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Objective: Hypoxic exposure can be used as a therapeutic tool by inducig

various cardiovascular, neuromuscular, and metabolic adaations. Hypoxic conditioning

strategies have been evaluated in patients with chronic désases using either sustained
(SH) or intermittent (IH) hypoxic sessions. Whether hypoxionditioning via SH or IH may
induce different physiological responses remains to be etidated.

Methods: Fourteen healthy active subjects (7 females, age 25 8 years, body mass
index 21.5 2.5kgm 2) performed two interventions in a single blind, randomized
cross-over design, starting with either 3 x SH (48 h apart),rd x IH (48 h apart), separated
by a 2 week washout period. SH sessions consisted of breathip a gas mixture with
reduced inspiratory oxygen fraction (Fig), continuously adjusted to reach arterial oxygen
saturations (SpQ) of 70-80% for 1h. IH sessions consisted of 5min with reduced
FiO, (SpO, D 70-80%), followed by 3-min normoxia, repeated seven timesDuring
the rst (S1) and third (S3) sessions of each hypoxic intervetion, cardiorespiratory
parameters, and muscle and pre-frontal cortex oxygenatioiinear infrared spectroscopy)
were assessed continuously.

Results : Minute ventilation increased signi cantly during IH sedens C2 2 L min 1)
while heart rate increased during both SHG11 4 bpm) and IH C13 5 bpm)
sessions. Arterial blood pressure increased during all hyxic sessions, although baseline
normoxic systolic blood pressure was reduced from S1to S3idH only ( 8 11 mmHg).
Muscle oxygenation decreased signi cantly during S3 but nb S1, for both hypoxic
interventions (S3: SH 6 5%, IH 3  4%); pre-frontal oxygenation decreased in
S1 and S3, and to a greater extent in SH vs. IH (13 3% vs. 6  6%). Heart
rate variability indices indicated a signi cantly largentrease in sympathetic activity in
SH vs. IH (lower SDNN, PNN50, and RMSSD values in SH). From Sa& 83, further
reduction in heart rate variability was observed in SH (SDNNPNN50, and RMSSD
reduction) while heart rate variability increased in IH (31N and RMSSD increase).
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Conclusions: These results showed signi cant differences in heart rateariability, blood
pressure, and tissue oxygenation changes during short-ten SH vs. IH conditioning
interventions. Heart rate variability may provide usefuhformation about the early
adaptations induced by such intervention.

Keywords: hypoxic conditioning, sustained hypoxia, inter mittent hypoxia, blood pressure, heart rate variability,
tissue oxygenation

INTRODUCTION conditioning may induce dierent adaptations needs to be
elucidated in order to establish optimal hypoxic conditiogin
Although chronic hypoxia is known to be an aggravating faator - strategies.
several cardiovascular and respiratory diseases, hypgpaserse The possible deleterious side-e ects of hypoxia
may also be of signi cant bene ts to one’s cardiorespiratstgtus  [cardiovascular and metabolic dysfunctions as observed in
as demonstrated in animal models (e.§eguin et al, 2005 sleep apnoea syndrome for instance: increased blood pressure
and as reviewed recently by our groupefges et al., 20)@and  jmpaired glucose, and lipid metabolistagvy et al., 207)] have
others @lmendros et al., 2014; Navarrete-Opazo and Mitchellto be considered when applying hypoxic conditioning strategy,
2014; Mateika et al., 20)L5Hypoxic exposure as a potential especially to higher-risk, clinical populations. The hypoxise
therapeutic aid is a promising rehabilitation method for manyand pattern used for hypoxic conditioning should probably be
clinical populations, including hypertensivegrebrovskayaetal., adapted depending on patient characteristics and individual
2009 and overweight ayser and Verges, 20Llpatients. responses. The determination of the optimal hypoxic dose
Unlike in chronic respiratory failure where hypoxia is mostshould occur during the beginning of the hypoxic conditiogin
often associated with hypoventilation and hypercapnia, th@rogram (i.e., over the rst sessions) in order to avoid eithe
combination of hypoxia, hyperventilation (and slight resuit  jnsu cient (and therefore no treatment e ect) or too severarfd
hypocapnia) can be used to exploit certain physiological bene tits potential deleterious side-e ects) hypoxic stimuli. Monituy
of hypoxic exposure e.g., decreased blood pressure observedHB e ciency and safety of hypoxic conditioning strategies
animal models and hypertensive patients after repeated hypoxigquires to identify physiological biomarkers re ecting eth
exposures Serebrovskaya et al., 2)08ndeed, exposure to early responses (during the rst session and over the follgwin
either normobaric or hypobaric hypoxia has historically beensessions) to hypoxic conditioning.
implemented to improve athletic performance through various  Acute hypoxia induces within the rst minutes and hours
physiological mechanisms, including increased hemoglot@ss  of exposure typical cardiorespiratory and autonomic nervous
and enhanced muscle capilarization and metabolic capacitigystem responses including hyperventilation, tachycaraial
(reviewed inMillet et al., 20101 From this perspective, and increased sympathetic activity. These mechanisms have been
using methods previously employed in sport medicine, repeategspecially studied in the context of acute and chronic alttu
hypoxic exposures, i.e., hypoxic conditioning, may be seegxposure, i.e., prolonged sustained hypoxia (several hours and
as a new preventive, and therapeutic strategy, especially f@ays staying at altitudeylazzeo, 2008 While some of these
deconditioned individuals. mechanisms may be helpful in monitoring the e ect of hypoxic
Unfortunately, current research in the eld of hypoxic conditioning strategies, few data are available in theditee
conditioning does not provide the optimal hypoxic exposureregarding the main physiological responses during and after
required to obtain protective or therapeutic e ects. It is now repetitive SH or IH conditioning sessions. Changes in blood
recognized that the consequences of hypoxic exposure depepressure and autonomic nervous system are potential relevant
on a dose-response relationship ranging from normoxia tonarkers of the physiological changes induced by repetitive
deleterious severe hypoxia [intermittent inspiratory oxyge hypoxic exposure. Severe intermittent hypoxia as encountered
fraction (Fi®;) < 0.08-0.10 and arterial oxygen saturationin sleep apnoea alters barore ex activity and increasescdbloo
(SpQ) <70%, with short cycles2min], with intermediate pressurel(évy et al., 20)Iwhile hypoxic conditioning strategy
doses (moderate hypoxia, Fi® 0.10 or Sp@ 70-80%) and may improve barore ex sensitivityHaider et al., 2009and
patterns (intermittent hypoxia with> 5-min cycles or sustained reduce blood pressuresgrebrovskaya et al., 200€hanges in
hypoxia) of hypoxia that can have positive cardiovascular antleart rate variability (a useful marker of the autonomic vieus
metabolic e ects [lavarrete-Opazo and Mitchell, 2014; Vergessystem activityMalik, 199§ induced during and after hypoxic
etal., 201p Previous studies on hypoxic conditioning in healthy conditioning sessions remain to be elucidated. For example,
subjects and patients used two main types of hypoxic exposurié,is known that after 12h of sustained hypoxia (4000m), a
with repetitive sessions of either intermittent [IH, e.g=7/3nin  pronounced (dampened) e ect on heart rate variability is evige
hypoxia and 3-5 min normoxia, repeated 3—10 timBsrhardi even 1h after returning to normoxic ambient aiG(ger et al.,
et al., 2001a; Burtscher et al., 2004; Lyamina et al., 20ahigZ 2009, while after a brief hypoxic exposure of 15 min (LiO
et al., 201} or sustained [SH, e.g., 1 h under sustained hypoxi®.11), the hypoxia-induced reduction in heart rate varigpil
(Rodriguez et al., 1999; Katayama et al., 2001, 2009; Lusdisappears almost immediatelf\R¢che et al., 2002 Hence,
et al., 200§ hypoxia. Whether these two types of hypoxicin order to provide potential physiological biomarkers for the
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implementation of hypoxic conditioning strategies, the egof ~EXperimental Design
repetitive SH or IH exposure over several days need to be elédri In this prospective, randomized, cross-over, controlledgls-
especially on important cardiovascular mechanisms suches tiblind study performed in Grenoble (altitude: 210m), all
autonomic nervous system. participants performed rst a full familiarization trial in
Another issue to consider when applying hypoxicnormoxia including sitting and breathing quietly through
conditioning strategies is the determination of tissue-a facemask, with continuous electrocardiogram and blood
speci ¢ responses to hypoxic exposure which are generallyressure measurements. Then, they were randomized (using
characterized based on the magnitude of arterial bloodblock randomization) into either the sustained hypoxia (Sh)
deoxygenation. Important dierences in oxygenation levelsntermittent hypoxia (IH) condition. After performing the st
between tissues have been shown whenyRgreduced both hypoxic condition (three 1-h sessions separated by 48h), all
in animal models QAlmendros et al., 2011; Reinke et al.,subjects completed the second hypoxic condition (threkh
201) and in healthy subjects_upp et al., 2011, 20.6Rupp  sessions separated by 48 h) after a minimum washout period of
et al. (2016)demonstrated that healthy subjects exposed5 days. Cardiorespiratory and NIRS signals were continuously
to intermittent hypoxemia for 45min showed signicant recorded on session 1 (S1), and session 3 (S3) of each hypoxic
cyclical prefrontal cortex deoxygenation while the bicepgondition (described below). On session 2, only $p@d Fi&
brachialis muscle remained normoxic. Hence, changes iwere recorded. This study focused on physiological responses
tissue (especially muscle and brain) oxygenation as medisurever three sessions of each hypoxic conditioning stratemgesi
non-invasively by near-infrared spectroscopy (NIRS) neethis represents a reasonable time frame (1 week) to assess the
to be characterized in order to better determine the organearly e ects of this interventionodway et al., 2007and to
speci ¢ hypoxic stress applied during hypoxic conditioningadapt, if required, the hypoxic dose.
sessions. In all testing sessions subjects seated in a semi-supine pysitio
Therefore, the purpose of this study was to assess the a quiet environment, at rest but without sleeping. They aver
acute and short-term cardiorespiratory and tissue oxygenat blinded for the gas mixture composition they were inhaling.
e ects of two hypoxic conditioning strategies (i.e., suséain Subjects were told that this study aimed to compare the e ect of
vs. intermittent hypoxic exposures as previously used in théwo di erent types of hypoxic exposure, without further details.
literature) in order to determine the most e cient strategy The hypoxic stimulus was obtained by having subjects breathe
and to identify physiological biomarkers able to providea facemask a nitrogen-enriched gas mixture provided by a gas-
early assessment of each hypoxic conditioning program, witimixing device (Altitraine®®, SMTEC S.A., Nyon Switzerland).
emphasis on distinguishing protective vs. deleterious regmns FiO, was individually adjusted to reach the targeted $p©70—
We hypothesized that IH conditioning would induce larger 80% in both hypoxic conditioning interventions (sEgure 1).
cardiorespiratory (i.e., improved blood pressure and heart
rate variability) benets due to repetitive deoxygenation-Sustained Hypoxia (SH) Sessions

reoxygenation cycles compared to SH conditioning. SH sessions started with an initial phase of 5min breathing
normoxic, ambient air for baseline data collection. Thehe t

MATERIALS AND METHODS hypoxic phase began with a progressive decrease of fradh
0.21 to 0.10 over 10 min. Afterwards, Ri@vas automatically

Subjects adjusted to reach 70-80% SpOrhis target Sp@ level was

Fourteen (7 females) active, healthy volunteers (age: 25 sustained until 55 min of hypoxic exposure. There was a nal
years, body mass: 72 11kg, height: 179 7cm, body mass normoxic recovery phase where participants breathed ambient
index 21.5 2.5kgm 2) were included in the present study air for an additional 10 min, for a total testing duration o ¥nin.
after routine medical assessment consisting of a shortcdlin

examination, a 12-lead electrocardiogram and a respiratorintermittent Hypoxia (IH) Sessions

function test. All subjects were non-smokers and had nodnist IH sessions consisted of a 5min baseline breathing normoxic
of cardiorespiratory or neuromuscular disease. They lived ambientair, followed by seven cycles of 5-min hypoxia (briegth
sea level (Grenoble, 212m) and were not exposed to altitudegas mixture with reduced FiQo reach the target Spof 70—
>1000m over the past 3 months. Subjects were engaged 183%) and 3-min normoxic breathing. The initial 5-min hypoxia
times a week in low- to moderate-intensity endurance atési was performed with a Fi@of 0.10 for all subjects, and FQvas
such as walking, jogging, or cycling. They were instrucied tindividually adjusted for the subsequent 5-min hypoxic phases
keep their diet, hydration status, and physical activitytioe in order to reach the target SpOAfter the seven hypoxia—
identical throughout the study. Subjects refrained from glogpl  normoxia cycles, 7 min of normoxic recovery were performead fo
exercise the days prior to the tests, abstained from drinking total session duration of 68 min.

ca einated beverages on test days, and had their last meal at

least 2 h prior to the tests. The study was approved by the loc&ardiorespiratory Measurements

ethics committee (CPP Sud-Est V) and performed according t¥entilation and gas exchanges were monitored continuously
the Declaration of Helsinki. Subjects were fully informedivé  breath-by-breath using the MetaMax 3B (Cortex Biophysik
procedure and risks involved and gave their written conseitrpr  GmbH, Leipzig, Germany). Gas analyzers and volume
to all assessments. transducers were calibrated prior to each test with a 3-Lngygi
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FIGURE 1 | Inspiratory oxygen fraction (FIO 5, A,B) and arterial oxygen saturation (Sp@, C,D) during the rst (S1) and the third (S3) sustained or interntént
hypoxia sessions. Data points are means SD. Gray areas indicate hypoxic phasesTSigni cantly different from normoxic baseline in both S1 an®3 (p < 0.05,
two-way ANOVA main effect of time).

and references gases, respectively, according to mangegtu tape and maintained with Velcro bands. Data were recorded
instructions. Blood pressure was measured on the dominant ar continuously at 10Hz and ltered with a 2-s width moving
twice at each time point with a digital pressure monitor systenGaussian smoothing algorithm before analysis.

(A&D Medical, Kitamoto-Shi, Japan). ECG was continuously

recorded using a 2-lead ECG at a sampling rate of 1000 H2ata Analysis

(Holter AFT 1000, Holter supplies, Paris, France). ECG data was transferred to the QuickReader software (Holter
supplies) and R-R intervals were analyzed by means of the
NIRS Measurements Kubios HRV Analysis Software 2.2 vainen et al., 2002, 20)14

Oxy[HbO2]-, deoxy[HHb]-, and total[HbTot]-hemoglobin Heart rate variability parameters were recorded and caledla
concentration changes and tissue oxygenation index (T8ew in accordance with the task force of the European society
estimated continuously throughout testing sessions owdtiple  of cardiology and the North American society of pacing and
sites using a two-wavelength (780 and 850 nm) multichanneglectrophysiology Nlalik, 199§. Data were visually inspected
continuous wave NIRS system (Oxymon Mklll, Artinis Medical to remove artifacts and heart rate variability parametersewe
Systems, Netherlands). Muscle hemodynamics were asséssedadculated over 5-min periods. The following parameters were
the middle of rightbiceps brachialissing a 4-cm interoptode used to analyze the heart rate variability within the time dom
distance. Left pre-frontal cortex hemodynamics were asdessstandard deviation of R-R interval (SDNN), percentage of
between Fpl and F3 locations according to the internationaduccessive R-R that varied by 50 ms or more (PNN50) and the
10-20 EEG system with 3.5-cm inter-optode distance. Thmot-mean-square di erence of successive normal R—R irtisrv
probe holders were secured to the skin with double-sideqRMSSD). In the frequency domain, the following parameters
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were calculated using a Fast Fourier Transform: low fregyen conditions (SH two-way ANOVA, main e ect of sessidn D
(LF; 0.04-0.15Hz), high frequency (HF; 0.15-0.40Hz), andl.4,p D 0.262; IH two-way ANOVA main e ect of session
LF/HF ratio. F D 1.0,p D 0.340) and was signi cantly larger at mid- and

During SH sessions, minute ventilation £)/ gas exchanges, end-session in IH vs. SH (three-way ANOVA conditiontime
heart rate, Sp@ and NIRS parameters were averaged over thmteraction F D 30.2,p < 0.001;Table ). SpQ was reduced
last 30 s of the baseline normoxic phase, of each 5-min periodom baseline normoxic values throughout SH sessions (wag-
in hypoxia and of the normoxic recovery phase. During IHANOVA maine ectoftimeFD 171.5p< 0.001) and during the
sessions, the same parameters were averaged over the last B@moxic phases of IH sessions (two-way ANOVA main e ect of
of the baseline normoxic phase, of each 5-min hypoxic, and 3imeFD 213.7p< 0.001). Sp@reduction (SH77.5 1.7 and IH
min normoxic periods, and of the normoxic recovery phase78.2 3.2%, on average during the hypoxic phases) was similar
Arterial blood pressure was calculated as the average of tvbetween S1 and S3 in both conditions (SH two-way ANOVA
measurements at each of these time points. Heart rate vlityabi main e ect of sessiorr D 0.5,p D 0.482; IH two-way ANOVA
parameters were calculated over the 5-min baseline normoximain e ect of sessiorr D 1.7,p D 0.211) and was signi cantly
phase, every 5 min during the hypoxic phase of SH sessions ataiger at the end of the session in SH vs. IH (three-way ANOVA
during every 5-min hypoxic phases of IH sessions, and over theondition time interactionF D 3.1,p D 0.040.Table J).
last 5 min of the normoxic recovery phase.

o _ Cardiorespiratory Responses

Statistical Analysis Changes in ¥ and PetCQ during the hypoxic conditioning
All statistical procedures were completed on Statistica®er®0  sessions are presented Figure 2 and Table 1 A signi cant
(Statsoft, Tulsa, OK). Normality of distribution and homexggity  increase in ¥ from baseline normoxic values was observed
of variances of the main variables were conrmed using &uring the hypoxic phases of IH sessions both in S1 and S3 (two-
Shapiro-Wilk normality test and the Levene's test, respebtiv. way ANOVA main e ect of timeF D 6.1,p < 0.001) but not
For each hypoxic condition (SH and IH), in order to assessjuring SH sessions (two-way ANOVA main e ect of tinfeD
changes over time within the sessions and changes from S1106 p D 0.108). PetC@ decreased signi cantly from baseline
S3, a two-way ANOVA (time session) with repeated measuresnormoxic values during SH sessions both in S1 and S3 (two-
was performed for each dependent variable (see statistmallse \way ANOVA main e ect of timeF D 9.0,p< 0.001) and during
provided in gures). In order to assess dierences betweenrhe hypoxic phases of IH sessions both in S1 and S3 (two-way
hypoxic conditions (SH vs. IH), a three-way ANOVA (time  ANOVA main e ect of imeF D 10.2p< 0.001). \¢ and PetCQ
session condition) with repeated measures was performed fochanges did not di er between SH and IH at mid- and end-
each dependent variable, using four time points only [baselinsession (¥ three-way ANOVA condition  time interactionF
normoxia, min 25 (mid-session) and 60 (end-session) in SH anp 0.6,p D 0.617; PetC@three-way ANOVA condition time
min 26 (mid-session) and 58 (end-session) in IH, and norneoxi interactionF D 0.6,p D 0.612:Table J).
recovery). These four time points were selected in order to Changes in heart rate and arterial blood pressure during
compare SH and IH under similar hypoxemic conditions, i.e., athe hypoxic Conditioning sessions are presentedFigure 3
mid and end hypoxic phase, when Sp@mained at the same and Table 1 A signi cant increase in heart rate from baseline
70-80% target value for at least 5 min in both SH and IH (se@iormoxic values was observed throughout SH sessions (t&0-w
statistical results provided in table®ost-hod ukey's tests were  ANOVA main e ect of time F D 30.0,p< 0.001) and during the
applied to determine a di erence between two mean values if thAypoxic phases of IH sessions (two-way ANOVA main e ect of
ANOVA revealed a signi cant main e ect or interaction e ect. time F D 57.5,p< 0.001) both in S1 and S3. Heart rate increase
For all statistical analyses, a two-tailed alpha level d8 W8s was similar in SH and IH (three-way ANOVA main condition
used as the cut-o for signi cance. Alldata are presented @m e ect FD 1.4,p D 0.251Table 1). Systolic blood pressure (SBP)

values SDwithin text and tables. increased signi cantly from baseline normoxic values dgrSH
both in S1 and S3 (two-way ANOVA main e ect of time D
RESULTS 21.0,p < 0.001) while it increased during IH in S3 only (two-

way ANOVA session time interactionF D 2.1,p D 0.013).
Subjects reported no signi cant discomfort and no adversece e Baseline normoxic SBP was signi cantly reduced at S3 condpare

was observed during all SH and IH sessions. to S1linIH (p D 0.009). Diastolic blood pressure (DBP) increased
. . ) signi cantly from baseline normoxic values during SH and IH

Inspiratory Oxygen Fraction and Arterial both in S1 and S3 (SH two-way ANOVA main e ect of tinfeD

Oxygenation 5.5,p< 0.001; IH two-way ANOVA main e ect of timé& D 6.5,

Changes in Fi@ and SpQ during the hypoxic conditioning p< 0.001). Changes in SBP and DBP did not di er between SH
sessions are presented Figurel and Tablel FiO, was and IH conditions Table 1).

signi cantly reduced from baseline normoxic values thrbogt

SH sessions (two-way ANOVA main e ect of tinfeD 807.5, Heart Rate Variability

p < 0.001) and during the hypoxic phases of IH sessions (twochanges in heart rate variability parameters during the hypox
way ANOVA main e ect of timeF D 4762.0p < 0.001). FiQ  conditioning sessions are presentedrigures 4 5 and Table 2
reduction magnitude was similar between S1 and S3 in botBDNN decreased signi cantly in SH during S3 (two-way ANOVA
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FIGURE 2 | Minute ventilation (V g, A,B) and end-tidal CO, partial pressure (PetCQ@, C,D) during the rst (S1) and the third (S3) sustained or interntént hypoxia
sessions. Data points are means SD. Gray areas indicate hypoxic phasesfsigni cantly different from normoxic baseline in both S1 an®3 (p < 0.05, two-way
ANOVA main effect of time).

condition time interactionF D 2.9,p D 0.001) and increased of time F D 4.6,p < 0.001) sessions. RMSSD in SH decreased
signi cantly in IH during both S1 and S3 (two-way ANOVA main to a greater extent during S3 compared to S1 (two-way ANOVA
e ectoftimeF D 3.2,pD 0.003). SDNN in IH was signi cantly session time interactionF D 3.3,p< 0.001) while in IH it was
larger during S3 compared to S1 (two-way ANOVA main e ect oflarger during S3 compared to S1 (two-way ANOVA main e ect
sessiort-D 4.9,p D 0.045). SDNN was signi cantly lower in SH of sessior- D 4.2,p D 0.046). RMSSD was signi cantly lower in
compared to IH (three-way ANOVA main e ect of conditioRD ~ SH compared to IH (three-way ANOVA main e ect of condition
23.4p< 0.001; three-way ANOVA condition time interaction FD 8.9,pD 0.010:Table 2.

F D 5.8,p D 0.002;Table 2. PNN50 decreased during both S1  LF did not change during both S1 and S3 in SH (two-way
and S3 in SH (two-way ANOVA main e ect of time D 10.1,p ANOVA main e ectof timeF D 1.8,p D 0.054) and IH (two-way

< 0.001) and IH (two-way ANOVA main e ect of tim& D 5.9, ANOVA main e ect of time F D 1.4,p D 0.207). HF decreased
p < 0.001) sessions. PNN50 in SH decreased to a greater extsigni cantly during both S1 and S3 in SH (two-way ANOVA
during S3 compared to S1 (two-way ANOVA conditiontime  main e ect of timeF D 8.4,p< 0.001) and IH (two-way ANOVA
interactionF D 5.8,p D 0.002). PNN50 was signi cantly lower in main e ect of timeF D 6.6,p< 0.001) sessions. LF/HF increased
SH compared to IH (three-way ANOVA main e ect of condition signi cantly during both S1 and S3 in SH (two-way ANOVA
FD 8.7,pD 0.011;Table 2. RMSSD decreased during S3 in SHmain e ect of timeF D 4.6,p < 0.001) but not in IH (two-way
(two-way ANOVA session time interactionFD 3.3,0< 0.001) ANOVA main e ect of time F D 0.5,p D 0.868). LF/HF did
and during both S1 and S3 in IH (two-way ANOVA main e ect not di er signi cantly between SH and IH (three-way ANOVA
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FIGURE 3 | Heart rate (HR, A,B) and systolic and diastolic blood pressurg(C,D) during the rst (S1) and the third (S3) sustained or intermiént hypoxia sessions.
Data points are means SD. Gray areas indicate hypoxic phasesTSigni cantly different from normoxic baseline in both S1 an®3 (p < 0.05, two-way ANOVA main
effect of time);C Signi cantly different from normoxic baseline in S3 onlyp(< 0.05, two-way ANOVA session time interaction);® Signi cant difference between S1
and S3 ( < 0.05, two-way ANOVA session time interaction).

main e ect of conditionF D 0.2,p D 0.658; three-way ANOVA time interactionF D 1.1,p D 0.395) nor HbTot (SH two-way

condition time interactionF D 1.5,p D 0.231:Table 2. ANOVA session time interactionF D 1.8,p D 0.052; IH two-
way ANOVA session time interactionF D 1.2,p D 0.311)
Tissue Oxygenation showed larger changes in S3 compared to S1 in both SH and

Changes in muscle NIRS parameters during the hypoxitH conditions. HbQ; reduction (three-way ANOVA condition
conditioning sessions are presentedrigures § 7 and Table 3 time interactionFD 3.1,pD 0.037) and HHb increase (three-way
Muscle TSI decreased signi cantly in S3 but not in S1 duringANOVA condition  time interactionF D 3.8,p D 0.017) were
both SH (two-way ANOVA session time interactionF D 3.1, larger during SH compared to IH conditiongégble 3.
p D 0.001) and IH (two-way ANOVA session time interaction Changes in pre-frontal cortex NIRS parameters during the
F D 2.3,p D 0.006) sessions. Muscle TSI reduction was similaiypoxic conditioning sessions are presentedrigures 6 8 and
between SH and IH conditions (three-way ANOVA condition Table 3 Pre-frontal cortex TSI decreased signi cantly during
time interactionF D 2.2,p D 0.109;Table 3. Muscle HHb  both S1 and S3 in SH (two-way ANOVA main e ect of time
(SH two-way ANOVA session time interactionF D 3.1,pD F D 75.4,p < 0.001) and IH (two-way ANOVA main e ect
0.001; IH two-way ANOVA session time interactionF D 2.3, of time F D 9.8,p < 0.001) sessions. Pre-frontal cortex HbO
p D 0.007) but not HbQ (SH two-way ANOVA session time  signi cantly decreased (SH two-way ANOVA main e ect of time
interactionF D 1.7,p D 0.077; IH two-way ANOVA session  F D 36.7,p < 0.001; IH two-way ANOVA main e ect of time
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FIGURE 6 | Tissue oxygenation index (TSI) for the muscle (A,B)  and the prefrontal cortex(C,D) during the rst (S1) and the third (S3) sustained or intermint
hypoxia sessions. Data points are means SD. Gray areas indicate hypoxic phases. Signi cantly different from normoxic baseline in both S1 an®3 (p < 0.05,
two-way ANOVA main effect of time),C Signi cantly different from normoxic baseline in S3 onlyp(< 0.05, two-way ANOVA session time interaction).

F D 12.7,p < 0.001) whereas HHb signi cantly increased (SHDISCUSSION

two-way ANOVA main e ect of timeF D 98.7,p < 0.001; IH

two-way ANOVA main e ect of timeF D 16.4,p < 0.001) The present study aimed to assess the acute and short-term

during both S1 and S3 in SH and IH. Pre-frontal cortex HbTot(3 sessions) cardiorespiratory and tissue oxygenation resgso

did not change over time both in SH (two-way ANOVA main t0 two hypoxic conditioning strategies, i.e., SH and IH,

e ect of time F D 0.9,p D 0.519) and IH (two-way ANOVA in order to determine their respective e ects and potential

main e ect of time F D 1.7, p D 0.056). Pre-frontal cortex physiological biomarkers able to detect early adaptationsirig

TSI (three-way ANOVA condition time interactionF D 15.4, SH and IH sessions (acute e ects), hyperventilation, tacidiaa

p < 0.001) and HbQ® (three-way ANOVA condition time increased blood pressure, and reduced heart rate variahiéte

interaction F D 10.2,p < 0.001) reduction as well as HHb observed. SH sessions were associated with larger redluatio

increase (three-way ANOVA condition time interaction F  heart rate variability and greater muscle and prefrontal errt

D 13.2,p < 0.001) were larger during SH compared to IH deoxygenation compared to IH sessions. From S1 to S3 (short-

conditions (Table 3. term adaptations), IH reduced normoxic SBP and increased
Changes in pre-frontal cortex TSI, HQand HHb during SH  heart rate variability, SH sessions induced further reaturcin

and IH conditions were larger than changes at the muscld levieart rate variability, while both SH and IH sessions indiice

(allp< 0.05). larger muscle deoxygenation. Hence, these results emphasiz
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FIGURE 8 | Pre-frontal cortex oxy- ([HbO2], A,B) , deoxy- ([HHb],C,D), and total- ([HbTot],E,F) hemoglobin concentration changes during the rst (S1) andhe
third (S3) sustained or intermittent hypoxia sessions. Datpoints are means SD. Gray areas indicate hypoxic phases.Signi cantly different from normoxic baseline
in both S1 and S3 p < 0.05, two-way ANOVA main effect of time).
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di erences between SH and IH conditioning strategies regagd and more pronounced in the hypoxic condition associated
cardiovascular and tissue oxygenation responses and sugge#h smaller changes in heart rate variability (i.e., IHj,is
some early adaptations after three hypoxic conditioningisass likely that changes in heart rate variability re ected adtions

only. in the sympathovagal balance rather than respiratory sinus
) ) node modulation Hirsch and Bishop, 1991 Interestingly,
Acute Cardiorespiratory Responses the reduction in heart rate variability was larger during SH

Acute hypoxic exposure is known to induce an increaseompared to IH as shown by lower SDNN, PNN50, and
in ventilation within the rst minutes of exposure due to RMSSD values during SH compared to IH sessiofable 2.
stimulation of peripheral chemoreceptofgazzeo (2008)In A greater e ect of SH might be explained by the larger dose
the present study, a signi cant increase irg Was observed of hypoxia characterizing SH sessions compared to IH sessions
during the 5-min hypoxic phases of IH sessions but notdue to the sustained hypoxic pattern of exposure (without
during SH sessionsF{gure 1). One potential reason for this reoxygenation phases as in IH) and the slightly lower SpO
di erence between SH and IH is the progressive reduction in(2—-3% lower at mid- and end-session) in SH compared to IH
FiO, over the rst 10 min of hypoxic exposure during SH sessions Table 1). The importance of the total hypoxic dose
sessions while during IH subjects were switched instartdasly has also been suggestedTamisier et al. (2005wvho observed
from normoxia to a gas mixture with a Fig of 0.10, a larger increase in muscle sympathetic nerve activity &fter
possibly inducing greater chemoreceptor stimulation. Sggmt  h of SH (SpQ@  85%) vs. 2 h of IH (2-min cycles with
reductions in PetC® during SH and IH sessions indicate minimum SpQ  85%). The more severe reduction of heart
however that subjects hyperventilated during both types ofate variability during SH compared to IH observed in the
hypoxic exposure Kigure 2. The hypoxic hyperventilatory present Table 2 and previous studies is however in contrast
response was nevertheless relatively modest sigcadreased to previous observations suggesting greater cardiorespyrat
by <2 Lmin 1 and PetCQ decreased by<3mmHg on alterations due to intermittent vs. sustained hypoxia insré-
average whatever the hypoxic condition, which is consistétfit ~ h/day IH with 15s FiQ D 0.05-5min FiQ D 0.21; 4-h/day
previous observations during SH and IH conditioning sessionSH at 6500 m), possibly due to oxidative stress associated
[ 50-min IH with 5-6 min FIi®; D 0.10-4min FiIQ D 0.21 with repetitive deoxygenation—reoxygenation cyclesr(g and
(Zhang et al., 2004 1-h SH or IH at SpQ@ D 80-90% Rodway Prabhakar, 2004 In the later study, the cycle duration and
et al., 200)]. This modest increase in ventilation probably hypoxia severity were nevertheless shorter and more severe,
contributed to the absence of signi cant discomfort repattey  respectively, (and therefore potentially more harmful) whicaym

all subjects during both SH and IH sessions. explain these contrasting results when comparing SH and IH
Acute hypoxic exposure is also known to induce tachycardiaxposures.
as observed during both SH and IH sessioRgy(re 3), due to Under similar hypoxemic levels (i.e., similar target $SpO

a combination of factors including aortic bodies stimutatiand in SH and IH), the present study demonstrates that (i) SH
modulation of the autonomous nervous systéfimzzeo (2008) induces larger reductions in muscle (larger Hb@nd HHb
Changes in arterial blood pressure during acute hypoxic exgosubut not TSI changes) and even more pre-frontal cortex (larger
result from the opposite e ect of hypoxia-induced peripheralHbO,, HHb, and TSI changes) oxygenation compared to IH
vasodilation Crawford et al., 2006and sympathetic activation sessionsTable 3 and (ii) larger reductions in pre-frontal cortex
(Halliwill et al., 2003 Previous studies reported inconsistentthan muscle oxygenation are induced during both SH and IH
changes in arterial blood pressure during acute SH or IHsessionsKigure 6). Of note, these changes in tissue oxygenation
exposure with no change [B0-min IH with 5-6min FiQ; D  occurred together with unchanged HbTot both at the pre-
0.10-4min FIQ D 0.21 Zhang et al., 20)}or slightincrease [1- frontal cortex and muscle level§igures 7 8), suggesting no
h SH at Sp@D 80% (usinaetal., 20061-h SHorIHatSp@D  signi cant change in local blood ow. Although the slightly
80-90% Rodway et al., 200,71-h IH with 5-7 min normocapnic  greater reduction in Sp@®during SH compared to IH (2%
rebreathing—5—7 min Fi@ D 0.21 Bernardi et al., 200)h In  di erence, Table ) may have contributed to the greater tissue
the present study both SH and IH induced a signi cant increaseleoxygenation during SH sessions, it is unlikely to explai t
in blood pressureRigure 3) which may be of larger magnitude large dierence in tissue oxygenation between both hypoxic
compared to some previous studies due to the relatively lowonditions (Table 3. Since we have previously shown that both
target Sp@ (70-80%). muscle and cerebral deoxygenations display slower kinéitans t
Heart rate variability is generally increased during acutearterial deoxygenation when FOis reduced Rupp et al,,
hypoxic exposure which is thought to re ect sympathetic2013, it can be suggested that 5-min hypoxic phases during
activation and parasympathetic withdrawaldche et al., 2002 IH sessions did not allow maximal muscle and pre-frontal
In the present study, heart rate variability decreased dufid  cortex deoxygenation compared to prolonged and sustained
and IH sessions (from baseline normoxic exposure) sugggstin arterial oxygenation reduction characterizing SH sess{@rhere
shift in the sympathovagal balance due to sympathetic aativat maximal deoxygenation required up to 30 min of hypoxic
as suggested by the increased LF/HF ratio in $ijre 5  exposureFigure 6). Whether the larger cerebral deoxygenation
and vagal withdrawal as suggested by reduced PNN50 armuduced by SH compared to IH sessions contributed to some
RMSSD in both SH and IHRigure 4 Malik, 199§. Because di erences in cardiorespiratory responses observed between t
changes in ventilation were modest in the present studywo types of hypoxic exposure in the present study (e.g., the
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greater reduction in heart rate variability in SH comparedit)  a signi cant decrease in blood pressure20 and>15 mmHg
remains to be elucidated. systolic and DBP reduction, respectively) after 20 days of IH
The larger reduction in pre-frontal cortex oxygenation conditioning (30-60min/day IH with 3min FiQ D 0.10-
compared to muscle oxygenation during both SH and IH3min FiO, D 0.21). Hence, the present study suggests that
sessionsHigure 6) is in accordance with the greater cerebraleven in healthy young subjects with normal blood pressure
oxygenation sensitivity to reduction in arterial oxygeioat and no cardiovascular risk factor, early improvements inoolo
previously reported by our group under both sustained [FID  pressure can occur after only three IH conditioning sessions
0.12 Rupp et al., 200pand intermittent [LOOs FiQD 0.12-20s Improvements in blood pressure after hypoxic conditioning may
FiO> D 1.0 Rupp et al., 200§ hypoxia, possibly due to greater be due to changes in the autonomic function (with augmented
basal metabolic activity and the inability to recruit addital parasympathetic tone), increased endothelial NO productimh a
capillaries at the cerebral compared to the muscle level. lanhanced vasoactive factors such as vascular endotireleihg
order to induce signi cant deoxygenation and therefore putal ~ factor (Serebrovskaya et al., 200&he results of the present
adaptations within the muscle, coupling hypoxic exposure andtudy suggesting that IH conditioning may be more e cient
physical exercise may be an attractive hypoxic conditioningn reducing blood pressure compared to SH conditioning are

strategy to considen\illet et al., 201k in accordance with the study bodway et al. (20078howing
) ) _ some speci ¢ e ects of IH (3 days, 1-h IH with 10 min SpO
Short-Term Cardiorespiratory Adaptations D 80-90%—10 min Fi©D 0.21) compared to SH (3 days, 1-

While chronic hypoxic exposure such as at high altitudeh SH with Sp@ D 80-90%) in young healthy subjects, i.e.,
is known to increase the hypoxic ventilatory response [e.gan increase in nitric oxide synthases expression in cirtwgat
5 days at 4350mRupp et al.,, 2014, repeated bouts of lymphocytes negatively correlated with blood pressure dfireet
intermittent hypoxia have also been shown to increase hypoxilid conditioning sessions only.
chemosensitivity [7 days, 1-3-h/day SH with Ei@ 0.12 Interestingly, from S1 to S3, opposite changes in heart rate
(Katayama et al., 20p910 days, 1l-h/day SH at SpCD  variability were observed in SH compared to IH conditions
80% (usina et al., 2006 14 days, 1-h/day IH with 5-7 min (Table 2. Greater reduction in overall heart rate variability (as
normocapnic rebreathing—5—7 min F® 0.21 Bernardietal., suggested by lower SDNN) and larger vagal withdrawal (as
2001h; 10 days, 1-h/day IH with 5min Fi©@D 0.12-5min suggested by lower PNN50 and RMSSD) were observed in SH
FiO, D 0.21 (oster et al., 200k In the present study, three after three sessions. Conversely, IH was associated wiérla
sessions of hypoxic conditioning did not change the vertditat overall heart rate variability (as suggested by larger Spahd
response during SH or IHKigure 2) while previous studies greater parasympathetic activity (as suggested by larger RMSSD
reported increased hypoxic ventilatory responses after &t leaat S3 compared to S1. Previous studies have reported thaasimil
seven hypoxic session8drnardi et al., 2001b; Foster et al.,IH protocols than the present study but over longer durations
2005; Lusina et al., 2006; Katayama et al., Y0OORBanges in also increased heart rate variability [14 day$0-min IH with
hypoxic ventilatory response may require a larger amount 05—6 min FiG D 0.10—4 min FiQ D 0.21 ¢hang et al., 200416
hypoxic conditioning sessions than performed in the presentlays, 1-h/day IH with 5min Fi@ D 0.16-0.10-5min Fi©D
study. Hypoxic heart rate response has been reported to l®21 (izamore et al., 20)p while Lusina et al. (200&)eported
reduced [ 50-min IH with 5-6 min FIQ; D 0.10-4 min FiQ  that 10 daily 1-h SH exposures with SpD 80% in healthy young
D 0.21, Zhang et al., 20D)%or unchanged [7 days, 1-h/day SH at subjects increased muscle sympathetic nerve activity hatingl
4500 m Katayama et al., 20)110 days, 1-h/day IH with 5min and after hypoxic exposure. These previous results together
FiO, D 0.12-5min FiQ D 0.21 Foster et al., 200pby repeated with the present data suggest important di erences regarding
exposure to intermittent hypoxia. In the present study, the 8H- changes in heart rate variability induced by repetitive SHIKs
IH-induced increases in HR were similar at S1 andEHgyre 3, exposures. Improved heart rate variability and possibly iaseel
indicating no change in heart rate hypoxic response aftere¢hreparasympathetic activity following three sessions of IH ie th
hypoxic conditioning sessions. present studyKigure 4 may underlie the reduction in normoxic
While SH induced similar increase in blood pressure duringSBP observed at S3 in this condition. Although the signi canf
S1 and S3, a signicant increase in SBP was observed in ltHese early and opposite changes in heart rate variabilitycasdi
during S3 only, due to a reduction in baseline normoxic valuebserved in SH and IH needs to be further investigated, the
compared to S1Kigure3d). This 8mmHg SBP reduction present data suggest that measurements of heart rate Jayiabi
is of signi cance in healthy young subjects and in terms ofmay provide useful physiological biomarkers to monitor the
cardiovascular prevention, and may represent a true e ect o ects of hypoxic conditioning strategies.
IH conditioning on vascular toneShatilo et al. (2008)eported From S1 to S3, and according to the study design, similar
similar reduction in blood pressure in healthy older indivials  reductions in arterial oxygenation were induced in both Stdla
(61 2 years) following 10 days of IH conditioning (40 min/day IH conditions (Figure 1). The similar reductions in pre-frontal
IH with 5-min FiO, D 0.12-5-min FiQ D 0.21). Several cortex oxygenation from S1 to SFigure 8 suggest that, as
studies also suggested that in patients with hypertensiquoxig  opposed to the e ect of several days of sustained hypoxia [5 days
conditioning programs can signi cantly reduce blood pressur at 4350 m Rupp et al., 2014 or intermittent hypoxic exposure
[see for a reviewSerebrovskaya et al., 20P8.yamina et al. [10 days, 1-h/day IH with 5min Fi@D 0.12-5min FiQ D 0.21
(2011)for instance reported in patients with stage 1 hypertensior{Foster et al., 20QF no early changes in hypoxic cerebrovascular
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responses were induced. In contrast to the pre-frontal cortexwas well tolerated in the present population, it seemed to be
muscle deoxygenation was larger in S3 compared to S1 both &ssociated with less favorable adaptations over threeossssi
SH and IH Figure 7). The reduction in muscle TSI, an index of compared to IH, at least regarding the improved heart rate
tissue oxygenation, reached signi cance at S3 only botlindur variability and normoxic SBP observed from S1 to S3 in IH
SH and IH (Figure 6). These results suggest that while duringonly. The lack of muscle deoxygenation during S1 and the
the rst session of hypoxic conditioning the muscle is miniliga  relatively modest muscle deoxygenation level (compared to
exposed to hypoxia despite substantial reduction in arteriahe pre-frontal cortex especially) at S3 suggest that both SH
oxygenation level, the repetition of hypoxic sessions aceges and IH at rest may not provide su cient muscle homeostasis
muscle deoxygenation for identical reduction in Sp@his may  disruption in order to induce signi cant muscular adaptatisn
suggest that the potential e ects of hypoxic conditioning oeth (e.g., metabolic). Combining hypoxic exposure and muscular
muscle (if any) may require several sessions to be indudegl. Texercise (i.e., hypoxic exercise training) might be an aitrac
reasons for this reduction in muscle oxygenation triggeafiér  strategy especially to induce muscle adaptations. At last, the
several hypoxic conditioning sessions remain to be deteechin present study suggests that monitoring heart rate varigbili
but larger muscle sympathetic nerve activity as observed kuring and after hypoxic conditioning sessions may provide a
Lusina et al. (2006)fter 10 daily 1-h SH exposures with useful physiological biomarker able to detect early adamtati
SpG D 80% may contribute to reduced muscle perfusion andand to indicate whether the hypoxic dose is adequate for a

oxygenation, at least in SH condition. given individual. These practical considerations should help
o to implement hypoxic conditioning strategies to more fragile
Limitations populations such as older individuals or patients with chronic

Although the present study provides several important insghtdiseases for instance.

into the acute and short-term responses to SH and IH

conditioning strategies, several other potential adaptestio CONCLUSIONS

remain to be evaluated such as hematological and metabolic

changes or exercise cardiorespiratory responses. The e éctsThe present results showed signi cant dierences in heart
SH and IH conditioning protocols also need to be comparedate variability and tissue (especially cerebral) oxygenati
over more prolonged duration (e.g., several weeks) as ysuathanges during acute SH vs. IH exposures in healthy young
performed to induce health bene ts. The present study focusedubjects. In addition, after three hypoxic conditioning siess,
however on acute di erences and early adaptations to hypoxitH only induced signi cant reduction in normoxic SBP while
conditioning strategies in order to provide potential physigical SH and IH induced opposite e ects (i.e., a reduction and an
biomarkers able to monitor the bene ts and potential deledets  increase, respectively) on heart rate variability. Hence shidy
consequences of these hypoxic conditioning interventiondndicates that the pattern of hypoxic exposure (i.e., sustairsed
Females were included in the present study without takingntermittent) during hypoxic conditioning intervention shuld
account of potential e ects of menstrual cycles on hypoxice carefully selected and suggests that heart rate vatjainidy
responses. Although recent results indicate that the meastr provide useful information about the early adaptations inddc
cycle may not a ect hypoxic ventilatory responses for instancéy such intervention.

(Macnutt et al., 201, future studies on hypoxic conditioning

should clarify the e ect of menstrual cycle. Finally, the mes AUTHOR CONTRIBUTIONS

data applies to healthy young subjects and further studies are

needed to evaluate the acute and short-term responses ttasimiSC, PF, SD, and SV contributed to the conception and design of
hypoxic conditioning strategies in older individuals and inthe work; SC, AB, SM, SB, PF, SD, and SV contributed to data
patients at risk of or with cardiovascular or cerebrovasculaacquisition, analysis, and interpretation; SC, AB, SM, SBSBF,

abnormalities. and SV drafted the work and revised it critically; SC, AB, SB], S
. . ) PF, SD, and SV approved the nal version to be published; SC,
Practical Considerations AB, SM, SB, PF, SD, and SV agree to be accountable for all aspects

The present study aimed to provide practical informationof the work and ensure that questions related to the accuaacy
useful to design hypoxic conditioning interventions for fiteg  integrity of all parts of the work are appropriately investighte
subjects. These results also give a rational to furtherldpve and resolved.

and investigate hypoxic conditioning interventions for atts,

especially regarding the type of hypoxic exposure (SH VACKNOWLEDGMENTS

IH) and the potential physiological biomarkers that could

be used during the rst sessions in order to detect earlyWe thank all the subjects for participating to this study, the
adaptations. During SH sessions, larger homeostasis disrupt “Fond de Dotation Agir Pour les Maladies Chroniques” for
seemed to occur compared to IH sessions, at least whenancial support, the European Sleep Research Society for
considering the larger reduction in heart rate variabiléypd  their support with an early-career researcher travel grant (MS)
greater tissue deoxygenation in SH compared to IH sessior@d the Lebanese University for their support with a Ph.D.
(Tables 2 3). Although this larger physiological stress in SHgrant (CS).

Frontiers in Physiology | www.frontiersin.org 18 January 2017 | Volume 7 | Article 675



Chacaroun et al. Hypoxic Conditioning Strategies

REFERENCES patients with arterial hypertensionJ. Hypertens 29, 292265-292272.
doi: 10.1097/HJH.0b013e32834b5846
Almendros, I., Farré, R., Planas, A. M., Torres, M., Bonsignore, \N&ajas, D., Macnutt, M. J., De Souza, M. J., Tomczak, S. E., Homer, J. L.,reed, &. W.

etal. (2011). Tissue oxygenation in brain, muscle, and fat inmoatel of sleep (2012). Resting and exercise ventilatory chemosensitivigsathe menstrual
apnea: di erential e ect of obstructive apneas and intermitteyploxia.Sleep cycleJ. Appl. Physiol12, 737-747. doi: 10.1152/japplphysiol.00727.2011
34,1127-1133. doi: 10.5665/sleep.1176 Malik, M. (1996). Heart rate variability. Standards of measurementsiplggical

Almendros, |., Wang, Y., and Gozal, D. (2014). The polymorphic andrediittory interpretation, and clinical use. Task force of the european $pofecardiology
aspects of intermittent hypoxigddm. J. Physiol. Lung Cell Mol. Phys&07, and the North American society of pacing and electrophysiol&gy. Heart J
L129-L140. doi: 10.1152/ajplung.00089.2014 17, 354-381. doi: 10.1093/oxfordjournals.eurheartj.a014868

Béguin, P. C., Joyeux-Faure, M., Godin-Ribuot, D., Lévgre.Ribuot, C. (2005). Mateika, J. H., EI-Chami, M., Shaheen, D., and Ivers, B. (20a&rmittent
Acute intermittent hypoxia improves rat myocardium tolerance to ischemhi hypoxia: a low-risk research tool with therapeutic value in humansAppl.
Appl. Physiol99, 1064-1069. doi: 10.1152/japplphysiol.00056.2005 Physiol118, 520-532. doi: 10.1152/japplphysiol.00564.2014

Bernardi, L., Passino, C., Serebrovskaya, Z., Serebrovskagad Pppenzeller, Mazzeo, R. S. (2008). Physiological responses to exerciséuatealan update.
O. (2001b). Respiratory and cardiovascular adaptations to progeessi  Sports Med38, 1-8. doi: 10.2165/00007256-200838010-00001
hypoxia; e ect of interval hypoxic trainingEur. Heart J 22, 879-886. Millet, G. P., Debevec, T., Brocherie, F., Malatesta, D., and Gi@rd2016).

doi: 10.1053/euhj.2000.2466 Therapeutic use of exercising in hypoxia: promises and limitatiétisnt.
Bernardi, L., Passino, C., Wilmerding, V., Dallam, G. M., Parker, [Rbbergs, R. Physiol 7:224. doi: 10.3389/fphys.2016.00224.
A., etal. (2001a). Breathing patterns and cardiovascular autanomdulation Millet, G. P., Roels, B., Schmitt, L., Woorons, X., and Richalet, J2020).
during hypoxia induced by simulated altitudd. Hypertens19, 947-958. Combining hypoxic methods for peak performancgports Med40, 1-25.
doi: 10.1097/00004872-200105000-00016 doi: 10.2165/11317920-000000000-00000
Burtscher, M., Pachinger, O., Ehrenbourg, |., Mitterbauer, Eaulhaber, M., Navarrete-Opazo, A., and Mitchell, G. S. (2014). Therapeutic pialef
Puhringer, R., et al. (2004). Intermittent hypoxia increasesasertolerance intermittent hypoxia: a matter of dosém. J. Physiol. Regul. Integr. Comp.
in elderly men with and without coronary artery diseaset. J. Cardiol.96, Physial 307, R1181-R1197. doi: 10.1152/ajpregu.00208.2014
247-524. doi: 10.1016/j.ijcard.2003.07.021 Peng, Y. J., and Prabhakar, N. R. (2004). E ect of two paradignmshic
Crawford, J. H., Isbell, T. S., Huang, Z., Shiva, S., Chacko, Bclieclger, A. intermittent hypoxia on carotid body sensory activity. Appl. Physiol96,
N., et al. (2006). Hypoxia, red blood cells, and nitrite regulate NO-dépet 1236-1242. discussion: 196. doi: 10.1152/japplphysiol. GIREZD.

hypoxic vasodilationBlood107, 566—-574. doi: 10.1182/blood-2005-07-2668 Reinke, C., Bevans-Fonti, S., Drager, L. F., Shin, M. K., aalbtdRy,
Foster, G. E., McKenzie, D. C., Milsom, W. K., and Sheel, A. WOKR0 V. Y. (2011). Eects of dierent acute hypoxic regimens on tissue

E ects of two protocols of intermittent hypoxia on human ventilatory, oxygen proles and metabolic outcomesd. Appl. Physiol111, 881-90.

cardiovascular and cerebral responses to hypdxRhysiob67(Pt 2), 689—-699. doi: 10.1152/japplphysiol.00492.2011

doi: 10.1113/jphysiol.2005.091462 Roche, F., Reynaud, C., Garet, M., Pichot, V., Costes, Fhébarty, J.-C., et al.
Guger, C., Krausert, S., Domej, W., Edlinger, G., and Tannheime(2008). (2002). Cardiac barore ex control in humans during and immediatelieiaf

EEG ECG and oxygen concentration changes from sea level to a s#hula  brief exposure to simulated high altitud€lin. Physiol. Funct. Imaging2,

altitude of 4000m and back to sea levéleurosci. Lett.442, 123-127. 301-306. doi: 10.1046/j.1475-097X.2002.00434.x

doi: 10.1016/j.neulet.2008.06.075 Rodriguez, F. A., Casas, H., Casas, M., Pagés, T., Rama, R.ARieaal. (1999).
Haider, T., Casucci, G., Linser, T., Faulhaber, M., Gattéder,Ott, G., et al. Intermittent hypobaric hypoxia stimulates erythropoiesis and improeshic

(2009). Interval hypoxic training improves autonomic cardiovdacuand capacityMed. Sci. Sports Exe8d., 264—-268.

respiratory control in patients with mild chronic obstructive pulmonary Rodway, G. W., Sethi, J. M., Ho man, L. A., Conley, Y. P., ChoiVA.Sereika
diseasel. Hyperten®7, 1648-1654. doi: 10.1097/HJH.0b013e32832c0018 S. M., et al. (2007). Hemodynamic and molecular response to intermittent

Halliwill, J. R., Morgan, B. J., and Charkoudian, N. (2003). Pergdlelhemore ex hypoxia (IH) versus continuous hypoxia (CH) in normal humafsansl. Res.
and barore ex interactions in cardiovascular regulation in humahsPhysiol. 149, 76-84. doi: 10.1016/j.trs|.2006.09.005
552(Pt 1), 295-302. doi: 10.1113/jphysiol.2003.050708 Rupp, T., Esteve, F., Bouzat, P., Lundby, C., Perrey, S., Let, &. (2014).
Hirsch, J. A., and Bishop, B. (1981). Respiratory sinus arrhythmti@imans: how Cerebral hemodynamic and ventilatory responses to hypoxia, hypeia,zgom
breathing pattern modulates heart rafem. J. PhysioR41, H620-H629. hypocapnia during 5 days at 4,350 th.Cereb. Blood Flow Mete@#, 52—60.
Katayama, K., Ishida, K., Iwasaki, K., and Miyamura, M. (208%ct of two doi: 10.1038/jcbfm.2013.167

durations of short-term intermittent hypoxia on ventilatory chemastivity Rupp, T., Jubeau, M., Millet, G. Y., Lety, T., Bricout, V., Perrey, S.
in humans. Eur. J. Appl. Physioll05, 815-821. doi: 10.1007/s00421-008- et al. (2011). Tissue deoxygenation kinetics induced by eadutpoxic

0960-y exposure at rest in humang-und. Clin. Pharmacol25(Suppl. 1), 92.
Katayama, K., Shima, N., Sato, Y., Qiu, J. C., Ishida, K., MorietSal. doi: 10.1117/1.JB0O.18.9.095002

(2001). E ect of intermittent hypoxia on cardiovascular adapias and Rupp, T., Leti, T., Jubeau, M., Millet, G. Y., Bricout, V. A., Le®,

response to progressive hypoxia in humaHgh Alt. Med. Biol 2, 501-508. et al. (2013). Tissue deoxygenation kinetics induced by pra&dng

doi: 10.1089/152702901753397063 hypoxic exposure in healthy humans at resdt. Biomed. Opt18:095002.
Kayser, B. and Verges, S. (2013). Hypoxia, energy balance asityodrom doi: 10.1117/1.JB0O.18.9.095002

pathophysiological mechanisms to new treatment strategémes. Revi4, Rupp, T., Peyrard, A., Tamisier, R., Pepin, J. L., and Verges,1%)(Zerebral and

579-92. doi: 10.1111/0br.12034 muscle oxygenation during intermittent hypoxia exposure in healtiwynans.

Lévy, P., Tamisier, R., Minville, C., Launois, S., and Pépin(20L1). Sleep apnoea Sleef89, 1197-1199. doi: 10.5665/sleep.5830
syndrome in 2011: current concepts and future directidast. Respir. Re20, Serebrovskaya, T. V., Manukhina, E. B., Smith, M. L., Downey.,ldné Mallet, R.
134-146. doi: 10.1183/09059180.00003111 T. (2008). Intermittent hypoxia: cause of or therapy for systergjodntension?
Lizamore, C. A., Kathiravel, Y., Elliott, J., Hellemans, J., and HamlinJM Exp. Biol. Med233, 627—-650. doi: 10.3181/0710-MR-267
(2016). The e ect of short-term intermittent hypoxic exposure onarte  Shatilo, V. B., Korkushko, O. V., Ischuk, V. A., Downey, H. Fd &erebrovskaya,
rate variability in a sedentary populatiofcta Physiol. Hung103, 75-85. T. V. (2008). E ects of intermittent hypoxia training on exereiperformance,
doi: 10.1556/036.103.2016.1.7 hemodynamics, and ventilation in healthy senior metigh. Alt. Med. Biol9,
Lusina, S. J., Kennedy, P. M., Inglis, J. T., McKenzie, D.yasAN. T., Sheel, A. 43-52. doi: 10.1089/ham.2008.1053
W., etal. (2006). Long-term intermittent hypoxia increases symgtattactivity ~ Tamisier, R., Anand, A., Nieto, L. M., Cunnington, D., and &&iJ. W. (2005).

and chemosensitivity during acute hypoxia in humadsPhysiol575(Pt 3), Arterial pressure and muscle sympathetic nerve activity are incredisedveo
961-970. doi: 10.1113/jphysiol.2006.114660 hours of sustained but not cyclic hypoxia in healthy humahsAppl. Physiol
Lyamina, N. P., Lyamina, S. V., Senchiknin, V. N., Mallet, R. Towiley, 98, 343-349. doi: 10.1152/japplphysiol.00495.2004

H. F., Manukhina, E. B., et al. (2011). Normobaric hypoxia conditig Tarvainen, M. P., Niskanen, J. P., Lipponen, J. A., Ranta-AhoQ., and
reduces blood pressure and normalizes nitric oxide synthesis in Karjalainen, P. A. (2014). Kubios HRV- 730 -heart rate variability

Frontiers in Physiology | www.frontiersin.org 19 January 2017 | Volume 7 | Article 675



Chacaroun et al.

Hypoxic Conditioning Strategies

analysis software.Comput. Methods Prog. 210-220.
doi: 10.1016/j.cmpb.2013.07.024

Tarvainen, M. P., Ranta-Aho, P. O., and Karjalainen, P. AO220An advanced
detrending method with application to HRV analysiEEE Trans. Biomed. Eng
49, 172-175. doi: 10.1109/10.979357

Verges, S., Chacaroun, S., Godin-Ribuot, D., and Baillieul, 2815).
Hypoxic conditioning as a new therapeutic modalifyront. Pediatr.3:58.
doi: 10.3389/fped.2015.00058

Zhang, P., Downey, H. F., Chen, S., and Shi, X. (2014). Two-neekobaric
intermittent hypoxia exposures enhance oxyhemoglobin equilibriund a
cardiac responses during hypoxemiam. J. Physiol. Regul. Integr. Comp.
Physiol 307, R721-R730. doi: 10.1152/ajpregu.00191.2014

Biomedl113,

Conict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or nancial relatigps that could
be construed as a potential con ict of interest.

Copyright © 2017 Chacaroun, Borowik, Morrison, Baillieul, efl@outreleau
and Verges. This is an open-access article distributedr uheeterms of
the Creative Commons Attribution License (CC BY). The uséjbdtion
or reproduction in other forums is permitted, provided thdgimal
author(s) or licensor are credited and that the original lipation in this
journal is cited, in accordance with accepted academictiqgeradNo use,
distribution or reproduction is permitted which does nonmly with these
terms.

Frontiers in Physiology | www.frontiersin.org 20

January 2017 | Volume 7 | Article 675



