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Abstract

The (patho-)physiological responses to hypoxia are highly heterogeneous between individuals. In this review, we focused
on the roles of sex differences, which emerge as important factors in the regulation of the body’s reaction to hypoxia. Sev-
eral aspects should be considered for future research on hypoxia-related sex differences, particularly altitude training and
clinical applications of hypoxia, as these will affect the selection of the optimal dose regarding safety and efficiency. There
are several implications, but there are no practical recommendations if/how women should behave differently from men to
optimise the benefits or minimise the risks of these hypoxia-related practices. Here, we evaluate the scarce scientific evidence
of distinct (patho)physiological responses and adaptations to high altitude/hypoxia, biomechanical/anatomical differences in
uphill/downhill locomotion, which is highly relevant for exercising in mountainous environments, and potentially differential
effects of altitude training in women. Based on these factors, we derive sex-specific recommendations for mountain sports
and intermittent hypoxia conditioning: (1) Although higher vulnerabilities of women to acute mountain sickness have not
been unambiguously shown, sex-dependent physiological reactions to hypoxia may contribute to an increased acute moun-
tain sickness vulnerability in some women. Adequate acclimatisation, slow ascent speed and/or preventive medication (e.g.
acetazolamide) are solutions. (2) Targeted training of the respiratory musculature could be a valuable preparation for alti-
tude training in women. (3) Sex hormones influence hypoxia responses and hormonal-cycle and/or menstrual-cycle phases
therefore may be factors in acclimatisation to altitude and efficiency of altitude training. As many of the recommendations
or observations of the present work remain partly speculative, we join previous calls for further quality research on female
athletes in sports to be extended to the field of altitude and hypoxia.
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of the respiratory musculature, and the influence of sex
hormones on hypoxia responses are important considera-
tions for athletes and coaches.
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1 Introduction

Low oxygen availability (hypoxia) can massively affect
human physiology [1, 2]. The hypoxic dose (i.e. combina-
tion of duration, severity, type and intermittent pattern of the
exposure to hypoxia), environmental (e.g. temperature) and
behavioural (e.g. exercise) conditions, as well as individual
predispositions determine acute responses and long-term
adaptations, which can be both protective or maladaptive/
pathological [3, 4].

Although there is a great bias in the literature on hypoxia
research towards male subjects, an expanding body of litera-
ture indicates potential sex-based differences in responses to
hypoxia, including ventilatory [5, 6], cardiac [7], haemody-
namic [8], muscle metabolism [9] and autonomic responses
[10, 11]. Hormonal changes and the influence of the men-
strual cycle and menopause may partially underlie those dif-
ferences [12, 13]. The poor understanding of sex differences
in hypoxia responses is contrasted by an increasing num-
ber of women engaging in leisure or competitive mountain
sports (e.g. mountaineering, trail running, ski mountaineer-
ing, cross-country or alpine skiing, snowboarding), includ-
ing at the Winter Olympics which are often performed at
altitude (e.g. Cortina, Italy, 2026).

The public and scientific interest in hypoxia research
is rapidly increasing. This is not only because of increas-
ing travel to mountainous regions and growing numbers of
people performing sports at high altitude [14], which are
linked to more individuals exposing themselves to the risk
of developing high-altitude illnesses (HAIs; general prac-
tical recommendations for minimising HAIs are available
[15, 16]). There is also an increasing interest in altitude/
hypoxic training in both endurance [17] and team-sports ath-
letes [18]. In addition, the evidence on potential therapeutic
benefits of controlled hypoxia exposure (e.g. intermittent
hypoxia) is growing [4, 19]. Specifically, clinical applica-
tions for older people [20], hypertensive subjects [21], or
persons with neurological [20] or psychiatric diseases [22]
have been proposed. Little scientific information is, however,
available on sex differences in hypoxia responses regard-
ing HAIS, altitude training and hypoxia conditioning. Fur-
thermore, there are no practical recommendations if/how
women should behave differently from men to optimise the
benefits or minimise the risks of these hypoxia-related prac-
tices. The need for more research on the specific responses
of women to altitude, including in combination with other
environmental stressors (cold, heat), was recently empha-
sised [23]. Here, we evaluate the scarce scientific evidence
of distinct (patho)physiological responses and adaptations to
high altitude/hypoxia, biomechanical/anatomical differences
in uphill/downhill locomotion, which is highly relevant for
exercising in mountainous environments, and potentially
differential effects of altitude training in women. Based

on these factors, we derive sex-specific recommendations
for mountain sports and intermittent hypoxia conditioning,
while indicating particularly important research questions
regarding these topics.

The literature search was performed using PubMed,
Google Scholar, Scopus and Web of Science with the com-
bination of the following keywords: “woman/women”,
“female”, “hypoxia”, “altitude”, “acclimatisation exercise”,
“mountain sports”, “high altitude illnesses”, “acute moun-
tain sickness”, “respiration” and “muscle”. Relevant pub-
lications in the English language were selected based on
the following criteria: primarily human studies were con-
sidered, sex differences could be assessed either directly in
the article or with comparable articles, articles could be used
to extract practical recommendations for women engaging
in exercise activities at high altitudes. The selected articles
were complemented with publications from the repertoire of
the individual authors according to their expertise. Evidence
levels are estimations based on evaluation and discussion
among the authors.

2 Hormone Profiles of Women
and Metabolic Implications

An important factor underlying physiological sex differences
are sex hormones. Consideration of female sex hormone pro-
files therefore is also important when assessing the risks and
opportunities of altitude training in women. Fluctuations of
sex hormone levels (e.g. during the menstrual cycle or as a
consequence of menopause) affect exercise metabolism [24]
and modulate the physiological responses to hypoxia, in part
due to their regulation of body temperature and respiratory
and cardiovascular functions. From an age of about 13 years,
eumenorrheic (“normal menstruation”, in contrast to amen-
orrhoeic) women experience the menstrual cycle, a relatively
predictable rhythm of 23-38 days, characterised by typical
fluctuations of the hormones follicle-stimulating hormone,
oestrogen, progesterone and luteinising hormone [25].
Ovulation separates the two major phases of the menstrual
cycle, the follicular phase and luteal phase, and follows a
sharp increase in luteinising hormone, oestrogen and folli-
cle-stimulating hormone levels during the follicular phase.
During the luteal phase, oestrogen and progesterone levels
progressively increase until the mid-luteal phase, when their
levels start to slowly decline. These changes in hormones are
associated with changes in energy metabolism, and substrate
preferences, as summarised in detail elsewhere [24]. Briefly,
high oestrogen levels during the luteal phase improve glu-
cose metabolism by increasing glucose availability and gly-
cogen storage in skeletal muscle and increasing the avail-
ability of free fatty acids and oxidative energy metabolism.
The effects of oestrogen on glucose metabolism are partly
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antagonised by progesterone and a high dietary carbohy-
drate intake can super-compensate muscle glycogen stores
during the early follicular phase. In addition, oestrogen has
complex effects on the respiratory and cardiovascular system
(see Sect. 3). Despite an increased ventilatory drive during
the luteal phase, the menstrual phase appears to not signifi-
cantly influence exercise performance at low altitudes [24].
However, women raised or permanently living at high alti-
tudes have been shown to have a slightly increased aerobic
exercise capacity during the luteal phase [26], an effect not
shown in female lowlanders exposed to acute hypoxia [27].

Menopause starts on average at about 51 years of age and
results in the absence of the menstrual cycle. This process is
characterised by a gradual loss of oestrogen, which is partly
compensated for by increasing levels of follicle-stimulating
hormone. These changes can perturb glucose and fatty acid
metabolism, affecting multiple organ systems, including adi-
pose tissue, bones, the gut microbiome and skeletal mus-
cles [28]. Although sex hormones due to their regulation
of metabolism, respiration, and the cardiovascular system
likely influence responses to hypoxia and potentially the
development of HAISs, this topic is insufficiently understood.

3 High-Altitude Ilinesses

Acute mountain sickness (AMS) and high-altitude cer-
ebral oedema (HACE) have been suggested to represent
manifestations on a continuum of the cerebral form of HAIs
[29-31]. The risk of AMS steeply rises when unacclimatised
individuals are exposed to increasing altitude, affecting more
than 50% of them at altitudes above 4500 m [31-35]. Fortu-
nately, AMS only rarely (in about 1%) progresses to HACE
[36]. While the course of AMS is usually benign and self-
limited, HACE represents a life-threatening form of HAI
associated with a 50% mortality when untreated [15, 35].
In this section, we review the existing literature on putative
sex differences in HAIs.

The main physiological responses to acute high-altitude
exposure include hyperventilation, haemoconcentration,
sympathetic activation accompanied by a rise in heart rate
and cardiac output, and in contrast to the peripheral and
cerebral vasculature, pulmonary vasoconstriction and ele-
vated pulmonary arterial pressure (PAP) [2, 4, 37-39]. If
these responses are too slow and insufficiently compensate
for high-altitude-induced hypoxemia, elevated intracranial
pressure, brain swelling, and oedema formation may pro-
voke the development of AMS or even HACE [40—-44]. The
activation and sensitisation of the trigemino-vascular system
by both mechanical (e.g. intracranial pressure) and chemical
factors (e.g. oxidative stress and inflammatory parameters)
may cause headaches [31, 45—47], and in rare cases, HACE
may result from dysfunction or disruption of the blood—brain

barrier [43, 48, 49]. The extent and course of these (patho)
physiological responses to acute high-altitude exposure dif-
fer between individuals and probably specifically between
sexes [50, 51]. Such differences may contribute to disparities
in AMS development between men and women. A recent
meta-analysis demonstrated a higher AMS prevalence in
women compared with men with 15 out of 18 studies in
favour of this tendency (risk ratio=1.24, 95% confidence
interval =1.09-1.41) [51]. This may be explained by oes-
trogen-mediated intracranial hypertension and/or a lower
antidiuretic hormone threshold, increasing fluid retention,
which is associated with severe AMS [51]. Importantly,
whether women really are at higher risk for AMS is debated
and several studies (including some in the aforementioned
meta-analysis [51]) did not find such a difference [52, 53].

Mechanisms explaining the potentially higher AMS
prevalence in women remain largely unexplored. In con-
trast to other studies [54], some evidence suggests that
women may become more hypoxemic during the first
hours at altitude/in hypoxia [50, 55]. Camacho-Carden-
osa et al. report a less pronounced ventilatory response to
acute moderate normobaric hypoxia (fraction of inspired
oxygen F{0,=0.15) in women than men [50]. This was
associated with a significantly lower peripheral oxygen
saturation (SpO,) in women during the first 2.5 h of
hypoxia exposure, followed by similar SpO, in women
and men thereafter [50]. A somewhat steeper SpO, decline
in women was also reported during submaximal exercise
during the first hours at high altitude (3500 m) [55]. If this
will be confirmed as a common phenomenon, more severe
hypoxemia may provoke a larger increase in intracranial
pressure in women, initiating AMS development. In addi-
tion, oestrogen may aggravate pathological responses by
upregulating vascular endothelial growth factor expres-
sion [56], which could provoke vascular leakage, increase
exudation of tissue fluid, and consequently intracranial
hypertension and/or even HACE [57]. This hypothesis is
supported by higher AMS and HACE rates demonstrated
in female pilgrims [58].

Like HACE, high-altitude pulmonary oedema is a rare
but life-threatening form of HAI, prompting rapid treat-
ment (e.g. by oxygen, nifedipine or descent) [37, 59].
High-altitude pulmonary oedema is a non-cardiogenic
pulmonary oedema occurring subsequent to hypoxic pul-
monary vasoconstriction and the associated increase in
PAP and pulmonary capillary pressure [59, 60]. Genetic
predisposition may favour a pronounced pulmonary vas-
cular response (vasoconstriction) to hypoxia that seems
to be accompanied by insufficient bioavailability of nitric
oxide, likely related to exaggerated production of reactive
oxygen species [61, 62].

Importantly, there is an inverse relationship between
SpO, (as well as arterial oxygen saturation, S,0,) and PAP
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[63, 64]. An initially (but likely transient) more pronounced
reduction of SpO, following hypoxia exposure in women (as
suggested above) may result in elevated pulmonary vascular
resistance and PAP. This assumption is supported by the
findings of Fatemian et al. [65], but not by another study,
in which individuals of both sexes were exposed to acute
normobaric hypoxia equivalent to 4800 m [7], likely indicat-
ing different responses evoked by hypobaric and normobaric
hypoxia [66, 67]. A larger high-altitude pulmonary oedema
prevalence was observed in female pilgrims [58], which may
be considered supportive of more severe hypoxia and higher
PAP occurring in women during acute high-altitude/hypoxia
exposure. A potential role of oestrogen for provoking or pre-
venting high-altitude pulmonary oedema development and
related consequences remains to be elucidated. Pulmonary
hypertension occurs more frequently in women than men
even though oestrogen was demonstrated to elicit beneficial
effects on the pulmonary vasculature [68]. This “oestrogen
paradox” may be explained by the complex and different
effects exerted by endogenous and exogenous oestrogen and
peripheral oestrogen metabolites [69]. However, in contrast
to the varying effects of oestrogen on the pulmonary vas-
culature, oestrogen has been consistently found to promote
favourable functioning of the right ventricle [70].

Finally, several studies demonstrated an increased risk
of men dying from sudden cardiac events during exercise at
low and high altitudes as well [71, 72]. Mechanisms explain-
ing these sex differences are still not well understood. In
addition to sex-specific differences in exercise behaviours
[72], it seems likely that sex hormones (i.e. oestrogen) may
contribute to some protection against illnesses, such as ath-
erosclerosis and related coronary events [71, 73].

4 Uphill/Downhill Locomotion

Altitude exposure is often synonymous with a moun-
tainous environment that requires locomotion on posi-
tive (uphill) or negative (downbhill) slopes. While graded
locomotion is extensively investigated [74—80], the litera-
ture investigating whether there are sex differences in the
energetics and biomechanics of incline walking and run-
ning is scarce [81-86]. Women showed a higher stride
frequency, a shorter stride length, greater non-sagittal hip
and pelvis motion (i.e. higher peak hip internal rotation
and adduction) and similar sagittal motion compared with
men [81, 82]. Moreover, women displayed greater gluteus
maximus activity during level and incline walking (1.2,
1.5 and 1.8 m/s at 0, 10 and 15%) and running (1.8, 2.7
and 3.6 m/s at 0, 10, and 15%) [82]. Gluteus medius and
vastus lateralis activities increased more with speed and
incline, respectively, in women than in men [82]. Overall,
these results corroborate that men and women use different

neuromuscular strategies with increasing efforts during
walking and running at faster speeds or steeper inclines
[82]. It has been shown that these biomechanical sex dif-
ferences disappear when corrected for height or body
mass or tested at the same relative walking and running
speeds (in percent of maximal oxygen uptake [VO,,,..] or
maximal aerobic speed) [81], suggesting that the observed
biomechanical differences are mainly due to sex-related
morphology differences (e.g. women have a lower body
size on average).

Regardless of these sex differences in walking and run-
ning biomechanics, the energy cost of level and incline
walking and running per kilogram of body mass trans-
ported (i.e. the energy expenditure per unit of distance; the
walking/running economy) has been frequently reported
to be similar between men and women [81, 83-85]. There-
fore, some authors suggested that both sexes are able to
optimise their walking/running patterns according to
their own characteristics [81]. However, the sex differ-
ences in walking and running economy remain controver-
sial. In walking, there were no differences between sexes
in the mass-normalised energy cost at slopes of 0% and
5%, whereas this parameter was higher in women than
in men during walking at slopes of 10% and 15% [83].
This difference may be due to (1) the smaller size, (2)
higher body mass distributed peripherally and (3) greater
upper limb movements during walking in women com-
pared with men [83]. In level running, Mendonca et al.
[87] recently reported that the energy cost allometrically
scaled by body mass assessed during running at absolute
(8—12 km/hour) and relative (80-95% of VO,,,,,) speeds
was lower in women than in men matched for age and
level of aerobic fitness (i.e. similar percent difference
from predicted VO,,,,,). Importantly, these results were
obtained by testing women in the early follicular phase
of their menstrual cycle, controlling the likely effect of
the latter on running economy. These authors suggested
that, from a performance perspective, the higher running
economy may partially compensate for the lower VO,,,,
in female runners [87]. However, controversial findings
exist on sex differences in fatigue resistance and pacing in
road and trail ultra-marathons [81, 88, 89]. Some authors
reported greater fatigue resistance and better pacing in
female ultra-marathon participants [81, 89], whereas oth-
ers found that women tended to slow down more than men
in the later stages of trail running ultra-marathons, despite
the terrain (uphill and downhill) [88]. Further studies are
needed to better understand sex differences in the energet-
ics and biomechanics of incline walking and running, and
fatigue resistance and pacing strategies in ultra-marathons
controlling for fitness levels, anthropometric differences,
menstrual cycle effect and the level of relative effort used
for testing both sexes.
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Overall, acute altitude exposure (i.e. altitude training
camps) seems not to alter the energetics (i.e. energy expendi-
ture above resting per distance unit: running economy) and
biomechanics (i.e. spatiotemporal, kinematic and kinetic
parameters used to assess gait pattern) of running in male
runners [90]. Although chronic altitude exposure in native
altitude male runners has been suggested to contribute to
the higher running economy in East African runners than in
European runners [91, 92], this is controversial [93], with
a lack of evidence investigating the specific biomechanical
determinants and sex differences.

5 Altitude/Hypoxic Training

Athletes commonly use altitude/hypoxia as a stimulus to
induce physiological adaptations in order to prepare for
competitions at altitude or to improve sea-level perfor-
mance [94-97]. Historically, altitude/hypoxic training was
popularised among endurance athletes and typically involved
chronic hypobaric or normobaric hypoxic exposure such as
“Live High-Train High” or “Live High-Train Low” (LHTL)
strategies [98]. More recently, the development of “Live
Low-Train High” or intermittent hypoxia interventions
[99] has affected the evolution of the panorama of altitude/
hypoxic training [100]. However, studies specifically report-
ing effects on women are scarce and, with few exceptions,
mostly focused on men or lacked specific comparisons
between sexes. In this section, we describe the putative dif-
ferences in the effect of altitude/hypoxic training between
men and women.

In acute hypoxia, aerobic performance is altered in both
trained and untrained men, with a larger drop in VO,
in male athletes than in sedentary individuals [101-104].
Women (and particularly highly trained women) may experi-
ence more severe respiratory limitations during exercise than
men [5, 6, 105-107] and they appear to be more susceptible
to exacerbated exercise-induced arterial desaturation and
hypoxemia (67% of healthy young women [108] vs 0% of
untrained or moderately trained men and 52% of male elite
athletes [109] were reported to be hypoxemic during maxi-
mal cycling exercise). This is thought to be due to higher
work of breathing and reduced diffusion capacity in women
during maximal exercise in acute hypoxia compared with
men [5, 6], resulting in mechanical ventilatory constraint
and/or an inadequate ventilatory drive. While some studies
did not detect sex differences in the VO, ,, decline with a
gain in altitude [110], sufficient hyperventilation may actu-
ally be more limited in women than men because of a more
pronounced ventilatory restriction [111]. This effect was
indeed observed in women [112, 113], with a significantly
larger decrease in VO,,,,, in trained women than untrained
women above 2500 m [113, 114]. Consideration of hormonal

status and training status/type of exercise for the evalua-
tion of sex differences in altitude training will be crucial in
future studies. In line with a previous observation showing
that elite female endurance athletes already exhibit altered
VO,ax at an altitude of 580 m [101], a greater decrease
in VO, in endurance-trained women versus untrained
women is due to a lower Sp02 at maximal exercise [113]
resulting from diffusion limitation [114, 115]. Interestingly,
the decrease in VO,,,,, was smaller in women than in men
during 6-7 days trekking at 4350 m [116], suggesting that
hormones represent one factor determining the sensitivity
to hypoxia [13, 117].

The primary aim of altitude/hypoxic training at mod-
erate altitudes (e.g. “Live High-Train High” or LTHL at
2000-2500 m) is to stimulate erythropoiesis and subsequent
haematological adaptation [118-124], leading to enhanced
VO,max and competitive performance [125]. Although the
hypoxia-induced individual erythropoietic response is highly
variable [123, 126], for every 100 h of either hypobaric or
normobaric hypoxic exposure over a minimum of 2 weeks
[120, 127], athletes may achieve a~1.0-1.1% increase in
total haemoglobin mass (Hb,,,). This dose-response rela-
tionship may be sex dependent [128—130]. For instance, a
significant increase was observed in both erythropoietin
[EPO] (31%) and reticulocyte count (5%) after 11 days of
LHTL at 2500 m in six female elite cross-country skiers
[131]. Similarly small but relevant LHTL dose-response
improvements were reported in Olympic level female water
polo athletes [132]. In contrast, six female road cyclists who
underwent 12 days of LHTL (night at 2650 m and train-
ing at 600 m) exhibited no significant changes in haema-
tological variables (i.e. reticulocyte count, mean corpus-
cular haemoglobin, reticulocyte haemoglobin and Hb,, )
[133], with questionable effects on performance (i.e. +2.3%
and — 1.1% changes in 4-min and 30-min time-trial mean
power output after LHTL vs+0.1% and +2.4% in sea-level
controls) [134]. Of note, the Hb,, increase at moderate
altitude (2600 m) was smaller in women (+ 6.6%) than in
men (+ 12%) at equal peak oxygen uptake, although different
group sizes and categories (i.e. trained vs untrained) in the
separately performed studies on men and women complicate
interpretation [128-130].

Numerous confounding factors such as altitude type (i.e.
hypobaric vs normobaric), hypoxic dose (i.e. duration and
level of exposure) [120, 135-138] and possibly initial Hb,
level [139], iron deficiency, illness, inflammation or insuf-
ficient energy availability [140] are supposed to blunt the
erythropoietic response to altitude exposure and consecutive
haematological adaptation [141-144]. The cyclic variation
in sex hormones [145, 146] also plays a role in the regula-
tion of EPO production in hypoxia [147]. During the men-
strual cycle, the large change (approximately ten-fold) in
estradiol [148], an EPO inhibitor [149], and the significant
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but probably not clinically relevant increase in testoster-
one [150], which is well known to promote EPO produc-
tion [151], likely alter the hypoxia-induced erythropoietic
response [147]. Possible protective effects of oestrogen and
progesterone from oxidative damage [152] may also play
a role in the sex difference in hypoxia tolerance and sub-
sequent haematological adaptations [117, 129]. Although
several studies did not report differences in Hb,, response
to altitude between sexes [153, 154], this could be because
of statistical flaws (e.g. a comparison involving smaller num-
bers of women) [122, 142, 154—-156]. In contrast, Heikura
et al. [157] recently reported higher relative and percent-
age Hb, . increases in women, compared with men. They
further found lower pre-hypoxic exposure Hb, . levels in
amenorrheic versus eumenorrheic women, suggesting that
menstrual dysfunction, an indicator of long-term low energy
availability, may influence these adaptations or their mag-
nitude [157]. Of note, whereas menstrual blood loss has no
measurable effect on Hb,, across phases of the menstrual
cycle in eumenorrheic women, oral contraceptive use, which
increases serum iron levels by decreasing menstrual blood
loss, contributes to greater oxygen-carrying capacity and
possibly greater VO,,,,, [145]. Overall, the consequences
and safety of different types of hormonal contraceptives
(progestin only and combined) in relation to athletic perfor-
mance, particularly in combination with hypoxia, require
further scrutiny. This is becoming more important with the
increasing use of hormonal contraceptives by female athletes
to prevent perceived menstrual-linked impairments of train-
ing or competition performance [158]. A hypoxia-induced
Hb,,.. response may not be detectable because of an insuf-
ficient hypoxic dose [137] or limited potential for adaptation
[159]. Relevant Hb,, and performance enhancement [160]
may still remain possible, even if baseline Hb,, levels are
already high [139]. Moreover, other non-haematological
adaptations to hypoxia (e.g. running economy, glycolysis
and buffering capacity) may occur independently of Hb,,
change [160, 161]. Given the wide intra-individual and inter-
individual variations at altitude/in hypoxia response [123]
and the uncertain evidence regarding peak performance tim-
ing (likely dependent on the combination of acclimatisation
to altitude training camps and subsequent deacclimatisa-
tion responses) [118], specific periodisation and individu-
alisation of training are critical aspects to consider [162].
These factors are likely affected by physiological sex-based
differences.

Another means to improve performance is “Live Low-
Train High”. In “Live Low-Train High”, the low hypoxic
dose is unlikely to enhance Hb,,  but the combination of
hypoxic stress with high-intensity interval exercise plays a
role on adaptations at the molecular level in skeletal muscle
tissue (e.g. mitochondrial efficiency and pH/lactate regu-
lation) [98, 163—167]. Aerobic training in chronic hypoxia

in female trekkers did not induce substantial mitochondrial
benefits (mitochondrial biogenesis, mitochondrial respira-
tion) or improvements in muscle fibre composition (includ-
ing distribution of muscle fibre types I and ITA/IIX) [168].
However, hypoxia exposure in young eumenorrheic women
induced an, at least partially, a-adrenergic pathway-medi-
ated, exercise-independent upregulation of interleukin-6 (a
stress response well known for exercise) [169], with hae-
matological changes related to the immune system [170,
171]. Similarly, a blood-related signature of hypoxic high-
intensity exercise was reported in elite female speed skat-
ers [172]. In this study, the major changes associated with
hypoxic exercise were related to innate immune responses
(inflammation), the hypoxic stress response and platelet
activity. In amateur Korean women runners, 6 weeks of
intermittent hypoxia training (3000 m) improved endurance
performance; concomitantly, the oxygen-carrying capacity
(although not related to erythropoiesis) and haemodynamic
functions were improved, with immune system-related hae-
matological parameters remaining in the “normal” range
[173]. Similarly, repeated-sprint training in hypoxia (RSH)
did not impair mucosal immune function [170], while pro-
viding putative performance benefits [174]. In the absence
of direct comparisons of RSH effects between women
and men, and based on the lower sensitivity of women to
hypoxia compared with men [175], the effect of RSH might
be smaller in female athletes. To date, only a few studies
[176, 177] have investigated RSH in female athletes. Four
weeks of RSH (2% 10 x 7-s sprints with 30-s rest periods
between sprints; F;0,=0.145; twice per week) did not
modify VO, .. but resulted in an about a three-fold greater
increase in peak power output, as well as power output dur-
ing all sprints, compared with similar training in normoxia
[177]. It was hypothesised that power output impairment
during RSH would be greater among women than men
because of their higher proportion of type-1 oxidative fibres
and anaerobic contribution [178]. However, a marked power
output decrease was noticeable [176] and accompanied by
large increases in blood lactate concentrations during RSH,
suggesting that glycolytic metabolism was augmented
under hypoxia in women [176]. A direct sex comparison
was recently performed by Paez et al. [6], who reported a
lower tolerance to anaerobic glycolysis observed in women
versus men performing repeated sprints (30 s full effort
and 20 s recovery until failure) either in hypobaric hypoxia
(3264 m) or in normoxia [6]. A negative energy balance
and unfavourable iron status (baseline s-ferritin <20 pg-L™!
for women and <30 pg-L-1 for men) may decrease exercise
performance, physical, and health conditions particularly in
women and may perturb the menstrual cycle [179]. Accord-
ingly, further research is warranted to clarify sex differences
in performance and physiological variables (e.g., SpO,,
metabolites and endocrine responses) during RSH. This is
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important for potential future applications (e.g. managing
weight and preventing obesity in women) [180, 181].
Finally, resistance training in hypoxia can lead to struc-
tural and functional skeletal muscle adaptations, but poten-
tial sex-based differences have not been investigated [182].
While no difference was found between women and men
performing squat and bench press at both maximal (i.e. one-
repetition maximal) and submaximal (i.e. 60% one-repetition
maximal) intensity in hypoxia (2000 m and 3000 m) com-
pared to normoxia [182], whether the higher fatigue resist-
ance reported in women [183, 184] would affect training
remains to be clarified. For all altitude/hypoxic training
methods, more studies are needed to describe and quantify
the sex-based physiological effects (e.g. morphological, bio-
chemical) and their possible dose—response relationships.

6 Intermittent Hypoxia: Hyperoxia
Conditioning

The interest in the application of protocols consisting of
intermittent periods of mild hypoxia for preventive or thera-
peutic purposes has increased substantially during the past
few decades [185]. Such protocols typically comprise cycles
of repeated (usually three to six times per cycle), short (sev-
eral minutes) hypoxia exposures, usually with F,O, between
0.10 and 0.13. The cycles are often applied about 15-20
times across several (3—6) weeks, with a maximum 1 ses-
sion per day. The short periods of hypoxia are interspersed
with either normoxic phases of similar duration or hyperoxic
phases, the latter possibly improving recovery from hypoxic
stress and through additional benefits via the induction of
complementary adaptations [19, 186].

The efficiency demonstrated for specific intermittent
hypoxia protocols to counteract a cognitive decline in ageing
[20], neurological and psychiatric diseases [20, 22], regen-
eration of the nervous system after brain and spinal cord
injury [187], improved cardiovascular and ventilatory func-
tions [2, 188] and ameliorated sleep-disordered breathing
[187] is based on numerous cellular and systemic responses
and adaptations to hypoxic stress. Among the probably most
important mechanisms contributing to benefits of therapeu-
tic/preventive intermittent hypoxia are cardiovascular adap-
tations (leading, for example, to reduced blood pressure in
male patients with hypertensive obstructive sleep apnoea
[189]), respiratory and autonomic plasticity [187], metabolic
adaptations and regulation of inflammation at the systemic
level [4]. At the cellular level, reduced reliance on oxygen in
energy metabolism, reduced oxidative stress and increased
resilience to hypoxic insults are major beneficial effects [4,
190].

Whether intermittent hypoxia elicits those beneficial
effects or results in injury depends largely on the hypoxic

dose and individual vulnerabilities [4, 190]. Severe inter-
mittent hypoxia associated with diseases such as obstruc-
tive sleep apnoea does not lead to beneficial adaptations but
to maladaptation and cellular damage. Obstructive sleep
apnoea prevalence is higher in men compared with women
[191-193]. In women, the prevalence increases with age,
especially after menopause [191, 193]. Hormonal replace-
ment therapy is associated with reduced obstructive sleep
apnoea prevalence in post-menopausal women, indicating
that female sex hormones play a protective role [191].

Potential differences in the responses to intermittent
hypoxia interventions in terms of efficiency and safety
between men and women are insufficiently explored, as
most studies were either performed in only male or female
individuals or no comparisons between male and female
study participants were conducted. Such differences are,
however, suggested by several recent findings that require
confirmation for the individual selection of optimally cali-
brated protocols.

Recently, a more severe hypoxemia in response to 5 min
of hypoxia (F;0,=0.10) in older women [194] and after
7 h of F;O,=0.15 in young women [50] compared with
age-matched men has been reported. This observation is
in agreement with previously described differences in oxy-
gen transport [195] and in the respiratory system, includ-
ing smaller conducting airways relative to lung size [196],
which may impair ventilation in exercise conditions faster
in women than in men. Consequentially, this may cause
more severe hypoxemia during exercise in women [197].
The more pronounced changes in ventilation may be related
to a more severe effect of the hypoxic conditions at high
altitudes on nocturnal periodic breathing in men compared
with women [198]. However, other studies did not observe
major sex differences in ventilation in hypoxia. Wadhwa
and colleagues observed similar increases in minute ven-
tilation in men and women after eight 4-min episodes of
hypoxia (end tidal partial pressure of oxygen maintained at
50 mmHg) interspersed with 5 min of normoxia (end tidal
partial pressure of oxygen= 100 mmHg) [199]. Conversely,
these authors observed sustained depression of parasympa-
thetic nervous system activity and increased sympathova-
gal balance in men after hypoxia, which was not evident in
women [199]. A comparison of physiological responses to
high altitude (3480 m) after an exposure time of 2-5 h fur-
ther revealed significant increases in blood pressure both at
rest and during exercise in men (aged 22—67 years) but not
in women (aged 20-61 years) [200]. Consideration of these
physiological differences is important for study designs for
intermittent hypoxia applications.

In conclusion, intermittent hypoxia protocols for pre-
ventive or therapeutic purposes hold great promise but sex
differences in efficiency and safety are expected based on
different responses to hypoxia in men and women, which
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has not been systematically assessed yet. In addition to
differences in physiological responses, sex differences in
prevalence, pathology, medication and symptoms also have
to be taken into account when selecting optimal intermit-
tent hypoxia protocols for therapeutic purposes in specific
patient populations, as recently discussed for ischaemic
stroke [201].

7 Practical Considerations for Mountain
Sports

Despite the above-described distinct (patho)physiological
responses of women to hypoxia, a translation into practi-
cal considerations and recommendations to support female
athletes and mountaineers to better acclimatise, prepare
and perform in mountain sports is only possible to a limited
degree. This is because of the scarcity of well-controlled
studies specifically comparing differences in hypoxia
responses in women and men.

Several high-quality reviews have been published on the
potential sex differences in ultra-marathons [81, 89, 202].
As they did not focus on mountain ultra-marathons, poten-
tial influences of the sex differences in response to altitude/
hypoxia were not discussed in those reviews. In a recent
study on sex differences in mountain ultra-marathon ath-
letes [203], the ventilatory and pulmonary limitations due to
“intermittent altitude” were discussed. Recently, an interest-
ing review on the potential sex differences to altitude com-
bined with other stressors (heat, cold) has been published
[23] and the authors argued that how this translates to per-
formance or health outcomes remains under-investigated. To

our knowledge, there are no comprehensive practical recom-
mendations based on the physiological sex differences in
responses to hypoxia.

Therefore, in this section, we aim to derive practical
recommendations relating to specific responses to altitude/
hypoxia in women (e.g. respiratory limitation, iron defi-
ciency, prevalence of AMS, lower hypoxia-induced vaso-
constriction, greater hypoxemia and a decrease in VO,,,.
higher hypoxic ventilatory response during the luteal
phase, different shift in substrate preference, different mus-
cle composition) which, however, require further scientific
substantiation. Table 1 summarises these applications and
three estimated levels of evidence (i.e. high, moderate and
speculative, which require further exploration) are indicated.

7.1 Respiratory Muscle Training During
Pre-acclimatisation

Before travelling to a high altitude, several pre-acclimati-
sation strategies using intermittent hypoxia exposures have
proven effective for eliciting ventilatory acclimatisation
(e.g. a decrease in end-tidal PCO, due to hypoxia-induced
hyperventilation and an increase in SpO,). Such a pre-accli-
matisation strategy may be more effective when performed
in hypobaric than in normobaric hypoxia [204], with the
ventilatory benefits lasting for several days [205, 206]. How-
ever, the differences in physiological responses to hypobaric
versus normobaric hypoxia remain insufficiently understood
and depend strongly on the hypoxic dose. Because women
elicit a larger expiratory flow limitation during hyperventila-
tion [106], this suggests that combining muscle respiratory
training and hypoxic pre-acclimatisation methods could be

Table 1 Specific characteristics of women in hypoxia and recommendations in mountain sports

Differences in women vs men

Consequences/recommendations for women

References Evidence

Ventilation, larger expiratory limitations
Higher risk of iron deficiency
Potentially higher risk for AMS

Lower vasoconstriction
Greater vasodilation

Greater hypoxemia and decrease in VO,, ..

HVR higher during luteal phase
Lower increase in CHO reliance

Respiratory muscle training prior to or during altitude/hypoxic sojourn [106] o
may be more beneficial

Early and appropriate iron supplementation prior to and during altitude/  [207] Hokk
hypoxic sojourn

Pre-acclimatisation, slow ascent and potentially pharmacological preven- [51] *k
tion (acetazolamide). A chemosensitivity test could be considered

Lower risk for sleep apneas or hypertension in prolonged exposure to [10] Hk
altitude/hypoxia

Possibly increased health benefits from hypoxia conditioning

Monitoring of hypoxemia and appropriate reduction of training intensity ~ [194] wE
during chronic altitude/hypoxia exposure

Possible reduced risk for AMS during the luteal phase? [12] *

Lower risk of hypoglycaemia? Lower requirement for increased carbohy- [221] *
drate intake at altitude?

[222] *

Muscle composition, more slow-twitch fibres Effects on improvement in economy and on RSH

AMS acute mountain sickness, CHO carbohydrate, HVR hypoxic ventilatory response, RSH repeated-sprint training in hypoxia, VO,,,,. maximal

oxygen uptake.

Level of evidence: *** high; ** moderate; * speculative
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more beneficial in women than in men. One may speculate
that the ventilatory benefits could improve performance spe-
cifically for maximal-intensity exercise at a high altitude.

7.2 Higher Risk of Iron Deficiency

Adequate pre-altitude iron stores are needed for haemato-
logical adaptations during altitude exposure [96, 119] and
women are at higher risks of iron deficiency [207]. There-
fore, monitoring iron profiles prior to altitude exposure
can be useful and is an important factor in training/per-
formance optimisation in elite athletes [208]. Early checks
(i.e. 6 weeks prior to an altitude sojourn) are recommended
for female athletes. Systematic large iron supplementation
(210 mg daily) in female endurance athletes has been sug-
gested [119], although the optimal level of iron supplemen-
tation in athletes with clinically normal iron stores remains
a subject of debate [209].

7.3 Higher Prevalence of AMS

As women appear to have a statistically higher AMS risk
(see Sect. 3), systematic screening of AMS based on the
Lake Louise Scoring system is recommended. The Lake
Louise Scoring system is a self-assessment questionnaire,
rating the severity (no discomfort=0; mild symptoms = 1;
moderate symptoms = 2; severe symptoms = 3) of the follow-
ing criteria: headache, nausea, dizziness and fatigue [210].
For women without any previous mountain experience, a
chemosensitivity test (i.e. the assessment of the relationship
between pulmonary ventilation and SpO,) prior to the ascent
can also be an indication about their physiological responses
to hypoxia [36, 211]. For those who have access to altitude/
hypoxic facilities, long pre-acclimatisation (about 2 weeks
with > 8 h/day at progressively increasing altitudes) is pref-
erable to shorter exposures [204]. A slow ascent (<400 m/
day) further reduces the AMS risk.

7.4 Lower Vasoconstriction and Larger Vasodilation

Sympathetic activation, a pivotal response to altitude [212,
213], has important pathophysiological consequences and
regulates vasoconstriction/dilatation. Women frequently
exhibit lower vasoconstriction and greater hypoxia-induced
vasodilation [8]. This could mean that they are at a lower
risk of increasing blood pressure or sleep apnoea during
prolonged exposure to altitude/hypoxia. Conversely, the
health-related vascular benefits of therapeutic hypoxia treat-
ment [4] may be larger in women than in men for a similar
hypoxic dose.

7.5 Greater Hypoxemia and Reduction in VO,

The potential sex difference regarding the risk for hypox-
emia of women during exercise in hypoxia requires consid-
eration for high-altitude training but needs to be confirmed
by future research. In the case of pronounced hypoxemia,
training intensity may have to be decreased more in women
than in men during chronic altitude/hypoxic exposure. How-
ever, as no direct comparisons of this effect in women and
men under consideration of training status (an important
determinant of exercise-induced hypoxemia, see Sect. 4) are
available, the possibly sex-dependent association of altitude/
hypoxic training camp/sojourn and hypoxemia requires fur-
ther investigation. Based on the current state of knowledge,
the recommendations of strict control of exercise intensities,
particularly during the first days (i.e. acclimatisation phase),
appear to be particularly relevant for women [98, 214].

7.6 Higher Hypoxic Ventilatory Response During
the Luteal Phase

There are several reports suggesting a higher hypoxic venti-
latory response during the luteal phase [27, 215] favouring
better oxygenation at a high altitude [13]. In theory, this
would support the assumption that the mid-luteal phase
would be the most appropriate timing for an acute expo-
sure to a high altitude (i.e. summiting a high peak), while
hypoxic tolerance tests should be performed in the follicular
phase (when hypoxic ventilatory response is the lowest) to
minimise the risk during subsequent exposure. Further work
is required to confirm the relevance of these observations.

7.7 Lower Increase in Carbohydrate Reliance
at Altitude/in Hypoxia

Altitude exposure changes substrate oxidation for a given
exercise intensity. It reduces the reliance on lipids and
increases dependence on carbohydrate oxidation during
exercise [216, 217], with a left shift of the cross-over point,
i.e. power output at which energy from carbohydrate-derived
fuels predominates over energy from lipids [218]. These
shifts with greater carbohydrate utilisation at high altitudes
[219] have nutritional consequences, such as greater dietary
carbohydrate requirements to replace muscle glycogen and
prevent hypoglycaemia during exercise [208, 220]. Women
are less sensitive to this substrate shift [221] and therefore
may require a smaller increase in carbohydrate intake at alti-
tude. However, this may depend on the sex-hormonal status,
for example, owing to the important regulation by oestrogen
of glucose and fatty acid metabolism (see Sect. 2).
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7.8 Different Muscle Composition with Higher
Slow-Twitch Fibre Proportion

There are probably several consequences of sex differences
in muscle composition [222] for altitude/hypoxia training.
Although speculative at this stage, a potentially improved
economy (i.e. lower oxygen consumption at a given velocity)
in response to altitude-induced changes in energy metabo-
lism may differ between women and men. Such an improve-
ment in economy has been reported following altitude expo-
sure [223, 224] but, to our knowledge, there is no direct
comparison between sexes.

Another putative consequence may be to determine the
optimal type of RSH sessions (see Sect. 5). It is known that
hypoxia reduces the power output during RSH at a higher
oxidative but not glycolytic contribution [225]. With more
slow-twitch fibres, the oxidative-glycolytic balance that is
influenced by sprint duration and the exercise:rest ratio may
be different between women and men. One may hypothesise
that, in female athletes, RSH would require a less severe
hypoxic stimulus to induce the expected peripheral benefits
[226].

7.9 Summary

Unfortunately, the scientific literature on altitude/hypoxia
training does currently provide only limited information
on sex differences affecting exercise in hypoxia. The eight
points proposed above thus remain largely speculative and
are important avenues for further research.

Future studies should consider the fitness level, matching
women and men for training status and maximal oxygen con-
sumption with adequate normalisation per kilogram of body
mass or fat-free mass. It is recommended to follow adequate
study designs to investigate sex differences in responses to
altitude/hypoxia and exercise performance [227, 228].

8 Conclusions

In this review, we overviewed the potential implica-
tions of sex differences in responses to altitude/hypoxia
on performance and health. To our knowledge, this is the
first attempt to translate scientific findings into practical
recommendations.

The (patho-)physiological responses to altitude/hypoxia
are highly heterogeneous between individuals. They deter-
mine the development of HAIs and the outcome of altitude/
hypoxic training or hypoxia conditioning on performance
and health and thus constitute important topics for research
and applications in sports and clinics. Despite that, what
constitutes inter-individual differences is poorly understood.

Clearly, certain pathologies (especially respiratory diseases,
such as chronic pulmonary obstructive disease), the indi-
vidual genetic make-up, age and fitness modulate responses
to hypoxia, particularly if combined with exercise. Here,
we focused on the role of sex differences that emerge as
important factors in the regulation of the body’s reaction
to hypoxia. Some of the most relevant of these differences
are summarised in Table 1. These factors should be consid-
ered for future research on hypoxia-related sex differences,
particularly if altitude training and clinical applications of
hypoxia are concerned, as they will affect the selection of
the optimal hypoxic dose regarding safety and efficiency.
Despite the poverty of scientific evidence on the topic, there
are still several implications from which recommendations
can be derived:

(1) Various sex-dependent (patho)physiological reactions
to hypoxia could explain the potentially increased
vulnerability of women to develop AMS. Adequate
acclimatisation, slow ascent speed and/or preventive
medication, (e.g. by acetazolamide) are solutions.

(2) Targeted training of the respiratory musculature
could be a valuable preparation for altitude training in
women.

(3) Sex hormones influence hypoxia responses and hor-
monal-cycle and/or menstrual-cycle phases and there-
fore may be factors in acclimatisation to altitude and
efficiency of altitude/hypoxic training. This should be
considered for altitude sojourns and/or training but
especially for future research.

As many of the recommendations or observations of
the present work remain partly speculative, further quality
research on female athletes is required not only for sports
in general [146, 227, 228] but also for sports at altitude/in
hypoxia.
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