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Abstract

Background The effects of hypoxia conditioning, which involves recurrent exposure to hypoxia combined with exer-
cise training, on improving body composition in the ageing population have not been extensively investigated.

Objective This meta-analysis aimed to determine if hypoxia conditioning, compared to similar training near sea level,
maximizes body composition benefits in middle-aged and older adults.

Methods A literature search of PubMed, EMBASE, Web of Science, Scopus and CNKI (China National Knowledge

Infrastructure) databases (up to 27" November 2022) was performed, including the reference lists of relevant papers.
Three independent reviewers extracted study characteristics and health outcome measures. Search results were lim-
ited to original studies of the effects of hypoxia conditioning on body composition in middle-aged and older adults.

Results Twelve studies with a total of 335 participants were included. Hypoxia conditioning induced greater reduc-
tions in body mass index (MD =-0.92, 95%Cl: -1.28 to -0.55, 1°’=0%, p < 0.00001) and body fat (SMD=-0.38, 95%Cl: -0.68
t0 -0.07, 12=49%, p=0.01) in middle-aged and older adults compared with normoxic conditioning. Hypoxia condi-
tioning improved lean mass with this effect not being larger than equivalent normoxic interventions in either mid-
dle-aged or older adults (SMD=0.07, 95%Cl -0.12 to 0.25, I*=0%, p=0.48). Subgroup analysis showed that exercise

in moderate hypoxia (FiO, > 15%) had larger effects than more severe hypoxia (FiO, < 15%) for improving body mass
index in middle-aged and older adults. Hypoxia exposure of at least 60 min per session resulted in larger benefits

for both body mass index and body fat.

Conclusion Hypoxia conditioning, compared to equivalent training in normoxia, induced greater body fat and body
mass index improvements in middle-aged and older adults. Adding hypoxia exposure to exercise interventions
is a viable therapeutic solution to effectively manage body composition in ageing population.
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- A meta-analysis was conducted to evaluate the effects of hypoxia conditioning on body composition in middle-

aged and older adults.

- Compared to normoxic equivalent, hypoxia conditioning provides greater reductions in body fat and body mass
index. However, the magnitude of improvement in lean mass was not greater in hypoxic than normoxic condi-

tions.

-+ Hypoxia conditioning of at least 60 minutes per session in moderate hypoxia (FiO, > 15%) is a promising inter-
vention to improve body composition in middle-aged and older adults.

Keywords Hypoxic training, Normobaric hypoxia, Body fat, Lean mass, Older adults

Background

The number and proportion of middle-aged adults (ages
40-65 years) and older adults (aged older than 65 years)
is increasing globally [1]. Body composition changes
occur with ageing, including fat accumulation and mus-
cle loss, which may lead to obesity and sarcopenia in age-
ing population [2-4]. A smaller muscle mass is related
to cardiovascular and metabolic diseases, compromised
quality of life, increased risk of falls, fractures, and mor-
tality [5—8]. Obesity is another important health risk fac-
tor affecting middle-aged and older adults that leads to
insulin resistance, chronic inflammation, cardiovascular
diseases, frailty, and mental disorders [9-11]. Therefore,
identifying effective, enjoyable, and safe interventions
to improve body composition in ageing population is a
priority.

Exercise is a cornerstone therapy to improve body
composition by reducing body fat and signalling path-
ways controlling muscle mass [12-14]. Various exercise
modalities including aerobic training, high-intensity
interval training and resistance training can improve
body composition in the elderly [15, 16]. Compared to
those without training, older adults with sarcopenia
obesity undertaking eight weeks of moderate-intensity
aerobic training, resistance training, and combined aer-
obic and resistance training interventions significantly
improved muscle mass and fat mass [17]. Twelve weeks
of elastic-band resistance training combined with walk-
ing/running on a treadmill and bicycle significantly
decreased body weight, body mass index (BMI), and
body fat percentage in obese, older men [18]. While exer-
cise training provides valuable health benefits for man-
aging and even reversing some signs of ageing, no single
exercise modality can be recommended.

Exercising regularly, at a moderate-to-vigorous inten-
sity, and combining activities that challenge the heart,
lungs and muscles, assists in managing cardio-metabolic
health [19-21]. Higher exercise intensities have gener-
ally been associated with larger improvement in body

composition [22-25]. For instance, training at an inten-
sity corresponding to 70% compared to 50% of maximal
oxygen consumption leads to larger benefits for fat mass,
total abdominal fat, and subcutaneous abdominal fat in
middle-aged females [22]. Despite larger improvement
in body composition, exercising at a higher intensity is
eventually accompanied by higher injury risk [26] and
reduced pleasure [27], likely preventing its wide applica-
tion in sedentary populations. Furthermore, sedentary
middle-aged and older adults are often suffering from an
increased prevalence of chronic musculoskeletal disor-
ders (i.e., osteoarthritis or osteoporosis), in turn decreas-
ing training adherence especially for higher intensity
workouts [28]. Innovative approaches are warranted for
effective body composition management in ageing popu-
lations beyond what is achieved to date.

Hypoxia conditioning relates to active (i.e., during exer-
cise) exposure to systemic (whole body) and/or local (tis-
sue) hypoxia, resulting in a decrease in arterial oxygen
availability [29]. During the last decade, the popularity of
training at low-to-moderate exercise intensity combined
with systemic hypoxia (low oxygen conditions) to bring
equivalent or additional physiological and functional
benefits, compared with high-intensity exercise in nor-
moxia (normal oxygen conditions), has grown in obese
cohorts [30]. Several studies recruiting young, apparently
healthy individuals have demonstrated that resistance
training in hypoxia is effective for improving skeletal
muscle fibre cross-sectional area, lean body mass, muscle
strength, and exercise capacity [31-36]. To date, however,
whether hypoxia conditioning compared to normoxia
leads to improved body composition in middle-aged and
older adults remains controversial. Training in hypoxia
(inspired oxygen fraction [FiO,]=15%) twice weekly
for four weeks induced larger improvements in physi-
cal fitness and body composition than similar training
in normoxia, with also the advantage of lower sustained
workloads during actual training sessions in hypoxia [37].
In overweight and obese adults, training in hypoxia was
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also more effective at reducing abdominal fat than in nor-
moxia [38, 39]. Conversely, others failed to report greater
improvements in markers of body composition (i.e., BMI,
total lean mass, and total fat mass) after training in oxy-
gen-deprived conditions [35, 40—43].

Therefore, this meta-analysis aimed to determine if
hypoxia conditioning, compared to similar training near
sea level, maximizes body composition benefits in mid-

dle-aged and older adults.

Methods

This meta-analysis was conducted in accordance with
the Preferred Reporting Items for Systematic Review and
Meta-analyses (PRISMA) 2020 Statement [44].

Search strategy

A literature search was conducted using PubMed,
EMBASE, Web of Science, Scopus and CNKI (China
National Knowledge Infrastructure) databases. In addi-
tion, references of the included studies and previously
published reviews were manually searched. Studies were
searched in the electronic databases using the follow-
ing key terms combined by Boolean logic (“AND’; “OR’,
“NOT”): ‘hypoxia; ‘altitude; ‘normobaric; ‘hypoxic expo-
sure, ‘exercise; ‘training, ‘high-intensity interval training,
‘resistance exercise, ‘aerobic exercise, ‘strength training,
‘weight training; ‘body composition; ‘body fat; ‘lean mass,
‘body mass index;, ‘muscle mass, ‘fat-free mass; ‘middle-
aged, ‘aged; ‘older adult; ‘elderly; ‘old people; ‘postmeno-
pausal women. The search of titles, abstracts and key
words was conducted on 27" November 2022.

Eligibility criteria

Each eligible study had to meet all of the following crite-
ria for the type of study, participants, interventions, and
outcomes: (1) randomized controlled trials; (2) partici-
pants aged 40 years and older with no serious diseases;
(3) the study design included comparisons between the
same exercise training protocol in hypoxia (exposures
were required to be simulated altitude>2000 m or a
FiO,<16.4%) and normoxia condition; (4) reported out-
comes of body composition (BMI, lean body mass, body
fat percentage, fat-free mass and/or fat mass). Studies
were excluded if at least one of the following criteria were
met: (1) abstracts or reviews; (2) not written in English
or Chinese; (3) non-randomized controlled trials; (4)
participants aged under 40; (5) participants with severe
diseases including cancer, cardiovascular (i.e., heart fail-
ure and coronary artery disease), neurological (i.e., Par-
kinson’s disease, Alzheimer’s disease, multiple sclerosis),
and respiratory (i.e., end-stage chronic obstructive pul-
monary disease, pulmonary fibrosis, or severe asthma)
conditions; (6) blood flow restriction as the hypoxia
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intervention; (7) full-text or data extraction unavailable;
(8) no physical activity or exercise prescribed as part of
the intervention protocol. Titles and abstracts of the ini-
tial retrieved studies were assessed by three independent
researchers, any disagreement was discussed until reach-
ing consensus. Subsequently, the full text of the poten-
tially eligible studies was independently evaluated by two
researchers. Disagreements were solved initially via dis-
cussion between the two independent researchers, while
a third researcher was consulted for dispute resolution.

Data extraction

Data were extracted independently by two research-
ers into a pre-designed spreadsheet, including: (1)
basic information (i.e., authors, year of publication); (2)
experimental design (i.e., frequency, duration, inter-
vention); (3) participant characteristics (i.e., age, sex,
BMI and the number of participants); (4) outcome data
suitable for analysis based on mean, standard devia-
tion (SD) and sample size. The corresponding author
of the included study would be contacted directly if the
original data were not reported or incomplete. For stud-
ies that did not report outcomes including pre-post
change as “Mean+SD” or the outcomes were presented
as “Mean+SE/SEM (standard error/ standard error of
mean)’, calculations were conducted using the following
formulas:

Mean = Meany — Meany; SD = \Z/SDf +SD3 — 25D? x SD2 x R
SD; = SE; x \/Z; SDy = SEy x \/ﬁ

SD,, SD,=standard deviation of pre and post;
SE,, SE,=standard error of pre and post; Mean,,
Mean, =Mean of pre and post; R=0.4/0.5

Values presented as figures were digitized using graph
digitizer software (WebPlotDigitizer), and the means and
SD were measured manually at the pixel level to the scale
provided on the figure.

Methodological quality assessment

The quality of each included study was determined by
two researchers independently using The Cochrane Col-
laboration’s tool for assessing risk of bias [45], followed
by a cross-check of the results. The assessment was con-
ducted according to the Cochrane manual 5.1.0. from the
following domains: (1) random sequence generation; (2)
allocation concealment; (3) blinding of participants, per-
sonnel, and outcome assessors; (4) blinding of outcome
assessment; (5) incomplete outcome data; (6) selective
reporting; (7) other sources of bias. A judgement was
made on each of the domains as to whether studies were
‘low risk; ‘high risk’ or ‘unclear risk: Any disagreement
between the two researchers on assessment results was
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solved initially via discussion, while a third researcher
was consulted for dispute resolution.

Statistical analysis

All statistical analyses were conducted using the Review
Manager software (version 5.3, the Cochrane Collabo-
ration, Oxford, UK). Heterogeneity between trials was
assessed using the I? statistic and the Chi-squared test.
The Cochrane guidelines explain I* statistics as follows:
1% <25%, low heterogeneity is assumed; I? < 75% and > 25%,
moderate heterogeneity is assumed; I>>75%, high hetero-
geneity is assumed [46]. The random-effects model was
chosen when I? >25%, otherwise the fixed-effects model
was used. If the outcomes were continuous variables, the
sample size, the mean values, and SDs were extracted
and used for statistical analyses. Besides, mean difference
(MD) with 95% confidence intervals (95%CI) or stand-
ardized mean difference (SMD) with 95%CI were used
based on whether the outcome data were reported in the
same unit or not [45]. The significance was set at p <0.05.
The criteria to interpret the magnitude of the effect
size (Cohen’s d effect size) were as follows:<0.2=no
effect, 0.20-0.49=small effect, 0.50-0.79=moder-
ate effect, and>0.80=/large effect. Small study effects
were explored using funnel plots of MD versus SE, and
by quantifying Egger’s linear regression intercept [45]. A
large and statistically significant Egger statistic indicates
the presence of a small study effect. Subgroup analyses
were performed for investigating potential moderators
including age (middle-aged and older adults), hypoxia
severity (FiO,=15% as the cut off point for moderate
hypoxia [47]) and hypoxia exposure duration per session
(<60 min and > 60 min).

Results

Search results

A total of 4576 studies were retrieved from database
screening (PubMed: n=903, Embase: n=718, Web of
Science: n=1266, Scopus: n=1326, CNKIL: n=363). Ini-
tially, 2052 duplicate studies were identified and then
removed using the EndNote reference management soft-
ware (version X9, Clarivate Analytics). Subsequently,
2471 studies were excluded according to the titles and
abstracts, and 53 studies were identified as suitable for
further assessment. Following the full screening process,
12 studies (Table 1) were included in this meta-analysis
35, 37, 4043, 48-53] (Fig. 1).

Study characteristics

A total of 335 participants (152 men, 148 women, and
35 participants with unreported sex) aged 40 to 80 were
included. Hypoxia severity ranged from ~ 2000 m to 4500
m simulated altitudes or FiO,=16.4—-12.0% (mean: ~ 2264
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m or FiO,=12.5%). Duration of hypoxic exposure ranged
from 16 to 180 min (Mean:~77 min). Studies imple-
mented resistance exercise (n=3), aerobic exercise
(n=5), whole-body vibration training (n=2), high-inten-
sity interval training (n=1), and aerobic combined with
resistance exercise (n=1). Lean mass was reported in
eleven studies, while BMI and body fat were reported in
seven and nine studies, respectively (Table 1).

Risk of bias of included studies

All included studies used randomization methods, while
none of them reported the specific methods of alloca-
tion concealment (evaluated as ‘unclear risk’ of bias). The
blinding of participants and personnel was not described
clearly in two studies and was evaluated as a ‘high risk’
of bias in one study. Besides, ten studies did not report
the blinding of outcome assessment (‘unclear risk’ of
bias), while two studies were classified as ‘low risk’ of
bias. Except for one study that was considered as ‘high
risk’ of bias for incomplete outcome data, all the other
studies were evaluated as ‘low risk’ of bias for the three
assessment domains (incomplete outcome data, selective
reporting, and other bias). Given that the use of complete
blinding methods may not be feasible in exercise inter-
ventions, the overall risk of bias in the included studies
was evaluated as ‘low-to-moderate’ (Fig. 2).

Results of quantitative synthesis

Lean mass

Among the twelve selected studies, eleven studies
reported outcome indicators concerning lean mass (i.e.,
fat-free mass, lean body mass, trunk, and limb lean mass,
and muscle mass). Five studies included middle-aged
adults, and six recruited older adults. A total of 18 data
points were included in the quantitative synthesis. The
effect of exercise in hypoxia versus normoxia on lean
mass was not statistically different (SMD =0.07, 95%CI
-0.12 to 0.25, I>=0%, p=0.48). The effects were not dif-
ferent between middle-aged (SMD=0.09, 95%CI -0.22
to 0.39, >’=0%, p=0.58) and older adults (SMD=0.06,
95%CI -0.18 to 0.29, I*=0%, p=0.65), according to sub-
group analysis (Fig. 3).

BMI

Seven studies recruiting middle-aged (n=5) and older
adults (n=2) reported the effects of exercise with or
without hypoxia on BMI. There was a significant effect
in favour of hypoxia on BMI compared to normoxia
(MD=-0.92, 95%CI -1.28 to -0.55, ?’=0, p<0.00001).
Subgroup analysis showed a larger effect of exercise
in hypoxia versus normoxia in middle-aged adults
(MD=-0.95, 95%CI -1.32 to -0.58, ?’=0, p<0.00001),
but not in older adults (MD=-0.19, 95%CI -2.00 to 2.38,
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Fig. 1 Flow diagram of study selection

>=0, p=0.87) (Fig. 4). Compared to normoxia, the effect
of exercise in hypoxia for improving BMI was signifi-
cantly larger with FiO,>15% (MD=-1.03, 95%CI -1.41
to -0.64, I’=0, p<0.00001), but not with FiO,<15%
(MD=0.02, 95%CI -1.11 to 1.15, I2=0, p=0.97) (Fig. 5).
Compared with shorter (<60 min per session) hypoxia
exposure duration (MD=0.31, 95%CI -1.38 to 2.00, I>=0,
p=0.72), longer hypoxia exposure duration (>60 min per
session) induced larger BMI improvement (MD=-0.98,
95%CI -1.35 to -0.60, I*=0, p <0.00001) (Fig. 6).

Body fat

Nine studies with a total of 15 data points reported out-
come indicators concerning body fat (i.e., fat mass, fat
mass percentage, and body fat percentage). Five studies
included middle-aged adults, and four studies included
older adults. There was a significant effect in favour of
hypoxia on body fat compared to normoxia (SMD =-0.38,
95%CI -0.68 to -0.07, 1>=49%, p=0.01). The effects
were not different between middle-aged (SMD=-0.39,
95%CI -0.85 to 0.06, I*=55%, p=0.09) and older adults
(SMD=-0.38, 95%CI -0.82 to 0.07, I>=51%, p=0.10),
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according to subgroup analysis (Fig. 7). The effect of exer-
cise in hypoxia at FiO,>15% (SMD=-0.30, 95%CI -0.62
to 0.01, [*=42%, p=0.06) was not larger than that at
FiO, <15% (SMD=-0.75, 95%CI -1.71 to 0.20, [*=70%,
p=0.12) (Fig. 8). Compared with shorter (<60 min per
session) hypoxia exposure duration (SMD =-0.01, 95%CI
-0.38 to 0.36, I>=0%, p=0.94), longer hypoxia exposure
duration (> 60 min per session) induced larger reductions
in body fat (SMD=-0.56, 95%CI -0.96 to -0.15, I*=58%,
p=0.008) (Fig. 9).

Discussion

This meta-analysis is the first to compare the effects of
hypoxia conditioning with similar training in normoxia
on body composition in middle-aged and older adults.
A total of twelve studies with 335 participants train-
ing using various exercise modalities (resistance exer-
cise, aerobic exercise, whole-body vibration training,
high-intensity interval training, and a combination of
aerobic and resistance exercise) were selected. Overall,
results showed that hypoxia conditioning induces larger
improvements in body fat and BMI, but not in lean mass.



He et al. Sports Medicine - Open (2023) 9:89

Page 7 of 15

Random sequence generation (selection hias)
Allocation concealment (selection hias) | |
Blinding of participants and personnel (performance hias)
Blinding of outcome assessment (detection bias) I
Incomplete outcome data (attrition hias)
Selective reporting (reporting hias)
Other bias
I + + + {
0% 25% 50% 75%  100%
B Low risk of bias [Junciear risk of bias Bl High risk of bias
O (o]
@0 @
3 3
Q0 @
ix] Lx]
-3 =
? 9
2 o O O
@ pad = @ @
-3 Ed # T ® 3 3 » Z
o oS4 4 o =) @ @© @© = o
« § 3 § » £ 3 3 3 35 & 2
=z = = 9o @D @ = 17 ® T @
o ® 3 o = = o S @ ®» T =
2 2 2 2 2 2 2 2 2 2 2 =
2 2 2 2 2 2 2 2 2 2 2 2
T W E OB G OE T OE T OEOE OB
B T N - R BECC BN~ N~ B R
® OO DO 6 e ® 6| e ®|randomseguencegeneration (selection hias)
W | | [ [ | | [ | | e | = [ Allocation concealment (selection bias)
® D =~ ~ 0 S S | | M| @, oscindingofparicipants and personnel (performance bias)
-~ . PRON IREC (RPN ISR P IO ) . = | = | Blinding of outcome assessment {detection bias)
QO OO OO O O B G M| ®)|mncompleteoutcome data (attition bias)
® OO S OO O e 6| 6| ®,|seectvereportng (reporting bias)
OO0 OO0 OO O OO G O O ot

Fig. 2 Risk of bias summary of included studies

Effects of hypoxia conditioning on body fat

This meta-analysis demonstrated that, compared to nor-
moxia, hypoxia conditioning is more effective for reduc-
ing body fat in adults aged between 40 and 80 years old.
Our results for body fat are consistent with previous
studies [37, 47, 48, 51] and are also in accordance with
findings obtained in cohorts of different age (16 to 40
years old) and individuals with obesity [30, 54, 55]. One
potential underlying mechanism to explain reported
lower body fat with hypoxia conditioning relates to appe-
tite reduction, eventually through a decrease of acylated
ghrelin concentration associated with acute hypoxic
exposure, thus restricting energy intake and contributing
to energy deficit [56]. Hence, energy deficit is the most
important consideration for losing weight, regardless of
the dietary approach being used [57]. It was reported that
hypoxia could modulate leptin levels, and increase adipo-
cytokines, metabolic rate, mitochondrial function, and

fat oxidation [56, 58]. Fat oxidation can be enhanced by
an upregulation in the activity of mitochondrial enzymes
[59]. On the basis that hypoxic inducible factor-1 expres-
sion induced by repeated hypoxic exposure can maxi-
mize the number and efficiency of mitochondria, exercise
training in oxygen-deprived conditions is now considered
a viable therapeutic approach for treating obesity [39, 47].

There were several differences, including interven-
tion design, dietary control, and age span, between the
included studies despite the relatively low heterogene-
ity. Firstly, we found that there was one study [48] with a
much larger effect than other investigations for reducing
body fat. While hypobaric hypoxia was used in this study,
all others included exercise sessions only performed in
normobaric hypoxia. This difference in the nature of the
hypoxic stimulus may be a source for the heterogeneity
observed. Besides, daily dietary and energy intake of par-
ticipants should be strictly controlled given that it might
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hypoxia normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD_Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl
1.8.1 middle aged
Ahdallah et al. [52] -0.5 15.2 16 1 9.25 15  7.0% -0.12[-0.82,0.59]
Chacaroun etal. [43] a 11 7.55 12 0.3 9.9 1" 5.2% 0.09[-0.73,0.91]
Chacaroun etal. [43] b 0.2 717 12 -0.2 9.35 1" 5.2% 0.05[-0.77, 0.86]
Hannes et al. [53] 0.4 3.75 16 0.4 3.72 16  7.3% 0.00 [-0.69, 0.69]
Nishiwaki et al. [48] 0.58 483 7 -1.05 468 7 31% 0.32[-0.74,1.38] >
Wiesner etal. [37] 2 9.55 24 0 6.92 21 101% 0.23[-0.35,0.82]
Subtotal (95% Cl) 87 81 37.9% 0.09[-0.22, 0.39] et

Heterogeneity: Tau®= 0.00; Chi*=0.81, df=5 (P =0.98);, F= 0%
Test for overall effect: Z=0.55 (P = 0.58)

1.8.2 older adults

Allsopp etal. [42] a 269  634.01 10 1649 64569 10 4.5% 0.16[-0.72,1.03]
Allsopp etal. [42] b 15633 86948 10 -933 7161 10  45% 0.30[-0.59,1.18] >
Allsopp etal. [42] ¢ 1434 36984 10 1706 306.02 10 4.5% -0.08 [-0.95, 0.80]
Allsopp etal. [42] d -33 1,03053 10 668 77946 10 45% -0.07 [-0.95, 0.80]
Camacho-Cardenosa et al. [49] a 0.2 1.8 10 -07 23 11 46% 0.42[-0.45,1.28] >
Camacho-Cardenosaetal. [49) b -0.4 29 10 -02 1.9 1 4.8% -0.08 [-0.94,0.78]
Camacho-Cardenosaetal. [49]) ¢ -0.5 1.6 10 -02 1.8 1 4.7% -0.17 [-1.03, 0.69)
Camacho-Cardenosaetal. [50]a  -0.17 1.68 9 0.01 2.81 10  4.3% -0.07 [-0.97,0.83]
Camacho-Cardenosa etal. [50] b -0.5 2.52 9 -016 291 10 4.3% -012[1.02,0.78]
Parketal. [51] 2.09 348 12 106 314 12 54% 0.30[-0.51,1.11] >
Timon et al. [40] 0.1 12.01 17 02 1091 18 7.9% -0.01 [-0.67, 0.65]
Torpel et al. [35] 1 1252 18 0 13 17 7.9% 0.08 [-0.59, 0.74]
Subtotal (95% Cl) 135 140 62.1% 0.06 [-0.18, 0.29]

Heterogeneity: Tau®*= 0.00; Chi*= 2.14, df=11 (P =1.00); F= 0%
Test for overall effect: Z=0.46 (P = 0.65)

’
Total (95% Cl) 222 221 100.0% 0.07 [-0.12, 0.25] ?
Heterogeneity: Tau®= 0.00; Chi*= 2.98, df=17 (P = 1.00); F= 0% t t t t
Test for overall effect: Z=0.70 (P = 0.48) - -05 0 0.5 1
Z=0. =0. . N ia F Himoxi
Testfor subgroup differences: Chi*= 0.02. df=1 (P = 0.88). F= 0% avours Hormoxia Favours Rypoxia
Fig. 3 Meta-analysis of the effects of exercise in hypoxia versus normoxia on lean mass in middle-aged and older adults. a; b, c; 'd" represents
different outcome indicators of lean mass reported in the same study. Filled green square represents study-specific estimates, and filled diamond
represents pooled estimates of random-effects. C/ confidence interval, SD standard deviation

hypoxia normoxia Mean Difference Mean Difference
Study or Subgrou Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.10.1 middle aged
Ahdallah et al. [52] -0.4 4.05 16 0 47 15  1.4% -040[3.50, 2.70]
Chacaroun et al. [43] 04 25 12 -03 32 11 2.4% 0.70[-1.66, 3.08] —
Hannes et al. [53] -1.3 g 16 -09 441 16 0.7% -0.40[-4.88 4.09)
Nishiwaki et al. [48] -1.17 0.48 7 -013 0.1 7 887% -1.04[1.43,-0.65) .
Wiesner et al. [37] -1.5 3.43 24 13 275 21 41%  -0.20[-2.01,1.61) SR —
Subtotal (95% CI) 75 70 97.2% -0.95[-1.32,-0.58] L 4

Heterogeneity: Tau®= 0.00; Chi*=2.92, df=4 (P=0.57), F=0%
Test for overall effect: Z=5.01 (P < 0.00001)

1.10.2 older aduits

Allsopp et al. [42] 01 3.48 10 0 253 10 1.9% 0.10[-2.57,277)
Pramsohler et al. [41] 018 533 19 -019 6.1 16 0.9% 0.37 [-3.46, 4.20]
Subtotal (95% Cl) 29 26 2.8%  0.19[-2.00,2.38] ——enEGiiE—

Heterogeneity: Tau®= 0.00; Chi*=0.01, df=1 (P=0.91), F= 0%
Test for overall effect Z=0.17 (P =0.87)

Total (95% Cl) 104 96 100.0% -0.92[-1.28,-0.55] L 2
Heterogeneity: Tau®= 0.00; Chi*= 3.94, df= 6 (P = 0.68); F= 0% 54 52 : 5 i
Test for overall effect: Z= 4.92 (P < 0.00001)

F Hypoxia F i
Test for subgroup differences: Chi*=1.01. df= 1 (P = 0.32). = 0.6% avours Hypoxia Favours Normoxia

Fig. 4 Meta-analysis of the effects of exercise in hypoxia versus normoxia on BMI in middle-aged and older adults. Filled green square represents
study-specific estimates, and filled diamond represents pooled estimates of random-effects. C/ confidence interval, SD standard deviation

significantly influence the magnitude of fat loss [57].  simply requested (i.e., not verified) participants to main-
None of the included studies reported the daily energy tain their normal diet. As a result, studies investigating
intake during the intervention period, while six studies  the effect of hypoxia conditioning with a strict control of
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hypoxia normoxia

Study or Subgroup Mean SD Total Mean SD Total Weight
1.12.1 hypoxia severity( =:15% FiO2)

Ahdallah et al. [52] -0.4 4.05 16 0 47 15 1.4%
Allsopp etal. [42] 01 3.48 10 0 253 10  1.9%
Chacaroun et al. [43] 04 25 12 -03 32 11 2.4%
Hannes et al. [53] -1.3 g 16 -09 441 16  0.7%
Wiesner et al. [37] -1.5 3.43 24 13 275 21 4.1%
Subtotal (95% CI) 78 73 10.4%
Heterogeneity: Tau®= 0.00; Chi*=0.48, df=4 (P=0.98), F= 0%

Test for overall effect: Z=0.04 (P = 0.97)

1.12.2 hypoxia severity( == 15% Fi02)

Nishiwaki et al. [48] -1.17 048 7 -013 0.1 7 887%
Pramsohler et al. [41] 018 533 19 -0.19 6.1 16 0.9%
Subtotal (95% CI) 26 23 89.6%
Heterogeneity: Tau®= 0.00; Chi*=0.51, df=1 (P=0.47), F=0%

Test for overall effect: Z=5.21 (P < 0.00001)

Total (95% Cl) 104 96 100.0%

Heterogeneity: Tau®= 0.00; Chi*= 3.94, df=6 (P = 0.68), F=0%
Test for overall effect: Z= 4.92 (P < 0.00001)
Test for suhgroup differences: Chi*= 2.94. df=1 (P = 0.09). F= 66.0%
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Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

-0.40 [-3.50, 2.70]
010 [2.57, 2.77]
0.70 [-1.66, 3.06]

-0.40 [-4.88, 4.08)

-0.20 [2.01, 1.61]
0.02[-1.11, 1.15]

-1.04 [-1.43,-0.65]
0.37 [-3.46, 4.20]
-1.03[-1.41,-0.64]

.
*

-0.92 [-1.28, -0.55]

*
.
-4 -2 0 2 4
Favours Hypoxia Favours Normoxia

Fig. 5 Hypoxia exposure severity subgroup analysis (BMI). Filled green square represents study-specific estimates, and filled diamond represents
pooled estimates of random-effects. C/ confidence interval, SD standard deviation

hypoxia normoxia

Study or Subgroup Mean SD Total Mean SD Total Weight
1.14.1 Hypoxia exposure duration (<60min)

Abdallah et al. [52] -0.4 405 16 0 47 15 1.4%
Chacaroun et al. [43] 04 25 12 -03 32 11 2.4%
Pramsohler et al. [41] 018 533 19 -019 6.1 16  0.9%
Subtotal (95% ClI) 47 42 4.7%
Heterogeneity: Tau®= 0.00; Chi*=0.31, df= 2 (P = 0.86); F= 0%

Test for overall effect: Z= 036 (P=0.72)

1.14.2 Hypoxia exposure duration (=60min)

Allsopp et al. [42] 0.1 3.48 10 0 253 10 1.9%
Hannes etal. [53] -1.3 8 16 -09 441 16  0.7%
Nishiwaki et al. [48] -1.17 0.48 7 -013 0.1 7 887%
Wiesner et al. [37] -1.5 3.43 24 13 275 21 41%
Subtotal (95% ClI) 57 54 95.3%
Heterogeneity: Tau®= 0.00; Chi*=1.50, df= 3 (P = 0.68), F=0%

Test for overall effect: Z=5.12 (P < 0.00001)

Total (95% ClI) 104 96 100.0%

Heterogeneity: Tau®= 0.00; Chi*= 3.94, df=6 (P = 0.68), F=0%
Test for overall effect: Z= 4.92 (P < 0.00001)
Test for subgroup differences: Chi*=213. df=1P=018.F=53.1%

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

-0.40 [-3.50, 2.70]
0.70 [-1.66, 3.06]
0.37 [-3.46, 4.20]
0.31[-1.38, 2.00]

0.10[-2.57,277)
-0.40[-4.88, 4.08)
-1.04 [-1.43,-0.65]
-0.20 [2.01,1.61]
-0.98 [-1.35, -0.60]

L
<
&

-0.92 [-1.28, -0.55]

-4 -2 0 2 1
Favours Hypoxia Favours Normoxia

Fig. 6 Hypoxia exposure duration (mins per session) subgroup analysis (BMI). Filled green square represents study-specific estimates, and filled
diamond represents pooled estimates of random-effects. C/ confidence interval, SD standard deviation

daily energy intake may need to be conducted in order to
evaluate the effects of any additional benefits of hypoxia
exposure for reducing body fat.

Effects of hypoxia conditioning on body mass index

Hypoxia conditioning favoured a reduction in BMI
compared to normoxia. Baseline BMI levels of tested
participants ranged from 23.9-33.1 kg/m? indicat-
ing that only overweight-to-obese individuals were

recruited. Given that lean mass did not increase signifi-
cantly in most of the included studies (see next section),
and the overall effect calculated from this meta-analysis
was not significant either, we could speculate that BMI
improvements are mainly due to a reduction in body
fat. Among all investigations, the study by Nishiwaki
et al. [48], is the only one showing a significant effect
on BMI. Interestingly, the exercise program was con-
ducted in hypobaric hypoxia (simulated altitude of



Test for overall effect: Z= 2.44 (P = 0.01)
Test for subgroup differences: Chi*=0.00. df=1 (P=0.96). F=0%

Fig. 7 Meta-analysis of the effects of exercise in hypoxia versus normoxia on body fat in middle-aged and older adults. a,’b

Favours Hypoxia

q

G
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hypoxia normoxia Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.9.1 middle aged
Abdallah et al. [52) -0.3 9.65 16 -09 11.65 15  8.0% 0.05 [-0.65, 0.76] 1
Chacaroun etal. [43] a 0.3 7.8 12 0.3 10.05 11 7.0% 0.00[-0.82,0.82) B
Chacaroun etal. [43] b -0.2 A7 12 0.1 9.35 11 7.0% -0.03 [-0.85,0.78] T
Hannes et al. [53] -0.6 8.7 16 -09 8.22 16 81% 0.03 [-0.66,0.73] T
Nishiwaki et al. [48] a -2.57 1.48 7 029 1.14 737% -2.03[-3.40,-0.66)
Nishiwaki et al. [48] h -3.92 2.59 7 -012 2.22 7 4.3% -1.47[-2.70,-0.24) -
Nishiwaki et al. [48] ¢ 0.37 3 7 0086 2.65 7 53% 0.10[-0.95,1.15] 1
Wiesner et al. [37] -5.94 5.29 22 -1.85 421 19  86% -0.83[1.47,-0.19) -
Subtotal (95% CI) 99 93 51.9% -0.39 [-0.85, 0.06] S 4
Heterogeneity: Tau®= 0.23; Chi*=15.54, df= 7 (P = 0.03); F= 55%
Test for overall effect: Z=1.70 (P = 0.09)
1.9.2 older adults
Allsopp etal. [42] a -307.4 64298 10 91 1,00584 10 6.4% -0.34 [-1.22, 0.55) T
Allsopp etal. [42] b -67.8 41088 10 -71  498.02 10 6.5% -0.13[1.00,0.75) T
Allsopp etal. [42] ¢ -56.3 380.76 10 865 19518 10  6.4% -0.45[-1.34,0.44) N
Allsopp etal. [42) d -141.4 583.48 10 -695 673.72 10 6.5% -0.11 [-0.99, 0.77) - T
Park et al. [51] -55 1.78 12 -1.96 1.71 12 56% -1.96 [-2.96,-0.95)
Timon et al. [40] 0.2 8.7 17 09 10.41 18 84% -0.07 [-0.73,0.59] T
Torpel et al. [35] 0 9 18 0 717 8.4% 0.00 [-0.66, 0.66] T
Subtotal (95% CI) 87 87 48.1% -0.38[-0.82, 0.07] L o
Heterogeneity: Tau*=0.18; Chi*=12.16, df=6 (P = 0.06); F=51%
Test for overall effect: Z=1.67 (P=0.10)
Total (95% Cl) 186 180 100.0% -0.38 [-0.68, -0.07] <
Heterogeneity: Tau®= 0.17; Chi*= 27.70, df= 14 (P = 0.02); "= 49% 4 2 : 2 4

Favours Normoxia

i

‘d'represents different

outcome indicators of body fat reported in the same study. Filled green square represents study-specific estimates, and filled diamond represents
pooled estimates of random-effects. C/ confidence interval, SD standard deviation

hypoxia normoxia Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.11.1 hypoxia severity(=:15% Fi02)
Abdallah et al. [52) -0.3 9.65 16 -09 11.65 15  8.0% 0.05 [-0.65, 0.76] ]
Allsoppetal. [42) a -307.4 64298 10 9.1 1,095.84 10 6.4% -0.34 [-1.22,0.55) —
Allsopp etal. [42] b -67.8 41088 10 -71  498.02 10  6.5% -0.13[1.00,0.75) -1
Allsopp etal. [42] ¢ -56.3 380.76 10 865 19518 10 6.4% -0.45[-1.34,0.44) —
Allsopp etal. [42]d -141.4 583.48 10 -69.5 B73.72 10 6.5% -0.11 [-0.99,0.77) —
Chacaroun etal. [43] a 0.3 7.8 12 0.3 10.05 11 7.0% 0.00[-0.82,0.82) -1
Chacaroun etal. [43] b -0.2 717 12 0.1 9.35 11 7.0% -0.03[-0.85,0.78]
Hannes et al. [53] -0.6 8.7 16 -09 8.22 16  81% 0.03 [-0.66, 0.73] N S
Park et al. [51] -5.5 1.78 12 -1.96 1.71 12 5.6% -1.96[-2.96,-095 ————
Tarpel et al. [35] 0 ] 18 0 7 17 8.4% 0.00 [-0.66, 0.66] 1
Wiesner et al. [37] -5.94 5.29 22 -1.85 421 19  86% -0.83[1.47,-0.19)
Subtotal (95% CI) 148 141 78.4% -0.30[-0.62, 0.01] -
Heterogeneity: Tau*=0.11, Chi*=17.13,df=10 (P=0.07), F= 42%
Test for overall effect: Z=1.90 (P = 0.06)
1.11.2 hypoxia severity(>15% Fi02)
Nishiwaki et al. [48) a -2.57 1.48 7 029 1.14 7 3.7% -2.03[-3.40,-086) ¥————
Nishiwaki et al. [48] b -3.92 2.59 7 -012 222 7 43% -1.47[270,-024)
Nishiwaki et al. [48] ¢ 0.37 3 7 0086 2.65 7 53% 0.10[-0.95,1.15]
Timon et al. [40] 0.2 8.7 17 0.9 1041 18 8.4% -0.07 [-0.73, 0.59) 1
Subtotal (95% CI) 38 39 21.6% -0.75[-1.71,0.20] ————
Heterogeneity: Tau*= 0.65; Chi*=10.04, df=3 (P=0.02); F=70%
Testfor overall effect: Z=1.55(P=0.12)
Total (95% Cl) 186 180 100.0% -0.38 [-0.68, -0.07] -
Heterogeneity: Tau®= 0.17; Chi*= 27.70, df= 14 (P = 0.02); "= 49% 2 1 : 1 2

Test for overall effect: Z= 2.44 (P = 0.01)
Test for subgroup differences: Chi*=0.77. df=1 (P=0.38). F=0%

o

Fig. 8 Hypoxia exposure severity subgroup analysis (body fat).a; b, c;

interval, SD standard deviation

Favours Hypoxia

Favours Normoxia

‘d'represents different outcome indicators of body fat reported in the same
study. Filled green square represents study-specific estimates, and filled diamond represents pooled estimates of random-effects. C/ confidence



He et al. Sports Medicine - Open (2023) 9:89 Page 11 of 15
hypoxia normoxia Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.13.1 Hypoxia exposure duration(<60min)
Abdallah et al. [52) -0.3 9.65 16 -09 11.65 15  8.0% 0.05 [-0.65, 0.76] 1
Chacaroun etal. [43] a 0.3 7.8 12 0.3 10.05 11 7.0% 0.00 [-0.82,0.82] —
Chacaroun etal. [43] b -0.2 717 12 0.1 9.35 11 7.0% -0.03[-0.85,0.79] —
Timon et al. [40] 0.2 8.7 17 09 10.41 18 8.4% -0.07 [-0.73,0.59] - T
Subtotal (95% Cl) 57 55 30.3% -0.01[-0.38, 0.36] ’
Heterogeneity: Tau®= 0.00; Chi*= 0.07, df= 3 (P = 1.00); F= 0%
Test for overall effect: Z=0.08 (P = 0.94)
1.13.2 Hypoxia exposure duration (=60min)
Allsopp etal. [42] a -307.4 64298 10 9.1 1,095.84 10  6.4% -0.34 [-1.22,0.55)
Allsopp etal. [42] b -67.8 41088 10 -71  498.02 10 6.5% -0.13[1.00,0.75) —
Allsopp etal. [42) ¢ -56.3 380.76 10 865 19518 10 6.4% -0.45[-1.34, 0.44] —
Allsopp etal. [42]d -141.4 583.48 10 -69.5 67372 10 6.5% -0.11[-0.99,0.77) —
Hannes et al. [53] -0.6 8.71 16 -09 8.22 16 8.1% 0.03 [-0.66,0.73] I
Nishiwaki et al. [48] a -2.57 1.48 7 029 1.14 737% -2.03[-3.40,-066) ¥
Nishiwaki et al. [48] b -3.92 2.59 7 -012 2.22 7 43% -1.47[270,-024) &
Nishiwaki et al. [48] ¢ 0.37 3 7 006 265 7 5.3% 0.10[-0.951.19]
Park et al. [51] -55 1.78 12 -1.96 1.71 12 56% -1.96[-2.96,-095 ———
Tarpel et al. [35] 0 ] 18 0 7 17 8.4% 0.00 [-0.66, 0.66] S
Wiesner et al. [37] -5.94 5.29 22 -1.85 421 19 8.6% -0.83[1.47,-019]
Subtotal (95% CI) 129 125 69.7%  -0.56 [-0.96,-0.15] -
Heterogeneity: Tau®= 0.26; Chi*= 23.61, df=10 (P = 0.009); IF= 58%
Test for overall effect: Z= 2.67 (P = 0.008)
Total (95% CI) 186 180 100.0%  -0.38[-0.68,-0.07] -
Heterogeneity: Tau®= 0.17; Chi®= 27.70, df= 14 (P = 0.02); F= 49% R 4 : 1 !

Test for overall effect: Z= 2.44 (P = 0.01)
Test for subgroup differences: Chi*=3.70. df=1 (P=0.05). F=73.0%

Favours Hypoxia Favours Normoxia

i

Fig. 9 Hypoxia exposure duration (mins per session) subgroup analysis (body fat). a; ‘b, c;'d' represents different outcome indicators of body
fat reported in the same study. Filled green square represents study-specific estimates, and filled diamond represents pooled estimates

of random-effects. C/ confidence interval, SD standard deviation

2000 m or~FiO,=16.4%), while training sessions in
all the other included studies were performed in nor-
mobaric hypoxia. Higher metabolic rate, reduced food
intake, and a rise in leptin levels caused by hypobaric
hypoxia [58] could explain why the largest effects on
both BMI and body fat were found in the only hypo-
baric hypoxia study [48]. Regardless, the validity of BMI
as a body fat predictor continues to be debated since
individuals with high muscle mass may be incorrectly
classified as obese based on their BMI [60]. However,
participants included in this meta-analysis were inac-
tive middle-aged and older adults with normal muscle
mass. Therefore, larger improvements in BMI using
hypoxic exposure should be considered a positive out-
come of managing body composition.

Effects of hypoxia conditioning on lean mass

Hypoxia conditioning was not superior than equivalent
normoxic training to modify lean mass, while there were
also no significant differences between middle-aged and
older adults. These findings are inconsistent with previ-
ous observations made in younger adults [61-64]. These
authors reported that resistance exercise at moderate
intensity (70-85% 1RM) in hypoxia is more effective for
improving lean body mass and fibre cross-sectional area
than higher exercise intensities (>85%1RM) in normoxia.

The metabolic stress caused by both resistance exer-
cise and hypoxia can lead to an increased muscle fibre
recruitment, elevated hormonal release, altered myokine
production, and cellular swelling [62, 65], in turn explain-
ing larger increases in force production capacity com-
pared to normoxic interventions. In our meta-analysis,
however, the superiority of hypoxia conditioning com-
pared to normoxia to boost muscle mass in middle-aged
and older adults could not be verified.

Several suggestions can be made to explain why
hypoxic exposure had no additional benefits on mus-
cle mass. First, the hormonal response observed in
younger adults might not occur, or occur at a relatively
low degree, in middle-aged and older adults. In fact,
resistance training in hypoxia suppressed the growth
hormone response to exercise in older adults, while
other hormones and metabolic markers were unaf-
fected both acutely and chronically by hypoxia [66].
Reportedly, acute erythropoietin expression after
hypoxia exposure in young people was significantly
higher than in older individuals [67]. Secondly, exer-
cise interventions reviewed here may not be optimally
designed for muscle growth in middle-aged and older
adults. Of all studies that considered lean mass as a
main outcome, three of them used resistance exer-
cise, four selected aerobic training, two performed
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whole-body vibration training, one used high-intensity
interval training, and one combined aerobic and resist-
ance exercises. A progressive overload is an effective
strategy for inducing muscle hypertrophy using resist-
ance exercise, but not necessarily for other forms of
exercise [68, 69]. Consequently, additional hypoxia
exposure might not be effective to induce muscle
hypertrophy for ‘non-resistance’ exercise modalities.
Thirdly, given that sufficient energy and protein intake
are required to maximize the hypertrophic response,
the apparent lack of significant effect in the included
resistance training studies may be partly due to an
uncontrolled diet [70]. Pending confirmatory research,
a hypoxia-induced appetite reduction may also explain
this observation. Future studies on resistance exercise
in hypoxia should consider interventions designed
to specifically induce a hypertrophic response (e.g.,
intensity, volume, time under tension, Rating of Per-
ceived Exertion (RPE)) [65], with a strict control of
energy and protein intake.

Subgroup analysis

Age

Subgroup analysis showed that the effects of exercise in
hypoxia on body fat did not differ between middle-aged
and older adults. In normal weight and active subjects,
ageing had no deleterious effect on cardiac and venti-
latory responses to hypoxia [71]. As such, middle-aged
and older adults likely responding similarly to exercise
in hypoxia should achieve quite comparable benefits
with hypoxia conditioning. Improved insulin sensitiv-
ity through hypoxic training is linked with a decrease
in body fat in both obese and elderly individuals [47].
However, several factors could contribute to age-
induced modifications of body composition, such as
decreases in physical activity, energy production within
the cell, and mitochondrial protein synthesis. The exact
mechanisms responsible for comparable effects of exer-
cise in either hypoxia or normoxia for reducing body
fat remain unknown.

Hypoxia severity and duration

Hypoxia severity ranged from 2000 to 4500 m simu-
lated altitudes (FiO,=12.0-16.4%) in included studies.
In our subgroup analysis, we used an arbitrary value of
FiO,=15% to delimit moderate hypoxia (FiO,>15%)
and more severe (FiO,<15%) hypoxic levels [47]. A
previous meta-analysis showed significant body weight
and fat mass reductions induced by moderate altitude
exposure combined with exercise [72]. Contrastingly, in
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our study, there was no significant effect on improving
body fat that favoured hypoxia conditioning for groups
exposed to either moderate or more severe hypoxia.
However, considering body fat, a moderate effect size
favouring hypoxia was obtained in the subgroup with
less severe hypoxia levels (FiO, > 15%). This observation
may be due to the limited number of eligible studies.
Besides, hypoxia exposure duration per session var-
ied among studies that used moderate hypoxia, which
may explain why non-significant effects were reported.
Within the moderate hypoxia subgroup, one study
exposed participants to hypoxia for 120 min per ses-
sion (with significantly larger effects) [48], while the
other one only used 45 min (with smaller effect) [43].
Compared with normoxia, the effects of hypoxia con-
ditioning on both body fat (moderate) and BMI (large)
were significant in the subgroup with longer exposure
duration (>60 min). Studies reported that sufficient
daily hypoxia exposure time and prolonged duration
of the training program significantly reduced body fat
and body weight [72, 73], which is in agreement with
our findings. Therefore, exercise in moderate hypoxia
combined with exposure duration of at least 60 min is
recommended for improving body fat and BMI in mid-
dle-aged and older adults.

Limitations

This study is not without limitations. With most of
the included studies published in the past five years,
hypoxia conditioning can be considered a fast-develop-
ing research area. Because only a few studies focused on
the effects of exercise in hypoxia on body composition
in middle-aged and older adults, the number of eligible
studies was small. The heterogeneity of the protocols
used, including resistance exercise, aerobic exercise,
whole-body vibration training, high-intensity interval
training, and a combination of aerobic and resistance
exercise, poses a challenge when determining the effects
of hypoxic conditioning. This challenge is further exac-
erbated by the limited number of investigations available
for subgroup analysis. As such, we were unable to con-
duct subgroup analysis of the effects of different exercise
modes, intensities, volumes and frequencies, all known
to modulate cardio-metabolic stimulation and eventually
the efficacy of hypoxia conditioning.

The inclusion of studies on endurance exercise, which
is not anticipated to increase lean mass regardless of oxy-
gen conditions, in the meta-analysis focusing on changes
in lean mass may introduce inaccuracies. Even within
a given type of exercise modality, such as resistance
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exercise or high-intensity interval training, the effect of
adding hypoxia is likely to differ depending on a combi-
nation of factors. These factors include exercise struc-
ture (i.e., exercise-to-rest ratio, exercise duration), the
hypoxic dose (i.e., exposure duration and severity), and
the background of the participants being tested [74]. It is
common to observe variable results, with some individu-
als experiencing greater improvements in health markers
with a specific form of training, a higher training dose,
and/or hypoxia [75].

Another limitation was the utilization of an age limit
of > 40 years to select studies that focused on middle-aged
or older individuals. This criterion disregards the mean
age of the population under investigation in each study,
potentially resulting in the inclusion of individuals below
40 years old and introducing a potential source of bias.
This is especially significant considering the SD reported
for age by some studies (Table 1).

Further research considerations

In the absence of a well-accepted metric for defining
the ‘hypoxic dose’ (severity and duration of the hypoxic
stimulus), it remains challenging to directly compare lit-
erature findings. Recently, an index that integrates both
the external (FiO,) and internal (arterial oxygen satura-
tion or SpO,) stimuli to characterize individual responses
to normobaric hypoxia has been introduced (i.e., the so-
called ‘SpO, to FiO, ratio’ [74]). This metric based upon
the magnitude of the stimulus (i.e., SpO, as a reflection
of the ‘internal’ physiological stimulation), as opposed to
the altitude elevation (i.e., only representing the ‘exter-
nal’ stress), and also considering the duration of hypoxia
exposure might be relevant for comparing studies [76].
Additionally, sufficient energy and protein intake are
required to maximize the hypertrophic response in terms
of the effects of an intervention on lean mass. However,
none of the studies included in this meta-analysis were
designed to specifically induce a maximal hypertrophic
response (e.g., intensity, volume, time under tension,
RPE), with a strict control of energy and protein intake.
In addition to modulating energy intake, exposure to
hypoxia likely increases the body’s reliance on carbo-
hydrate as a fuel for substrate oxidation in reference to
normoxia [77]. While these considerations are important
when designing interventions to lose weight and effec-
tively manage body composition, diet was apparently
not carefully controlled in most included studies. Future
studies are required to delineate the isolated and com-
bined effects of hypoxia and diet. Finally, the included
studies did not account for potential differences between
men and women, and it is plausible that a sex-related
effect could have influenced the observed results.
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Conclusion

Hypoxia conditioning, compared to equivalent training in
normoxia, induced greater body composition improvement
in terms of body fat and BMI in middle-aged and older
adults. Adding hypoxia exposure to exercise interventions
is a viable therapeutic solution to effectively manage body
composition in ageing population. Our findings provide a
valuable starting point for health professionals to explore
innovative treatment options aimed at improving body
composition in middle-aged and older adults. It is impor-
tant to note that when prescribing hypoxic condition-
ing, there are multiple effective approaches, and no single
modality can be universally recommended as the best for
improving health outcomes. However, a guiding princi-
ple is to incorporate hypoxia conditioning sessions lasting
at least 60 min within a moderate hypoxic environment
(FiO,>15%) to support middle-aged and older adults in
achieving improved health outcomes. It is crucial to con-
sider contextual factors such as individual characteristics,
exercise preferences, availability of time and resources, as
well as access to hypoxicators and/or simulated altitude
chambers when implementing these interventions.
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