventilatory and cardiovascular responses including ﬂuctuations in blood
pressure (12, 30). These physiological changes can lead to vasoconstriction that immediately
sensitizes the arterial baroreceptors, which are proven to be active at high altitude (2, 16).
Thus, arterial baroreﬂex counteracts the effects of the initial SNS activation, caused by acute
hypoxia. Increased SDNN, TP, HF, and RMSSD in this study show that ANS adaptations
during IHT are most probably the results of increased baroreﬂex activity.
Some studies show contradictory results regarding the effect of chronic intermittent
hypoxia on baroreﬂex sensitivity (34). However, these studies use intermittent hypoxia
protocols, characterized by longer total duration and multiple hypoxia/normoxia shifts, with
larger periodical swings in SpO2 and partial pressure of oxygen (pO2), representing
intermittent hypoxia in obstructive sleep apnea (OSA). On the other hand, IHT, irrespective
of its name, is an example of constant hypoxia, in the sense of absence of large swings and
periodicity in SpO2 and pO2 during the period of the hypoxic exposure. It could be speculated
that these two models of intermittent hypoxia initiate different adaptive mechanisms.
Furthermore, patients with OSA have oppressed baroreﬂex sensitivity (25, 27) in contrast
to healthy subjects exposed to exogenous hypoxia (2, 16). On the other hand, sympathetic
activation during apnea in patients with OSA aims to increase the vascular peripheral
resistance and maintain the blood pressure, which is decreased due to the diminished cardiac
preload (41) and baroreﬂex activation is not necessary. Therefore, it is not appropriate to
compare IHT with the intermittent hypoxia in OSA.
Since there is insufﬁcient knowledge about acclimatization by intermittent hypoxia,
there is actually no standardized protocol for pre-acclimatization. To date, most of the studies
show a signiﬁcant difference in exposure patterns. Burtscher et al. (8) showed beneﬁts if
subjects are exposed for 1–4 h/day to normobaric hypoxia at a corresponding altitude of
4,000 m (FiO2 = 12%) and some studies suggest that 1 week or even shorter protocols
(FiO2 = 13% equivalent to 3,800 m altitude for 5 days 2 h/daily) may induce signiﬁcant preacclimatization like an increase in HVR (3, 5). There is no data about the changes in the ANS
activity and HRV during such short-term IHT protocols. However, this study showed that
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such protocols are able to augment the autonomic control characterized by parasympathetic
predominance (higher SDNN, TP, RMSSD, and HF and lower LF/HF).
Similar to ours is the protocol of Garcia et al. (14) who simulated an altitude of 3,800 m,
2 h per day for 12 consecutive days. They found increased HVR without changes in the
oxygen saturation. However, other authors suggest that the increased HVR contributes to
increased ventilation and raise the SpO2 at the same altitude (24). Even though we did not
measure the ventilation, we analyzed the mean peak frequency of HF band of HRV. Thayer
et al. (45) have suggested that the central frequency of the HF component may serve as an
index of respiratory rate when more direct measures are not available. The peak frequency of
the HF band remained constant for all the analyzed periods, which indicates that there were
no signiﬁcant changes in the respiratory rate during the protocol that could potentially affect
the HRV results.
It has been proven that lower oxygen saturation, combined with decreased HRV, could
be associated with higher risk of AMS during the early stages of hypoxic exposure (9, 19).
Therefore, our IHT protocol is able to achieve pre-acclimatization by increasing the
autonomic control and SpO2. Furthermore, de-acclimatization is slower than acclimatization,
because the body response to hypoxia can be “turned on” faster than “turned off” when
normoxia is restored (4, 30). Thus, it could be suggested that such a protocol with 1 h of
hypoxic exposure for 10 consecutive days is able to decrease the risk of AMS in people with
upcoming high-altitude sojourn. However, our protocol did not include further high-altitude
visits. After all, two of our tested subjects attacked Lenin Peak (7,134 m) a few days after the
protocol and reported that they felt well with no symptoms of AMS.
The signiﬁcant increase in the overall variability as well as HF and RMSSD (Fig. 2) and
the decrease in LF/HF (Fig. 1) observed during the last visit of our protocol are indicative for
vagal predominance. This is in concordance with other results, which suggest that acclimatization seems to be characterized by a progressive shift toward a higher parasympathetic tone
(3, 6). The improved autonomic control could be potentially beneﬁcial in some chronic
cardiovascular and respiratory conditions associated with sympathetic predominance, since it
is well known that augmented SNS activity further increases the oxygen demand (33) and
other IHT protocols have recently showed positive effects in treatment of major cardiovascular diseases (38).
In addition, we found a positive correlation between the oxygen saturation and SDNN
and RMSSD at the last day of the protocol (Fig. 3). Therefore, increased HRV values are
associated with higher SpO2. Thus, it could be suggested that the intensive ANS activation
with parasympathetic predominance is a prerequisite for adequate adaptation to exogenous
hypoxia. However, a correlation is not an indicator of positive cause–effect relationship and
further investigations are needed to conﬁrm these data.
Limitations
Some limitations of our research should be considered. We did not record the respiratory rate
and tidal volume; therefore, we do not have information about ventilation that is known to
affect the HRV parameters (44), although the peak frequency of HF [which is suggested as an
indirect index of respiratory rate (45)] showed no changes during the different periods of the
protocol.
It can be presumed that familiarization with the protocol and the hypoxicator could also
lead to a progressive decrease of a stress reaction that can affect HRV ﬁndings. However, we
compared the prehypoxia HRV parameters between the ﬁrst and last visit and found no
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statistical difference. Therefore, we believe that our ﬁndings reﬂect adaptations to hypoxia
itself rather than familiarization with the protocol. The sample of the study is not big enough
to produce more explicit results. Increasing the number of enrolled subjects would potentially
decrease the impact of confounding factors affecting HRV.
In conclusion, the results of this study show that IHT consisting of 1-h hypoxic exposure
for 10 consecutive days could diminish the effects of acute exogenous hypoxia on the ANS
characterized by an increased autonomic control (SDNN and TP) with augmentation of the
PSNS activity (increased RMSSD, HF, and SD2 and decreased LF/HF). Therefore, it could
be applied as a pre-acclimatization technique aiming at an increase in the autonomic control
and oxygen saturation in subjects with upcoming sojourn to high altitude.
Acknowledgements
The study was accomplished with the ﬁnancial support from the Medical University of Plovdiv.

Conﬂict of interest
The authors declare that they do not have any conﬂict of interests to disclose.

REFERENCES
1. Beidleman BA, Muza SR, Fulco CS, Cymerman A, Ditzler D, Stulz D, Staab JE, Skrinar GS, Lewis SF, Sawka
MN: Intermittent altitude exposures reduce acute mountain sickness at 4300 m. Clin. Sci. (Lond). 106, 321–328
(2004)
2. Bernardi L: Heart rate and cardiovascular variability at high altitude. Conf. Proc. IEEE Eng. Med. Biol. Soc.
2007, 6679–6681 (2007)
3. Bernardi L, Passino C, Serebrovskaya Z, Serebrovskaya T, Appenzeller O: Respiratory and cardiovascular
adaptations to progressive hypoxia; effect of interval hypoxic training. Eur. Heart J. 22, 879–886 (2001)
4. Bernardi L, Passino C, Spadacini G, Calciati A, Robergs R, Greene R, Martignoni E, Anand I, Appenzeller O:
Cardiovascular autonomic modulation and activity of carotid baroreceptors at altitude. Clin. Sci. (Lond). 95,
565–573 (1998)
5. Berntson GG, Cacioppo JT, Quigley KS: Respiratory sinus arrhythmia: autonomic origins, physiological
mechanisms, and psychophysiological implications. Psychophysiology 30, 183–196 (1993)
6. Bhaumik G, Dass D, Bhattacharyya D, Sharma YK, Singh SB: Heart rate variability changes during ﬁrst week of
acclimatization to 3500 m altitude in Indian military personnel. Indian J. Physiol. Pharmacol. 57, 16–22 (2013)
7. Billman GE: The LF/HF ratio does not accurately measure cardiac sympatho-vagal balance. Front Physiol. 4, 26
(2013)
8. Burtscher M, Brandstätter E, Gatterer H: Preacclimatization in simulated altitudes. Sleep Breath. 12, 109–114
(2008)
9. Burtscher M, Szubski C, Faulhaber M: Prediction of the susceptibility to AMS in simulated altitude. Sleep
Breath. 12, 103–108 (2008)
10. Chen YC, Lin FC, Shiao GM, Chang SC: Effect of rapid ascent to high altitude on autonomic cardiovascular
modulation. Am. J. Med. Sci. 336, 248–253 (2008)
11. Cornolo J, Mollard P, Brugniaux JV, Robach P, Richalet JP: Autonomic control of the cardiovascular system
during acclimatization to high altitude: effects of sildenaﬁl. J. Appl. Physiol. 97, 935–940 (2004)
12. Engelstein ED, Lerman BB, Somers VK, Rea RF: Role of arterial chemoreceptors in mediating the effects of
endogenous adenosine on sympathetic nerve activity. Circulation 90, 2919–2926 (1994)
13. Fulco CS, Beidleman BA, Muza SR: Effectiveness of pre-acclimatization strategies for high-altitude exposure.
Exerc. Sport Sci. Rev. 41, 55–63 (2013)
14. Garcia N, Hopkins SR, Powell FL: Effects of intermittent hypoxia on the isocapnic hypoxic ventilatory response
and erythropoiesis in humans. Respir. Physiol. 123, 39–49 (2000)
15. Garcia N, Hopkins SR, Powell FL: Intermittent vs. continuous hypoxia: effects on ventilation and erythropoiesis
in humans. Wilderness Environ. Med. 11, 172–179 (2000)
Physiology International (Acta Physiologica Hungarica) 105, 2018

Unauthenticated | Downloaded 04/22/20 10:59 AM UTC

Ten-day intermittent hypoxic training increases HRV

395

16. Hainsworth R, Drinkhill MJ, Rivera-Chira M: The autonomic nervous system at high altitude. Clin. Auton. Res.
17, 13–19 (2007)
17. Huang HH, Tseng CY, Fan JS, Yen DH, Kao WF, Chang SC, Kuo TB, Huang CI, Lee CH: Alternations of heart
rate variability at lower altitude in the predication of trekkers with acute mountain sickness at high altitude. Clin.
J. Sport Med. 20, 58–63 (2010)
18. Kanai M, Nishihara F, Shiga T, Shimada H, Saito S: Alterations in autonomic nervous control of heart rate
among tourists at 2700 and 3700 m above sea level. Wilderness Environ. Med. 12, 8–12 (2001)
19. Karinen HM, Uusitalo A, Vähä-Ypyä H, Kähönen M, Peltonen JE, Stein PK, Viik J, Tikkanen HO: Heart rate
variability changes at 2400 m altitude predicts acute mountain sickness on further ascent at 3000–4300 m
altitudes. Front. Physiol. 3, 336 (2012)
20. Katayama K, Sato Y, Morotome Y, Shima N, Ishida K, Mori S, Miyamura M: Ventilatory chemosensitive
adaptations to intermittent hypoxic exposure with endurance training and detraining. J. Appl. Physiol. 86,
1805–1811 (1999)
21. Katayama K, Shima N, Sato Y, Qiu JC, Ishida K, Mori S, Miyamura M: Effect of intermittent hypoxia on
cardiovascular adaptations and response to progressive hypoxia in humans. High Alt. Med. Biol. 2, 501–508
(2001)
22. Krejčí J, Botek M, McKune AJ: Dynamics of the heart rate variability and oxygen saturation response to acute
normobaric hypoxia within the ﬁrst 10 min of exposure. Clin. Physiol. Funct. Imaging 38, 56–62 (2018)
23. Küpper TE, Schöfﬂ V: Preacclimatization in hypoxic chambers for high altitude sojourns. Sleep Breath. 14,
187–191 (2010)
24. Levine BD: Intermittent hypoxic training: fact and fancy. High Alt. Med. Biol. 3, 177–193 (2001)
25. Narkiewicz K, Pesek CA, Kato M, Phillips BG, Davison DE, Somers VK: Baroreﬂex control of sympathetic
nerve activity and heart rate in obstructive sleep apnea. Hypertension 32, 1039–1043 (1998)
26. Paralikar SJ, Paralikar JH: High-altitude medicine. Indian J. Occup. Environ. Med. 14, 6–12 (2010)
27. Parati G, Di Rienzo M, Bonsignore MR, Insalaco G, Marrone O, Castiglioni P, Bonsignore G, Mancia G:
Autonomic cardiac regulation in obstructive sleep apnea syndrome: evidence from spontaneous baroreﬂex
analysis during sleep. Hypertension 15, 1621–1626 (1997)
28. Peacock AJ: ABC of oxygen: oxygen at high altitude. Br. Med. J. 317, 1063–1066 (1998)
29. Perini R, Veicsteinas A: Heart rate variability and autonomic activity at rest and during exercise in various
physiological conditions. Eur. J. Appl. Physiol. 90, 317–325 (2003)
30. Powell FL, Garcia N: Physiological effects of intermittent hypoxia. High Alt. Med. Biol. 1, 125–136 (2000)
31. Prabhakar NR, Peng YJ: Peripheral chemoreceptors in health and disease. J. Appl. Physiol. 96, 359–366 (2004)
32. Rajendra Acharya U, Paul Joseph K, Kannathal N, Lim CM, Suri JS: Heart rate variability: a review. Med. Biol.
Eng. Comput. 44, 1031–1051 (2006)
33. Remme WJ: The sympathetic nervous system and ischaemic heart disease. Eur. Heart J. 19, 62–71 (1998)
34. Rey S, Tarvainen MP, Karjalainen PA, Iturriaga R: Dynamic time-varying analysis of heart rate and blood
pressure variability in cats exposed to short-term chronic intermittent hypoxia. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 295, 28–37 (2008)
35. Rusko HK, Tikkanen HO, Peltonen JE: Altitude and endurance training. J. Sports Sci. 22, 928–945 (2004)
36. Saito S, Tanobe K, Yamada M, Nishihara F: Relationship between arterial oxygen saturation and heart rate
variability at high altitudes. Am. J. Emerg. Med. 23, 8–12 (2005)
37. Serebrovskaya TV: Intermittent hypoxia research in the former Soviet Union and the commonwealth of
independent states: history and review of the concept and selected applications. High Alt. Med. Biol. 3,
205–221 (2002)
38. Serebrovskaya TV: Intermittent hypoxia training as non-pharmacologic therapy for cardiovascular diseases:
practical analysis on methods and equipment. Exp. Biol. Med. 241, 1708–1723 (2016)
39. Sevre K, Bendz B, Hankø E, Nakstad AR, Hauge A, Kåsin JI, Lefrandt JD, Smit AJ, Eide I, Rostrup M: Reduced
autonomic activity during stepwise exposure to high altitude. Acta Physiol. Scand. 173, 409–417 (2001)
40. Shaffer F, Ginsberg JP: An overview of heart rate variability metrics and norms. Front. Public Health 5, 258
(2017)
41. Somers VK, Dyken ME, Clary MP, Abboud FM: Sympathetic neural mechanisms in obstructive sleep apnea.
J. Clin. Invest. 96, 1897–1904 (1995)
42. Tannheimer M: Intermittent simulated hypoxia for pre-acclimatization. Sleep Breath. 14, 185–186 (2010)
43. Tarvainen MP, Niskanen JP, Lipponen JA, Ranta-Aho PO, Karjalainen PA: Kubios HRV – heart rate variability
analysis software. Comput. Methods Programs Biomed. 113, 210–220 (2014)

Physiology International (Acta Physiologica Hungarica) 105, 2018

Unauthenticated | Downloaded 04/22/20 10:59 AM UTC

396

Taralov et al.

44. Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology: Heart rate variability; standards of measurement, physiological interpretation and clinical use.
Circulation 93, 1043–1065 (1996)
45. Thayer JF, Sollers JJ, Ruiz-Padial E, Vila J: Estimating respiratory frequency from autoregressive spectral
analysis of heart period. IEEE Eng. Med. Biol. Mag. 21, 41–45 (2002)
46. Urdampilleta A, González-Muniesa P, Portillo MP, Martínez JA: Usefulness of combining intermittent hypoxia
and physical exercise in the treatment of obesity. J. Physiol. Biochem. 68, 289–304 (2012)
47. Zupet P, Princi T, Finderle Z: Effect of hypobaric hypoxia on heart rate variability during exercise: a pilot ﬁeld
study. Eur. J. Appl. Physiol. 107, 345–350 (2009)

Physiology International (Acta Physiologica Hungarica) 105, 2018

Unauthenticated | Downloaded 04/22/20 10:59 AM UTC

