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Abstract

Background: Intermittent hypoxia applied at rest or in combination with exercise promotes multiple beneficial
adaptations with regard to performance and health in humans. It was hypothesized that replacing normoxia by mod-
erate hyperoxia can increase the adaptive response to the intermittent hypoxic stimulus.

Objective: Our objective was to systematically review the current state of the literature on the effects of chronic
intermittent hypoxia—hyperoxia (IHH) on performance- and health-related outcomes in humans.

Methods: PubMed, Web of Science'™, Scopus, and Cochrane Library databases were searched in accordance with
PRISMA guidelines (January 2000 to September 2021) using the following inclusion criteria: (1) original research
articles involving humans, (2) investigation of the chronic effect of IHH, (3) inclusion of a control group being not
exposed to IHH, and (4) articles published in peer-reviewed journals written in English.

Results: Of 1085 articles initially found, eight studies were included. IHH was solely performed at rest in different
populations including geriatric patients (1= 1), older patients with cardiovascular (n=3) and metabolic disease
(n=2) or cognitive impairment (n=1), and young athletes with overtraining syndrome (n=1). The included stud-

ies confirmed the beneficial effects of chronic exposure to IHH, showing improvements in exercise tolerance, peak
oxygen uptake, and global cognitive functions, as well as lowered blood glucose levels. A trend was discernible that
chronic exposure to IHH can trigger a reduction in systolic and diastolic blood pressure. The evidence of whether IHH
exerts beneficial effects on blood lipid levels and haematological parameters is currently inconclusive. A meta-analysis
was not possible because the reviewed studies had a considerable heterogeneity concerning the investigated popu-
lations and outcome parameters.

Conclusion: Based on the published literature, it can be suggested that chronic exposure to IHH might be a promis-
ing non-pharmacological intervention strategy for improving peak oxygen consumption, exercise tolerance, and cog-
nitive performance as well as reducing blood glucose levels, and systolic and diastolic blood pressure in older patients
with cardiovascular and metabolic diseases or cognitive impairment. However, further randomized controlled trials
with adequate sample sizes are needed to confirm and extend the evidence. This systematic review was registered on
the international prospective register of systematic reviews (PROSPERO-ID: CRD42021281248) (https.//www.crd.york.
ac.uk/prospero/).
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Key Points

+ Current evidence indicates that chronic exposure to
intermittent hypoxic—hyperoxic periods at rest can be
considered an efficient non-pharmacological interven-
tion strategy to improve physical and cognitive perfor-
mance and reduce cardiometabolic risk factors in older
patients with cardiovascular and metabolic diseases or
cognitive impairment, when an intervention with 3-5
sessions per week over 3—6 weeks is conducted.

« Although the optimal hypoxic and hyperoxic dose and
mode of application (i.e. at rest or in combination with
exercise) are still unknown, from the available literature
it can be inferred that 4-8 cycles of hypoxic—hyperoxic
periods with moderate intensity (i.e. inspired fraction
of oxygen of 0.10-0.12 and 0.30-0.40, respectively) and
durations of 2-6 or 1-4 min per single hypoxic and
hyperoxic period, respectively, are safe and well tolerated
in older and younger adults.

« Still, there is no strong evidence that intermittent
exposure to hypoxic—hyperoxic periods is more efficient

than intermittent exposure to hypoxic—normoxic periods
to improve performance- and health-related outcomes or
reduce the session duration by shortening the reoxygena-
tion periods.

Introduction
Intermittent hypoxia (IH) is traditionally characterized
by periodic and alternating cycles of hypoxia and nor-
moxia. With the development and widespread availability
of devices inducing a systemic or local hypoxic environ-
ment (e.g. hypobaric chambers, hypoxia rooms and tents,
hypoxicators, or pneumatic cuffs), the “live low-train
high” approach has gained considerable popularity as an
effective and efficient training modality for a variety of
professional athletes [1-3] as well as a non-pharmacolog-
ical approach for the prevention and therapy of patients
with various diseases or healthy adults, respectively [4, 5].
To date, different “live low-train high” methods exist
(see Fig. 1). Commonly, systemic hypoxia can be gener-
ated in two ways: (1) by reducing the barometric pressure
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Fig. 1 Graphical panorama of different “live low-train high” methods (modified from Girard et al. [2]). Please note that in the current literature the
term “intermittent hypoxic—hyperoxic training” (IHHT) is commonly used for both passive and active applications. To avoid terminological ambiguity
with respect to the term intermittent hypoxic—hyperoxic periods, we recommend to use the term "intermittent hypoxic—hyperoxic training" for active
and “intermittent hypoxic—hyperoxic exposure”for passive applications
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(BP, hypobaric hypoxia) or (2) by reducing the oxygen
fraction in the inspired air (F,0,) via oxygen filtration or
nitrogen dilution (normobaric hypoxia) [6]. Despite the
ongoing debate whether different combinations of BP
and F,O, produce the same partial pressure of oxygen
and trigger similar or different physiological responses
[7-14], both types of hypoxia reduce arterial oxygen sat-
uration (S,0,) [15, 16], which, in turn, stimulates specific
biological signal cascades that promote hypoxia-induced
adaptations. In particular, the reduction in S,0, trig-
gers the stabilization of hypoxia-inducible factors (HIF),
which are the key oxygen sensors and master regula-
tors of oxygen homeostasis regulating cellular adapta-
tions to hypoxia [17, 18]. For example, the activation of
the a-subunit of HIF (HIF-1a) upregulates genes that are
responsible for erythropoiesis [19, 20], angiogenesis [20],
and metabolic adaptations [21, 22] contributing to an
increase in physical performance after long-term expo-
sure to hypobaric and normobaric hypoxia [23]. From
a practical point of view, inducing normobaric hypoxia
is a more convenient, efficient, and less expensive form
compared to hypobaric hypoxia [5], i.e. the creation
of hypobaric hypoxia requires hypobaric chambers or
expeditions to natural altitudes. As shown in Fig. 1, IH
using normobaric hypoxia can be performed at rest or
in combination with exercise, e.g. continuous or interval
hypoxic training, (repeated) sprint interval training in
hypoxia, or resistance training in hypoxia [2]. IH at rest
refers to the use of either brief alternating hypoxic and
normoxic periods (e.g. 3—6 min hypoxia and normoxia,
respectively) of moderate- to relatively severe-intensity
hypoxia (typically reported as F;,0,=0.15-0.08, intermit-
tent hypoxic exposure) or prolonged hypoxic exposures
(0.5—4 h/session) at hypoxia intensities of F,0,=0.164—
0.090 (prolonged hypoxic exposure) [4, 5, 24—26].

Studies involving normoxic control groups have revealed
that neither intermittent nor prolonged hypoxic exposure
could induce significant changes in haematological param-
eters or aerobic and anaerobic performance in elite athletes
[1, 27-29]. Although IH at rest does not seem to improve
sea-level performance of elite athletes, it might be a useful
pre-acclimatization strategy for athletes or mountaineers
before traveling to high altitudes [30—32]. However, high-
intensity training under hypoxic conditions (e.g. repeated
sprint training in hypoxia) [33-36] or a combination of
hypoxic methods [1, 37] seems a promising approach for
performance enhancement in moderately to well-trained
populations and elite athletes. Nevertheless, it has also been
stated that the use of hypoxic training methods (whether at
rest or in combination with exercise) has been strongly pro-
moted in elite athletes for many years without any evidence
for their justification, which is still under debate [36, 38].
Studies conducted with healthy non-athletic populations
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have shown that IH at rest or in combination with physi-
cal exercises can be a valuable strategy to improve cogni-
tive functions (e.g. selective attention and information
processing speed [39, 40]) and health-related outcomes
(e.g. vascular function [41] and glucose homeostasis [42]).
Additionally, IH has been proposed as a promising non-
pharmacological intervention for patients with, for example,
cardiovascular, metabolic, and neurodegenerative diseases
[43-47], as well as overweight and obese people [48]. In this
context, studies have shown that intermittent hypoxic expo-
sure improved aerobic capacity and exercise tolerance in
elderly males with coronary artery disease [49] and reduced
systolic and diastolic blood pressure in young adults with
stage I hypertension [50]. Furthermore, prolonged hypoxic
exposure performed over 22 days has been found to
improve blood lipid profiles in patients with severe coro-
nary artery disease [51] as well as aerobic capacity, skeletal
muscle strength, quality of life, and left ventricular ejection
fraction in patients with heart failure and reduced ejection
fraction (< 35%) [52]. In addition, 3-8 weeks of intermittent
hypoxic exposure also had positive effects in patients with
prediabetes (i.e. reduction in fasting and 2 h post-oral blood
glucose levels during a glucose tolerance test) [53], chronic
obstructive pulmonary disease (i.e. increase in exercise
tolerance, improved baroreflex sensitivity, and enhanced
hypocapnic ventilatory response) [54, 55], and mild cogni-
tive impairment (i.e. increase in cognitive functions and
cerebral tissue oxygenation) [56]. Nevertheless, there is evi-
dence that the combination of physical training (continuous
cycling) and hypoxic exposure (continuous hypoxic train-
ing) provides some additional benefits compared to physical
training in normoxia (i.e. a higher increase in peak oxygen
consumption and maximal power output during cycling) in
overweight and obese people [57].

In the last decade, a new IH-method was developed
combining hypoxic and hyperoxic (F,0,=0.30-0.40)
periods. Intermittent hypoxic—hyperoxic periods can be
applied as a passive intervention modality with the sub-
jects at rest (referred to as intermittent hypoxic—hyper-
oxic exposure, IHHE) or during physical exercise (referred
to as intermittent hypoxic—hyperoxic training, IHHT). It
has been hypothesized that replacing normoxia by mod-
erate hyperoxia can increase the adaptive response to the
intermittent hypoxic stimulus by upregulating reactive
oxygen species (ROS) [58] and hypoxia-inducible genes
[59]. While HIF-1a is stabilized when cellular oxygen con-
tent decreases [17], ROS is generated in the initial period
of reoxygenation [60]. Although the excess of ROS is
associated with cell damage and the pathogenesis of vari-
ous diseases, a moderate ROS formation is also linked to
beneficial physiological processes including (1) oxidation
of damaged molecules, (2) synthesis of messenger mol-
ecules, and (3) extra- and intracellular signalling [61]. In
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particular, ROS triggers intracellular redox signal cascades,
which activate transcription factors such as nuclear factor
erythroid 2-related factor 2 (Nrf2) and HIF-1a by inacti-
vating Kelch-like ECH-associated protein 1 (Keapl) and
prolyl hydroxylase (PHD), respectively [62]. These factors
are known to induce the expression of antioxidant and
anti-inflammatory genes, heat shock proteins (HSP), iron
regulation proteins, repair enzymes, erythropoietin (EPO),
vascular endothelial growth factor (VEGEF), and glycolytic
enzymes promoting cell survival, erythropoiesis, blood
vessel formation, and maintaining adenosine triphosphate
level [58, 61, 63]. Therefore, the production of protective
proteins and those responsible for the adaptations might
be increased by replacing normoxia by hyperoxia periods
without the need to increase hypoxia intensity. Thus, the
application of intermittent hypoxia—hyperoxia, either pas-
sive or in combination with physical exercise, seems to be
a promising intervention strategy for various populations.
Recently, placebo-controlled trials examined the effects of
IHHE and IHHT [64—66]. For instance, Serebrovska et al.
[66] investigated the effects of IHHE, intermittent hypoxic
exposure, and sham hypoxia on carbohydrate and lipid
metabolism as well as hypoxia resistance in 55 prediabetic
patients (5 sessions per week for 3 weeks). The authors
observed the same positive effect for both IHHE and inter-
mittent hypoxic exposure [66]. However, it was concluded
that IHHE leads to a faster reoxygenation resulting in a
shorter session duration compared to intermittent hypoxic
exposure (IHHE: 4 cycles of 5 min hypoxia and 3 min
hyperoxia, intermittent hypoxic exposure: 4 cycles of 5 min
hypoxia and 5 min normoxia). Another study compared the
acute responses to IHHT, continuous hypoxic training, and
sham hypoxia during aerobic exercise consisting of 40 min
of moderate cycling in overweight non-insulin-dependent
type 2 diabetic patients [64]. The authors revealed that both
IHHT and continuous hypoxic training induced a greater
up-regulation of pro-angiogenetic factors (e.g. VEGF and
matrix metalloproteinase-9) than the sham hypoxia aero-
bic training without significant differences between the
hypoxic modalities [64]. However, the authors noted that
exercising under hypoxia—hyperoxia might be more toler-
able than hypoxia—normoxia given the observed tendency
for less exertion in IHHT (i.e. assessed with Borg’s Rating of
Perceived Exertion scale) [64]. Consequently, there is some
preliminary evidence that exercising under intermittent
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hypoxic—hyperoxic conditions may be a convenient, effi-
cient, and less demanding training strategy to achieve
similar positive effects as seen after training in hypoxia or
intermittent hypoxic—normoxic conditions. This might
be relevant for specific populations characterized by a low
exercise tolerance and fitness level (e.g. sedentary individu-
als or patients with cardiovascular diseases).

Conclusively, IH at rest or in combination with physical
exercise has been shown to be an effective intervention strat-
egy to induce beneficial adaptations in several body systems
that can positively influence the performance and health
status of elite athletic or non-athletic people with or without
disease. In order to enhance the IH effectiveness, research-
ers hypothesized that normoxia should be replaced by mod-
erate hyperoxia [58, 67]. Indeed, in some studies promising
effects of IHHE and IHHT on different performance- and
health-related outcomes have been observed in healthy and
preclinical populations [64—66]. However, to the best of our
knowledge, the literature on the effects of IHHE and IHHT
have yet not been systematically reviewed and summarized.
To advance research and practical application of IHHE and
IHHT, a systematic review and critical discussion of the
results as well as methodology of IHHE and IHHT studies
are required. Therefore, the present systematic review aimed
to provide an overview and critical discussion of studies that
have investigated the influence of IHHE and IHHT on per-
formance- and health-related outcomes in humans.

Methods
Search Strategy and Process
This systematic review was conducted in accordance with
the PRISMA guidelines (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) [68, 69]. Two
independent researchers (T.B. and FEH.) performed a sys-
tematic literature search in the following electronic data-
bases [applied specifications/filters]: (1) PubMed [all fields/
non]; (2) Scopus [all fields/source type: journal, document
type: article]; (3) Web of Science [all fields/non]; and (4)
Cochrane Library [all text/non]. The literature search
included studies published from January 2000 to Septem-
ber 2021. To optimize the identification of relevant arti-
cles, the terms were combined with Boolean operators
(“OR” and “NOT”). Terms combined with “NOT” were
only searched for in the title and abstract.

To identify relevant articles, we used the following search
terms in all electronic databases mentioned above:

hypoxia—hyperoxia OR hyperoxia—hypoxia OR hypoxic OR hyperoxic—
hypoxic OR hypoxia/hyperoxia OR hyperoxia/hypoxia
N

oT

sleep apnoea OR sleep apnea OR neonates OR mice OR rats OR rabbits OR zebrafish
OR dog
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Fig. 2 Flow chart of study selection. Please note that the term “inappropriate” refers to the inclusion and exclusion criteria used in this systematic
review

Furthermore, references of the included studies (cross
references) were checked for further potential articles.
Any disagreements between the literature searchers were
resolved through discussion and agreement.

The results of the systematic literature search were
imported into a reference manager (Citavi 6.8, Swiss
Academic Software GmbH, Switzerland) to analyse the
retrieved studies (e.g. to remove duplicates, screen for
relevant studies). The procedure is displayed in the flow
chart shown in Fig. 2.

In- and Exclusion Criteria
As recommended by the PRISMA guidelines [68, 69], we
used the PICOS-principle [70] to define the eligibility

criteria (i.e. specific exclusion and inclusion) for relevant
studies. The inclusion and exclusion criteria are listed
below.

Participants

We included all studies regardless of the sex and health
status of the participants. Studies that have included par-
ticipants with an age <18 years or investigated animals
were excluded.

Intervention

We included only studies that investigated the chronic
effects of IHHE or IHHT on human performance or
health. Thus, IHHE or IHHT had to be conducted regu-
larly in a planned, structured, and purposed manner with
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the objective to affect one or multiple fitness or health
dimensions. Studies that have investigated (1) the effects
of acute IHHE or IHHT (i.e. a single IHHE or IHHT
session), (2) only the effects of intermittent normoxia—
hypoxia (i.e. without an IHHE or IHHT condition), and
(3) the effects of permanent or long-term stay in hypoxia
(e.g. long-term stay in high mountain regions) were
excluded.

Comparison

We included all studies that involved a control group that
was not exposed to IHHE or IHHT (e.g. placebo/sham
control group).

Outcomes
We included all studies that assessed at least one or mul-
tiple performance- or health-related outcome(s).

Study Design

We included all longitudinal intervention studies that
complied with the above-stated inclusion criteria and
were published in English in a peer-reviewed scientific
journal.

Data Extraction

We extracted the following information from the
included studies: (1) bibliographic information (first
author and year of publication), (2) design information
(study design and comparison group), (3) participants’
characteristics (health status, sex, age, body height,
body mass, and body mass index), (4) characteristics of
any additional exercise program if applicable (type and
description of exercise, single session duration, train-
ing duration, training frequency, training density, and
training setting), (5) characteristics of the IHHE or
IHHT (hypoxia intensity, intra-session frequency [num-
ber of cycles], intra-session density [duration of a single
hypoxic/hyperoxic period], total time of a single session,
participants’ mean S,0, at hypoxic condition, interven-
tion duration, inter-session frequency of the intervention
sessions, inter-session density of the intervention ses-
sions, and number of total sessions across the interven-
tion duration), and (6) main outcomes.

Check for Duplicate Publication

To check for duplicate publication, we analysed each study
using the decision tree for identification of patterns of
duplicate publication by von Elm et al. [71]. The two crite-
ria were similarity of study samples and similarity of study
outcomes. Four duplicate patterns were defined: (1) pat-
tern one=identical samples and identical outcomes, (2)
pattern two = identical samples and different outcomes, (3)
pattern three =different samples and identical outcomes,
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and (4) pattern four =different samples and different out-
comes [71]. Studies matching one of these combinations
were excluded from this systematic review. Three studies
[72—74] were identified as duplicate category pattern three
and were thus excluded from the final analysis (Fig. 2).

Risk of Bias Assessment

Risk of bias assessment of the included studies was per-
formed with the modified version of the Downs and
Black checklist [75] used to assess the methodological
quality of randomized controlled as well as non-rand-
omized studies taking various aspects of the study design
into account, e.g. reporting (Items 1-10), external valid-
ity (Items 11-13), internal validity (Items 14-26), and
statistical power (Item 27). Given the specificity of stud-
ies investigating the chronic effect of IH, the importance
of the hypoxic dose [25, 76], and the individual internal
response to a hypoxic stimulus [77], we modified the
checklist by adjusting Item 4 (description of the inten-
sity of hypoxia and hyperoxia, number of hypoxic and
hyperoxic periods per session [intra-session frequency],
duration of hypoxic and hyperoxic periods [intra-ses-
sion density]), Item 23 (homogeneity in main outcomes
between groups at post-test), and by adding a further
Item (Item 28: reporting of internal intensity of hypoxia
[e.g. S,0,]). Each Item, except Item 5, was scored with
one point if the criterion was met and with zero points
if the criterion was not satisfied or could not be deter-
mined. Item 5 was scored with two points if all main
confounders (i.e. sex, age, disability, training status, and
body mass) were described, with one point if four of the
five main confounders plus one secondary confounder
(i.e. the moment of testing during the intervention or
test mode) were described and with zero points if the
described criterion was not met or was not appropriately
acknowledged. Studies were classified based on the sum
score as being of “good quality” (21-29 points), “mod-
erate quality” (11-20 points), and “poor quality” (<11
points) [78]. Three researchers (T.B., R.B., and M.B.)
independently evaluated the risk of bias of the included
studies and any case of disagreement in the ratings was
resolved by discussion or consultation with a fourth
author (F.H.).

Results

Study Selection

The systematic literature search revealed 1085 poten-
tially relevant articles. One additional study was iden-
tified through the manual search of secondary data
sources. After duplicates were removed, 887 stud-
ies remained and were assessed in the initial screen-
ing process. Of these 887 studies, titles or abstracts
were screened, which resulted in the exclusion of 847
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Table 1 Results of risk of bias assessment using the modified checklist by Downs and Black [76]

References Reporting External validity Internal validity
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Bayer et al. [106] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1
Glazachev et al. [107] 1 1 1 1 2 1 1 1 1 0 1 1 1 1 0 1 1 1 0 0
Susta et al. [108] 1 1 1 1 2 1 1 0 1 1 1 1 1 1 0 1 1 1 0 1
Dudnik et al. [109] 1 0 1 1 0 1 1 1 1 1 1 1 1 1 0 1 1 1 0 0
Glazachev et al. [110] 1 1 1 1 0 1 1 1 0 1 1 1 0 1 0 1 1 1 0 1
Serebrovska et al. [66] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1
Serebrovska et al. [111] 1 1 1 1 1 1 1 0 0 1 1 1 1 1 0 1 1 1 0 1
Bestavashvilietal. [112] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 0 1
References Internal validity—confounder Power Hypoxia Total score
intensity

21 22 23 24 25 26 27 28 >
Bayer et al. [106] 1 0 1 0 1 1 0 0 22
Glazachev et al. [107] 1 0 0 0 0 1 0 0 19
Susta et al. [108] 0 0 0 0 0 1 0 0 19
Dudnik et al. [109] 1 0 1 0 0 1 1 0 19
Glazachev et al. [110] 1 0 1 0 0 0 0 0 17
Serebrovska et al. [66] 1 0 1 0 0 1 0 0 21
Serebrovska et al. [111] 1 0 1 0 0 1 0 0 19
Bestavashvili et al. [112] 1 0 1 0 1 1 0 0 22

studies. Thus, 40 studies were examined for eligibility.
Of these, 32 studies were excluded due to the following
reasons: non-English full-text [79-82], duplicate data
[72-74], investigating effects of IHHE or IHHT in ani-
mals [83—-85], or did not meet the inclusion criteria with
respect to the intervention (investigating only acute
effects of IHHE or IHHT [64, 65, 86—88] or the effects
of permanent or long-term stay in hypoxia or hyperoxia
[89-92]), or the article type (i.e. not original article: nar-
rative review [93, 94], book chapter [95], or a confer-
ence abstract [96—105]). After the full-text assessment,
eight studies [66, 106—112] met our inclusion criteria
and were qualitatively analysed. The study selection
process is shown in Fig. 2. A meta-analysis was not pos-
sible because the included studies had a considerable
heterogeneity concerning the investigated populations
and outcome parameters.

Risk of Bias Assessment

The average quality of the studies included in the qual-
itative analysis was rated as moderate. The median
quality rating score on the modified Downs and Black
checklist was 19 of the possible 29 points (range 17-22).
Five studies [107-111] were rated as being of moder-
ate quality, whereas the other three studies [66, 106,
112] were considered to be of good quality (Table 1).
All studies scored zero points (i.e. the criterion was not

satisfied or unable to determine) for Item 15 (blinding
those measuring the main outcomes), Item 19 (report-
ing participants’ compliance with the intervention), Item
22 (recruiting participants over the same period of time),
Item 24 (concealing randomized intervention assign-
ment from patients and health care staff), and Item 28
(5,0, values during hypoxia periods). Item 27 (sample
size calculation) [109] was satisfied in only one of the
eight studies.

Participants’ Characteristics and Study Designs

All reviewed studies [66, 106—112] used IHHE. IHHE was
performed in different populations, including geriatric
patients [106], older patients with coronary arterial dis-
ease [107, 110], young track and field athletes with over-
training syndrome [108], older cardiology outpatients
[109], older patients with prediabetes [66], older patients
with mild cognitive impairment [111], and patients with
metabolic syndrome [112]. Detailed information about
the number of participants, sex distribution, and partici-
pants’ characteristics (e.g. age, height, weight, and body
mass index) is provided in Table 2.

Five studies [66, 106, 109, 110, 112] were classified as
randomized controlled trials, one study [107] as a non-
randomized controlled trial, and two studies [108, 111]
were described as pilot studies. In seven studies [66,
106, 107, 109-112], the IHHE intervention group was
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compared to at least one control group performing a
sham IHHE. One study [108] compared IHHE with a
physically active healthy control group. Additionally, in
some studies, IHHE was further compared with intermit-
tent hypoxic exposure [66] as well as a physically active
[109] or inactive control group [111]. In two studies,
IHHE was performed in addition to an individualized
multimodal training program (consisting of 30 min of
physiotherapy procedures, 60 min of occupational ther-
apy, and 20 min of aerobic training) [106] or low-inten-
sity aerobic exercise (consisting of two bouts of 30 min
running at 50% of maximum oxygen uptake, with 10 min
rest between bouts) [108].

Characteristics of the Intermittent Hypoxia—Hyperoxia
Protocols

All studies used normobaric hypoxia and hyperoxia
(Table 2). The hypoxic and hyperoxic gas mixture was
administered via face masks connected to hypoxia gen-
erators. The intensity of hypoxia and hyperoxia ranged
from F,0,=0.10-0.12 and F,0,=0.30-0.40, respectively.
The mean S,0, value of the patients during the hypoxia
cycles was not reported in the studies. Five studies [66,
107-109, 111] reported the number of hypoxic—hyperoxic
cycles per session. The number of cycles in these studies
ranged from 4 to 8 cycles per session. The cycle duration
for the hypoxia and hyperoxia periods ranged from 2 to
7 min and 1 to 6 min, respectively. Four studies [106, 108,
110, 112] reported the total time taken for a single IHHE
procedure with a minimum of 35 and a maximum of
50 min. Based on the number of cycles and the duration
of the hypoxic and hyperoxic periods, it can be assumed
that the entire training session lasted approximately
35-63 min [107, 109] and 32 min [66, 111] in the stud-
ies not reporting the total duration. IHHE was performed
with a frequency of 2-5 sessions per week, over an inter-
vention period of 3—6 weeks (12-15 sessions in total) [66,
106-112]. The inter-session density of the IHHE interven-
tion (i.e. distribution of IHHE sessions across a distinct
time interval with regard to recovery time in-between
the IHHE sessions) was reported in the study from Gla-
zachev et al. [110] and Bestavashvili et al. [112] (5 weekly
IHHE sessions and 2 days of rest per week). In seven stud-
ies, [66, 106—110, 112] the patients’ individual reaction to
a hypoxic stimulus was determined with a hypoxia test
that was conducted prior to the IHHE intervention. The
hypoxia test consisted of breathing a hypoxic gas mixture
(F;0,=0.10-0.12) for 10-20 min under constant moni-
toring of heart rate or 5,0, or both. Six studies [106-110,
112] stated that the IHHE protocol (i.e. duration or inten-
sity of hypoxia and hyperoxia periods) was individually
adjusted based on the results of the hypoxia test and the
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individual responses (heart rate and S,0,). Two studies
[66, 111] used fixed parameters (i.e. hypoxia and hyper-
oxia intensity, inter-session density [i.e. cycle duration],
inter-session frequency [i.e. number of cycles]).

Effects of Intermittent Hypoxia-Hyperoxia on Physical

and Cognitive Performance as well as Haematological,
Metabolic, and Haemodynamic Parameters

The included studies investigated the effect of IHHE on
different outcomes including physical [106—110] and
cognitive performance [106, 111] as well as metabolic
[66, 107, 110, 112], haemodynamic [106—109], and hae-
matological parameters [107-109]. The main findings
of the eight included studies are summarized in Table 3.

Physical Performance

Five of the eight included studies measured physical
performance outcomes [106—110]. In three of these
studies, a cardiopulmonary exercise test was performed
before and after 3 [110] or 5 weeks [107, 109] of the
IHHE intervention. In two studies, exercise tolerance
(i.e. time until exhaustion while performing the Bruce
or modified Bruce protocol) was increased at the end
of the intervention [110] or 1-month follow-up [107]
in patients who performed IHHE but not in those who
performed sham IHHE. Significant improvements
in peak oxygen consumption have been observed in
older patients with coronary artery disease (4 12.6%;
pre: 14.3+4.2 ml-O,/min/kg; post: 16.1+4.2 ml-O,/
min/kg) [107] and cardiology outpatients (+43.2%;
pre: 13.9+2.5 ml-O,/min/kg; post: 19.9+6.1 ml-O,/
min/kg) [109] after 5 weeks of IHHE when compared
to baseline. In the study by Glazachev et al. [110], peak
oxygen consumption (4 26.1%; pre: 13.4+2.5 ml-O,/
min/kg; post: 16.9+1.4 ml-O,/min/kg) and oxygen
uptake at the first ventilatory threshold (+11.3%; pre:
11.5+1.3 ml-O,/min/kg; post: 13.8£2.0 ml-O,/min/
kg) were increased in older patients with coronary
artery disease who conducted 3 weeks of IHHE. Fur-
thermore, the increase in peak oxygen consumption
was higher in the IHHE group compared to the patients
who had performed sham IHHE. Susta et al. [108] have
found that the physical work capacity of young athletes
with overtraining syndrome (i.e. the power at a heart
rate of 170 beats/min, PWC 170) was improved after
4 weeks of IHHE which was performed 1.5-2 h after
low-intensity aerobic exercise (two bouts of 30 min
running at 50% of maximum oxygen uptake, with
10 min rest between bouts). In one study, older geriat-
ric patients performed the six-minute walk test prior
to and after 5-6 weeks of real or sham IHHE com-
bined with a multimodal training program [106]. The
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Table 3 Summary of assessed outcomes and main results of the reviewed studies

References

Assessed outcomes

Main results

Bayer et al. [106]

Glazachev et al. [107]

Cognitive functions

Dementia detection test
(DemTect)

Clock drawing test (CDT)
Physical functions

Six-minute Walk Test (6MWT)
Cardiovascular hemodynamic
parameters

Resting heart rate

Resting systolic and diastolic
blood pressure

Resting oxygen saturation

Physical functions
Cardiopulmonary exercise test
Cardiovascular hemodynamic
parameters

Resting heart rate

Resting systolic and diastolic
blood pressure

Resting left ventricular ejection
fraction

Blood markers

Haemoglobin concentration,
reticulocytes, total cholesterol,
high- and low-density lipopro-
tein, and glucose

Atherogenic index ((total choles-
terol — high-density lipoprotein)
-+ high-density lipoprotein)
Quality of life

Seattle Angina Questionnaire
(SAQ)

Within-group comparisons (pre-test vs. post-test)

4 DemTect in IHHE (11.2£ 3.5 points vs. 14.2 £ 3.7 points)

4 CDT in IHHE (7.8 £ 2.9 points vs. 84 % 3.0 points)

4+ 6MWT in IHHE and sham IHHE (234.3£94.7 m vs. 290.7 +83.1 m; 250.6 £ 94.3 m vs. 277.7 £ 96.3 m)
Between-group comparisons

4 DemTect in IHHE compared to sham IHHE (post-test: 14.2 +3.7 points vs. 11.3 3.6 points)
4 CDT in IHHE compared to sham IHHE (post-test: 8.4 & 3.0 points vs. 6.8 & 2.6 points)

4 6MWT in IHHE compared to sham IHHE (post-test: 290.7 £83.1 m vs. 277.7 £ 96.3 m)
Correlations

A-DemTect <> A-6MWT (r=+0.57)

A-COT <> A-6MWT (r=+40.42)

Within-group comparisons (pre-test vs. post-test vs. 1-month follow-up)

| Angina as a reason to stop cardiopulmonary exercise test in IHHE (12 vs. 6 vs. 3%, )

4 Time to exhaustion in cardiopulmonary exercise test (modified Bruce protocol) in IHHE (354 & 194
$Vvs.383 £ 141 svs. 395 £ 130s°)

4 Time to exhaustion in cardiopulmonary exercise (Bruce protocol) in IHHE (280 & 126 s vs. 295 £ 79
svs.332£11359)

1 VOopear IN IHHE (14.3 £ 4.2 mI-02/min/kg vs. 16.1 & 4.2 mI-02/min/kg? vs. 15.4 £ 4.5 ml-02/min/
kg?)

1 Systolic blood pressure in IHHE (151 £ 19 mmHg vs. 130 & 13 mmHg® vs. 129 + 11 mmHg®)

| Diastolic blood pressure in IHHE (85 11 mmHg vs. 73 + 7 mmHg? vs. 75 4 9 mmHgP)

1 Resthg heart rate in IHHE (71.5 & 11.4 beats/min vs. 67.7 & 8.3 beats/min® vs. 66.6 & 10.0 beats/
min®)

1 Mameum heart rate in IHHE (122 = 19 beats/min vs. 120 & 14 beats/min? vs. 116 & 14 beats/
min®)

4 Left ventricle ejection fraction in IHHE (14.3 & 4.2% vs. 16.1 & 4.2% vs. 154 & 4.5%P)

1 Reticulocytes in IHHE (9.0 = 4.5% vs. 11.3 £ 6.29% vs. 9.2 = 4.8%")

| Total cholesterol in IHHE (5.6 & 1.4 mmol/L vs. 5.1 &= 1.2 mmol/L* vs. 5.5 &+ 1.4 mmol/L®)

| Low-density lipoprotein in IHHE (3.5 & 1.2 mmol/L vs. 3.2 £ .9 mmol/L* vs. 2.6 & 1.3 mmol/L®, )

| Atherogenic index in IHHE (4.7 £ 1.8 vs. 3.4 £ 1.3% vs. 3.5 £ 1.59

J Glucose in IHHE (7.1 & 2.3 mmol/L vs. 6.5 & 1.7 mmol/L vs. 6.2 & 1.7 mmol/L)

4 SAQ physical limitation subscale in IHHE (43.3 & 17.7 vs.51.6 £ 13.1% vs. 53.7 & 17.8°)

1 SAQ angina stability subscale in IHHE (56.5 &= 27.4 vs. 78.3 # 23.3% vs. 79.6 & 22.7°)

4 SAQ angina frequency subscale in IHHE (59.6 £ 27.6 vs. 81.1 & 17.97 vs.80.9 + 18.2°)

1 SAQ treatment satisfaction subscale in IHHE (60.7 4 162 vs. 77.4 £ 16.8% vs5. 80.5 & 17.7°)

1 SAQ disease perception subscale in IHHE (47.2 4 189 vs. 60.8 4 17.8 vs. 634 = 17.4°)

Between-group comparisons

J Angina as a reason to stop cardiopulmonary exercise test in IHHE compared to sham IHHE
(1-month follow-up: 3 vs. 6)

4 Exercise time (modified Bruce protocol) in IHHE compared to sham IHHE (post-test: 383 & 141 s vs.
280 + 92)

4 VO, pear in IHHE compared to sham IHHE (1-month follow-up: 15.4 & 4.5 ml-O,/min/kg vs. 17.8 &
4.9 ml-O,/min/kg)

4 Reticulocytes in IHHE compared to sham IHHE (post-test: 11.3 & 6.2% vs. 6.4 & 3.6%; 1-month
follow-up: 9.2 +4.8% vs. 5.11 £ 3.13%)

| Total cholesterol in IHHE compared to sham IHHE (post-test 5.1 &= 1.2 mmol/L vs. 5.5 £ 0.9 mmol/L)

J Low-density lipoprotein in IHHE compared to sham IHHE (post-test: 3.2 .9 mmol/L vs. 3.6 £ 0.8
mmol/L; 1-month follow-up: 2.6 £ 1.3 mmol/L vs. 3.5 = 0.8 mmol/L)

} Atherogenic index in IHHE compared to sham IHHE (post-test: 3.4 & 1.3 vs.3.6 & 1.1)

4 Atherogenic index in IHHE compared to sham IHHE (1-month follow-up: 3.5 £ 1.5 vs. 3.4 £ 1.0)
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References Assessed outcomes

Main results

Susta et al. [108] Physical functions
Cardiopulmonary exercise test
Cardiovascular hemodynamic
parameters

Inotropic reserve index (IRI,
(maximal systolic blood pres-
sure — resting systolic blood
pressure) = resting systolic blood
pressure)

Chronotropic reserve index (CRI,
(maximal heart rate — resting
heart rate) = resting heart rate)
Resting heart rate and heart rate
variability

Cardiovascular hemodynamic
parameters

Inotropic reserve index (IRI,
(maximal systolic blood pres-
sure — resting systolic blood
pressure) = resting systolic blood
pressure)

Chronotropic reserve index (CRI,
(maximal heart rate — resting
heart rate) = resting heart rate)
Resting heart rate and heart rate
variability

Blood markers

Red blood cell count, reticulo-
cyte, haemoglobin concentra-
tion, and haematocrit

Hypoxia test (10 min at FO, =
0.10)

Oxygen saturation (SPOZ) Maxi-
mal heart rate (HR,,,,,)

Dudnik et al. [109] Physical functions
Cardiopulmonary exercise test
Cardiovascular hemodynamic
parameters
Resting heart rate
Resting systolic and diastolic
blood pressure
Blood markers
Red blood cells count, white
blood cell count, platelets,
haemoglobin concentration,
reticulocytes

Glazachev etal.[110]  Physical functions
Cardiopulmonary exercise test
Blood markers
Total cholesterol, high and low-
density lipoprotein, triglycerides,
and glucose
Quiality of life
Medical Outcome Study 36-item
Short Form Health Survey (MOS
SF-36)

Seattle Angina Questionnaire
(SAQ)

Within-group comparisons (pre-test vs. post-test)

4 PWC170in IHHE (170.8 £ 44.8 W vs. 191.9 £ 269 W)

J IRI'in IHHE (65.8 4= 3.6% vs. 54.8 + 5.4%)

1 CRIin IHHE (50.0 £ 5.3% vs. 38.0 £ 5.9%)

1 5,0, during hypoxic test in IHHE (77.9 =& 6.8% vs. 84.2 =& 5.7%)

4 HRpmax during hypoxic test in IHHE (82.2 £ 14.6 beats/min vs. 76.6 & 11.0 beats/min)

4 Standard deviation of R-R intervals in IHHE (54.0 & 24.7 ms vs. 76.0.2 & 26.8 ms)

1 Low frequency power in IHHE (1300 = 661 ms? vs. 801 & 673 ms?)

4 High frequency power in IHHE (277 & 188 ms?® vs. 624 + 468 ms?)

J Low frequency to high frequency index in IHHE (8.01 £ 7.51 vs. 1.45 £ 1.71)

Between-group comparisons

J PWC170 in IHHE compared to control group (pre-test: 170.8 & 44.8 W vs. 204.2 & 13.8 W; post-test:
1919 £ 269 W v6s. 2780 + 19.3 W)

4 IRI'in IHHE compared to control group (pre-test: 65.8 &= 3.6% vs. 50.8 4.1%; post-test: 54.8 + 5.4%
vs. 49.6 3.8%)

4 CRI'in IHHE compared to control group (pre-test: 50.0 £ 5.3% vs. 37.5 & 4.9%)

1 5,0, during hypoxic test in IHHE compared to control group (pre-test: 77.9 = 6.8% vs. 83.7 = 9.0%)

1 HRppax during hypoxic test in IHHE compared to control group (pre-test: 82.2 4= 14.6 beats/min vs.
79.7 & 13.1 beats/min)

| R-Rintervals in IHHE compared to control group (post-test: 890 &= 160 ms vs. 990 £ 180 ms)

} Standard deviation of R-R intervals in IHHE (54.0 & 24.7 ms vs. 82.0 & 24.8 ms)

+ HR et in IHHE compared to control group (post-test: 67.1 & 13.7 beats/min vs. 60.4 £ 4.6 beats/
min)

| High frequency in IHHE compared to control group (pre-test: 277 4 188 ms vs. 1100 4 344 ms?
post-test: 624 + 468 ms? vs. 1167 & 501 ms?)

4 Low frequency to high frequency index in IHHE compared to control group (pre-test: 8.01 & 7.51
vs. 2.2+ 1.0)

Within-group comparisons (pre-test vs. post-test)

1 VO, pea in IHHE (13.942.5 mI-O,/min/kg vs. 19.9£6.1 ml-O,/min/kg)

Between-group comparisons

4 Reticulocytes in IHHE compared to sham IHHE (post-test: 1.1 40.5% vs. 0.6 £ 0.3%)

Interaction effects (group x time)

} Diastolic blood pressure in IHHE compared to sham IHHE (pre-test: 82.1 £ 11.1 mmHg vs.
77.9+9.7 mmHg; post-test: 74.7 £8.9 mmHg vs. 82.0+ 9.3 mmHg)

Within-group comparisons (pre-test vs. post-test vs. 1-month follow-up)

4 Time to exhaustion in cardiopulmonary exercise test (modified Bruce protocol) in IHHE (303 £ 147 s
vs.3624+1245%vs.342£113s)

1 Metabolic equivalent in IHHE (3.5£1.2vs5.39.1£1.05vs.424+1.29)

4 VO, at anaerobic threshold in IHHE (11.5 £ 1.3 ml-O,/min/kg vs. 13.8 £ 2.0 m-O,/min/kg® vs.
138403 ml-0,/min/kg®)

4 MOS SF-36 physical functioning subscale in IHHE (84.2£13.0 vs. 55.7 +12.0? vs. 51.7 & 14.0)

1 MOS SF-36 role physical subscale in IHHE (47.0417.8 vs. 61.7 £ 18.8% vs. 55.8 £ 19.0)

4 MOS SF-36 body pain subscale in IHHE (22.0439.4 vs. 48.5 4 43.7 vs.58.8 + 39.09)

4 MOS SF-36 vitality subscale in IHHE

Between-group comparisons

4 MOS SF-36 physical functioning subscale in IHHE compared to sham IHHE (post-test: 61.7 & 18.8 vs.
475+£11.9)

4 MOS SF-36 body pain subscale in IHHE compared to sham IHHE (post-test: 48.5£43.7 vs.
273+89)

1 metabolic equivalent in IHHE compared to sham IHHE (post-test: 3.5£0.9 vs. 3.8 £1.0)

1 VO, pear in IHHE compared to sham IHHE (post-test: 16.94 1.4 ml-O,/min/kg vs. 12.0£6.3 ml-O,/
min/kg)
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Table 3 (continued)

References Assessed outcomes Main results

Serebrovska et al. [66]  Blood markers Within-group comparisons (pre-test vs. post-test vs. 1-month follow-up)
Total cholesterol, high- and 4 Minimum S,0, during hypoxic test in IHHE (79.4 +3.8% vs. 81.54£3.9° % vs NR?)
low-density lipoprotein, and | Fasting glucose in IHHE and IHE (IHHE: 6.3 4 0.5 mmol/L vs. 5.8 4 0.7 mmol/L? vs. 5.3 & 0.8 mmol/L®;
triglycerides IHE: 6.5 404 mmol/L vs. 544 0.5 mmol/L? vs. 5.1 +0.6 mmol/L°)
Fasting glucose level and 2 h J 2-h post-oral glucose tolerance test glucose level in IHHE and IHE (IHHE: 7.9 0.9 mmol/L
post-oral glucose tolerance test vs. 6.8 1.0 mmol/L? vs. 6.4 4 1.3 mmol/L® IHE: 8.3+ 1.0 mmol/L vs. 7.0+ 1.9 mmol/L? vs.
glucose level 64+ 1.1 mmol/L?)
Hypoxia test (20 min at | Total cholesterol in IHHE and IHE (IHHE: 6.3 4 1.1 mmol/L vs. 5.7 £ 1.0 mmol/L? vs. 6.1 + 1.3 mmol/L;
F0,=0.10) IHE: 6.2 4 1.2 mmol/L vs. 5.340.9 mmol/L? vs. 5.8 & 1.2 mmol/L)
Oxygen saturation (S,0,) | Low-density lipoprotein cholesteral in IHHE and IHE (IHHE: 4.2 4 1.3 mmol/L vs. 3.5+ 1.0 mmol/L®
Maximal heart rate (HR ) vs. 3.5+ 1.3 mmol/L? IHE: 4.0 1.3 mmol/L vs. 3.3 £ 1.0 mmol/L? vs. 3.4 & 1.0 mmol/L)

Between-group comparisons

| Fasting glucose in IHHE compared to sham IHHE (1-month follow-up: 5.3 0.8 mmol/L; vs
6.140.8 mmol/L)

J Fasting glucose in IHE compared to sham IHHE (post-test: 5.4 £0.5 mmol/L vs. 6.12 4 0.8 mmol/L;
1-month follow-up: 5.1 0.6 mmol/L vs. 6.1 £0.8 mmol/L)

} 2-h post-oral glucose tolerance test glucose level in IHHE compared to sham IHHE (post-test:
6.8+ 1.0 mmol/L vs. 83 £ 1.1 mmol/L; T-month follow-up: 6.4 £ 1.3 mmol/L vs. 8.2 4 1.2 mmol/L)

1 2-h post-oral glucose tolerance test glucose level in IHE compared to sham IHHE (post-test:
7.0£1.9 mmol/L vs. 83+ 1.1 mmol/L; 1-month follow-up: 6.4+ 1.1 mmol/L vs. 8.2 £ 1.2 mmol/L)

| Total cholesterol in IHE compared to sham IHHE (1-month follow-up: 5.3+ 0.9 mmol/L vs.

6.240.9 mmol/L)
Serebrovska et al. [111]  Cognitive functions Within-group comparisons (pre-test vs. post-test vs. 1-month follow-up)
Montreal Cognitive Assessment 4 MoCA test score in IHHE (19.6 4 1.6% vs. 22.1 4 1.7%° vs. 21.3 4 1.6%)
Test (MoCA) 4 APP130in IHHE (0440.1 r.U.vs. 0.7 0.1 rU.2 vs. 0.6 +0.1 rub)

Long latency cognitive event- 4 APP1101in IHHE (0.6 0.1 rU.vs. 0.7 £0.1 rU? vs.0.8+0.1 rUP)
related potential (P300, N200) 4 APP-ratio in IHHE (0.7 +0.1 vs.0.940.1% vs. 0.8 +0.1)
Blood markers 1 Amyloid-B in IHHE (2.6 £0.3 rU.vs. 22 £ 04 rU? vs. 2.1 £ 04 r.UP)
Amyloid-8 and amyloid precur- | NET,,in IHHE (12.7 46.2% vs. 8.8 4 3.3% vs. 6.1 4 3.5%")
sor protein (APP130, APP110,and | NET,;in IHHE (9.5£2.1% vs. 4.5+ 1.1%" vs. 42 £ 1 3%°)
APP110/APP130 ratio) | BACET in IHHE (85.3+55.6 r.U. vs. 36.8 £34.6 .U % vs. 456 +32.8 r.U.)
Beta-site amyloid precursor pro-  Between-group comparisons
tein cleaving enzyme 1 (BACET) 4 APP130in IHHE compared to sham IHHE (post-test: 0.7 £0.1 r.U. vs. 04 £ 0.1 r.U.; 1-month follow-
Stimulated neutrophil extracellu-  up: 0.6£0.1 r.U.vs.0440.1 r.U.)
lar traps formation in peripheral 4 APP110 in IHHE compared to sham IHHE (post-test: 0.7+ 0.1 r.U. vs. 0.5+ 0.1 r.U,; 1-month follow-
blood (NET,) up: 0.8+£0.1r.U.vs.0.54+0.1 rU.)
4 APP-ratio in IHHE compared to sham IHHE (post-test: 0.9£0.1 vs. 0.8 £0.1)
4 Amyloid-@ in IHHE compared to sham IHHE (post-test: 2.2 £ 0.4 r.U. vs. 2.8 £ 0.4 r.U,; 1-month
follow-up: 2.1£04 rU.vs. 28+£0.2r.U)
4 NET,; in IHHE (1-month follow-up: 6.1 4 3.5% vs. 11.2 £ 3.6%)
1 NET,, in IHHE (post-test: 4.5+ 1.1% vs. 9.22 £ 3.9%; 1-month follow-up: 4.2 £ 1.3% vs. 8.25 & 2.0%)
J BACET in IHHE (85.3£55.6 1.U. vs. 36.8434.6 U vs. 456 £32.8 1.U)

Bestavashvili et al. Anthropometric parameters Within-group comparisons (pre-test vs. post-test)

2] Body mass index (BMI) J BMIin IHHE (342 £5.2 kg/m2 vs.333452 kg/mz)
Waist circumference J Waist circumference in IHHE (116.24£11.2cmvs. 111.0£10.6 cm)
Hip circumference | Hip circumference in IHHE (114.1£9.4 cmvs. 110.3£9.4 cm)
Blood markers 4 Total cholesterol in sham IHHE (4.8 & 1.2 mmol/L vs. 5.1 4+ 1.1 mmol/L)
Total cholesterol, high- and JALTin IHHE (37.3£26.1 u/L vs. 29.0£ 153 u/L)
low-density lipoprotein, and J HSP70 in IHHE (0.963 £0.316 ng/mL vs. 0.865 +0.334 ng/mL)
triglycerides | CRP-hs in IHHE (3.608 +3.448 mg/L vs. 2.237 +1.527 mg/L)

Alanine aminotransferase (ALT) J NTproBNP in IHHE (27.5 £45.1 pmol/L vs. 20.4 £ 34.2 pmol/L)
Aspartate aminotransferase (AST)  Between-group comparisons

Galectin-3 J ALT in IHHE compared to sham IHHE (post-test: 29.0£15.3 u/L vs. 36.2+£21.5 u/L)

Nitric oxide synthase 2 (NOS2) 1 NTproBNP in IHHE compared to sham IHHE (post-test: 20.4 4=34.2 pmol/L vs. 34.9 £ 62.1 pmol/L)
Heat shock proteins (Hsp70) J A-BMIin IHHE compared to sham IHHE (-0.940.5 vs. 0.3 £0.6)

Transforming growth factor 1 A-Waist circumference in IHHE compared to sham IHHE (—5.2£24 vs. 0.7 £ 1.8)

beta-1 (TGF beta-1) } A-Hip circumference in IHHE compared to sham IHHE (— 3.8+ 1.7 vs. 3.4+ 1.0)

Heart-type fatty acid binding | A-Total cholesterol in IHHE compared to sham IHHE (— 0.8 0.8 vs. 0.34+0.1)

protein (H-FABP) } A-Triglyceride in IHHE compared to sham IHHE (— 0.3 4+0.4 vs. 0.1 £0.5)

High-sensitive C-reactive protein | A-Low-density lipoprotein in IHHE compared to sham IHHE (— 0.8+ 0.7 vs. 0.3 £ 0.8)

(CRP-hs) 1 A-ALT in IHHE compared to sham IHHE (= 8.3+ 14.6 vs. 54 4+9.2)

N-Terminal pro-hormone of brain |, A-AST in IHHE compared to sham IHHE (—4.5£12.1 vs.32+6.3)
natriuretic peptide (NTproBNP) JA-NTproBNP in IHHE compared to sham IHHE (— 7.1 £ 13.6 vs. 9.0+ 18.0)
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Table 3 (continued)
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ALT Alanine aminotransferase, APP amyloid precursor protein, AST Aspartate aminotransferase, BACE1 beta-site amyloid precursor protein cleaving enzyme 1, BMI
body mass index, CDT Clock-drawing Test, CRI chronotropic reserve index, CRP-hs High-sensitive C-reactive protein DemTect Dementia Detection Test, F,0, fraction of
inspired oxygen, H-FABP Heart-type fatty acid binding protein, Hsp70 Heat shock proteins, HR,,,,, maximum heart rate, HR,,, resting heart rate, IRl inotropic reserve
index, IHE intermittent hypoxic exposure, IHHE intermittent hypoxia—hyperoxia exposure, IQR interquartile range, MoCA Montreal-Cognitive-Assessment, MOS SF-36
Medical Outcome Study 36-item Short Form Health Survey, NET,; stimulated neutrophil extracellular traps formation, NET,; not stimulated neutrophil extracellular
traps formation, NOS2 Nitric oxide synthase 2, N.R. not reported, NTproBNP N-terminal pro-hormone of brain natriuretic peptide, PWC130 physical work capacity at a
heart rate of 130 beats min~', r.U. relative units, SAQ Seattle Angina Questionnaire, TGF beta-1 Transforming growth factor beat-1, VO ,eq PEAK OXygen uptake, 6MWT

Six-minute Walk Test

@ p values < .05 for differences between pre-test and post-test (time effect)

b p values <.05 for differences between pre-test and 1-month follow-up (time effect)
¢ p values <.05 for differences between post-test and 1-month follow-up (time effect)

improvement in the six-minute walk distance at the end
of the intervention was higher in patients who com-
pleted the IHHE in combination with the multimodal
training program than in patients who received sham
IHHE plus multimodal training [106].

Cognitive Performance

The effect of IHHE on cognitive performance was inves-
tigated by two studies [106, 111] using different popu-
lations. With regard to older patients undergoing a
multimodal training program (2-3 times per week for
5-6 weeks, consisting of 30 min of physiotherapy, 60 min
of occupational therapy, and 20 min of aerobic exercise)
in a geriatric day care unit, the additional application of
IHHE led to improvements in global cognitive functions
(i.e. operationalized by Dementia Detection Test score
and Clock Drawing Test score) when compared with
older patients performing the same multimodal train-
ing program combined with sham IHHE [106]. In older
people with mild cognitive impairments, but not healthy
controls, global cognitive functions (i.e. Montreal Cogni-
tive Assessment Test) increased after 3 weeks of IHHE,
whereas sham IHHE did not lead to a change in cognitive
test performance [111]. However, 3 weeks of IHHE had
no effect on N200 and P300 latency in both older peo-
ple with mild cognitive impairments and healthy older
people [111]. In the same study, participants with mild
cognitive impairment who performed a 3-week IHHE
intervention, showed an increase of neuroprotective
proteins (i.e. amyloid precursor proteins) and a decrease
in circulating biomarkers of Alzheimer’s disease (i.e.
amyloid-beta, neutrophil extracellular traps, and beta-
site amyloid precursor protein cleaving enzyme 1) in the
peripheral blood [111].

Haematological, Metabolic, and Haemodynamic Parameters
In three studies, changes in haematological parameters
were evaluated after 4-5 weeks of IHHE in older patients
with coronary artery disease [107] and cardiac comor-
bidities [109] as well as young athletes with overtraining
syndrome [108]. Increases in reticulocytes were found

in patients with coronary heart disease after 3 weeks of
IHHE when compared with patients who conducted
8 weeks of the standard rehabilitation program and
3 weeks of sham IHHE [107]. However, two other stud-
ies did not observe such a change in patients with car-
diac comorbidities [109] as well as young athletes with
overtraining syndrome [108]. All three studies [107—-109]
that investigated IHHE-related changes in red blood cell
count and haemoglobin concentration did not find evi-
dence for a change in response to the intervention. In a
comparable manner, IHHE also had no effect on haema-
tocrit level [108] or white blood cell count and platelets
[109].

The patients’ metabolic status was assessed in four
studies [66, 107, 110, 112] and in one of these studies
[107], investigating older patients with coronary arte-
rial disease, a reduction in total cholesterol level was
observed compared with patients who had performed a
standard rehabilitation program and sham IHHE. In two
studies investigating the effects of IHHE in older patients
with coronary arterial disease [110] and prediabetes [66],
a reduction in total cholesterol levels was observed after
3 weeks of IHHE, while total cholesterol levels remained
unchanged in those patients who had conducted sham
IHHE. In another study [112], no change in total choles-
terol was observed in older patients with metabolic dis-
ease. Two studies including older patients with coronary
arterial disease [107] or prediabetes [66], reported reduc-
tions in low-density lipoprotein cholesterol after 3 weeks
of IHHE compared to baseline, whereas only one of these
studies [107] reported a reduced low-density lipoprotein
cholesterol level compared to a sham IHHE group. Only
one study [110] noticed a tendency towards a decrease
in low-density lipoprotein cholesterol in patients with
coronary arterial disease. With regard to patients with
metabolic syndrome, 3 weeks of IHHE did not result in
a reduction in low-density lipoprotein cholesterol blood
concentration [112]. High-density lipoprotein cholesterol
was increased after 3 weeks of IHHE in patients with
coronary arterial disease compared to baseline [110],
whereas the levels remained unchanged in patients with
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prediabetes [66] and metabolic syndrome [112]. Moreo-
ver, in the study of Glazachev et al. [107], a reduction in
the atherogenic index (i.e. [total cholesterol — high-den-
sity lipoprotein cholesterol] + high-density lipoprotein
cholesterol) was found in patients with coronary arterial
disease who had conducted IHHE over 5 weeks com-
pared to those who had performed 8 weeks of the stand-
ard rehabilitation program and 3 weeks of sham IHHE.
Moreover, one study [110] reported a decrease in triglyc-
eride levels compared to baseline in response to 3 weeks
of IHHE, but three other studies [66, 107, 112] did not
reveal such an effect. In patients with prediabetes, fasting
blood glucose concentration was reduced at the 1-month
follow-up assessment and 2 h post-oral glucose toler-
ance test glucose levels were decreased 1 day after and
remained decreased 1 month after a 3-week IHHE inter-
vention when compared with patients with prediabetes
conducting sham IHHE [66]. Additionally, Bestavashvili
et al. [112] reported a decrease in body mass index, waist
and hip circumference, and inflammatory markers in
patients with metabolic syndrome after 3 weeks of IHHE
compared to a sham IHHE group.

Four studies [106—109] evaluated the effect of IHHE on
haemodynamic indices. In two studies that measured the
effect of IHHE on blood pressure and heart rate recorded
at rest in geriatric patients [106] and cardiac outpatients
[109], no changes in systolic and diastolic blood pres-
sure as well as heart rate were observed. In one study
[107], both resting systolic and diastolic blood pres-
sure as well as heart rate were decreased after 5 weeks
of IHHE in patients with coronary artery disease when
compared with baseline. Susta et al. [108] reported that
4 weeks of IHHE plus low-intensity aerobic exercise (2
bouts of 30 min) improved the inotropic reserve index
(i.e. [maximum systolic blood pressure — resting systolic
blood pressure] =-resting systolic blood pressure) and
the chronotropic reserve index (i.e. [maximum heart
rate —resting heart rate] +resting heart rate) in healthy
athletes with overtraining syndrome. In addition, the
parasympathetic drive was increased (i.e. high-frequency
power of heart rate variability), while the sympathetic
tone was decreased (i.e. low-frequency power of heart
rate variability and low-frequency power high-frequency
power ratio) after 4 weeks of IHHE. One study [107]
found an increase in left ventricular ejection fraction
after 5 weeks of IHHE in patients with coronary arterial
disease when compared to baseline. However, left ven-
tricular ejection fraction did not differ between patients
who conducted 5 weeks of IHHE and patients who per-
formed 8 weeks of the standard rehabilitation program
and 3 weeks of sham IHHE [107].
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Discussion

In this systematic review, we included eight studies that
have investigated the chronic effects of intermittent
hypoxia—hyperoxia on physical and cognitive perfor-
mance as well as haemodynamic, metabolic, or haema-
tological parameters in humans. All of the reviewed
studies [66, 106-112] have performed intermittent
hypoxia—hyperoxia at rest (i.e. IHHE), with intervention
durations ranging from 3 to 6 weeks. Two studies imple-
mented a physical training program in addition to the
IHHE intervention [106, 108]. The parameters that were
most frequently assessed included changes in (1) physical
performance [106-110], (2) haemodynamic parameters
[106-109], and (3) parameters of the metabolic state [66,
107, 110, 112]. Two of the reviewed studies [106, 111]
have investigated the effects of IHHE on (4) cognitive
performance and three studies [107-109] have investi-
gated (5) haematological parameters. The results of some
studies included in this systematic review seem conflict-
ing and are difficult to compare due to the heterogeneity
in study population and design.

Effects of Intermittent Hypoxia—Hyperoxia Exposure

on Physical Performance

The findings of our systematic review indicate that IHHE
might have positive effects on physical performance in
specific populations, such as in geriatric patients [106].
The improvements in physical performance could be
explained by specific cardiovascular and muscular adap-
tations to IHHE, e.g. the regulation of inflammatory
response, angiogenesis, improved glycolysis, glucose
transport, and vasodilatation as well as mitochondrial
functioning [4, 113]. Furthermore, it is assumed that
physical exercise in hypoxia (e.g. aerobic exercise under
continuous hypoxia) might be a great promise for
successful geriatric rehabilitation by inducing lower
mechanical stress compared to a similar training in
normoxia (i.e. when the exercise intensity is equal and
operationalized by a marker of internal load [e.g. heart
rate]) [114]. An increased physical performance was also
observed in young track and field athletes with overtrain-
ing syndrome, evidenced by an improved physical work
capacity and balance of the autonomic nervous system
(evaluated by changes in heart rate variability frequency
measurements, i.e. low- and high-frequency power, and
low- to high-frequency power ratio) [108]. The authors
assumed that a recovered autonomic nervous system and
an increased antioxidant capacity might partially explain
these results [108]. However, this hypothesis remains
speculative, since the authors did not measure the anti-
oxidant status. Unfortunately, the control group con-
sisted of healthy athletes who kept their training routine
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constant, and thus, the results could not be compared
to a “real” control group in this pilot study, i.e. athletes
with overtraining syndrome who have trained without an
additional IHHE program or a sham IHHE. Therefore, no
robust conclusions can be drawn concerning the syner-
gistic effects of IHHE executed after low-intensity run-
ning in athletes with overtraining syndrome.

Three studies [107, 109, 110] imply that IHHE might
be an effective intervention to increase peak oxygen
consumption in patients with cardiovascular disease
by 12.6-43.2% (~1.8-6.0 ml-O,/min/kg). In general, an
increase of 3.5 ml-O,/min/kg is considered as the mini-
mum important difference in cardiac rehabilitation [115].
Moreover, it was shown that an increase in peak oxygen
consumption of 6% is associated with a 5% lower risk of
all-cause mortality and morbidity in patients with heart
failure [116]. Accordingly, the improvements in peak
oxygen consumption observed after IHHE can be con-
sidered as clinically meaningful. A previous study [52]
in which prolonged hypoxic exposures of 10 sessions of
3—4 h per session (F,0, = 0.175-0.150) were used over a
period of 22 days demonstrated a significant increase in
peak oxygen consumption (~5%; pre: 13.5+£1.8 ml-O,/
min/kg; post: 14.2+1.9 ml-O,/min/kg) in patients with
heart failure and reduced ejection fraction. However, this
study included only 12 patients without a control group
[52]. Another study by Burtscher et al. [49] included eight
elderly, physically active males with New York Heart
Association class I to II heart failure who were exposed
to intermittent hypoxia (5 times per week, F,0, = 0.14—
0.10) and eight subjects of the same population who
received an equivalent sham condition. The authors
observed a significant increase in peak oxygen consump-
tion from 2333+586 ml-O,/min to 2475+546 ml-O,/
ml (~6%) after 3 weeks of intermittent hypoxic expo-
sure without changes in the subjects who completed the
sham condition [49]. However, the findings of a system-
atic review [26] suggest that passive hypoxia applica-
tion can enhance exercise tolerance during submaximal
exercise, but changes in maximal exercise capacity (e.g.
peak oxygen consumption) were somewhat difficult to
detect in healthy physically active individuals. This can
be explained by the already high level of cardiorespira-
tory fitness when compared to patients with cardiovas-
cular disease [49, 52, 117, 118]. Moreover, it should be
noted that the participants in the studies [107, 109, 110]
included in our systematic review were all of higher age
(mean age from 63.9 to 68.2 years) and had cardiovas-
cular diseases as well as low peak oxygen consumption
values at baseline (13.4-14.3 ml-O,/min/kg). Thus, the
observed effects of IHHE cannot be generalized to other
populations such as healthy individuals.
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Effects of Intermittent Hypoxia—Hyperoxia Exposure

on Cognitive Performance

The beneficial effects of a well-dosed application of
intermittent hypoxia—normoxia or hypoxia—hyperoxia
on neurocognitive health have recently been discussed
by several authors [45, 67, 119, 120]. These reviews
have summarized the evidence from research in vari-
ous populations suggesting that IH can be applied as a
therapeutic modality in order to preserve or enhance
brain functions. Hence, the development and progres-
sion of age- or disease-dependent cognitive impairments
such as mild cognitive impairments or dementia might
be mitigated. For instance, investigations in animals and
humans have found an improved cerebrovascular func-
tion (e.g. augmented cerebral blood flow due to enhanced
endothelial-dependent vasodilatation and vascularisa-
tion) [121-123], reduced vascular risk factors (e.g. hyper-
tension, hypercholesterolaemia, obesity) [50, 124, 125]
and inflammation (e.g. due to the anti-inflammatory
effect of erythropoietin [126, 127]), prevented neuronal
degeneration [128], as well as stimulated neurogenesis
and neuroregeneration [129, 130]. However, the results
of our review suggest that clinical evidence on the neu-
rocognitive effects of intermittent hypoxia—hyperoxia
is currently limited. Bayer et al. [106] found that global
cognitive performance only improved in those patients
who underwent the combination of the multimodal
training program and the IHHE. The authors concluded
that the lack of improvements in cognitive perfor-
mance in patients who conducted the multimodal train-
ing program in combination with sham IHHE might be
explained by their low initial fitness level, which made it
impossible to undergo training with an exercise inten-
sity sufficient to induce measurable improvements in
cognitive performance. Consequently, improvements in
cognitive performance could be related to the effects of
IHHE. However, more well-controlled studies are neces-
sary to confirm these promising findings. Furthermore,
Serebrovska et al. [111] reported a better cognitive per-
formance one day after the last IHHE session, which
was associated with a decrease in non-stimulated neuro-
trophic extracellular traps and amyloid-beta expression.
Neurotrophic extracellular traps are released by neutro-
phils to initiate immune defence mechanisms [131] and
increased formation of neurotrophic extracellular traps
has been observed in patients with Alzheimer’s disease
[132, 133]. In general, neurotrophic extracellular traps
formation and amyloid-beta accumulation are suggested
to play a role in the pathogenesis of Alzheimer’s disease,
which offers an approach for the treatment of this dis-
ease [134, 135]. Given the finding that IHHE influenced
the formation of neurotrophic extracellular traps and
amyloid-beta expression, IHHE could be an interesting



Behrendt et al. Sports Medicine - Open (2022) 8:70

intervention for future studies aiming to prevent or
decelerate cognitive decline. Furthermore, there is some
evidence that intermittent hypoxic exposure alone [56]
or in combination with resistance training [40] and pro-
longed hypoxic exposure in combination with endurance
training [39] can improve cognitive performance in older
patients with mild cognitive impairment or in healthy
older people. Even if these results seem promising, fur-
ther studies are urgently needed to investigate the effects
of IHHE or IHHT on various domains of cognitive func-
tions (e.g. inhibition, working memory, cognitive flexibil-
ity) because previous studies [106, 111] only investigated
global cognitive functions with a total of 26 participants.
Furthermore, future studies should investigate the neu-
robiological mechanisms driving these cognitive perfor-
mance enhancements by assessing changes on the (1)
molecular and cellular level (e.g. changes in brain-derived
neurotrophic factor), (2) structural and functional level
(e.g. using magnetic resonance imaging (MRI), functional
MRI, functional near-infrared spectroscopy), and (3)
socioemotional level (e.g. sleep quality) [136, 137].

Effects of Intermittent Hypoxia—Hyperoxia Exposure

on Haematological, Metabolic, and Haemodynamic
Parameters

Three studies [107-109] focussed on haematological
parameters without detecting changes in haemoglobin
concentration. Comparable results have been observed
in healthy older males receiving intermittent hypoxic
exposure (5 min of hypoxia [F,O, = 0.12] separated by
5 min of normoxia, 4 times a day, daily for 10 days) [138],
whereas other studies reported an increase in haemo-
globin concentration [49] (3—5 min of hypoxia [F,O, =
0.15-0.12] separated by 3 min of normoxia, 5-6 times
a day, 5 sessions per week for 3 weeks) or total haemo-
globin mass (same protocol as [49]) [54]. However, a
growing amount of evidence suggests that the hypoxia
intensity, total duration of hypoxic exposure, and inter-
session density (in particular the duration of the single
hypoxic exposure per day) are crucial factors for haema-
tological adaptations to hypoxia [139]. It can be assumed
that haemoglobin mass increases on average by 1.1% per
100 h of hypoxia [140] and that the minimum duration
to reach an acclimatization effect and trigger haemato-
logical responses would be at least 12 h per day with a
hypoxia intensity corresponding to altitudes of 2500-
3000 m (FO, = ~0.155-0.145) [141]. Furthermore,
Wilber et al. [142] stated that lower hypoxia intensi-
ties corresponding to altitudes of 2000-2500 m (F,O0, =
~0.165-0.155) would require a daily hypoxic duration
of more than 22 h to achieve haematological changes.
In three of the reviewed studies [107-109], the total
hypoxic duration and the single hypoxic exposure per
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day were considerably lower than these values (i.e. 22 h).
Thus, it can be assumed that the hypoxic dose was not
sufficient to increase erythropoiesis. As a consequence,
the improvements in exercise capacity were likely due
to non-haematological adaptations such as respiratory
(e.g. increased ventilatory efficiency), cardiovascular (e.g.
increased stroke volume), or muscular or metabolic (e.g.
improved mitochondrial efficiency and muscle pH-regu-
lation) adaptations [4, 113]. Although one study [107] has
shown that IHHE was associated with an improved car-
diac function (i.e. increased left ventricular ejection frac-
tion), the underlying mechanisms for the improvements
in exercise capacity in response to IHHE are still not fully
clarified and should be further investigated in additional
studies in more detail.

The individual blood lipid profile (e.g. total choles-
terol, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, and triglyceride concentration),
blood glucose level, and blood pressure are important
indicators concerning the assessment and management
of health-related risk factors. Among other factors, their
purposeful modification (e.g. due to interventions) may
have a great importance for the prevention of metabolic
and cardiovascular diseases [143—-145].

In theory, hypoxia could induce positive effects on
blood lipid levels by the modification of transcriptional
factors that are responsible for the regulation of appe-
tite (e.g. acylated ghrelin) [125, 146] as well as the glu-
cose and lipid metabolism (e.g. proliferator-activated
receptor gamma coactivator 1-a) [147-149]. However,
none of the included studies [66, 110, 112] provide evi-
dence for a robust effect of IHHE on blood lipid levels,
except one [107]. Total cholesterol was significantly
reduced in three studies [66, 107, 110] and remained
unchanged in one study [112]. However, only Glazachev
et al. [107] have demonstrated significant differences
between patients who underwent IHHE and patients
who underwent sham IHHE. In the same study [107], the
atherogenic index (i.e. [total cholesterol — high-density
lipoprotein cholesterol] = high-density lipoprotein cho-
lesterol) was significantly reduced in patients conduct-
ing IHHE compared to those who performed a standard
rehabilitation program and sham IHHE. High-density
lipoprotein cholesterol was significantly increased and
triglycerides were significantly decreased over time
but without differences between groups (e.g. in the lat-
ter study by Glazachev et al. [110]), while IHHE had no
influence on these parameters in other studies [66, 112].
With regard to low-density lipoprotein cholesterol, both
time- and group-effects were only observed in an ear-
lier study conducted by Glazachev et al. [107], which has
shown a decrease in low-density lipoprotein cholesterol
after performing IHHE. In a comparable manner, Tin'kov
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et al. [51] have demonstrated that 22 daily sessions of
continuous hypoxic exposure (3 h per session, F,O, =
~0.135) resulted in a significant decrease in total cho-
lesterol, low-density lipoprotein cholesterol, and triglyc-
erides, whereas high-density lipoprotein cholesterol was
increased in male patients with coronary artery disease.
However, the study did not contain a control group that
was not exposed to hypoxia. In general, the findings of
the studies that have investigated the effect of continuous
hypoxic training on blood lipid levels are relatively heter-
ogeneous [124, 150—152]. Hence, there is currently little
evidence supporting a positive effect of IHHE on blood
lipid profile. Thus, further research is needed to draw
robust conclusions.

A previous in vitro study has shown an increased insu-
lin-independent glucose uptake in overweight or obese
humans after 7 consecutive days of intermittent hypoxic
exposure (3 cycles of 2 h exposures to hypoxia [F,0, =
0.15], interspersed with 1 h of normoxia) [153]. The
authors concluded that intermittent hypoxic exposure led
to increases in glucose uptake via adenosine monophos-
phate-activated protein kinase-dependent pathways pri-
marily in the myotubes but not in adipocytes. Moreover,
activation of the HIF-1a subunit led to the induction of
several genes involved in the glucose metabolism such
as glucose transporter 1 and phosphofructokinase [154,
155]. In particular, increasing evidence suggests that
long- and short-time IH (passive or in combination with
exercise) may improve glucose uptake and insulin sensi-
tivity in patients with diabetes mellitus type 2, metabolic
syndrome, and overweight or obese patients [42, 156].
Based on the evidence mentioned above, intermittent
hypoxic exposure or training might be an efficient, non-
pharmacological therapeutic strategy to improve glucose
metabolism in metabolically compromised individu-
als. The results of the present review point in the same
direction as such positive effects were also observed after
IHHE. However, this evidence has to be regarded as pre-
liminary because only two studies [66, 110] have inves-
tigated fasting blood glucose concentration before and
after an IHHE intervention. Serebrovska et al. [66] have
shown that fasting blood glucose and 2 h post-oral glu-
cose tolerance test glucose concentrations in patients
with prediabetes were reduced one day after a 3-week
IHHE intervention (5 sessions per week). Furthermore,
glucose levels were still reduced at the 1-month follow-
up assessment and were significantly lower compared
to a sham IHHE group. Although no significant group
differences were observed between IHHE and intermit-
tent hypoxic exposure, the authors concluded that IHHE
is more advantageous due to the reduction in session
duration resulting from shorter reoxygenation peri-
ods (3 min during IHHE and 5 min during intermittent
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hypoxic—normoxic exposure). However, the authors did
not investigate the effect of intermittent hypoxic expo-
sure with shorter normoxic periods (e.g. 3 min). Indeed,
previous studies have shown that intermittent hypoxic
exposure can be effective to improve physical perfor-
mance (i.e. peak oxygen consumption [49] and peak
power [54]) in patients with heart failure or chronic
obstructive pulmonary disease and to reduce blood
pressure in hypertensive patients [50] even with shorter
normoxic reoxygenation periods of 3 min. Considering
these deficits, further studies are required to examine
the effects of IHHE and IHHT on glucose metabolism in
metabolically compromised persons.

In addition to the effects on blood lipid and glucose
concentration, the influences of IHHE on resting sys-
tolic and diastolic blood pressure were also investigated
[106, 107, 109]. The prevalence and absolute burden of
hypertension is rising worldwide [157] and represents
one of the leading modifiable risk factors for cardiovas-
cular diseases being indirectly involved in the devel-
opment of, for instance, kidney diseases and dementia
[157, 158]. There is rather solid evidence supporting the
assumption that intermittent and continuous hypoxia at
rest or in combination with exercise is generally effec-
tive to reduce blood pressure [49, 50, 138, 159] and posi-
tively influence vascular health [41]. The mechanisms
associated with an antihypertensive effect of moderate
hypoxia may include vascular adaptions (e.g. increased
vascularisation and endothelium-dependent vasodila-
tation) as well as adaptations in the autonomic nervous
system (e.g. reduced sympathetic activity) [159]. From
a physiological point of view, acute exposure to hypoxia
is associated with an increase in blood flow, which is
accompanied by higher endothelial shear stress and
thereby endothelium-dependent increase in nitric oxide
[160]. It is well known that nitric oxide causes vasodilata-
tion [161], which reduces total peripheral resistance and
thus blood pressure. Moreover, the hypoxia-mediated
factor HIF-1a is also associated with antihypertensive
mechanisms due to the upregulation of transcriptional
genes such as nitric oxide synthase [162] (i.e. vasodila-
tation) and vascular endothelial growth factor [17] (i.e.
vascularisation). Three studies have found that IHHE can
decrease systolic (—2.9% to —13.9%) and diastolic blood
pressure (—9.0% to 14.0%) [106, 107, 109], although the
changes did not always reach statistical significance [106,
109]. With regard to studies using intermittent hypoxia—
normoxia, Lyamina et al. [50] exposed young males with
stage I hypertension to 20 consecutive days of intermit-
tent hypoxic exposure (4—10 cycles per session, 3 min
of hypoxia [F;0,=0.10] interspersed by 3 min of nor-
moxia) and found a decrease of 22 mmHg in systolic and
16.6 mmHg in diastolic blood pressure. In a more recent
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Table 4 Overview of the general variables determining the hypoxic dose and preliminary synopsis for the application of intermittent

hypoxic—hyperoxic exposure (IHHE) interventions

Variable and description IHHE protocol®
Main variables relevant for a single IHHE session (acute effects)
Intensity of hypoxia
Level of hypoxemia, typically reported as oxygen saturation of the blood (5,0,, internal intensity) or fraction of F0,=0.10-0.12
inspired oxygen (F,0,, external intensity)
Intensity of hyperoxia
Fraction of inspired oxygen (FO,, external intensity) during hyperoxic periods F,0,=0.30-040
Duration of a single hypoxic period
Time spent in hypoxia before the onset of reoxygenation period (i.e. onset of normoxia or hyperoxia period) 2-6 min
Intra-session frequency
Number of hypoxic periods that are interspersed with hyperoxic or normoxic periods (cycle) within a single session  4-8 cycles
or day
Intra-session density
Distribution of hypoxic periods across a distinct time interval with regard to reoxygenation time (i.e. duration of -4 min

normoxia or hyperoxia period) within a single session or day
Main variables relevant for a IHHE training program (chronic effects)
Inter-session frequency

The number of IHHE sessions across a distinct time interval
Inter-session density

Distribution of IHHE sessions across a distinct time interval with regard to recovery time in-between the IHHE ses-

sions

Duration
IHHE intervention duration

3-5 sessions per week

Every second day until daily
for 5 days interspersed with 2
days rest

> 3 weeks

2 Please note that the displayed variables were frequently reported in the reviewed studies and can serve as starting point for future investigations. However, currently
no specific recommendations concerning the dose being most suitable for a distinct population can be provided since there is not enough evidence in the literature

allowing us to draw robust and reliable conclusions in this direction

study, Muangritdech et al. [163] reported significant
reductions in systolic blood pressure (-11.0£9.7 mmHg)
after 6 weeks of intermittent hypoxic interval training (2
sessions per week, 8 cycles per session, 3 min of hypoxia
[S,0,=90.8+2.31% to 87.7+1.89%] interspersed by
3 min of normoxia combined with continuous treadmill
walking at 35-50% of the participants’ individual heart
rate reserve). Moreover, Serebrovska et al. [159] reported
decreases of 10-30 mmHg in systolic and 10-15 mmHg
in diastolic blood pressure in patients with stage I to II
hypertension after intermittent or prolonged hypoxic
exposure in their review. Recent meta-analyses have
shown that every reduction of 10 mmHg in systolic or
5 mmHg in diastolic blood pressure reduced the risk of
major cardiovascular events by 20%, the genesis of car-
diovascular diseases by 17-40%, and all-cause mortality
by 13% [164, 165]. Indeed, a decrease of even 2 mmHg
in systolic blood pressure would involve a 10% lower
stroke mortality and about 7% lower mortality for cardio-
vascular heart diseases or other vascular causes in mid-
dle age [166]. Given the evidence that IHHE can trigger
a reduction in systolic and diastolic blood pressure in
older patients with and without cardiovascular diseases,

IHHE can be considered as a promising therapeutic strat-
egy to reduce systemic blood pressure in this population.
Therefore, the hypotensive effect of IHHE is practically
relevant to prevent the genesis or exacerbation of cardio-
vascular diseases and ensure a healthy life.

Hypoxia Dose

In general, the acute and chronic responses to hypoxia are
complex and could be either adaptive/beneficial or mala-
daptive/pathological depending, among other factors, on
the hypoxic dose. The hypoxic dose can be adjusted by
modulating various variables (Table 4) including the (1)
intensity of hypoxia (hyperoxia), (2) duration of a single
hypoxic period as well as (3) intra-session frequency, and
(4) intra-session density [25, 76]. Indeed, the variables
mentioned above are relevant factors for the acute effects
in response to a single IH session. In order to provide a
more detailed explanation of the effects of the hypoxic
dose on chronic adaptations, we suggest consideration
of three additional variables (Table 4) which are relevant
in an IH training program (i.e. when IH sessions are con-
ducted regularly in a planned, structured, and purposive
manner with the objective to increase or maintain at least
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one fitness or health dimension). These variables include
the (5) inter-session frequency, (6) inter-session density,
and (7) duration over which the IH intervention is car-
ried out. In a review, Navarrete-Opazo and Mitchell [25]
concluded that the intensity and the intra-session fre-
quency of the hypoxic stimulus are the most important
variables with regard to the acute and chronic responses
to IH. Accordingly, the authors recommended “low-
dose” IH protocols with an intensity of F,0,=0.09-0.16
and intra-session frequency of 3-15 cycles per session
or day to achieve positive effects on multiple structures
such as the cardiovascular, respiratory, musculoskel-
etal, neuronal, and immune systems [25]. Although the
recommendations refer to IH sessions with normoxic
reoxygenation periods, the studies in our review gener-
ally point in a comparable direction. Based on the cur-
rent literature, we propose general recommendations for
planning IHHE interventions in Table 4. However, given
the evidence showing that acute and chronic responses to
hypoxia are complex, specific, and inter-individual [167,
168], we also advocate for the conduction of additional
high-quality studies investigating the acute and chronic
dose—response relationship of IHHE and IHHT. Further-
more, we suggest that the administration of hypoxia and
hyperoxia requires an individually tailored approach [77].

With regard to the intensity of the hypoxic stimulus, it
is crucial to differentiate between internal (e.g. individuals’
S,0,) and external intensity (e.g. F;,O,). Reductions in §,0,
at a fixed F,O, vary widely within and between individu-
als due to different compensatory processes especially with
increasing hypoxia intensity [168]. Knowing that internal
intensity but not the external intensity determines the
individuals’ physiological stress, it is suggested that the
administration of hypoxia requires an individually tailored
approach [77, 169]. To deal with this issue, the majority of
the studies included in this systematic review [106-110,
112] performed a hypoxic test in order to examine patients’
individual response to hypoxia (i.e. changes in 5,0, and
heart rate). Subsequently, the hypoxia intensity and intra-
session density of the IHHE program was individually
tailored based on the results of this hypoxia test [170]. Fur-
thermore, to control and adjust the hypoxia intensity and
duration during the IHHE session, the patients’ heart rate
and S,0, were monitored and the IHHE session was con-
trolled via biofeedback (i.e. when reaching the individual
minimum of S,0,, the hypoxic switched to the hyperoxic
period until the initial 5,0, was reached).

Of note, the main difference of IHHE or IHHT com-
pared to other IH methods is the replacement of nor-
moxic periods by hyperoxic periods. This modification
is hypothesized to up-regulate specific transcription fac-
tors [58, 59, 67], which can, in turn, cause adverse (e.g.
cell damage) or beneficial (e.g. redox signalling) effects
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depending on the dose of the stimuli [25, 76]. In this
regard, it has been shown that chronic exposure to hyper-
oxia can increase oxidative stress, which may have a neg-
ative impact on normal cellular mechanisms [171]. Thus,
hyperoxia should be carefully administered even in IHHE
or IHHT. With regard to the included studies, no adverse
effects being directly attributable to the hyperoxic peri-
ods were reported. However, further research is neces-
sary to better understand the biological consequences
and possible health risks (e.g. for specific populations
such as patients with chronic obstructive pulmonary
disease) of the replacement of normoxic periods with
hyperoxic periods. Unfortunately, due to the low number
of studies and the heterogeneity in study population and
design, a more detailed sub-analysis regarding the influ-
ence of the hypoxia and hyperoxia dose was not possible.

Limitations

The first limitation is that four studies were excluded
because they were not written in English. These studies
were published between 2010 and 2017 and have inves-
tigated the effect of IHHE on different performance- and
health-related outcomes in patients with metabolic and
cardiovascular diseases. Unfortunately, the full-texts of
all of these studies were published in Russian and could
not be completely analysed as none of the authors of this
systematic review understands Russian sufficiently well.
Secondly, according to our quality assessment (modified
Downs and Black checklist [75]), the majority of stud-
ies were classified as moderate quality. Thus, our findings
should be viewed with respect to this limitation. In this
context, a major point of concern is the insufficient jus-
tification of the sample size since only the study by Dud-
nik et al. [109] calculated and reported the sample size
and effects size measures. The sample size calculation is a
critical element of interventional studies as most of these
studies aim to determine the effect (size) of different inter-
vention approaches on a primary outcome parameter
[172]. Therefore, the sample size calculation is a crucial
part of the study planning being related to ethical, medi-
cal, and statistical considerations. In line with established
recommendations [173], researchers are advised to pay
more attention to an appropriate sample size calculation
to improve the quality and transparency of their studies
which, in turn, can enhance the robustness and trustwor-
thiness of their findings. Furthermore, all of the reviewed
studies lacked important methodological descriptions
concerning Items 15, 19, 22, 24, and 28 of the modified
Downs and Black checklist (see Risk of bias assessment
[75]). In particular, the lack of reporting of the patients’
compliance with the intervention is worth mentioning,
given that reduced or marked inter-group differences in
the patients’ compliance could have biased the effects of
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IHHE on performance- and health-related outcomes. In
addition, the intervention was primarily applied in older
patients with various diseases such as cognitive, cardiovas-
cular, or metabolic disorders. Finally, the studies showed
a strong heterogeneity with regard to their primary out-
come parameters making a meta-analytical approach not
possible.

Conclusion and Perspective

Despite a somewhat limited number of studies included
in our qualitative analysis, the current systematic review
provides first hints that IHHE can be a non-pharmacolog-
ical intervention strategy for improving peak oxygen con-
sumption, exercise tolerance, and cognitive performance
as well as reducing cardiometabolic risk factors (particu-
larly blood glucose level, systolic and diastolic blood pres-
sure) in older patients with cardiovascular and metabolic
diseases or cognitive impairment. Importantly, although
the results appear promising, more high-quality rand-
omized controlled trials with a detailed description of the
hypoxia dose and population (i.e. specific disease pheno-
type) are warranted before robust conclusions for the use
of IHHE in therapy or clinical practice can be drawn. The
evidence concerning the effects of IHHE on total choles-
terol, high- and low-density lipoprotein cholesterol, and
triglyceride blood level as well as erythropoiesis and hae-
moglobin mass is still inconclusive. Moreover, there is no
evidence that replacing normoxic periods with hyperoxic
periods enhances hypoxia-related adaptations in humans.
This is mainly due to the fact that only one study directly
compared the effect of IHHE and intermittent hypoxic
exposure on blood glucose and lipoprotein cholesterol
level in older patients with prediabetes.

Given the relatively low number of studies investigating
the chronic effects of IHHE on performance- and health-
related outcomes, there are some important aspects that
should be addressed in future studies. These include
the direct comparison of the effectiveness of IHHE or
IHHT and hypoxic—normoxic exposure or training on,
for example, changes in physical performance (e.g. exer-
cise tolerance), cognitive performance (e.g. working
memory), or cardiometabolic risk factors (e.g. systolic
and diastolic blood pressure). Moreover, the cellular
and molecular changes (e.g. nitric oxide, erythropoie-
tin, HIF-1a) driving the adaptations to IHHE or IHHT
should be examined. Furthermore, to better individualize
IHHE or IHHT interventions, the optimal combination
of variables that determine the dose—response relation-
ship needs to be investigated with respect to physiologi-
cal and structural adaptations as well as their importance
for physical and cognitive performance improvements.
These variables include the intensity of hypoxia and
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hyperoxia, the duration of a single hypoxic period, the
intra-session frequency (i.e. the number of cycles), the
intra-session density (i.e. duration of a single hyperoxic
period), the inter-session frequency, the inter-session
density, and the duration over which the IHHE or IHHT
intervention is carried out (see Table 4). Finally, there are
no studies available that have investigated the chronic
effects of IHHT on performance- and health-related out-
comes in humans. To address this gap, future studies are
needed that investigate the combination of intermittent
exposures to hypoxic and hyperoxic periods with differ-
ent types of exercise, such as intermittent or continu-
ous aerobic exercise or resistance exercise, to elucidate
whether synergistic effects occur. In particular, it should
be noted that the functional and structural adaptations
in response to acute or chronic IHHT are not necessarily
the same as those that occur during exercise in continu-
ous hypoxia or intermittent hypoxia—normoxia. There-
fore, current recommendations for exercise and training
in hypoxic conditions should be re-evaluated for IHHT.
As a consequence, it could be necessary to introduce spe-
cific recommendations for IHHT.
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