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Acute physiological responses and muscle
recovery in females: a randomised controlled
trial of muscle damaging exercise in hypoxia
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Abstract

Background Studies have investigated the effects of training under hypoxia (HYP) after several weeks in a male
population. However, there is still a lack of knowledge on the acute hypoxic effects on physiology and muscle
recovery in a female population.

Methods This randomized-controlled trial aimed to investigate the acute effects of muscle damaging exercise,
performed in HYP and normoxia (CON), on physiological responses and recovery characteristics in healthy females.
Key inclusion criteria were recreationally active female participants between the age of 18 to 35 years without any
previous surgeries and injuries, whilst key exclusion criteria were acute pain situations, pregnancy, and medication
intake. The females conducted a muscle-damaging protocol, comprising 5x 20 drop-jumps, in either HYP (FiO,: 12%)
or CON (FiO,: 21%). Physiological responses, including capillary oxygenation (SpO,), muscle oxygenation (SmO,),
heart rate (HR), core- (Tcore) and skin- (Tskin) temperature were assessed at the end of each exercise set. Recovery
characteristics were quantified by taking venous blood samples (serum creatine-kinase [CK], C-reactive protein
[CRP] and blood sedimentation rate [BSR]), assessing muscle swelling of the quadriceps femoris muscle, maximum
voluntary isometric contraction (MVIC) of the knee extensor muscles, countermovement jump (CMJ) performance
and muscle soreness ratings (DOMS) at 24-, 48- and 72-hrs post-exercise.

Results SpO, (HYP: 76.7 £3.8%, CON: 95.5+1.7%, p<0.001) and SmO, (HYP: 60.0+9.3, CON: 73.4+5.8%, p=0.03)
values were lower (p <0.05) in HYP compared to CON at the end of the exercise-protocol. No physiological differences
between HYP and CON were observed for HR, Tcore, and Tskin (all p>0.05). There were also no differences detected
for any recovery variable (CK, CRP, BSR, MVIC, CMJ, and DOMS) during the 72-hrs follow-up period between HYP and
CON (all p>0.05).

Conclusion In conclusion, our results showed that muscle damaging exercise under HYP leads to reduced capillary
and muscle oxygenation levels compared to normoxia with no difference in inflammatory response and muscle
recovery during 72 h post-exercise.
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Introduction

Hypoxia can be defined as a reduction in the amount of
O, available to any cell, tissue, or organism [1]. A sudden
reduction of O, availability will instantly lead to specific
physiological responses to optimize the supply of oxygen
to metabolizing tissues [2].

One of the first experiences in high altitude exposures
was carried out during the 18th century by balloonists
[3]. These historic experiments were rather unpredict-
able, and the understanding of physiological hazards was
limited. Later, research in the field of hypoxia focused
on decision-making mistakes in pilots during the 1930s
[4], the physiological responses during mountaineering
[5] as well as physical performance during the Summer
Olympic Games 1968 held in Mexico City, where alti-
tude was a particularly pressing problem [6]. However,
recent research in hypoxia has slightly shifted towards
molecular mechanisms and consequences of hypoxia on
cancer, since the discovery of the hypoxia-inducible fac-
tor-1(HIF-1) in the 1990s [7].

Altitude training for sport performance enhancement
is an important topic in sport sciences but attracts rela-
tively limited attention compared to the overall hypoxia
research field [7, 8].

Traditionally, “live high - train high” or “live high - train
low” training methods have been used in endurance and
team sport athletes, to increase exercise capacity [9, 10].
Nowadays, with technological progress and accessibil-
ity, hypoxic training can be performed at sea level (nor-
mobaric hypoxia) and to increase muscular strength
and hypertrophy [11]. It has been documented, that the
adaptive effects of resistance training for hypertrophy
and strength are highly dependent on applied loads and
sets [12]. Exercise is a stressor with the ability to induce
acute pro-inflammatory, systemic responses (e.g. eleva-
tions in C-reactive protein [CRP], creatine-kinase [CK],
and others) [13, 14]. Interestingly, hypoxia has the poten-
tial to increase the production of reactive oxygen species
and triggering pro-inflammatory response [15]. How-
ever, several factors, including mechanical, metabolic
and neuronal factors are needed for muscular adaptions
after exercise [16]. Especially unaccustomed, eccentric
exercise can have a severe impact on the muscular system
due to the mechanical impact and metabolic stress, asso-
ciated with this type of exercise [17]. Plyometric exercises
are established and valid methods to induce muscle-dam-
age and inflammatory responses [18, 19]. From this per-
spective, plyometric exercise under hypoxia might have
the ability to further stimulate pro-inflammatory cyto-
kine release [20, 21], for inducing additional muscular
adaptive processes.

Indeed, Nishimura et al. (2010) demonstrated, that
moderate strength training under hypoxia (FiO,: 16%)
resulted in improved muscle strength and hypertrophy
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compared to exercise under normoxia after a 6-week
lasting training [22]. Inness et al. (2016) observed, that
heavy resistance training under hypoxia (FiO2: 14.3%)
over 7 weeks significantly increased absolute and relative
strength compared to normoxic, heavy resistance train-
ing [23]. Similar results were detected in another study
in more severe hypoxic condition (FiO,: 12.7%), where
higher muscle hypertrophic changes were detected after
an 8-week lasting moderate training protocol, com-
pared to normoxic training [16]. Conversely, one study
result could not detect significant differences compared
to hypoxic conditions (FiO,: 12%) after a 4-week lasting
moderate training intervention (6x25 knee extension
exercise) on muscle strength and cross-sectional area
[24]. These findings are in line with the study results from
Ho et al. (2014), demonstrating that resistance train-
ing under hypoxia (FiO,: 15%) has no additive benefi-
cial effect after a training period of 8 weeks on muscular
performance [25]. Albeit these different findings in the
literature, current evidence suggests potential promis-
ing applications of hypoxia for muscle hypertrophy and
power training [11]. The lack of consensus in the litera-
ture might be attributed to different exercise protocols,
training duration, exercise muscles, participants, as well
as the hypoxic stimulus itself.

Although studies were carried out investigating the
effects of exercise under hypoxia after different train-
ing programs over several weeks, there is a lack of stud-
ies that investigated acute physiological response and its
impact on recovery. Additionally, females are still under-
represented in clinical trials, limiting biological under-
standing and contributing to health inequities and social
justice [26]. One reason might be, that the acute response
to hypoxia might differ between sexes. Examining the
respiratory effects of hypoxia, Camacho-Cardenosa et
al. (2022) observed that males exhibited an elevation in
minute ventilation and a more pronounced initial decline
in capillary oxygen saturation in comparison to females
during a 7-hour exposure to moderate hypoxia (FiO,:
15%) [27]. Furthermore, Vento et al. (2022) identified
markedly diminished capillary oxygenation levels and an
increased occurrence of headache in females compared
to males during acute hypoxia [28]. Despite the existence
of studies that didn’t observe sex differences [29, 30],
the inconsistence outcomes underpin the significance of
investigating female responses to hypoxic stimuli. There-
fore, our study aimed to compare the acute physiological
effects after a single session of muscle damaging exercise,
carried out under hypoxia (HYP) and normoxia (CON),
and to evaluate the effects on subjective and objective
recovery during a 72-hrs follow-up period.



Hohenauer et al. BMC Sports Science, Medicine and Rehabilitation

Methods

Approach to the problem

The overall goal of this study was to compare the acute
physiological effects after a single session of muscle
damaging exercise, carried out under HYP and CON in
healthy females, and to compare the effects on subjective
and objective recovery characteristics during a 72-hrs
period.

The muscle damaging exercise protocol comprised a
plyometric task, where all participants conducted 5x20
drop-jumps with a 2-min break between the sets. The
participants conducted this task either under hypoxia
(FiO,: 12%) or normoxia (FiO,: 21%).

To investigate the acute physiological responses, capil-
lary oxygenation, muscle oxygenation of the m. quadri-
ceps femoris, heart rate, core- and skin temperature were
assessed directly after each exercise set.

To observe the effects between exercising in hypoxia
and normoxia on recovery characteristics, subjective
(delayed onset of muscle soreness), and objective (pro-
inflammatory cytokines, muscle swelling of the m. quad-
riceps femoris, countermovement-jump, and maximum
voluntary isometric contraction of the knee extensors)
parameters were assessed. These recovery characteristics
were assessed at 24 h, 48 and 72 h after the muscle dam-
aging exercise task.

Participants

Female participants were eligible for the study, if they
were healthy, between the age of 18 to 35 years, recre-
ationally active (non-competitive physical endurance
training, 2 to 3 times per week, 30 to 60 min per session)
without previous injuries and surgeries. Participants were
excluded from the study if they were smokers, pregnant,
had acute injuries or painful situations, were exposed
to altitude over 1000 m (including commercial flights)
for at least one month, or were taking medication. They
were instructed to maintain their normal daily habits,
but 72 h before the experimental trial, participants were
instructed to avoid strenuous exercise, alcohol, energy
drinks, or other substances that could affect their physi-
ological performance.

The participants were assigned either to the HYP group
or the CON group using block randomisation by draw-
ing lots. Two researchers (RC, EH) were responsible for
the enrolment of participants, and screening the written
inclusion and exclusion criteria from the questionnaire.
One researcher (EH) was responsible for the random
allocation sequence and assigning participants to the
groups. Written informed consent was obtained from all
study participants included in the study. Data collection
took place between February 2022 and May 2022 in the
laboratory (RESlab, University of Applied Sciences and
Arts of Southern Switzerland, Landquart, Switzerland).
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This study was approved by the local Ethical Com-
mittee of Zurich (2021-00546). The study is regis-
tered in the clinicaltrials.gov registry (NCT04902924;
26/05/2021)  https://clinicaltrials.gov/ct2/show/NCT04
902924?cntry=CH&city=landquart&draw=2&rank=2.
The CONSORT guidelines 2010 on reporting random-
ized trials were followed [31]. The S1 CONSORT 2010
flowchart and S2 CONSORT 2010 checklist can be found
in the supplementary materials.

Study design
This randomised controlled study was carried out over
five experimental days using a parallel group design.

On day 1, participants filled out a screening question-
naire for eligibility (inclusion and exclusion criteria) and
were familiarised with the experimental set-up (counter-
movement-jump on the jump mat and maximum volun-
tary isometric contraction on the ergometer chair).

On experimental day 2 (1 week after day 1), the anthro-
pometric measurements were conducted, and the men-
strual cycle data (using the calendar method) were
recorded, to ensure that the hormonal levels in both
groups are comparable. Then all baseline measurements
were performed before assigning the participants ran-
domly either to the HYP group or the CON group (block
randomisation). After randomisation, the participants
performed the muscle damaging exercise protocol, to
induce moderate muscle damage (explained later). To
evaluate the different physiological responses and the
effects on muscle recovery between the conditions, the
HYP group performed the exercise protocol at a PiO, of
80 mmHg, while the CON group performed the same
exercise task at a PiO, of 140 mmHg.

The physiological parameters, capillary oxygenation
(SpO,), muscle oxygenation (SmO,), heart rate, core tem-
perature (Tcore) and skin temperature (Tskin) were mea-
sured at baseline, and immediately after each set (in total
5 sets) of the exercise protocol (ES1 to ES5), with the par-
ticipant always in a standing position. Additionally, rat-
ings of perceived exertion (RPE) and dyspnea (DYS) were
also recorded at the end of each set of the protocol (ES1
to ES5).

Markers of muscle recovery were assessed at baseline
(day 2), 24- (day 3), 48- (day 4) and 72-hrs (day 5) after
the muscle damaging exercise task, always in the follow-
ing order: venous blood collection, anterior thigh mus-
cle swelling, ratings of delayed onset of muscle soreness
(DOMS), two-leg countermovement-jump (CM]J) perfor-
mance and single-leg maximum voluntary isometric con-
traction (MVIC) of the right knee extensor muscles. A
schematic representation of the test protocol is presented
in Fig. 1.
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Fig. 1 Schematic illustration of the experimental design

Muscle-damaging exercise protocol

A muscle damaging exercise protocol was chosen to
induce muscle damage on the knee extensor muscles and
comprised five sets (ES1 to ES5) of 20 drop-jumps from a
0.6 m box, as conducted previously [18]. According to the
literature, this exercise task can be considered to induce
moderate damage to the knee extensor muscles [32-34].
The participants had a 2-min break between each set,
where the physiological parameters were assessed. The
participants were allowed to sit down and rest after
the parameters were collected. They were not allowed
to drink water because of the potential influence of the
ingested water on the Tcore data. The participants were
verbally encouraged and instructed, if necessary (during
the muscle-damaging exercise), to flex their knees at least
90° after the landing and to maintain their arms akimbo
during the entire drop-jump.

Hypoxic and normoxic environment

The participants performed the muscle damaging exer-
cise task either under HYP or in the CON environment in
the laboratory. In the HYP group, a custom-made (Mile
High Training, Franklin NY, USA) tent (3.0x3.0x2.4 m)
was used to create the normobaric hypoxic environment
(FiO,: 12% [altitude of 4400 m], PB: 712 mmHg, PiO,: 80
mmHg). The tent was inflatable and an altitude generator
(Everest summit II, Hypoxico, Bickenbach, Germany) was
used to create an FiO, of 12%. The hypoxic environment
was controlled using an oxygen analyser (OxiQuant S,
Envitec, Wismar, Germany). The participants entered the
hypoxic tent and started the muscle-damaging exercise
after breathing the hypoxic air for 2 min. During CON,
the participants performed the same exercise protocol in
the laboratory room (7.0x14.0x2.5 m) at a FiO, of 21%,
PB of 712 mmHg and a PiO, of 140 mmHg, respectively.

Physiological parameters during muscle damaging
exercise

Capillary oxygen saturation

SpO, from the left index finger was assessed using a pulse
oximeter (Nonin 7500, Nonin medical b.v., Amsterdam,

Netherlands). Pulse oximetry has been demonstrated to
be a valid measurement tool until a desaturation value of
85% is reached in a hypoxic environment [35]. The values
from the pulse oximeter (in %) were displayed and trans-
mitted to a computer.

Muscle oxygen saturation

SmO, was measured with the deep tissue oxygen moni-
tor (moorVMS-NIRS, moor instruments, Millwey, UK),
using probes that are placed on the skin [33, 36]. Each
probe consists of a detector head that contains two
identical photodiodes and an emitter head with two
near-infrared LEDs, emitting light at approximately 750
and 850 nm. A standardised probe separation holder
of 30 mm was used for reliability reasons. The probes
were taped (Hypafix, BSN, Hamburg, Germany) on the
muscle belly of the vastus lateralis of the right quadri-
ceps femoris muscle, as previously described [36]. Oxy-
genated (OxyHb), deoxygenated (DeOxyHb) and total
haemoglobin (TotHb) were collected in absolute values
and expressed in arbitrary units. SmO, was calculated
(OxyHb / TotHb x 100) and expressed as a percentage
value. The indirect assessment of muscle metabolism
using near-infrared spectroscopy technology has been
demonstrated to be a valid and reliable assessment tool
[37].

Heart rate

Heart rate was recorded using a polar watch (Polar, V800,
Kempele, Finland) and a Bluetooth chest belt (Polar, H10,
Kempele, Finland). The Polar V800 monitor has been
demonstrated to be an accurate tool for the measurement
of heart rate during exercise [38]. Heart rate values were
analysed using absolute beats per minute (b*'min~1).

Core temperature

Tcore was recorded using the e-Celsius ingestible cap-
sules and the e-Viewer (Body Cap, Caen, France). The
capsule was ingested from the participants when enter-
ing the laboratory (day 2) with the instruction to swal-
low it immediately. Data were recorded every 30 s, stored



Hohenauer et al. BMC Sports Science, Medicine and Rehabilitation

within the capsule and transmitted to a computer at the
end of the experiment before the participants left the
laboratory. The ingestible temperature sensor has been
demonstrated to represent a valid index of Tcore and
to underestimate rectal temperature by 0.2 °C during
exercise [39, 40]. Absolute values (°C) were used for the
analyses.

Local skin temperature

Superficial Tskin of the anterior thigh was assessed using
the conductive iButton (DS1922L) system (Maxim Inte-
grated, San Jose, USA). The temperature logger was taped
(K-active Tape Classic, Europe GmBh, Hoesbach, Ger-
many) on the right anterior thigh, 2 cm above the probes
for assessing SmO,. It has been demonstrated that the
iButton system is a valid and reliable instrument for mea-
suring skin temperature in humans [41]. Absolute values
(°C) were used for the analyses.

Subjective parameters during muscle damaging exercise
Ratings of perceived exertion

The participant’s RPE were assessed using a vertical
BORG scale, ranging from 6 “no exertion” to 20 “maxi-
mum exertion” [42], which were used for the analyses.
Before the experimental procedure, the participants were
familiarized with the RPEs scale. At baseline and the end
of each exercise set, the participants were asked to rate
their physical exertion level by telling one number.

Ratings of dyspnea

Acute DYS was assessed using the modified BORG scale
for dyspnea, ranging from 0 “no dyspnea” to 10 “maxi-
mum dyspnea” [43]. The modified BORG scale for dys-
pnea has been demonstrated to be an instrument for
clinical practice to measure dyspnea at exercise, with a
moderate specificity [44]. Dyspnea status was assessed at
baseline and the end of each exercise set.

Recovery parameters after muscle damaging exercise
Venous blood sample

A venepuncture from the antecubital fossa was per-
formed to collect blood from the participants. For the
blood sedimentation rate (BSR), a venous blood sam-
ple was collected in 5.0 ml EDTA tubes (BD Seditainer,
Plymouth, UK). Samples were placed into the sedimenta-
tion measurement stand (BD Seditainer, Plymouth, UK).
After the sample rested for one hour in a vertical posi-
tion, the BSR was reported in mm/hr, according to the
Westergren method [45]. For the assessment of CRP and
CK, an additional venous blood sample was collected in
8.5 ml tubes (BD Vacutainer, Plymouth, UK), centrifuged
(3000 g for 10 min; Hettich, EBA 20, Baech, Switzerland)
and analysed using the turbidimetric method (CRP)
[46] and using an automated ultraviolet method (Roche,
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Basel, Switzerland). The venous blood samples were anal-
ysed using normalised values to baseline.

Muscle swelling

Muscle swelling of the right quadriceps femoris muscle
was evaluated using an ultrasound system (MyLabClass
C, Esaote, Genoa, Italy) in B-mode. By using the mini-
mal pressure technique, the distance between the femo-
ral bone and the outer layer of the quadriceps muscle
(excluding the overlying adipose tissue) was used to
evaluate muscle swelling. For reliable measurements over
the experimental days, the measurement position for the
ultrasound probe was marked, at 60% of the distance
between the greater trochanter and the lateral epicon-
dyle, 3 cm lateral to the midline [18, 33]. Normalised val-
ues to baseline were used for the analyses.

Delayed onset of muscle soreness

Subjective anterior thigh soreness was rated using a
horizontal VAS, ranging from 0 to 100 mm [47]. Partici-
pants were instructed to rate their DOMS status during a
3-second lasting 90° squatted position. The far left of the
scale (0 mm) indicated no soreness at all, and the far right
of the scale (100 mm) indicated severe muscle soreness.
Absolute values (mm) were used for the analyses)

Countermovement jump

The maximum CM] performance was assessed on a jump
mat (Just jump, Probotics Inc, Huntsville, USA). The par-
ticipants were instructed to stand on the mat, place their
hands on their hips, and perform a maximum CM]J [47].
A total of three attempts were performed in a row and
the highest values were used for the analyses. The par-
ticipants were not verbally encouraged and remained
blinded to the CM] values throughout the experiment.
Values were normalised to baseline for the analyses.

Maximum voluntary isometric contraction

The MVIC (measured in kg) of the right knee extensor
muscles was assessed in a seated position on an ergom-
eter chair (EROS-1, Landquart, Switzerland). The partici-
pant’s right leg was positioned with a knee angle of 120°
and a hip angle of 100°, to obtain reliable results [33].
After positioning, the participants were instructed to
perform a maximum isometric contraction for the dura-
tion of three seconds, without verbal encouragement.
A total of three sets were performed with a one-minute
break in between and the maximum value was taken for
the analyses. The participants were blinded to the MVIC
values throughout the experiment. MVIC values were
normalised to baseline for the analyses.



Hohenauer et al. BMC Sports Science, Medicine and Rehabilitation

Sample size

Using data from a study employing a similar method-
ological design [18] the sample size was determined using
G*Power (version 3.1.9.3) [48]. The following design
specifications were considered: a=0.05; 1-=0.8; f=0.4;
statistical test=Repeated Measures ANOVA with within-
between interaction. The total sample size estimated
according to these specifications was n=12 participants.

Statistical analyses

The statistical analyses were performed using SPSS sta-
tistics V. 28 (IBM Corp., Armonk, USA), with the signifi-
cance level set at p<0.05. Descriptive results are reported
as meanststandard deviations (SD). The assumption
of normality was assessed using the Shapiro-Wilk test.
Mixed design repeated measures ANOVAs were used
to assess the main effects of time (physiology and sub-
jective variables: baseline, after exercise set 1, set 2, set
3, set 4, and set 5; recovery variables: baseline, 24-hrs,
48-hrs, 72-hrs) as within factor, condition (HYP, CON)
as between factor, and to assess interaction effects
(time*condition). Post-hoc analyses were performed
using Tukey’s HSD test where appropriate. The effect
sizes were expressed as partial eta-squared (quartial) with
values of 0.1 to 0.29, 0.30 to 0.49, and >0.5 considered as
small, medium, and large, respectively [49].

Results

General characteristics of the participants

Twenty female participants, regularly involved in mod-
erate physical endurance activity, volunteered for this
study. The results of all (#=20) included participants
were analysed in this study (HYP »=10, CON n=10)
There were no significant differences between groups
regarding anthropometric characteristics and menstrual
cycle phase (all p>0.05, Table 1).

Table 1 Characteristics of the n=20 female participants

Parameters HYP (n=10) CON (n=10) p-value
Age (years) 23.8+3.1 230+16 048
Height (cm) 164.9+6.7 168.8+5.2 0.17
Body mass (kg) 58.7+6.6 62.2+7.2 0.27
BSA (m?) 16%0.1 1701 0.17
BSA: mass (m2kg™") 0.02+0.001 0.02+0.001 0.54
Body fat % 172+56 206+7.5 0.06
BMI 215422 218+24 0.81
Menstruation ph. (%) 20 10 1.0
Proliferative ph. (%) 50 40 1.0
Secretory ph. (%) 30 50 0.72

Note: BSA=Dbody surface area, BMI=body mass index, ph=phase, values are
means+SD
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Physiological parameters during the muscle damaging
exercise task

Capillary oxygen saturation

SpO, values were only significantly lower in HYP com-
pared to CON during the exercise task compared to
baseline, with significant differences between the two
conditions (Fig. 2A).

A significant time (p<0.001, 0’ =0.80), condi-
tion (p<0.001, T]Zpartialzo'gl) and interaction (p<0.001,
r]zpamal:076) was found for SpO,.

SpO, was lower in HYP compared to CON through-
out (all p<0.001) the exercise task (ES1: 71.7+£7.7%
vs. 96.3£1.9%; ES2: 71.81£6.2% vs. 95.8+1.6%; ES3:
73.0£4.5% vs. 95.7£1.6%; ES4: 74.7+£4.5% vs. 95.7£1.1%;
ES5:76.4£3.8% vs. 95.5+£1.7%).

Compared to baseline values (96.8+1.6%) in HYP,
values were lower (all p<0.001) within this condition
between ES1 and ES5. No within-condition differences
(all p>0.05) were detected in CON between baseline
(97.5£1.5%) and ES1 to ES5.

Muscle oxygenation
SmO, decreased significantly in HYP during the exercise
task compared to baseline, but not in CON (Fig. 2B).

For SmO, a main effect of time (p=0.003,
N partiat=0-18), condition (p=0.003, 0’ ,,1=0.38) and an
interaction effect (p<0.001, n2partiaI=O.20) was detected.

A trend for reduced SmO, values in HYP compared
to CON was detected at ES3 (58.3+8.0% vs. 69.4+5.4%,
p=0.06) and ES4 (58.3+£10.2% vs. 71.5£5.3%, p=0.06),
which reached significance at ES5 (60.0£9.3% vs.
73.415.8%, p=0.03).

In HYP, values decreased significantly compared to
baseline (66.9+4.8%) at ES2 (59.2+9.0, p=0.02), ES3
(58.318.0%, p=0.01), reaching borderline to significance
at ES4 (58.3£10.2%, p=0.05).

In CON, no significant differences within the condition
were detected between baseline (70.0+3.7%) and ES1-—
ES5 (all p>0.05).

Heart rate

Heart rate was significantly elevated in both HYP and
CON compared to baseline, with no differences between
conditions (Fig. 2C).

For heart rate, only a main effect of time (»<0.001,
quamalzo.%), with no condition (p=0.79, nzpartiaIZO‘OI)
and interaction effect (p=0.41, nzpartialzo‘ls) was
detected. Albeit no significant differences between con-
ditions were observed at specific time points (baseline,
ES1 to ES2), increased heart rates were observed within
groups (HYP and CON). In HYD, heart rate was higher
compared to baseline (80.4%8.6 bpm) ranging from
ES1 (163.7+25.8, p<0.001) to ES5 (181.3+16.5 bpm,
»<0.001). Also in CON, values were higher compared
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to baseline (75.0+15.5 bpm) from ES1 (164.5+14.5 bpm,
p<0.001) to ES5 (189.2+13.5, p<0.001).

Core temperature

Core temperature was significantly higher in HYP and
CON during the exercise task compared to baseline, with
no between-condition differences (Fig. 2D).

A significant effect of time (p<0.001, 0’ ,;,=0.85),
with no condition (p=0.92, quamalzom) and interac-
tion (p=0.92, quartialzo.Ol) was observed. There were no
differences detected between HYP and CON at any time
point (all p>0.05).

However, within the condition, core temperature was
higher in HYP compared to baseline (37.0+0.6 °C) at
ES3 (37.910.3, p=0.003), ES4 (38.1£0.3 °C, p<0.001),
and ES5 (38.2£0.3 °C, p<0.001). In CON, skin tem-
perature was different to baseline (36.8+0.4 °C) at ES2
(37.5£0.2 °C, p=0.02), ES3 (37.9£0.3 °C, p=0.004), ES4
(38.1£0.3 °C, p<0.001), and ES5 (38.3£0.2 °C, p<0.001).

Skin temperature

There were no detectable changes in skin temperature
in HYP and CON during the exercise task compared to
baseline (Table 2).

No main effects for time (p=0.81, nzpart131=0.02), con-
dition (p=0.79, qQParﬁalzo.on, and interaction (p=0.90,
quartiaIZO.OI) were found for skin temperature. There
were no differences observed between the HYP and CON
conditions at any time point (all p>0.05). Also, within the
condition, no differences to baseline were observed for
HYP (30.4+1.4°C) and CON (30.2%2.8 °C).

Perceptual parameters during the muscle damaging
exercise task

Ratings of perceived exertion

RPE values increased in both conditions during the exer-
cise task compared to baseline, with no between-group
differences (Table 2).

There was only an effect of time (p<0.001,
quartialzo.%) detected for RPE with no condition
(p=0.13, quamalzo.u) and interaction effect (p=0.29,
r]zpartial:O‘O6)‘

In both conditions, RPE was higher compared to the
baseline throughout the exercise task (p<0.001 for HYP
and CON).
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Table 2 Physiological characteristics of skin temperature and subjective ratings during the muscle damaging exercise task

(means=SD)
BL ES1 ES2 ES3 ES4 ES5 p-value within

Tskin(°C) 30414 30614 305+13 306+14 308+15 309+16 All >0.05
HYP 302+28 306£16 305£13 305114 304+14 304+1.8 All >0.05
CON

RPE 64+0.8 142+10 148+14 154+0.8 163+15 16.7+£1.3 All <0.001
(BORG 6t020) 6.5+1.0 128+1.2 139£1.2 145+1.6 156+1.8 16.1+£2.2 All <0.001
HYP

CON

DYS 02+03 1£07 40+1.1 49+13 54+18 59+18 All <0.001
(BORG 0to10) 00+0.0 30+12 36£1.2 41+14 50£26 56+22 All <0.001
HYP

CON

Legend: Tskin local skin temperature, RPE ratings of perceived exertion, DYS dyspnea, HYP hypoxia, CON normoxia

Table 3 Recovery characteristics of inflammatory blood
marker after the muscle damaging exercise task. (Normalised to
baseline +SD)

BL 24-hrs 48-hrs 72-hrs p-value
within
CK
%
HYP  100+0 538546553 2684+2663 187.7+149.3 All>0.05
CON 100+0 3724+2356 2363+159.7 256.1+4023 All>0.05
CRP
%
HYP  100.0+0 127.0+46.1 1170+270 1059+124 All>0.05
CON 1000+0 1193+263 1048+128 1008+100 All>0.05
BSR
%
HYP  100.0+0 1283+50.1 172141058 126.0+£540 All>0.05
CON 1000+0 1126+39.1 1498+553 1424+43.1 All>005

Legend: CK creatine kinase, CRP C-reactive protein, BSR blood sedimentation
rate, % normalised to baseline, HYP hypoxia, CON normoxia

Dyspnea
Dyspnea was elevated during the exercise task in both
conditions, with no differences between HYP and CON
(Table 2). The analyses revealed a main effect of time
(p<0.001, r] partlal_o 82) for dyspnea, but no condition
(p 0.49, n? partiat=0-02) and interaction effect (p=0.91,
T'| partial — =0. 01)

In both conditions, DYS was higher compared to the
baseline throughout the exercise task (p<0.001 for HYP
and CON).

Recovery parameters after the muscle damaging exercise

task

Inflammatory blood markers

All inflammatory blood markers (CK, CRP, and BSR)

increased during the recovery period compared to base-

line, with no differences between conditions (Table 3).
For CK, a significant effect of time (p<0.001,

n? partial=0-29), with no condition (p=0.75, n? partial=0-01)

and interaction effect (p=0.48, 1 partlal_o 04) was

detected, Table 3. No between (p>0.05) and within

(p>0.05) conditions differences were detected at any spe-
cific time point. After 24-hrs, the relative values peaked
in HYP (538.5+655%) and CON (372.4%235.6) with no
difference to baseline.

For CRP, a significant tlme (»p<0.001, n pamal—O 29),
but no condition (p=0.41, n? partial=0-03) and interaction
effect (p=0.71, n partlal_o 02) was detected, Table 3.

Albeit no differences were detected between (HYP
vs. CON) or within groups, the CRP values peaked in
both groups after 24-hrs compared to baseline (HYP:
127.0£46.1%; CON:119.3£26.3%).

For BSR, the analyses showed a main effect of time
(p 0.001, n partlal—O 25) but no condition (p=0.74,
=0.01) and interaction effect (p=0.54,
n? partial=0-03), Table 3.

No significant differences between HYP and CON were
detected throughout the recovery period (24-hrs, 48-hrs,
72-hrs; all p>0.05). No differences were detected from
baseline values within conditions (HYP and CON). Albeit
no change from baseline was detected in both groups,
BSR peaked after 48-hrs in HYP (172.1+105.8%) and
CON (149.8+55.3%).

l’] partlal

Muscle swelling

In HYP, muscle swelling was increased after 24 h com-
pared to baseline, but there were no differences between
conditions (Fig. 3A).

For muscle swelling of the right quadriceps femoris
muscle, a main effect of time was detected (p<0.001,
n? partiai=0-44) with no condition (p 0.29, n? partia = 0-06)
and interaction effect (p=0.56, n pamal—O 03). In CON,
there was no significant difference compared to base-
line values throughout the 72-hrs lasting recovery period
(p>0.05 for all time points). However, in HYP, muscle
swelling increased significantly (p=0.006) after 24-hrs
(106.7£5.3%) and demonstrated a statistical trend
(p=0.07) to remain increased after 48-hrs (103.6£3.9%)
compared to baseline.
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Delayed onset of muscle soreness

DOMS values increased in both conditions com-
pared to baseline, with no differences between con-
ditions (Fig. 3B). For DOMS, a significant effect for
time (p<0 001, n? partial=0-79) but not for condition
(p 0.92, n? partiat=0-01) and interaction effect (p=0.97,
n? partial = 0-01) were detected.

There were no significant differences between condi-
tions at any time point. Albeit no statistical between-
condition differences, significant within-condition
differences were detected for both HYP and CON.
In HYP, DOMS was higher compared to baseline
(0.0£0.0 cm) after 24-hrs (6.2+2.3 cm, p<0.001),
after 48-hrs (6.0£2.4 cm, p<0.001) and after 72-hrs
(3.6+2.3 cm, p=0.003). Also in CON, DOMS was
higher compared to baseline (0.0£0.0 cm) after 24-hrs
(6.2+2.7 cm, p<0.001), after 48-hrs (6.0+3.1 cm,
p<0.001), and after 72-hrs (3.2£2.3 cm, p=0.008).

Countermovement jump

In both conditions, significant reductions in CMJ-perfor-
mance were detectable, with no differences between con-
ditions (Fig. 3C).

There was an effect of tlme (p<0.001, n partlal—O 80)
but no condition (p 0.71, n? partial=0-01) and interaction
effect (p=0.60, n partlal_O 03) detected for CM]J. Com-
pared to baseline, values were lower in HYP after 24-hrs
(48.8£20.9%, p<0.001), 48-hrs (67.8£19.6%, p<0.001)
and 72-hrs (75.5+£19.3%, p=0.005). Also in CON, val-
ues were lower compared to baseline after 24-hrs
(55.3£11.2%, p<0.001), 48 h (65.8+£12.1%, p<0.001) and
remained lower after 72-hrs (78.6+14.4%, p=0.01).

Maximum voluntary isometric contraction

MVIC decreased compared to baseline in HYP and CON,
with no between-condition differences (Fig. 3D). For
MVIC, a main effect of time (p=0.001, n* partial = 0-76) but
no effect for condition (p=0.63, n pamal—O 01) and inter-
action (p=0.54, n partlal_o 03) was detected.
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In HYP, compared to baseline, MVIC values decreased
to 47.4+£22.0% (p<0.001) after 24-hrs, to 65.8+21.7%
(p<0.001) after 48-hrs and to 75.84+22.8% (p=0.01) after
72-hrs. In CON, MVIC values also decreased after 24-hrs
to 56.6+£12.9% (p<0.001), to 65.8+£12.1% (p<0.001) after
48-hrs and to 77.2+15.2% (p=0.02) after 72-hrs.

Discussion

This randomized controlled trial aimed to investigate the
acute effects of muscle damage under hypoxia and nor-
moxia on physiological differences and the effects on
recovery during 72 h post-exercise, in healthy females.

The main findings of this study are that SpO, and
SmO, remained lower during muscle damaging exercise
in hypoxia compared to exercise under normoxia. No dif-
ferences between hypoxia and normoxia were detected in
subjective (DOMS) and objective (inflammatory blood
markers, muscle swelling, CMJ, and MVIC) recovery
characteristics during a 72-hrs follow-up period.

From a practical perspective, it would be acceptable to
assume, that exercise under hypoxia would lead to higher
inflammatory responses compared to exercise under
normoxia. This hypothesis could arise from the obser-
vation, that exercise induced,- muscle damaged tissue,
and the following inflammatory responses are character-
ized by O, and nutrient deprivation [50], leading to an
enhanced performance adaption. As a response, immune
cells, including neutrophils, monocytes and eosinophils,
infiltrate these hypoxic tissues to generate an appropriate
response to tissue damage [51-53]. Interestingly, a direct
performance output benefit, arising from exercise under
hypoxia, is rarely observed in the literature [54]. Similarly,
high-intensity exercise under hypoxia did not induce a
more severe inflammatory response than the same exer-
cise load, performed under normoxia [55, 56]. However,
compared to normoxic training, hypoxic training has the
potential to elicit specific molecular adaptations [57, 58],
but these are not necessarily associated with improved
physical performance [54]. On the other side, it has been
postulated that both hypoxia and inflammation-induced
activation of immune cells lead to the release of the
master regulator of oxygen homeostasis, namely HIF-1
[59]. Although not measured in our study, the release of
HIF-1a is different in exercise under normoxia compared
to hypoxia [57]. Although the precise role of HIF-1a as a
response to increased oxygen demand is not fully eluci-
dated [60], it is known that mammalian skeletal muscle
tissue has a high adaptive capacity to change the meta-
bolic characteristics, as a result of deprived O, availabil-
ity [61]. Under hypoxia, cells reduce their reliance upon
O,-dependent, mitochondrial oxidative phosphorylation
but change to an O,-independent glycolytic pathway for
the maintenance of sufficient ATP production [62].
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In our study, SpO, reduced, as expected, to 76.4+3.8%
in HYP at the end of the muscle damaging exercise pro-
tocol, whereas SpO, remained at 95.5+1.7% in the CON
group (see Fig. 2A). These reductions occurred at a PiO,
of 80 mmHg in the HYP group. In line with previous
research, tissue oxygenation values have been demon-
strated to be lower under systemic hypoxia, including
resting O, oxygenation values but also VO, values [63,
64]. The reduction in SpO, during exercise is in line with
other studies, that evaluated capillary oxygenation under
hypoxia. In moderate hypoxia (FiO, of 14.4%), SpO,
decreased to approximately 85% during a 30 min last-
ing submaximal endurance performance [65]. Similarly,
in the study by Nam et al. (2020), capillary oxygenation
decreased after a 30 min lasting endurance task below
80% at a FiO, of 12.8% [66]. Interestingly, a high-intensity
interval training, performed for the duration of 30 min
at a FiO, of 15.2%, decreased pO, to even 68% [67].
Reduced PiO, levels will inevitably reduce tissue oxy-
genation levels [10, 68] creating an additional physiologi-
cal strain that is not present during normoxic exercise
[69]. In general, exercise under hypoxia has been dem-
onstrated to increase mitochondrial density, capillary
density, capillary-to-fibre ratio, fibre cross-section area,
myoglobin content and oxidative enzyme activity, such as
citrate synthase [70-73]. Our muscle damaging exercise
protocol significantly led to symptoms of DOMS in the
knee extensor muscles (Fig. 3B). Comparable subjective
effects can be observed in other studies, using the same
muscle damaging exercise protocol [18, 33]. Our results
are also in line with another study finding, which dem-
onstrated that DOMS significantly increased in hypoxia
(FiO, of 13.0%) and normoxia compared to baseline after
resistance training, with no differences between groups
[74]. Although DOMS is a commonly used marker for
subjective ratings in this area, it has demonstrated poor
correlations with changes in muscle function [75, 76].
From this perspective, measuring muscle functions like
CM]J and MVIC might be of a larger interest, as espe-
cially maximum torque has been suggested to be the best
measure of muscle injury, resulting from eccentric con-
traction [77]. In our study, both, CMJ and MVIC were
reduced in both conditions (HYP and CON), with no
between-group differences. After 24-hrs, MVIC values
decreased to 47.41+22.0% in HYP and to 56.6+12.9% in
CON, which can be considered as moderate muscle dam-
age [17]. In contrast to other studies, our results did not
show significant within-group changes regarding inflam-
matory blood markers (Table 3). Other studies demon-
strated elevated higher inflammatory blood levels after
using a comparable jump-protocol [34, 78, 79]. One
reason for this difference might be, that our study par-
ticipants were healthy females which might show a dif-
ferent reaction compared to males [80]. Another reason
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might be the large standard deviations in the normalised
inflammatory blood markers (Table 3). One major prob-
lem with the assessment of pro-inflammatory markers is,
that the collected values reflect not only the release into
the bloodstream but also their removal [77], questioning
their clinical significance in this area. However, hypoxia
doesn’t seem to be the only factor of performance
gains during strength training. Benavente et al. (2023)
observed, that the inter-set resting intervals play a cru-
cial role in adaptive processes. They concluded, that that
loads between 60 and 80% of the one-repetition maxi-
mum that are employed < 60 s show greater increases in
muscle cross-sectional area, whilst the same loads with
inter-set resting period of 2120 s demonstrated greater
increases in strength parameters [81].

The menstrual cycle of the healthy females might have
an influence on the study outcomes. Although the oes-
trogen levels in both groups are comparable (Table 1),
it's possible that the exercise task might lead to dif-
ferent responses in females with a different hormonal
status. It is reported that different oestrogen levels of
females might have a protective effect on muscle dam-
age after exercises [82]. Therefore, future studies are
advised to include/assess females in a specific phase of
their menstrual cycle. Additionally, the inter-individual
physiological response to the hypoxic stressor should be
investigated in future studies [83], especially in a female
population.

Our findings support the idea, that reduce oxygen
availability and tissue oxygen deprivation are the primary
mechanisms for hypoxia-induced training processes.
From a practical perspective, our results suggest that
hypoxia can be integrated into exercise training without
affecting subjective and objective recovery parameters.

Conclusion

The results of our study show, that muscle damaging
exercise under hypoxia reduces capillary- and muscle
oxygenation in healthy females. Inflammatory reactions
and recovery response are comparable to exercise in nor-
moxia during a 72-hrs follow-up period.

The current results show that the effects of oxygen-
restricted exercise can be incorporated into training
regimes, without negatively affecting the subjective and
objective recovery characteristics. These findings may
facilitate practitioners in gaining a more comprehensive
understanding of the impact of training under hypoxic
conditions on the physiological response and recovery
process.
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