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ABSTRACT
Although many studies have investigated whether aerobic training in hypoxia (IHT) could bring advantages to maximal ox-

ygen uptake (VO
are inconsistent. This variability may come from differences in population, training protocols, hypoxic methods, and potential

»max) and sea-level performance when compared to analogous normoxic training (NT), the literature results
bias. Therefore, a comprehensive meta-analysis with strict inclusion criteria is needed to assess the effects of aerobic IHT on
VO,,... and performance. This study aims to review previous meta-analyses and analyze all parallel-design studies examining
the effect of aerobic IHT compared to NT on VO, . and sea-level aerobic performance. Systematic research was conducted
following PRISMA guidelines regarding the effects of aerobic IHT on sea-level VO, __and performance outcomes. The analysis
accounted for characteristics of the population, training protocol, hypoxic environment, and publication details. A total of 35
studies involving 524 participants were included. The analysis showed that IHT, compared to NT, did not significantly improve

VO
differences based on fitness level (p =0.690) and exercise modality (p =0.900); however, a publication bias was found (p=0.004).

Hmax (P =0.333), peak power output (p=0.159), and time to exhaustion (p=0.410). Subgroup analyses identified no significant
These results suggest that, despite some enthusiastic findings in the literature, possibly influenced by publication-related biases,
aerobic THT does not offer superior improvement in VO and performance compared with NT. Therefore, adding hypoxia to
aerobic exercise does not enhance training adaptations.

2max

1 | Introduction

Since the 1960s, athletes and researchers have shown interest
in altitude training to improve sea-level performance [1-4].
Exposure to hypoxia during exercise increases cardiac output
and muscular oxygen extraction, amplifying the physiologi-
cal response [5-7]. Based on these observations, intermittent

hypoxic training (IHT)—in which hypoxia is applied exclusively
during exercise—was hypothesized to be superior to normoxic
training (NT) in promoting adaptations of maximal oxygen
uptake (VOZmaX) and aerobic performance [1]. However, after
decades of research, while some studies [8-15] have reported
advantages of IHT over NT for VOZmaX, maximal workload, and
performance, others have found no such benefits [16-19].
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1.1 | Heterogeneity in the Literature

Contradictions extended beyond individual studies to system-
atic reviews. Following the seminal works of Levine [2] and
Hoppeler et al. [3], which questioned the advantages of IHT
on VO, . and muscle oxygen extraction compared with NT,
Bonetti and Hopkins [20] concluded in 2009 that IHT-induced
changes in VO, and peak power output (PPO) were negligi-
ble compared with those observed after NT. Interestingly, a few
years later, Montero and Lundby [21] demonstrated that IHT
enhanced muscular neoangiogenesis more than NT, potentially
improving oxygen extraction. Likewise, Westmacott et al. [22]
found that high-intensity IHT moderately improved VO,
more than high-intensity NT. More recently, Feng et al. [23]
highlighted a significant advantage of IHT in athletes, and Yu
et al. [24] identified IHT as the most effective altitude training

modality for improving sea-level VO, .

1.2 | A Quantitative Synthesis Must be Strict but
Comprehensive

Given the contradictory evidence, a comprehensive meta-
analysis is crucial to synthesize the effect of IHT on VO,
and aerobic performance. A critical step in addressing the
variability in IHT outcomes is the evaluation of all relevant
study features, including population characteristics, training
protocols, hypoxic exposure parameters, experimental design,
and publication-related details [25]. It is equally important
to identify and, when appropriate, exclude any papers with
overlapping participant cohorts or physiologically implausible
results.

Moreover, to minimize confounding bias and isolate adaptations
related to oxygen transport, strict inclusion criteria should be
applied. To avoid bias from carryover and period effects, cross-
over studies should be excluded [25]. Likewise, studies involving
supramaximal intervals and strength training should be omit-
ted, as these interventions may influence performance through
adaptations in anaerobic work capacity and muscular efficiency
while exerting only limited effects on VO, . [26-28]. Similarly,
studies focusing on small-muscle group training (e.g., knee ex-
tensions) should also be excluded due to their distinct demands
on oxygen delivery [2, 5].

1.3 | Aim of This Meta-Analysis

We hypothesized that IHT offers no advantage over NT in
improving VOZmax and aerobic performance and that specific
factors may account for the contrasting evidence in the liter-
ature. Accordingly, the primary aim of this study was to sys-
tematically synthesize evidence from all parallel-group trials
comparing aerobic IHT and NT, employing strict inclusion
criteria and focusing on adaptations in VO, and aerobic
performance. To support interpretation, variables related to
oxygen delivery, oxygen extraction, and maximal workload
were also considered. As a secondary aim, we assessed the
methodologies of previous meta-analyses and conducted mod-
erator analyses to explore potential sources of heterogeneity
across studies and reviews.

2 | Methods

This Systematic Review and Meta-Analysis was conducted ac-
cording to the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines [25]. Three independent
raters (GD, GG, EW) carried out the study selection, data collec-
tion, and publication bias assessment. Any divergences were ad-
dressed through discussion or consensus with a fourth rater (MV).

2.1 | Literature Search and Study Selection

A comprehensive literature search was conducted without re-
striction on the start date, extending until September 2024. The
search encompassed the following scientific databases: PubMed,
Scopus, Cochrane, and Web of Science. The search terms utilized
were: (1) ‘intermittent hypoxic training’ NOT ‘sprint’, and (2) ‘hy-
poxic’ OR ‘hypoxia’ AND ‘training’ NOT ‘sprint’. Additionally,
the reference lists of included articles and relevant reviews were
systematically evaluated to identify potentially pertinent studies.

2.1.1 | Eligibility Criteria

The authors included studies that met the following criteria: (1)
full-text manuscripts; (2) not reviews; (3) human studies with
healthy participants of any sex aged 18-40years; (4) parallel
studies following a whole-body aerobic IHT with an interven-
tion group living in normoxia and training in hypoxia, a control
group living and training in a normoxic environment, including
sea-level pre- and post-training measures. Aerobic IHT was de-
fined as any training that mainly stimulates the aerobic system,
in which the intensity was equal to or lower than maximal work-
load, maximal running speed, or VO with intervals equal to
or longer than 60s [29].

2max’

2.1.2 | Exclusion Criteria

Exclusion criteria for studies were as follows: (1) non-English pub-
lications; (2) inclusion of elderly participants, or those with any
acute or chronic diseases; (3) exercise modalities that did not in-
volve whole-body aerobic training; (4) any altitude training para-
digm that differed from IHT, or mixed training paradigms; (5) any
form of hypoxic training combining IHT with intermittent hypoxic
exposure; (6) crossover studies; (7) studies presenting physiolog-
ically unexpected results. We scrutinized the studies for physio-
logically implausible results, observing pre-post values in the NT
groups for potential undeclared methodological issues [30-32]. We
excluded papers where a significant increase in maximal workload
was accompanied by a significant decrease in VO, , or when the
large difference between the pre-post changes of these two vari-
ables could not be explained by study design and outcomes [30].
Further details are provided in Supporting Information 1.1.

2.1.3 | Review of Existing Meta-Analytical Evidence on
Aerobic IHT

Theliterature was also systematically screened for meta-analyses
that investigated the effects of IHT and NT on adaptations of
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VO,,.., and aerobic performance. For each review, the following
data were extracted: (1) variable of interest, (2) population, (3)
number of included studies and total participants, (4) results, (5)
number, description, and justification for studies excluded from
the current analysis, (6) specific limitations for a synthesis on
aerobic THT.

2.2 | Data Collection

The list of included articles was organized using a web-based
reference manager, Rayyan (http://rayyan.qcri.org). Before the
eligibility screening process, all papers were consolidated into a
unified reference list, and duplicate entries were systematically
eliminated using an automated tool with a sensitivity threshold
set at 90% similarity (Rayyan). The duplicates not detected by
the automatic tool were manually excluded. Titles and abstracts
of all papers were screened for the inclusion criteria. Full-text
manuscripts were screened in depth for inclusion and exclusion
criteria.

Following eligibility and screening, authors extracted data on
study characteristics, including sample size, sea-level pre- and
post-intervention variables of interest, as well as data regarding
population, training protocol, hypoxia, VO, assessment, and
publication. For a detailed description of all the moderators, see
Supporting Information 1.2 and 1.3.

2.2.1 | Pre- and Post-Training Variables

Sea-level pre- and post-training variables included were: (1)
VOZmaX; (2) Maximal workload (PPO, peak running speed,
Vpeak, Maximal Aerobic Speed, VVOZmaX); (3) Endurance
Performance (Time to exhaustion, TTE; Distance Time Trial,
DTT); (4) Maximal cardiac output, Qmax; (5) hematological
factors, such as plasma volume (PV) expansion, hematocrit
(Ht), hemoglobin concentration (Hb), and mass (Hb_, J; (6)
determinants of oxygen extraction, such as muscle capillariza-
tion (Capillary Length Density, CLD; capillary-to-fiber ratio,
C:F) and mitochondrial density (expressed as citrate synthase
activity, CS, and percentage of subsarcolemmal mitochon-
dria, SSM).

Since the evaluation of the effects on the oxygen transport re-
quires VO, . to be expressed in absolute terms, all values
originally reported in relative terms were estimated to absolute
values (,, VO, ) using body weight variations, when available
(see Supporting Information 1.4).

2.2.2 | Data Items and Processing

Variables of interest were expressed as a pre- and post-training
mean difference (md) £ pre-post standard deviation (). When
a study included multiple IHT groups, the two correspond-
ing reports showed a halved number of subjects in the NT
group. When md for each variable was not reported, the post-
training values were subtracted from the pretraining values;
when o was not declared, it was computed starting from the

variable's mean, standard deviation, and a correlation coeffi-
cient of 0.5 [25]. In case of missing data in the text, the values
were estimated from figures using specific software (Image J,
Townson, MS, USA).

2.3 | Meta-Analysis

All the analyses were performed using the meta package in R
(R Foundation for Statistical Computing, version 4.2.2). The
md and o data extracted from the studies were transformed
into observed standardized mean differences (SMD), utiliz-
ing Hedges' g method [33]. Random-effects (RE) models em-
ploying restricted maximum likelihood estimation were used
to calculate the study SMD and their 95% confidence inter-
vals (CI).

The pooled effect was also expressed with SMD, and statistical
significance was determined with a p value threshold <0.05.
Effect sizes were interpreted using the following categories: triv-
ial (SMD <0.2), small (SMD 0.2-0.6), moderate (SMD 0.6-1.2),
large (SMD 1.2-2.0), or very large (SMD 2.0-4.0) [34]. To eval-
uate heterogeneity among studies, both the I? statistic and
Cochrane's Q statistic were employed, where I? values of 20%,
50%, and 75% indicated low, moderate, and high heterogeneity,
respectively [35].

2.4 | Publication Bias and Sensitivity Analysis

Publication bias was investigated through funnel plots'
asymmetry, using both Egger's linear regression method test
and the trim-and-fill method (only with 10 or more reports)
[25, 36, 37]. Studies with standardized residuals exceeding +
3.0 were classified as outliers [38]. To evaluate the robustness
of the overall pooled effect estimate, a leave-one-out analysis
(LOO) was employed, systematically excluding one study at a
time and recalculating the pooled SMD for each outcome vari-
able [25]. Multiple reviewers independently evaluated outliers
and overly influential studies for methodological issues (GD,
GG, MV, EW).

2.5 | Subgroup and Meta-Regression Analysis

Each discrete moderator (Table S1 in Data S2) was analyzed
to assess its impact on the overall meta-analysis results using
Cochrane's Q statistics [25]. Additionally, each subgroup was in-
dependently evaluated, reporting SMD, CIs, p values, and trim-
and-fill, where applicable.

A meta-regression analysis, instead, was conducted to explore
the influence of all continuous moderators. Data are presented
with the regression coefficients (§), p values, and CIs [25]. In
cases where two or more moderators may influence the out-
comes, collinearity was assessed using Yates's chi-squared test
(x? [39]. To avoid the overfitting and low predictive value of
the effect, meta-regression analysis and Cochrane's Q statistics
were performed only if the variable contained more than 10 re-
ports [25].

30f18

85U8017 SUOWILLIOD @A 181D 3|ceol[dde 8Ly Aq peusenob ae sajo e YO ‘8sn JO s3I0} ARIq1T8UIIUQ AB]IM UO (SUOIPUOD-PUR-SWBHAL0D" A8 1M AReql 18U [UO//:SANL) SUORIPUOD pUe Swie | 8u188S *[5202/90/92] Uo AriqiTauliuo A(IM ‘0RA 1 1pNiS 116ea AiseAlun Ag 8800, SWS/TTTT OT/I0PA0D" A8 M Ake.q1jpuluo//:SAny Wouy papeojumod ‘9 ‘G20z ‘8880009T


http://rayyan.qcri.org/

3 | Results
3.1 | Literature Research

3.1.1 | Limitation of Meta-Analytical Evidence on
Aerobic IHT

The literature included five meta-analyses that evaluated
between 115 and 450 subjects [20-24]. All the character-
istics, results, and methodological considerations of the
meta-analytical evidence are shown in Table 1. The major
limitations of the previous meta-analyses on whole-body
aerobic THT were: (1) a small number of parallel studies
and the inclusion of heterogeneous study designs; (2) inclu-
sion of training modalities beyond aerobic IHT; (3) compar-
ison between small-muscle mass training and whole-body
training; (4) overlapping cohorts across multiple reports; (5)
inclusion of papers with physiologically unexpected results,
methodological flaws, or specific populations; (6) limited
sample size, which precluded robust subgroup analyses and
meta-regression.

3.1.2 | Systematic Research and Report Definition

A total of 1781 articles from four databases were retrieved, and
35 articles were included, as shown in Figure 1. See Supporting
Information 2.1 for the reasons that led to the exclusion of three
studies for inconsistent results. Some studies reported or were
likely based on the same participant cohort (see Supporting
Information 2.2). As a result, 31 reports were considered, each
representing a unique cohort. The number of participants in
the analysis was 524 (IHT: 276; NT: 248) with a pooled age of
24 +4years (IHT: 23+4; NT: 25+ 4years). See Table 2 for the
complete description of the studies.

3.2 | Meta-Analysis

Table 3 contains the results of the meta-analysis. Table S1 con-
tains the sensitivity analysis for each variable. Figure 2 shows
the forest plots depicting the pooled effect of IHT versus NT on
\¢)

2max’

3.2.1 | Effect of IHT on Maximal Oxygen Uptake
and Maximal Workload

IHT did not offer additional benefits over NT for VO
(SMD=0.11 [-0.11, 0.33]; p=0.307; I’=22%) or , VO,

(SMD=0.14, [-0.11, 0.39]; p=0.269; I*?=19%). Egger's test
showed a publication bias for both VO (p=0.005) and

\Y¢ (p=0.001) analysis.

abs 2max

2max

2max

The maximal workload was assessed using different metrics
across studies: 16 reports used PPO (see Table 2), one employed
V o [8, 53, 54], and another used an indirect estimate of
vVO,, .. [60]. THT did not appear to offer additional bene-
fits over NT for improving PPO (SMD=0.14, [-0.06, 0.35];
p=0.159; I>=0%).

3.2.2 | Effect of IHT on Endurance Performance

Two studies evaluated DTT using a 3000-m field test [13, 15]. The
remaining five reports assessed TTE with different protocols at
intensities above critical power or speed. Two reports [41] exam-
ined the ability to sustain 85% of VOZmaX, one [51] evaluated the
ability to sustain PPO, another [60] assessed the maintenance of
95% of vWO,, . ,and a report [42] investigated the ability to sus-
tain 80% of VO, in sedentary subjects. No significant benefits
of IHT over NT were observed for TTE (SMD=-0.30 [-1.22,
0.61], p=0.410; I’=36%) and DTT (SMD=-0.51 [-1.99, 0.96],
p=0.142, 2=0%).

3.2.3 | Effect of IHT on Oxygen Transport Components

No parallel studies have investigated the effect of IHT and NT
on Q.. and oxygen extraction using gold-standard techniques
or assessed changes in Hb_,  [64]. Only one study reported the
percentage change in PV, while 16 and 15 reports (see Table 2)
showed the pre—post difference for Hb and Ht, respectively [60].
Only 6 and 7 studies (see Table 2) have capillarization and mito-
chondrial density measures, respectively.

IHT did not significantly increase Hb concentration
(SMD=0.13 [-0.04, 0.29]; p=0.120; I?’=0%), nor Ht
(SMD=0.08 [-0.14, 0.31]; p=0.462; I’=0%) compared to
NT. Publication bias was found only for Ht analysis (Egger's
p=0.003). Neither CLD (SMD =0.15 [-0.79, 1.09]; p=0.684;
I?=43%) nor C:F (-0.06 [-1.4, 1.28]; p = 0.864; I>= 0%) showed
a difference between IHT and NT. Similarly, no differences
are seen for the increase in SSM (SMD =0.45, [-0.87, 1.78];
p=0.355; I’=47%) and CS activity (SMD=-0.24, [-1.55,
1.07]; p=0.600; I> = 57%).

3.3 | Subgroup Analysis

The detailed results of discrete moderator analysis are shown
in Table S2.

3.3.1 | Impact of Population Characteristics

The participants’ mean age was 24 +4years, and one report in-
cluded a female-only cohort [14, 63]. The athletic background
and training status did not influence the outcome of IHT when
compared to NT for VO, . (Q=0.08, p=0.780), ,, VO,
(Q=10.58, p=0.100), and PPO (Q=3.27, p=0.660). However,
the country significantly moderated the effect for VO,
(Q=27.35,p<0.001) and PPO (Q=43.87, p<0.001), with studies
from Poland and South Korea showing larger effect sizes (see
Table S2).

3.3.2 | Impact of Training and Hypoxia Characteristics

No significant advantage of IHT over NT was observed for
\%e) (Q=0.02, p=0.890) and PPO (Q=0.29, p=0.590),

abs 2max
regardless of whether the intervention was implemented
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TABLE1 | Summary of the previous meta-analysis that compared IHT and NT adaptations, with population, design, aim, results, and limitations.

Authors
(Limit of search)
Number of studies

Population, design and
results (IHT vs. NT)

Excluded studies in the current
analysis and reasons (see
original papers for reference)

Limitations in
aerobic IHT
evidence synthesis

Bonetti and Hopkins,
2009 [20]

(April 2007)

Studies: 8

Montero and Lundby,
2016 [21]

(September 2015)
Studies: 18

Westmacott et al.,
2022 [22]

(date not specified—
end of 2021)

Studies: 9

Feng et al., 2023 [23]
(date not specified—
end of 2022)
Studies: 19

Yu et al., 2023 [24]
(March 2023)
Studies: 19

Healthy adults (n: 115);
every AT protocol
Trivial VO,_ . benefit
(1.1% +2.0%)

No advantage for PO
(0.9% +2.4%)

No data for subanalysis
No clear APO/AVO

relationship

2max

Healthy adults (n: 331); ITHT
Small benefit for
muscle capillarization
(0.40 [0.10; 0.70])
Moderate advantage for
CLD (0.83[0.31; 1.36])

Healthy adults (n: 194);
high-intensity IHT
Large benefit on VO, .
(1.14[0.56-1.72])
No relationships among
AVO FiO,, duration

2max’

Athletes (n: 357); comparison

among different AT paradigms

Small advantage for
VO, . (0.36[0.10;0.62])
IHT is less beneficial for
VO,,,., improvement
than Live High Train
Low paradigms

Healthy adults (n: 450);
comparison among
different AT paradigms
IHT beneficial for VO,
(results not available—
Bayesian meta-analysis)
IHT the most effective AT
in the overall population

to improve VO,

Hendriksen and Meeuwsen,
2003: crossover
Terrados et al., 1988; Truijens
et al., 2003: sprint/strength
Roels et al., 2005: not THT
Overall: four studies excluded

Shi et al., 2014; Shi et al., 2013: crossover

Terrados et al., 1988; Kon et al.,
2014; Kong et al., 2014; Schreuder
et al., 2014: sprint/strength
Melissa et al., 1997; Terrados
et al., 1990: single-leg
Desplanches et al., 1996:
high-altitude natives

More than four studies: capillarization

not the main outcome
Overall: 13 studies excluded

Zebrowska et al., 2019: crossover
Chapman et al., 1998: retrospective
Park and Lim, 2017; Richardson
et al., 2016; Truijens et al.,
2003: sprint/strength
Menz et al., 2016: single-leg
Overall: six studies excluded

Hendriksen and Meeuwsen,
2003: crossover
Truijens et al., 2002; Arezzolo
et al., 2020; Ambrozy et al.,
2020: sprint/strength
Ponsot et al., 2006 the same
cohort as Dufour et al., 2006 (only
one should be considered)
Czuba et al., 2019: physiologically
unexpected results in NT group
Telegtéw et al., 2022: VO,
estimated, not measured
Overall: eight studies excluded

Wang et al., 2011; Wang et al., 2017;
Chen et al., 2018: likely share the
same cohort as Wang et al., 2010

Kong et al., 2017; Park et al.,
2017; Park et al., 2018; Ambrozy
et al., 2020: sprint/strength
Hein et al., 2021: elderly
Roels et al., 2005: not IHT
Haufe et al., 2008: physiologically
unexpected results in NT group
Overall: 10 studies excluded

20+ parallel studies
not included
Some studies are not
specific to aerobic THT
Magnitude-based
inference limits
comparability

Small-muscle mass
training included
Study on high-
altitude natives
Some studies are not
specific to aerobic ITHT

20+ parallel studies
not included
Small-muscle mass
training included
Some studies are not
specific to aerobic ITHT

Eight parallel studies in
athletes not included
Duplicate cohorts with
no clarity: possible
overestimation
Two studies with
methodological
limitation
Some studies are not
specific to aerobic THT

20+ parallel studies
not included
Duplicate cohorts likely:
possible overestimation.
1 study on elderly
Some studies are not
specific to aerobic THT
1 study with
methodological
limitation

Note: Results are expressed in standardized mean difference (SMA) and 95% confidence interval (CI).
Abbreviations: AT, altitude training; CLD, capillary length density; A, pre-post difference; FiO,, fraction of inspired oxygen; IHT, intermittent hypoxic training; NT,

normoxic training; PO, power output; VO

Hmay Maximal oxygen uptake.
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[ Identification of studies via other methods ]

Citation searching (n = 30)

Reports sought for retrieval .| Reports not retrieved
(n=30) Tl (n=11)

!

Reports assessed for eligibility Reports excluded:
(n=19) Incorrect Study Design (n = 0)

A4

Physiological Inconsistent
Results (n = 1)

[ Identification of studies via datab and registers
—
& Records identified from:
o Databases (n = 4) Records removed before
‘g’ screening: Records identified from:
£ MEDLINE (n = 623) >
= ScienceDirect (n = 608) Duplicate records (n = 536)
35 Web of Science (n = 459)
Cochrane (n =91)
!
—
Records screened Records excluded
F———
(n = 1245) (n=1221)
Studies sought for retrieval | Studies not retrieved
= (n=24) (n=0)
=
Q
: !
O
7]
Studies assessed for eligibility _ | Studies excluded:
(n=24) >
Incorrect Study Design (n = 5)
Physiological Inconsistent
Results (n = 2)
)
\
-l
o
3 Studies included in review
Té (n=35)

*Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers).
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools.

FIGURE1 | PRISMA flowchart illustrating the systematic review of the literature: A total of 31 reports were identified for the IHT-NT compari-

son, derived from 35 individual studies.

independently or as part of a comprehensive training plan.
Similarly, exercise intensity did not influence the adaptive re-
sponse to IHT compared to NT for either ,, VO, . (Q=0.00,
p=0.980) or PPO (Q=0.52, p=0.470). No differences be-
tween running and cycling in the increase of VOZmax Q=1.77,
p=0.410) and absVOZmax (Q=4.82, p=0.090) were retrieved
when ITHT is compared to NT. Exercise modality showed collin-
earity with the country of publication (y*=18.9, p=0.042).

Regarding hypoxia-related moderators, no significant differ-
ences were observed in abSVOZmax (Q=2.55, p=0.280) and
PPO (Q=1.07, p=0.590) between IHT and NT, regardless
of whether oxygen reduction was achieved via hypoxicator
(HD), normobaric hypoxic chamber (NHC), or hypobaric
hypoxic chamber (HHC). Additionally, the method used to
target exercise intensity in IHT had no significant impact on
changes in ,, VO (Q=1.15, p=0.760) and PPO (Q=0.62,
p=0.890).

2max

3.3.3 | Impact of Publication Characteristics
Moderator analyses on ,, VO,  revealed no significant
differences for randomization (Q=0.13, p=0.720), blinding
(Q@=2.39,p=0.120), decade of publication (Q =1.96, p =0.370),
or open-access status (Q=1.87, p=0.170) of the study.
However, for VO and ., VO the largest SMDs were

2max abs 2max’

found for studies published after 2010 and for those published

in open-access journals. Similarly, subgroup analyses for PPO
indicated significant effects for the decade of publication
(Q=5.60, p=0.020) and open-access publication (Q=7.71,
p=0.005), with studies published after 2010 and those avail-
able as open-access reporting larger effect sizes than the
other subgroups (see Table S2). These two moderators exhib-
ited collinearity (y*=20.1, p<0.001), and open-access status
showed collinearity with country of publication (x*=23.1,
p <0.001).

3.4 | Meta-Regression Analysis

Meta-regression analyses revealed that none of the continuous
moderators significantly influenced the difference between IHT
and NT. For pre-post changes of VOZmaX, no significant associa-
tions were found for hypoxia level (FiO,: §=0.04 [-0.12, 0.19],
p=0.659), training duration (total days: 5=0.01 [-0.05, 0.06],
p=0.843), or training frequency (days/week: §=-0.02 [-0.22,
0.18], p=0.815). The detailed results from the meta-regression
analysis are provided in Table S3.

4 | Discussion
The primary aim of this paper was to determine whether aer-

obic THT is superior to NT for enhancing VO, and aerobic
performance, through a methodologically rigorous selection
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of the studies. The secondary aim was to identify factors that
may account for the variability observed in the literature by

reassessing previous meta-analytical evidence and perform-

ing a moderator analysis on the included studies. In line with
earlier reviews, our findings indicate that aerobic IHT is not
superior to NT in improving VO
(p=0.269), PPO (p=0.159), DTT (p=0.142), and TTE (p = 0.410)

[2-4, 20].

2max

(p=0.307), , VO

2max

4.1 | Oxygen Delivery and Extraction: No
Advantage of THT Over NT

Given the lack of significant advantage, it is reasonable to infer
that both oxygen delivery and extraction adaptation after aerobic
IHT are likely comparable to those induced by similar NT [2, 3].
Although the present analysis found no significant difference in

Hb (p=0.120) and Ht (p =0.864) changes, none of the included

TABLE 2 | Summary of the studies included in the meta-analysis.

Study name
(Publication data)

Study characteristics

Training description

Findings (IHT/NT): md 3, A%

Desplanches et al.,
1993 [40]
(France)

Engfred et al., 1994
[41]
(Denmark)

Emonson et al.,
1997 [42]
(Australia)

Katayama et al.,
1999 [43]
(Japan)

Bailey et al., 2000
[44]
(Wales)

CT; Male Sedentary Subjects;
FiO,: 11.4% - 4800m (HD)
IHT/NT (n: 5/5)

Age: 22+1/23 +1years
Sampling: Mixing Chamber
Criteria for maximal test:
La . >8mmol-L™!; RER
> 1.0; VO, plateau
CT; Male & Female
Sedentary Subjects;
FiO,: 15.9%; 2500 m
(HHC)

IHT, /IHT,, /NT (n:7/7/7)
Age: 26 +7/27+5/26 £ 7years
Sampling: Douglas Bag
Criteria for maximal test:
LamX >8mmoleL;
VO, plateau
RCT, Double-Blinded; Male
& Female Sedentary Subjects
FiO,: 15.8%; 2500 m
(HHC)

IHT/NT (n: 9/9)

Age: 28 +17/30 + 14years
Sampling: Mixing Chamber
Criteria for maximal test:

La . >8mmol.L™!

RCT, Blind
Male Sedentary Subjects
FiO,: 11.8%; 4500 m
(HHC)
IHT/NT (n: 7/7)

Age: 21+3.1/21.7+3.9years
Sampling: Douglas Bag
Criteria for maximal test:
RER >1.0; VO, plateau

RCT, Male Sedentary Subjects
FiO,: 16.0%; 2100m (HD)
IHT/NT (n: 18/14)

Age: 22+3/22+ 1years
Sampling: Douglas Bag
Criteria for maximal test: NS

Cycling, MIT
Weeks: 3; Total Days: 18
1h (morning)+1h
(afternoon) at 75%
of VO, . (N/H)
Exclusive Training

Cycling, MIT
Weeks: 5; Total Days: 25
IHT, : 45" at 70%
VOZmax (H/N)
IHT,,: 45" at the same
%PPO correspondent
to 70% VO, .. (N)

Exclusive Training

Cycling, MIT
Weeks: 5; Total Days: 15
45" at 70% VO, . (H/N)

Exclusive Training

Cycling, MIT
Weeks: 2; Total Days: 10
30" at 70% of
VOZmax (H/N)
Exclusive Training

Cycling; HIT
Weeks: 4; Total Days: 12
20 at 70% HR
(w)—75% HR
(w,)—30"at 80% HR .
(w;) and 85% HR . (W,);
HR___considered: H/N

max
Exclusive Training

VO :0.254+0.33/0.10 £ 0.57 Lemin™!
6.4%/2.6%
C:F:0.25+0.36/0.45 +£0.53
13.1%/25.0%
CLD: 19 +79/108 + 132 mmemm
4.2%/22.9%
SSM: 0.16 +0.39/0.67 +0.61%

42.1%/77.9%

VO, ..:147£2.0/11.2+
1.8/14.5 £ 2.30 A%
TTE (at 85% VO, )
39+27/43+26/68 +25min

298.5/179.4/441.3%

2max

VO, . 64+9.1/3.8 +
10.7mLemin~lekg™!
15.7%/9.0%

TTE (at 80% VO, )
5.8+3.6/4.7+7.5min

77.4%/66.9%

VO, . 40+5.5/2.9+57 mLemin~lekg™!
7.1%/5.0%
VO :0.47+0.55/0.16 +0.71 Lemin~!

2max

13.5%/4.0%
PPO: 15.0+38.6/22.0+51.9W
4.6%/7.0%

(Continues)
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TABLE 2 | (Continued)

Study name

(Publication data)

Study characteristics

Training description

Findings (IHT/NT): md £+ 8, A%

Geiser et al., 2001
[45]
(Switzerland)*

Vogt et al., 2001
[46]
(France)*

RCT, Male Sedentary Subjects

FiO,: 12.8%; 3850m (HD)

IHT HIT/NT HIT (n: 10/8)
Age: 23+2/25+3years

Sampling: Breath-by-Breath
Criteria for maximal test:
La_, >8mmoleL™;
RER >1.1; VO, plateau;
Encouragement

ITHT MIT/NT MIT (n: 8/7)
Age: 23+3/29+13years
FiO,: 12.8%; 3850 m (HD)
Sampling: Breath-by-Breath
Criteria for maximal test:
La , >8 mmol-L‘l;
RER >1.1; VO, plateau;
Encouragement

RCT, Male Sedentary
Subjects;

FiO,: 12.9%; 3850 m (HD)
IHT HIT/NT HIT (n: 7/8)
Age: 23 +5/25+8years
Sampling: Breath-by-Breath
Criteria for maximal
test: Encouragement

IHT MIT/NT MIT (n: 7/8)
Age: 23+ 5/29 + 13 years
FiO,: 12.9%; 3850 m (HD)
Sampling: Breath-by-Breath
Criteria for maximal
test: Encouragement

Cycling, HIT
Weeks: 6; Total Days: 30
30" at 85% HR  (H/N)

Exclusive Training

Cycling, MIT
Weeks: 6; Total Days: 30
30" at 77% HR, (H/N)

Exclusive Training

Cycling, HIT
Weeks: 6; Total Days: 30
30" at85% HR . (H/N)

Exclusive Training

Cycling, MIT
Weeks: 6; Total Days: 30
30’ at 77% HR (H/N)

Exclusive Training

VO, 10.4+5.8/8.5£4.2 A%
Hb (both HIT and MIT):
1.0+7.2/-2.0+11.5geL"!

0.6%/—1.3%

CLD: 86 +40/—2+ 127 mmemm™3

11.7%/-0.3%
SSM:1.05+1.01/0.19+0.69%

105.0%/13.4%

VO, . 54£5.3/4.6+8.2 A%
Hb (both HIT and MIT):
1.0+7.2/-2.0+11.5 gOL_1

0.6%/—1.3%

CLD: 14+102/-74 +103 mmemm >

2.2%/-10.1%
SSM: 0.74 +0.87/—0.13 +£0.45%

92.5%/-12.9%

16.7+8.1/4.8+5.5mLeminlekg™!
13.1%/9.5%
PPO: 61.0+33.2/52.0+48.3W
20.7%/17.7%
CLD: 130+137/-30+ 110 mmemm™3
18.5%/—-3.8%
SSM: 1.21+1.20/0.01 £0.75%
130.1%/0.7%

14.9+6.1/4.0+8.5mLemin"lekg™!
10.3%/8.3%
PPO: 34 +£27.87/40£22.45W

11.4%/13.3%

CLD: 14+96/-74 £ 128 mmemm >
2.2%/-10.1%

SSM: 0.74+0.72/—0.13 £0.48%
100.0%/-12.9%

VO

2max

VO

2max

Masuda et al., 2001 RCT; Male Competitive Team Cycling, MIT VOZmaX: 5.6+7.0/7.4+15.4 mLemin~lekg~!
[47] Sports Players Subjects Weeks: 8; Total Days: 32 12.4%/16.5%
(Japan) FiO,: 15.5%; 2500m (HHC) First 3 sessions at C:F: 0.40+0.30/0.54+0.45
IHT/NT (n: 7/7) 60% then 70% of 32.2%/48.3%
Age:20+1/19 £ 1years vVO,,... H/N) CS:27.5+18.9/21.8 +24.1
Sampling: Breath-by-Breath Exclusive Training umolemin~leg~!prot
Criteria for maximal test: 32.7%/23.9%
RER >1.0; VO, plateau
Meeuwsen et al., RCT; Male Competitive Cycling, MIT VOZmaX: 162+ 681/75+ 688 mLemin~!
2001 [48] Triathletes Weeks: 1.5; Total Days: 10 3.4%/1.5%
(Netherlands) FiO,: 15.9%; 2500m (HHC) 2h at 60%-70% PPO:26.0+47.5/25.0+ 51.5W
IHT/NT (n: 7/7) of HRR (N) 6.4%/5.8%
Age: 28+ 5/30 £ 5years Part of a Broader Hb: 0.43+0.24/0.34 £ 0.39 mmoleL~!
Sampling: Breath-by-Breath Training Program 4.7%/3.6%
Criteria for maximal test: Ht: 0.05+0.18/0.05+0.02%
RER >1.0 11.6% /11.4%
(Continues)
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TABLE 2 | (Continued)

Study name

(Publication data) Study characteristics Training description Findings (IHT/NT): md 8, A%
Messonier et al., RCT; Male & Female Cycling, MIT CLD: 103 +74/108 £ 67 mm—2
2001 [49] Sedentary Subjects Weeks: 4; Total Days: 24 31.4%/29.4%

(France) IHT/NT (n: 5/8) 2h at 60%-70% (wW,)— CS: 6.9+2.5/9.9 £ 7.8 mmolemin~leg!

Age: 20+ 1/21 +2years
FiO,: 13.2%; 3800 m (HD)
Sampling: Breath-by-Breath
Criteria for maximal test:
La___>8mmoleL~!; RER

max

>1.1; VO, plateau

70%-80% (W,)—80%
(w, ) of PPO (H/N)
Exclusive Training

37.9%/54.4%

Ventura et al., 2003 CT; Male & Female Cycling, HIT VOZmaX: 0.40+6.58/—0.40+4.24 Lemin™!
[50] Competitive Cyclists Weeks: 6; Total Days: 18 0.6%/—0.6%
(Switzerland) FiO,: 14.1%; 3200m (HD) 30 at HR correspondent PPO:3+46.6/-14.0+39.1W
IHT/NT (n: 7/5) to VT, (H/N) 0.8%/—3.6%
Age: 25+6/25+ 5years Exclusive Training Hb: 2.5+9.6/ —2.2+13.1gedL!
Sampling: Breath-by-Breath 1.6%/-1.4%
Criteria for maximal Ht: 0.0+2.7/-0.9+3.7%
test: Encouragement 0.0%/-1.9%
Messonnier et al., RCT, IHT/NT (n: 5/8) Cycling, MIT VO, . 49%7.5/3.6+4.7mLeminlekg™!

2004 [51]
(France)

Male & Female
Sedentary Subjects;
FiO,: 13.2%; 3800m (HD)
Age:20+1/21 +2years
Sampling: Breath-by-Breath
Criteria for maximal test:
La_.>8mmoleL~!

max —

Weeks: 4; Total Days: 24
2h at 60%-70%, 70%-80%
and 80% of PPO
Exclusive Training

12.4%/8.3%
TTE (at PPO): 125+ 65/187 + 655
43.0%/62.5%

Morton and Cable, CT, Male Untrained Cyclists Cycling, HIT VO, ..:3.7£8.6/4.3+£55mLemin lekg ™!
2005 [52] Fi02: 14.9%; 2750 m (NHC) Weeks: 4; Total Days: 12 7.2%/8.0%
(United Kingdom) IHT/NT (n: 8/8) 10 x [1” at 80% of PPO PPO: 48.7+39.8/52.5+47.7W
Age: 21+1/20 £ 1years (N); 2’ rec at 50% of 15.5%/17.8%
Sampling: Douglas Bag PPO (N)]. Intensity Hb: —0.1+1.4/0.2+1.2gedL™!
Criteria for maximal increased by 5% (after —0.6%/1.4%
test: Encouragement six sessions)—a further Ht: —0.1+2.8/0.1£3.2%
5% (after nine sessions) —0.2%/0.2%
Part of a Broader
Training Program
Dufour et al., 2006 RCT, Not Blinded Running, HIT VO, . 3-:0£3.8/1.5+ 3.1 mLemin~lekg™!
[8], Ponsot et al., IHT/NT (n: 9/9, Dufour; Weeks: 6; Total Days: 12 4.7%/2.5% (Zoll et al.)
2006 [53] & Zoll 8/7, Ponsot; n: 9/6, Zoll) 10’ w/u at 60% of VOZmaX: 3.4+3.3/0.8+3.5 mLemin~lekg™!
et al., 2006 [54] Male Competitive Runners VVOZrnalx (H/N)+2 5.4%/1.3% (Ponsot et al.)
(France) Age: 30+ 6/30 £ 6years bouts at vVT, + 5’ rec TTE (at VVOZmaX)Z 224+ 144 / 58 +140s

(Dufour) at 60% VO, .. (H/N). 41.5%/11.6%
Male Competitive Bouts at VVT,: 12’ (w, ), CS:0.1+6.3/-3.2%5.1 [Usg lewet lowt™!
Endurance Athletes 16’ (Wz,s)’ 20’ (Ws,e)' After 0.5%/-16.7%
Age: 30+ 7/31+ 6years w,, VVT, was increased Vieak: 0-4+0.6/0.4£1.2 kmeh~!
(Ponsot) up to the same HR at w1 2.0%/2.0%
Male Elite Runners Part of a Broader Hb: 0.5+1.31/0.4+£1.31 gedL~!
Age: 30+ 6/31 + 8years (Zoll) Training Program 3.3%/2.6%
FiO,: 14.5%; 3000m (HD) Ht: 1.3+£3.9/0.9+3.6%
Sampling: Breath-by-Breath 2.9%/2.0%

Criteria for maximal test:
RER >1.1; Encouragement

(Continues)
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TABLE 2 | (Continued)

Study name
(Publication data)

Study characteristics

Training description

Findings (IHT/NT): md 3§, A%

Roels et al., 2007
[17]
(France)

Wang et al., 2010
[55]; Wang et al.,
2011 [56]; Wang
et al., 2017 [57];
Chen et al., 2018
[58]

(Taiwan)

Debevec et al., 2010
[18]
(Slovenia)

Czuba et al., 2011
[11]
(Poland, OA)

Czuba et al., 2013
[12]
(Poland, OA)

RCT, Not Blinded

ITHT/NT (n: 10/8)

Male Competitive
Endurance Athletes

FiO,: 14.4%; 3000m (HD)

Age: 24+1/24+ 1years

Sampling: Breath-by-Breath

Criteria for maximal test:
RER >1.1; VO, plateau

RCT, Not Blinded
IHT, /IHT,, /NT
(n:12/12/12)
Male Sedentary
Untrained Subjects

FiO2: 15%; 2733 m (NHC)
Age:23+1/23+3/21 £ 1years
Sampling: Breath-by-Breath

Criteria for maximal test:

La___>8mmoleL}; RER

max =
>1.1; VO, plateau
RCT, Not Blinded
IHT/NT (n: 9/9)
Male Untrained Cyclists

FiO2: 12%; 4500 m (NHC)

Age: 20+ 3/22 +4years
Sampling: Douglas Bag
Criteria for maximal test:
RER >1.1; VO, plateau

RCT, Not Blinded
IHT/NT (n: 10/10)

Male Competitive Cyclists

FiO,: 12.9%; 3867 m (HD)

Age: 22.7+2.7/23.5+3.5years
Sampling: Breath-by-Breath

Criteria for maximal
test: La_. >8mmolsL™;

VO, plateau

RCT, Not Blinded
ITHT/NT (n: 6/6)
Male Competitive
Team Sports Players
FiO,: 15.2% (HA)—
2500m (NHC)

Age: 22+1.6/22+2.4years
Sampling: Breath-by-breath

Criteria for maximal test:
La___>8mmoleL; RER

max —

>1.1; VO, plateau

Cycling, HIT
Weeks: 3; Total Days: 15
2 interval training
(IT) + 3 continuous
training (CT) sessions/w
IT: [3 times 15’ w/u+2’
at PPO (H/N)+ 2’ rec] x
2 (6’ of rest in between)
CT: 15 w/u+60" at 60%
VO, (H/N)+15 c/d
Exclusive Training

Cycling, MIT
Weeks: 4; Total Days: 20
IHT,,: 30" at 50%
HRR (N)
IHT,, 30" at
50% PPO (N)
Exclusive Training

Cycling, MIT
Weeks: 4; Total Days: 20
5" w/u at 20% of PPO + 60’
at 50% PPO (H/N)
Exclusive Training

Cycling, HIT
Weeks: 3; Total Days: 9
15" w/u at 60%, 70%,
80% of PO, (N), + 30
(wy), 35" (w,), 40" (w,)
at 95% (IHT), or 100%
(NT) of PO, . (N)+15’
c/d at 55% PO, (N)
Part of a Broader
Training Program

Running, HIT
Weeks: 3; Total Days: 9
15" w/u at 60, 70% of
WO, . (H/N)+HIIT
+5’ ¢/d at 60% of
wo, . (H/N).
HIIT: 4 x4’ (WLZ) and
5" (w,) at 90% of vVO,
(H/N) with 4’ rec
Part of a Broader
Training Program

VOZmax:
—0.2%2.1/2.9 +3.0mLemintekg!
—0.3%/5.0%
PPO: 22.5+13.2/24.6 +9.5W
6.6%/7.2%
CS: —0.7+1.45/1.5+ 1.8 umolemin~lemg

protein~!

—3.5%/7.9%

VOZmax:
1.7+5.2/7.84+5.0/4.2+10.6 mLemin
“lekg!

4.1%/ 17.9%/9.8%
PPO:26.0+£29.6/30.0+32.5/15.0£24.0W
14.0%/15.2%/7.9%

Hb: 0.1+1.4/0.6+3.0/—0.4+2.3gedL™!
1.9%/3.4%/-2.7%
Ht:0.8+2.8/1.0+3.3/-0.8+3.1%
1.7%/2.4%/—1.9%

VO, . :2.2+4.5/6.7+4.3mLemin™! kg™

4.6%/ 14.6%
PPO: 8.1+47.3/26.7 £33.7W
2.5%/9.0%
Hb: 0.0+9.5/=9.0+11.1geL !
0.0%/-6.0%
Ht: 0.0£3.0/-1.0£3.0%
0.0%/-2.2%

VO, .y 183£317/~14 £ 249 mLemin~"
4.0%/—0.3%
PPO: 25.0+31.6/1.0+18.5W
6.6%/0.3%
Ht: 1.90£2.65/1.00 +2.65%
4.4%(2.2%
Hb: 0.09 +1.75/0.00+0.70 mmolsL~
1.0%/0.0%

2max

VO,  :285+464/67+391 mLemin~!
6.5%/1.3%
PPO: 17.3+53.0/7.4+20.9W
4.55%/1.74%
Hb: 0.2 +0.66/0.2+0.6 gedL ™
1.3%/1.3%
Ht: 0.0+1.8/0.1+1.7%

0.0%/0.2%

2max

(Continues)
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TABLE 2 | (Continued)

Study name
(Publication data) Study characteristics Training description Findings (IHT/NT): md 38, A%
Holliss et al., 2014 RCT, Single-Blinded Running, HIT VO, . —1.0£3.7/3.4 3.1 mLemin~tekg~*
[19] IHT/NT (n: 5/7) Weeks: 8; Total Days: 16 —1.5%/4.8%
(United Kingdom) Male Competitive Runners 40" at PO, (H/N) TTE (at vVOZmaX): —0.3+£1.5/0.1£2.1min
FiO,: 16%—3000m (HD) Part of a Broader —1.1%/ 0.4%
Age: 20+2/19 + 2 years Training Program
Sampling: Breath-by-Breath
Criteria for maximal
test: Encouragement
Millet et al., 2014 RCT, Not Blinded Cycling, HIT VO,
[16] IHT/NT (n: 10/8) Weeks: 3; Total Days: 6 —0.2%2.1/2.9+3.0mLemin~lekg™!
(Switzerland, OA) Male Competitive Cyclists 60" at 60% of —0.3%/5.0%
FiO2: 14.5%; 3000m (HD) Vo, .. (H/N) PPO: 22.5+13.2/24.6 £9.5W
Age: Part of a Broader 6.6%/7.2%
24.4+0.9/24.2+1.1years Training Program
Sampling: Breath-by-breath
Criteria for maximal test:
La . >8mmolsL™;
RER >1.1
Desplanches et al., RCT, Not Blinded Cycling, MIT VO,, . 7-5£8.6/41+24.0mLeminlekg™!

2014 [59]
(Switzerland)

IHT/NT (n: 6/6)

Male Sedentary Subjects
FiO,: 12.5%—4000m (HD)
Age: 26 +£5/29 + 6years
Sampling: Breath-by-Breath
Criteria for maximal
test: Encouragement

Weeks: 6; Total Days: 30
30min at 65% PPO (H/N)
Exclusive Training

17.2%/9.5%

PPO: 18.0+53.3/35.5+136.7W
6.4%/12.0%
C:F:0.27+0.59/-0.01 £0.26
15.4%/-0.6%

SSM: 1.19+0.58/0.66 + 0.41%
150.6%/91.7%

CLD: 87+127/158+128 mm™

14.4%/29.9%
Czuba et al., 2017 RCT, Not Blinded Cycling, HIT VO,,...:0.26£0.30/0.17 £0.46 Lemin~!
[10] IHT/NT (n: 8/7) Weeks: 4; Total Days: 8 6.1%/4.3%
(Poland, OA) Male Competitive Swimmers Circuit training PPO: 26.7+20.6/11.2+36.4W
FiO,: 15.5%; 2500m with 4 (w;_,) and 5 7.4%/3.2%
(NHC) (w,) repetitions. 10’ Hb: 0.2+0.5/-0.1+0.8gedL ™
Age:19+1/21 +1years w/u+45-55" main 1.3%/—0.6%
Sampling: Breath-by-Breath training +10’ c/d. Ht: 0.3+3.6/-0.2+£2.2%
Criteria for maximal Main Training: upper 0.7%/—0.4%

Czuba et al., 2018

. -1.
test:La >8 mmoleL1;

VO, plateau

RCT, Not Blinded

limb rotator training,
then cycle ergometer
training: 3" at 50%
Vo, (H/N)+3' rec+2'
at95% Vo, . (H/N)+3’
at 50% VO, . (H/N)
Part of a Broader
Training Program

Cycling, HIT

VO, 016 £0.31/0.00£0.22 Lemin™!

[9] IHT/NT (n: 10/10) Weeks: 3; Total Days: 9 3.5%/0.0%
(Poland, OA) Male Competitive Cyclists 15’ w/u at 65%-70% of PPO:25.0+33.9/4.0+23.1W
FiO,: 16.3%; 2100m (NHC) PO, (H/N)+30’ (w)), 35’ 6.5%/1.1%
Age: 21 £3/22 +4years (w,), or 40" (w,) at 100% Hb: —0.1+0.5/0.2+0.8gedL !
Sampling: Breath-by-breath PO, (H/N)+c/d of 15- —0.7%/1.3%
Criteria for maximal test: min at 60% PO, . (H/N). Ht:0.2+1.2/0.4+1.8%
La___>8mmolsL™! Part of a Broader 0.5%/0.9%

max —

Training Program

(Continues)
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TABLE 2 | (Continued)
Study name
(Publication data) Study characteristics Training description Findings IHT/NT): md £+ 8, A%
Sanchez & Borrani, RCT, Double-Blinded Running, HIT TTE (at 95% VVOZmaX): 90+107/-10+89s
2018 [60] IHT/NT (n: 9/6) Weeks: 6; Total Days: 18 26.7%/—-2.4%
(France) Male Competitive Runners 6x [5" at 80%-85% of VVO2max (estimated):
FiO,: 11% (VA)—5250m (HD) ~ vVO,_. (H/N) + 5' rec] 0.5+0.8/0.0£0.7kmeh !
Age:29+11/28 + 7years Exclusive Training 2.4%/0.1%
Sampling: None Hb: —0.1+£0.7/-0.2+0.6gedL !
Criteria for maximal —0.3%/-1.4%
test: Encouragement Ht: —0.6+£1.9/-1.2+1.1%
—1.3%/2.6%

Jung et al., 2020
(15]
(South Korea, OA)

Kim et al., 2021 [61]
(South Korea, OA)

Lin et al., 2021 [62]
(Taiwan, OA)

Park et al., 2022
[14, 63]
(South Korea, OA)

RCT, Not Blinded
IHT/NT (n: 10/10)
Male Competitive Runners
FiO,: 14%; 3000m (HHC)
Age: 26+ 1/26 £2years
Sampling: Breath-by-breath
Criteria for maximal
test: La___ >8mmoleL7L;

max —

VO, plateau
CT, Not Blinded
IHT/NT (n: 10/10)
Male Competitive Swimmers
FiO,: 14.5%; 3000m (HHC)
Age: 24+ 3/24 + 3years
Sampling: Breath-by-breath
Criteria for maximal test: NS

RCT, Not Blinded
IHT/NT (n: 20/20)
Male Sedentary Subjects
FiO,: 15.0%; 2750m (NHC)
Age: 22 +3/22 +4years
Sampling: Breath-by-breath
Criteria for maximal test: NS

RCT, Not Blinded
IHT/NT (n: 10/10)
Female Competitive Runners
FiO,: 14.5%; 3000m (HHC)
Age: 25+4/25+4years
Sampling: Breath-by-Breath
Criteria for maximal test:
La___>8mmoleL}; RER

max —

>1.1; VO, plateau

Running, HIT
Weeks: 6; Total Days: 18
15’ w/u at 50%-70%
HR . (N)+10x[5 at
90%-95% HR . (N)+1’
rec]+15’ cool-down at
70%-50% HR__(N)

Exclusive Training

Running and
Cycling, HIT
Weeks: 6; Total Days: 18
15" w/u at 50%,
60%, 70% of HR
(H/N)+30’ at 75%
HR_ . on treadmill +
10x (2’ at 90% HR , +1’
rec) on cyclo-ergometer
+15’ ¢/d at 50%-70%
of HR _, (H/N)

Part of a Broader
Training Program

Cycling, MIT
Weeks: 6; Total Days: 30
3’ at 30% PPO (H/N)+ 30’
at 60% PPO (H/N)
Exclusive Training

Running, HIT
Weeks: 6; Total Days: 18
20" w/u at 60%
HR_, +10x (5 at 90%-
95% HR_, ., 1’ rec)+20’
c/dat60% HR .

Exclusive Training

PV:0.9%+0.8%/0.7 +£1.1%

:3.8%+5.1/1.0+4.3mLemin ! kg!
6.0%/1.5%

DTT (3000m): —27 +24/-12+22s

—5.12%/-2.3%

Vo

2max

VO,  :6.1%5.6/2.4+5.8mLemin lekg™!
12.0%/4.7%
Hb: —0.9+1.3/-0.4£1.5g.dL~!
—5.6%/2.6%
Ht: —2.4+3.3/-0.4+3.6%

—5.2%/ —0.9%

2max

VO, . :54+6.1/2.7+4.9mLemin lekg™!

2max’

16.2%/8.0%

PPO:39.0£22.4/29.0+£22.4W
20.6%/15.5%

Hb: 0.1+8.5/-0.1£0.9gedL™"
0.7%/—0.7%

Ht: —1.1+2.1/0.0+2.7%
—2.7%/0.0%
VO, .y 7.0+5.4/4.0+4.3mLeminekg™

14.3%/8.1%
DTT (3000m): —35+27/—23+31s
—5.4%/ 3.6%

Hb: 0.0£0.7/-0.2+1.0gedL™!
0.0%/-1.4%
Ht:1.5+£2.0/-0.3+2.2%
3.4%/-0.7%

Abbreviations: Abs, training targeted on absolute workload; c/d, cool-down; C:F, capillary-to-fiber ratio; CLD, capillary length density; CS, citrate synthase; CT,
nonrandomized controlled trial; DTT, distance time trial; FiO,, fraction of inspired oxygen; H, relative to hypoxic condition, according to the group; Hb, hemoglobin

concentration; HD, hypoxicator; HHC, hypobaric hypoxic chamber; HIT, high-intensity training; HR

max’

maximum heart rate; Ht, hematocrit; IHT, intermittent

hypoxic training group; LT, second lactate threshold; MIT, moderate intensity training; N, relative to normoxic condition; NHC, normobaric hypoxic chamber; NS,
not specified in the Article; NT, normoxic training (Control) group; OA, open-access publication; PO, ;, power output correspondent to 4mmoleL ™" of lactate; PPO,

or VO, ;SSM, percentage of volume of subsarcolemmal

max’ 2max’ .
maximal oxygen uptake; V.., maximal running speed; VT,, second ventilatory threshold; vWO maximal aerobic

peak power output; PV, plasma volume; RCT, randomized controlled trial; Rel, training targeted on HR
mitochondria; TTE, time to exhaustion; VO
speed; w, week; w/u, warm-up.

*studies that likely share the same cohort.

2max’ 2max’
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TABLE 3 | Results of the meta-analysis for the variables related to VO

2max

and aerobic performance.

Trim-and-Fill LOO analysis
SMD; number Maximal SMD
Reports Participants (female) SMD (95% Egger's of studies (influential
(papers) IHT — NT: overall CI); p value PP pvalue added studies)
Maximal oxygen uptake
VO, .. 29(31) 276 (19) — 248 (20): 524 (39)  0.11[-0.11,  22% 0.005* 0.11[-0.11, —
0.33]; p=0.307 0.33];0
4 VO, 21(21) 201 (17)—171(16):421(33)  0.14[-0.11, 19% 0.001* 0.14 [-0.11, 0.22(2)
0.39]; p=0.269 0.39]; 0
Aerobic performance
PPO 16 (16) 165 (1) — 139 (0): 304 (1) 0.14[-0.06, 0%  0.609 0.24 [0.03, —
0.35]; p=0.159 0.45]; 3
TTE 5(4) 37 (7) — 30 (8): 67 (15) -0.30[-1.22, 36% NA NA —
0.61]; p=0.410
DTT 203) 40 (20)—20(10)—20(10)  —0.51[-1.99; 0% NA NA —
0.96]; p=0.789
Hematologic parameters
Hb 17(20)  148(11)— 128 (10):276 21)  0.13[-0.04, 0%  0.245 0.05 [-0.12, 0.16 (1)
0.29]; p=0.120 0.22]; 3
Ht 15(17) 138 (11) — 120 (10): 258 (21)  0.08 [-0.14, 0%  0.003*  —0.15[-0.40, —
0.31]; p=0.462 -0.15];6
Muscle capillarization
CLD 5(5) 23(1) —23(2):46 (3) 0.15[-0.79, 43% NA NA —
1.09]; p=0.684
C:F 3(3) 18 (0) — 18 (0): 36 (0) —0.06[-1.4, 0% NA NA —
1.28]; p=0.864
Mitochondrial density
SSM 4(4) 29 (0) — 26 (0): 55 (0) 0.45[-0.87, 47% NA NA 0.8 (1)
1.78]; p=0.355
CS 4(4) 22(1) —23(2):45(3) —0.24[-1.55, 57% NA NA —

1.07]; p=0.600

Abbreviations: 95% CI, confidence interval; absV'OZmax, absolute maximal oxygen uptake; C:F, capillary-to-fiber ratio; CLD, capillary length density; CS, citrate
synthase; Hb, hemoglobin concentration; Ht, hematocrit; IHT, intermittent hypoxic training group; NT, normoxic training (Control) group; PPO, peak power output;
SMD, standardized mean difference; SSM, percentage of volume of subsarcolemmal mitochondria; TTE, time to exhaustion; VO maximal oxygen uptake.

*p <0.05 for either the pooled effect estimate or Egger's test for publication bias.

2max’

studies reported Hb - variation. However, previous findings
demonstrated that adding hypoxia during high-intensity inter-
val training for 6 weeks can slightly enhance Hb_  gain (8.4%
vs. 3.3%), despite no effect on VOZmaX and PPO [65].

Unfortunately, data regarding Q . and oxygen extraction
using gold-standard techniques were also lacking [64]. The
current results, however, do not support the notion that IHT
is superior to NT in enhancing oxygen extraction, based on
findings related to muscle capillarization (CLD: p=0.684;
C:F: p=0.864) and mitochondrial density (SSM: p=0.355; CS:
p=0.600), aligning with the conclusions of previous authors
[2, 3]. Indeed, despite the distinct molecular adaptations in
skeletal muscle mitochondria induced by IHT, several stud-
ies failed to establish a consistent relationship between these

changes and the additional benefits for VO and PPO

[3, 40, 45, 46, 53, 59, 65-67].

2max

In conclusion, although the literature was poor in relevant data,
all these findings suggest that aerobic IHT does not elicit differ-
ent physiological adaptations compared to NT, and it is unlikely
to affect any component of oxygen transport.

4.1.1 | Population Characteristics

Our findings showed a marked skewed sex ratio in IHT research
(485 males vs. 39 females). The inclusion of only one female co-
hort [14, 63], and five mixed-sex studies [41, 42, 49-51] limited the
ability to conclude sex-specific responses to IHT. Nonetheless, the
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Study

Desplanches D et al, 1993

Engfred K et al (Rel), 1994

Engfred K et al (Abs), 1994

Emonson et al, 1997

Katayama et al, 1999

Bailey et al, 2000

Geiser J et al & Vogt M et al (H), 2001
Geiser J et al & Vogt M et al (M), 2001
Masuda K et al, 2001

Meeuwsen T et al, 2001

Ventura N et al, 2003

Messonnier L et al, 2004

Morton JP & Cable NT, 2005

Dufour SP et al & Zoll J et al & Ponsot E et al, 2006
Roels B et al, 2007

Wang JS et al (A), 2010

Wang JS et al (B), 2010

Debevec T et al, 2010

Czuba M et al, 2011

Czuba M et al, 2013

Holliss BA et al, 2014

Millet G et al, 2014

Desplanches D et al, 2014

Czuba M et al, 2017

Czuba M et al, 2018

Jung W et al, 2020

Kim et al, 2021

Lin et al, 2021

Park HY et al, 2022

Random effects model
Heterogeneity: /2 = 21.5%, ©* = 0.0690, 35 = 35.67 (p = 0.1512)
Test for overall effect: tog = 1.04 (p = 0.3072)

Standardised Mean
Difference SMD

:ﬁ 0.29 [-0.96; 1.54] 2.4%
‘ 0.09 [-1.14; 1.32] 2.4%

95%-Cl Weight

- | -1.54 [-3.14; 0.06] 1.5%
R CER 0.25 [-0.68; 1.18] 3.8%
—B— 0.18 [-0.87; 1.23] 3.2%

e 0.48 [-0.22; 1.19] 5.6%
= 0.35 [-0.59; 1.29] 3.8%

0.10 [-0.91; 1.12] 3.3%
-0.14 [-1.19; 0.91] 3.2%
0.12 [-0.93; 1.17] 3.2%
0.13 [-1.02; 1.28] 2.7%
0.21 [-0.92; 1.33] 2.8%
-0.08 [-1.06; 0.90] 3.5%

—8— 0.42 [-0.52; 1.35] 3.8%
—H8—| -1.17 [-2.20; -0.15] 3.3%
—— 0.48 [-0.52; 1.47] 3.4%
—8— -0.32 [-1.31; 0.66] 3.5%
—8— -0.96 [-1.95; 0.03] 3.5%
+—B— 0.66 [-0.24; 1.57] 4.0%

— 0.47 [-0.68; 1.62] 2.7%
—— -1.21 [-2.49; 0.08] 2.3%
—HB— -1.17 [-2.20; -0.15]  3.3%

0.17 [-0.96; 1.31] 2.8%
— 0.22 [-0.80; 1.24] 3.3%

88— 0.57 [-0.33; 1.47] 4.0%
58— 0.57 [-0.33; 1.47] 4.0%
B 0.62 [-0.28; 1.53] 4.0%
+HH— 0.48 [-0.15; 1.11] 6.5%
B 0.59 [-0.31; 1.49] 4.0%
— r S 0.11 [-0.11; 0.33] 100.0%

-3 -2 1 0 1 2 3
Standardized Mean Difference (SMD)

FIGURE2 | Forest plot from a meta-analysis depicting the standardized mean differences (SMD) and 95% confidence intervals (CI) for increases

invo

2max

available data on training status are more comprehensive, and it
is noteworthy that IHT did not show significantly different effects
compared to NT across sedentary individuals, competitive ath-
letes, and elite athletes (,, VO, . p=0.530) from various athletic
backgrounds (;, VO, .. p=0.100). Although some studies have at-
tributed the lack of response in high-level athletes to their already
reached physiological limit [3, 53], our findings indicate that IHT
did not provide additional benefits over NT, also in healthy seden-
tary untrained subjects, despite their greater potential for improv-
ing VO, . and performance [3, 68].

Surprisingly, the country in which the experiment was con-
ducted consistently influenced the magnitude of reported ef-
fects on VOZmaX (p<0.001) and PPO (p<0.001). Some countries
reported more pronounced improvements with IHT compared
to NT, suggesting that regional differences in training method-
ologies, participant characteristics, or assessment protocols may
contribute to the observed variability in the literature [9-15,
61, 63].

4.1.2 | Training and Hypoxia Characteristics

Differences in training design did not result in significant ad-

vantages of IHT over NT in enhancing VO, . and performance,

between intermittent hypoxic training (right side) and normoxic training (left side).

regardless of whether the intervention was implemented inde-
pendently or as part of a comprehensive training plan (,, VO-
ymax P=0.890; PPO p=0.590). Variations in exercise intensity
also did not significantly influence the adaptive responses to
IHT compared to NT (,, VO,  p=0.980; PPO: p=0.470).
Similarly, exercise modality—whether running or cycling—
did not yield a statistically significant difference in VO, .
(p=0.410) and abSVOZmaX (p=0.090). It is worth noting that
most studies employing running reported favorable trends in
VO, .. [8,12,14,15, 53, 54, 63], and DTT [14, 15, 63] when IHT
is compared to NT, despite the nonsignificant pooled outcome
for DTT. However, exercise modality correlates with the country
(p=0.042), limiting the ability to isolate the independent effect
of these two moderators.

Lastly, it should also be noted that neither total training volume
(p=0.614) nor training frequency (p =0.596) significantly mod-
erated the adaptation of |, VO, in response to IHT compared
to NT, suggesting that the cumulative hypoxic exposure asso-
ciated with THT is unlikely to produce meaningful benefits for
oxygen transport, even if it might result in modest additional
increases in Hb,, [65].
No significant effects were also observed for hypoxia-related
characteristics. Changes in ,, VO (p=0.280) and PPO

2max
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(p=0.590) did not differ between IHT and NT, regardless of
the method to induce hypoxia (HD, NHC, or HHC). Similarly,
they also did not differ across varying levels of hypoxia (FiO,:
p=0.701). The approach used to match exercise intensity in
IHT—whether based on absolute normoxic or relative hypoxic
intensity, or expressed as a percentage of VOZm a Mmaximal heart
rate, or workload—also had no significant effect on the changes
of , VO, = (Q=115, p=0.760) or PPO (Q=0.62, p=0.890).
Taken together, these findings indicate that variations in train-
ing design, exercise modality, hypoxia characteristics, and pre-
scription methods did not confer any advantageous effect of IHT
over NT.

4.1.3 | Study Design and Publication Characteristics
Subgroup analyses of VO, . and ,, VO,  revealed no signifi-
cant differences between IHT and NT adaptation based on study
design or publication characteristics. Randomization (p =0.720),
blinding (p=0.120), decade of publication (p=0.370), and
open-access status (p=0.170) did not significantly influence
the outcomes, even though larger effect sizes are seen for pa-
pers published after 2010 and those that were open-access. This
trend, however, is confirmed by subgroup analyses for PPO,
where studies published after 2010 (p=0.020) and those avail-
able as open access (p=0.005) reported larger effect sizes com-
pared to earlier or nonopen-access publications. The reasons for
these differences remain unclear. However, these two moder-
ators exhibited collinearity (p <0.001), and open-access status
was also collinear with the country of publication (p<0.001),
making it challenging to disentangle the independent contribu-
tions of each factor.

4.2 | Factors Contributing to Literature
Heterogeneity

Our findings contrast with those of the meta-analyses pub-
lished after 2010 [21-24]. Acknowledging their different
primary aims, many of these meta-analyses shared recur-
ring methodological choices that are different from the cur-
rent paper.

To our knowledge, this is the first review to apply rigorous in-
clusion criteria focused exclusively on whole-body aerobic IHT.
Although supramaximal interval and strength training studies
do not primarily target oxygen transport [4, 27, 28], single-leg
exercise protocols might have exaggerated the muscular ad-
aptation with IHT [21], even though an advantage in oxygen
extraction remains unclear [2, 66]. Furthermore, some meta-
analyses included studies with methodological flaws and ques-
tionable outcomes in NT groups (see Table 1), or they may have
overestimated effect sizes due to overlapping participant samples
across studies without consistently addressing this issue [23, 24].

However, these minor methodological considerations are insuffi-
cient to fully account for the diverging findings observed among
earlier reviews [2, 3, 20], our findings, and meta-analyses pub-
lished after 2010 [22-24]. Conducting a systematic review after
more than 30years of heterogeneous research may lead to sub-
stantial variability in the included studies. For instance, regarding

aerobic IHT, some published meta-analyses have excluded more
than 20 studies (see Table 1) [22, 24]. While this should not be
viewed as a limitation, as it reflects each researcher's specific
focus, it implies that the outcome could differ substantially.

To date, our meta-analysis encompasses the largest number of
studies on aerobic IHT. Egger’s regression test revealed a sig-
nificant risk of publication bias for both VO, . (p=0.005) and
VO, . (p=0.001), indicating a possible overrepresentation of
studies with significant results in the literature and potentially
contributing to the observed contradictions over time [36].

Our analysis, indeed, identified a cluster of studies with larger
effect sizes published after 2010 [9, 11, 14, 15, 61, 63]. While we
cannot definitively explain this pattern on a physiological basis,
these studies might have played a significant role in the different
meta-analytical outcomes. This cluster could have introduced a
literature bias for evidence syntheses after 2010, resulting in a
disproportionate influence of studies showing a greater advan-
tage of IHT over NT [69, 70].

5 | Conclusion

In conclusion, current evidence does not support the supe-
riority of aerobic IHT over normoxic training for improving
performance and VO, in healthy individuals. Despite the
publication bias and a cluster of studies with larger effect sizes,
three key observations should be emphasized: (1) Training sta-
tus and athletic background do not influence the adaptive re-
sponse to IHT; (2) no specific training characteristics or exercise
modalities showed superiority in enhancing IHT outcomes; (3)
the type and the dose of hypoxia, do not affect the effectiveness
of IHT. THT has consistently shown no clear advantages; there-
fore, it should not be recommended as a superior method over

NT to improve VO, . and aerobic performance.

6 | Limitations

Although the findings show that IHT is not superior to NT, the
analysis had two main limitations. First, the absence of gold-
standard measurements for cardiac output, oxygen extraction,
and total blood volume limited the ability to comprehensively
evaluate changes in the oxygen transport between IHT and
NT. Second, while the moderator analyses did not identify any
consistent influence of population characteristics, training pa-
rameters, hypoxic conditions, testing procedures, or study de-
sign to fully account for the variability in the THT literature,
a cluster of studies reporting larger effect sizes emerged, for
which no physiological explanation could be derived from the
current data.

7 | Perspective

IHT has become very popular, and several studies have been
published over the years. Although ITHT was thought to pro-
mote greater adaptations than NT, our findings indicate that
it does not enhance VO, . and aerobic performance. Adding
hypoxia during exercise should not be expected to produce
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superior adaptations to standard aerobic training. Therefore,
given the practical challenges associated with hypoxic en-
vironments, IHT should be evaluated with the appropriate
consideration.
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