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Post-fatigue ability to activate muscle is compromised
across a wide range of torques during acute hypoxic
exposure
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Abstract

The purpose of this study was to assess how severe acute hypoxia alters the

neural mechanisms of muscle activation across a wide range of torque output

in a fatigued muscle. Torque and electromyography responses to transcranial

and motor nerve stimulation were collected from 10 participants

(27 years � 5 years, 1 female) following repeated performance of a sustained

maximal voluntary contraction that reduced torque to 60% of the pre-fatigue

peak torque. Contractions were performed after 2 h of hypoxic exposure and

during a sham intervention. For hypoxia, peripheral blood oxygen saturation

was titrated to 80% over a 15-min period and remained at 80% for 2 h. Maximal

voluntary torque, electromyography root mean square, voluntary activation

and corticospinal excitability (motor evoked potential area) and inhibition

(silent period duration) were then assessed at 100%, 90%, 80%, 70%, 50% and

25% of the target force corresponding to the fatigued maximal voluntary con-

traction. No hypoxia-related effects were identified for voluntary activation eli-

cited during motor nerve stimulation. However, during measurements elicited

at the level of the motor cortex, voluntary activation was reduced at each tor-

que output considered (P = .002, ηp
2 = .829). Hypoxia did not impact the cor-

relative linear relationship between cortical voluntary activation and

contraction intensity or the correlative curvilinear relationship between motor

nerve voluntary activation and contraction intensity. No other hypoxia-related

effects were identified for other neuromuscular variables. Acute severe hypoxia

significantly impairs the ability of the motor cortex to voluntarily activate

fatigued muscle across a wide range of torque output.

Abbreviations: AMS, acute mountain sickness; BPS, brachial plexus stimulation; EMG, electromyography; EMGRMS, root-mean-square of the EMG;
FIO2, fraction of inspired oxygen; GABA, gamma-aminobutyric acid; MEP, motor evoked potential; Mmax, maximal compound action potential;
MNS, motor nerve stimulation; MVC, maximal voluntary contraction; SpO2, peripheral blood oxygen saturation; TMS, transcranial magnetic
stimulation; VA, voluntary activation.
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1 | INTRODUCTION

During exposure to low-oxygen environments, exercise
performance is disrupted across a range of contraction
tasks and exercise modalities. A converging line of
evidence indicates that several factors underlie the likeli-
hood that a decline in motor performance occurs during
acute hypoxia. These factors include the duration of
hypoxic exposure, where short exposures up to 1 h have
minimal effects on performance (Katayama et al., 2007;
Rupp et al., 2012, 2015; Soo et al., 2020; Szubski
et al., 2006), and the severity of hypoxic stimulus, where
<80% peripheral blood oxygen saturation (SpO2) is more
likely to affect performance due to cerebral hypoxia and
disruptions in neurotransmitter turnover (Amann
et al., 2007; Gibson & Duffy, 1981; Koob & Annau, 1974;
Olson et al., 1983). As the progressive reduction in exer-
cise performance is a consequence of limited oxygen
availability to meet energy demand (Lannergren &
Westerblad, 1991), it is not surprising that hypoxia-
related impairments in voluntary activation (VA) are par-
ticularly evident during prolonged or exhaustive exercise
(Amann et al., 2013; Goodall et al., 2012, 2010; McKeown
et al., 2021; O’Keeffe et al., 2021; Rasmussen et al., 2010;
Ruggiero et al., 2018).

Prolonged or exhaustive exercise often leads to accu-
mulation of metabolites within contracting muscles,
which causes increased firing of group III/IV muscle
afferents and a subsequent decrease in output from
cortical motoneurons (Adreani et al., 1997; Amann
et al., 2011; Balzamo et al., 1992; Gandevia, 1998;
Kaufman et al., 1983). When exposed to a hypoxic
stimulus, discharge of group III/IV muscle afferents is
enhanced because of an accentuated development of
metabolites, resulting in further inhibition of cortical
neurons (Amann, Romer, et al., 2006; Katayama
et al., 2007). Although hypoxic-induced changes in the
muscle can impair the output of cortical motoneurones,
there is also a direct impact of hypoxic exposure on corti-
cospinal excitability. Specifically, motor evoked potentials
(MEPs) from upper and lower limb musculature, and the
minimal transcranial magnetic stimulation (TMS) input
needed to elicit a MEP response (i.e., the motor
threshold), have been shown to change during sustained
and intermittent exercise in acute hypoxic environments
compared to normoxic environments (Goodall et al.,
2012; McKeown et al., 2020; Miscio et al., 2009; Rupp
et al., 2012). Increases in the excitability of the

corticospinal pathway are likely due to changes in corti-
cal ion-channel properties, gamma-aminobutyric acider-
gic (GABA) transmission and suboptimal output from
the motor cortex because of substantial cerebral hypoxia
(Goodall et al., 2012; McKeown et al., 2020; Miscio
et al., 2009; Szubski et al., 2006).

The assessment of VA using both motor nerve stimu-
lation (MNS) and TMS allows further investigation of
supraspinal and spinal components of fatigue develop-
ment (Gandevia et al., 1996; Sogaard et al., 2006; Todd
et al., 2007, 2003). Previously, the relationship between
VA and contraction intensity has been assessed across a
wide range of torque output in the unfatigued and
fatigued elbow flexors (Todd et al., 2003). During mea-
sures of VA from the cortex, a strong linear relationship
exists, where incremental increases in voluntary torque
result in corresponding increases of VA above 50%
maximal voluntary contraction (MVC). However, during
measures of elbow flexor VA from the motor nerve, a
curvilinear relationship exists where, at high torques,
smaller increases in activation occur (De Serres &
Enoka, 1998; Todd et al., 2003). This is possibly due to
unmatched activation of brachioradialis motor units
(radial nerve) compared to biceps brachii and brachialis
motor units (musculocutaneous nerve) during MNS.
Furthermore, this difference may be due to motor unit
activation occurring synaptically versus axonally with
TMS and MNS, respectively. Nonetheless, the linear and
curvilinear relationships between VA and contraction
intensity are retained in the fatigued muscle, albeit with
reduced VA and torque generation capacity due to
fatigue. With respect to low-oxygen environments,
hypoxia-induced impairments in VA during maximal
contractions are consistently reported. Furthermore,
reductions in TMS measures of VA specifically, indicate
that the locus of hypoxia-induced impairment in neuro-
muscular activation is, in part, due to impaired cortical
neural drive to spinal motoneurones (Goodall et al., 2010;
McKeown et al., 2020; O’Keeffe et al., 2021; Ruggiero
et al., 2018; Rupp et al., 2012). However, it is unclear how
hypoxia impairs VA at submaximal intensities or whether
the relationship between VA and contraction intensity is
altered with reduced oxygen availability.

The purpose of this study was to assess the post-fatigue
ability to activate muscle in the presence of severe acute
hypoxia. After 2 h of exposure to a low fraction of inspired
oxygen (FIO2) that decreased SpO2 to 80%, participants
repeatedly performed a sustained elbow flexor MVC until a
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standardised level of fatigue was achieved (a decline in tor-
que to 60% of the peak control value). After each fatigue-
inducing MVC, TMS and MNS were used to assess the abil-
ity of the central nervous system to voluntarily activate the
elbow flexors across a wide range of torque output. It was
hypothesised that hypoxia-induced impairments in VA
would be most evident during higher torques when neural
drive to the contracting muscle is largest, and these
hypoxia-related effects would be absent at lower intensities
when neural drive is low. Therefore, the VA and contrac-
tion intensity relationships would be disrupted. It was also
hypothesised that supraspinal mechanisms would be pri-
marily responsible for any hypoxia-related reductions in
VA following the fatiguing contractions.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

Each participant provided written informed consent prior
to testing. All experimental procedures were approved by
the Griffith University Human Research Ethics Commit-
tee (reference number: 2018/838). The study conformed
to the standards set by the Declaration of Helsinki, except
for registration in a database.

2.2 | Experiment design

This study was a two-way, sham-controlled, cross-over
design, where participants attended two testing sessions
separated by 1 week. A single-blind design was necessary
as an investigator was required to monitor SpO2 through-
out each testing session. The intervention was counterba-
lanced to avoid order effects, where half of the
participants underwent a hypoxia intervention in their
first visit, and the other half of participants underwent a
sham intervention in their first session.

2.3 | Participants

Ten healthy individuals volunteered to participate in the
study (Table 1). Each participant completed a medical
history questionnaire prior to their first testing session,
which contained exclusion criteria specific to reduced
blood oxygen saturation, magnetic stimulation and elec-
trical stimulation. Participants were also screened to
ensure they had not been exposed to acute or chronic
hypoxic environments for at least 6 months leading up to
the study. Participants were not permitted to take any
form of central nervous system medications and were

instructed to refrain from any form of stimulant or
depressant such as caffeine, alcohol or moderate-to-high
intensity exercise for 12 h before testing.

2.4 | Hypoxia intervention

An altitude simulator (Altitude Training Systems,
ATS200HP, Australia) and a sealed facemask were used
to reduce SpO2 to 80% via regulation of the FIO2. As sen-
sitivity to altered oxygen availability is variable between
individuals (Rojas-Camayo et al., 2018), FIO2 was titrated
over a 15 min period for everyone at a rate of .01 FIO2

every 1.5 min. The FIO2 that consequently resulted in
80% SpO2 was maintained for the 2-h experimental proto-
col (.125 � .011 FIO2 by the end of the titration phase).
SpO2 and heart rate were continuously monitored using
a pulse oximeter (Model 7500, Nonin Medical Inc,
Minnesota, USA) attached to the middle finger of the
non-active hand. Participants were carefully monitored
for symptoms of acute mountain sickness (AMS)
throughout testing, including dizziness, headaches, sleep-
iness and nausea. The sham intervention reflected all
hypoxia testing procedures, including the requirement of
wearing the mask; however, SpO2 was not manipulated
and remained at pre-testing levels.

2.5 | Electromyography and torque
measurements

Participants sat in a chair with their right wrist secured in
a custom-built transducer to measure isometric elbow flex-
ion torque (Figure 1a). The shoulder and elbow were
placed in 90� of flexion and the participant’s arm was fixed
to the device at the wrist (Kavanagh et al., 2019). A preci-
sion S-beam load cell (PT4000, PT Ltd, New Zealand) with
a 1.1-kN range and full-scale output of 3 mV/V was used
to measure elbow flexion force, which was later converted

TABL E 1 Participant characteristics

Variable

Number of participants 9 male and 1 female

Age (years) 27.7 � 5.1

Age range (years) 20–36

Height (cm) 180.1 � 7.3

Weight (kg) 83.1 � 13.1

BMI 25.4 � 3.1

Lever arm (cm) 25.1 � 1.7

Handedness Right

MCKEOWN ET AL. 4655



to torque offline. Surface electromyography (EMG) was
recorded from the biceps brachii and triceps brachii by
attaching circular 24-mm Ag/AgCl electrodes (Kendall
Arbo) in a muscle belly-muscle tendon arrangement
(60-mm inter-electrode distance). A ground electrode was
placed on the acromion of the test limb. Torque and EMG
signals were sampled at 2000 Hz using a 16-bit analog-to-
digital converter (CED 1401; Cambridge Electronic
Design, UK). Torque signals remained unfiltered, whereas
EMG signals were amplified (�300) and bandpass filtered
(10–1000 Hz) using a CED 1902 amplifier (Cambridge
Electronic Design, UK).

2.6 | Cortical stimulation

A Magstim 2002 TMS unit with a 90-mm circular coil
(Magstim Co., UK) positioned over the vertex was used

to elicit MEPs in the biceps brachii and triceps brachii.
The coil was positioned to preferentially activate the left
motor cortex projecting to the participant’s right arm.
The stimulator intensity which elicited the highest
elbow flexor twitch torque during a brief isometric
MVC, with a MEP that was greater than 60% of the
biceps brachii maximal compound action potential
(Mmax) and less than 20% of the triceps brachii Mmax
(Todd et al., 2003), was chosen as the optimal stimulus
intensity for each testing session (70%–75% stimulus
output). This ensured that the TMS pulse activated a
large proportion of the biceps brachii motoneurone pool
while minimising activation of the antagonist moto-
neurone pool, triceps brachii, during maximal and sub-
maximal elbow flexions (Todd et al., 2016). As this was
primarily a twitch study, the stimulator output that eli-
cited the largest twitch response of the elbow flexors
took precedence.

F I GURE 1 Participant set up (a), control contraction protocol (b) and the fatigue protocol (c). Participants sat in a custom-built

transducer with their right arm secured to measure isometric elbow flexion torque (a). After a 2-h exposure to hypoxia or sham, the control

contraction protocol was performed. The peak maximal voluntary contraction (MVC) torque determined in the control contractions was

used to calculate the fatigue target of 60% peak torque (b). Participants performed sets of contractions that each involved a sustained

maximal elbow flexion to a fatigue target. Participants immediately received transcranial magnetic (TMS) and brachial plexus stimulations

(BPS) or motor nerve stimulations (MNS) at 100%, 90%, 80%, 70%, 50% and 25% of the fatigue target in a randomised order to assess

corticospinal and peripheral excitability as well as voluntary activation. Thirty-six contractions were performed where TMS and BPS

stimulation was received, and 18 contractions were performed where MNS stimulation was received, for a total of 54 contractions performed

by the participants (c).
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2.7 | Brachial plexus stimulation

A constant current stimulator (DS7AH, Digitimer, Ltd.,
UK) was used to deliver single electrical pulses of 100 μs
to the brachial plexus at Erb’s point to determine the
Mmax of the biceps brachii and triceps brachii. A surface
anode was positioned over the acromion of the right
limb. Optimal positioning of the cathode over the right
supraclavicular fossa was determined using a MNS pen
(stimulus intensity of 20 mA), before a surface cathode
was affixed to the skin. Stimulus intensity for experimen-
tal testing was determined by progressively increasing
the stimulator current until the Mmax of both the biceps
brachii and triceps brachii was reached. The stimulator
intensity was then set at 130% of the current that elicited
the Mmax in both the biceps brachii and the triceps bra-
chii (sham protocol: 149 � 29 mA, 119–208 mA; hypoxia
protocol 144 � 21 mA, 119–182 mA). Stimulator inten-
sity was not different between the sham and hypoxia
protocols (P = .340).

2.8 | Motor nerve stimulation

Intramuscular nerve fibres of the biceps brachii were
stimulated with single supramaximal pulses of 100-μs
duration via a second constant current stimulator
(DS7AH, Digitimer Ltd., UK). Following placement of
the EMG electrodes, a surface anode was positioned over
the distal biceps brachii tendon, and a surface cathode
was positioned over the muscle belly of the biceps bra-
chii. Optimal positioning of the surface cathode was
determined by using a MNS pen (stimulus intensity of
50 mA) and was based on the location that elicited the
highest elbow flexion twitch torque. Maximal resting
twitch was determined by progressively increasing the
stimulator current until there was no longer an increase
in the elicited elbow flexor twitch torque. Stimulus
intensity was then set at 120% of the current that elicited
the maximal resting twitch (sham protocol: 172 � 59 mA,
84–288 mA; hypoxia protocol: 168 � 57 mA, 84–
288 mA). Stimulus intensity was not different between
the sham and hypoxia protocols (P = .607).

2.9 | Experimental procedures

Participants visited the laboratory on two occasions,
where they were exposed to either a sham or hypoxia
intervention that titrated SpO2 to 80% over a 15 min
period. Once the target SpO2 was reached, participants
were required to rest under hypoxic conditions for a 2-h
duration prior to control contractions being performed

(McKeown et al., 2021, 2020). Control TMS and MNS
measures were obtained from each individual when per-
forming three pairs of a brief MVC, followed by a brief
50% MVC (Figure 1b). The MVC with the largest peak
torque was used to calculate the fatigued MVC target
(60% of the control MVC) as well as the submaximal
intensity targets.

The fatigue protocol consisted of performing sus-
tained maximal elbow flexion contractions to a target of
60% of the control peak MVC torque (fatigued MVC;
Figure 1c). Once participants could not maintain torque
above 60% of their control MVC for more than 3 s, they
received stimulation (fatigued MVC) or were instructed
to reduce their torque to the target corresponding to 90%,
80%, 70%, 50% or 25% of the fatigued MVC for 4 s. Fol-
lowing each contraction, participants were instructed to
rest for a maximum duration of 2 min before performing
the next contraction. If participants were unable to main-
tain a torque output greater than 60% MVC for at least
10 s, a longer rest period was given. TMS and brachial
plexus stimulations (BPS), as well as MNS, were delivered
at each target torque. For contractions with TMS and
BPS, a magnetic stimulus was delivered to the motor cor-
tex once participants had reached the target intensity
which was then followed by BPS 2-s later. For contrac-
tions with MNS, electrical stimuli were delivered to the
motor nerve once participants had reached the target
intensity then at rest 4 s later. A total of six TMS and
BPS, and three MNS stimulation responses were collected
at each contraction intensity for each participant. Target
torques were performed in a randomised order, but each
participant performed the 54 contractions in the same
order in their sham and hypoxia session.

2.10 | Data analysis

All torque and electrophysiology data were analysed off-
line using Spike2 (version 7.02, Cambridge Electronic
Design) to assess the individual responses of each con-
traction prior to ensemble averaging. Average raw traces
were created for each contraction intensity and type
(i.e., TMS and BPS vs. MNS) using Signal (version 6.05,
Cambridge Electronic Design). The average raw trace tor-
que and electrophysiology data were then analysed off-
line using Signal. The amplitude of MVC torque and root
mean square of the EMG (EMGRMS) of the biceps brachii
were calculated during a 200-ms window before the stim-
ulus artefact. MNS superimposed and resting twitches
were calculated from the increase in torque following
electrical stimulation to assess motor nerve level of VA
(Merton, 1954). TMS superimposed twitches were also
calculated from the increase in torque following
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stimulation to assess cortical level of VA (Todd
et al., 2003); however, the estimated resting twitch was
determined as the y-intercept of the linear regression of
the amplitude of the ensemble-averaged TMS-evoked
superimposed twitch at 100% and 50% MVC (control con-
tractions) or 100%, 90%, 80%, 70% and 50% of the fatigued
MVC (fatigued contractions). Twitch responses at 25% of
the fatigued MVC torque were not included due to non-
linearity in responses <50% MVC (Todd et al., 2003). For
the fatigued contractions, R2 values of the regression ran-
ged from .90–1.00. The level of VA was then calculated
for MNS as [1 – (superimposed twitch/resting twitch)] �
100, and for TMS as [1 – (superimposed twitch/estimated
resting twitch)] � 100. MEP area was measured after
each TMS pulse and then normalised to the area of the
Mmax elicited 2 s later, to account for activity-dependent
changes in muscle fibre action potentials. Silent period
duration was the time from the delivery of the TMS pulse
(EMG stimulus artefact) to the continuous recommence-
ment of voluntary EMG, which was verified by visual
inspection by a single examiner to avoid inter-examiner
variability.

2.11 | Statistical analysis

Normality of data was assessed using Shapiro–Wilk tests.
Greenhouse–Geisser corrections were applied when
assumptions of sphericity were violated. Possible differ-
ences between conditions for control 100% and 50% MVC
torque, EMG measurements and time-to-fatigue of the
first sustained MVC were assessed using Student’s paired
t tests. Two-way repeated measures ANOVAs were
employed to examine main effects of condition (hypoxia
vs sham) and contraction intensity (100%, 90%, 80%, 70%,
50%, and of the fatigued MVC). Condition by contraction
intensity interaction effects were also evaluated. Cortical
measures of superimposed twitch torque and VA elicited
via TMS during 25% of the fatigued MVC were excluded
during statistical analysis due to the non-linearity of
responses at contraction intensities <50% MVC (Todd
et al., 2003). All statistical procedures were performed
using IBM SPSS Statistics (version 27; IBM Australia Ltd,
Australia) with α levels set at <.05. Effect sizes are pre-
sented as partial eta-squared values (ηp

2). Data in tables
are presented as group means and standard deviation of

TAB L E 2 Control neuromuscular measures for the unfatigued muscle following 2 h of sham or hypoxic exposure (80% SpO2)

Sham Hypoxia P value

Control MVC

Elbow flexion torque (N�m) 81.02 � 15.19 81.59 � 15.16 .63

Biceps brachii EMGRMS (% Mmax) 60.22 � 16.73 54.31 � 18.28 .31

Triceps brachii EMGRMS (% Mmax) 6.93 � 4.25 7.71 � 4.10 .49

Motor cortical superimposed twitch
torque (N�m)

.72 � .43 .86 � .64 .43

Motor cortical estimated resting twitch
torque (N�m)

17.51 � 7.92 16.97 � 5.76 .77

Motor cortical level of voluntary activation (%) 94.93 � 4.54 94.71 � 3.65 .90

Biceps brachii MEP area (% Mmax) 75.18 � 10.97 72.45 � 12.30 .49

Triceps brachii MEP area (% Mmax) 9.79 � 6.90 7.88 � 4.40 .16

Biceps brachii silent period (ms) 123 � 55 124 � 53 .87

Control 50% MVC

Elbow flexion torque (N�m) 39.33 � 6.39 39.78 � 4.18 .72

Biceps brachii EMGRMS (% Mmax) 9.00 � 4.36 8.79 � 6.56 .94

Triceps brachii EMGRMS (% Mmax) 2.58 � 1.79 3.55 � 3.66 .51

TMS-elicited superimposed twitch torque (N�m) 9.36 � 4.13 8.76 � 3.30 .49

Biceps brachii MEP area (% Mmax) 91.06 � 14.22 86.06 � 19.70 .35

Triceps brachii MEP area (% Mmax) 8.78 � 6.51 9.09 � 7.33 .97

Biceps brachii silent period (ms) 172 � 60 158 � 59* .02

Note: Measures of motor cortical estimated resting twitch torque are derived from twitch response to TMS at 100% and 50% MVC. Asterisk indicates significant
difference compared to sham measures. Electromyography root-mean-square, EMGRMS; maximal voluntary contraction, MVC; maximal compound action
potential, Mmax; motor evoked potential, MEP; peripheral blood oxygen saturation, SpO2; transcranial magnetic stimulation, TMS. Data are presented as
mean � SD (n = 10).
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the mean. Figures are presented as individual responses
overlayed with group means and error bars representing
the standard deviation of the mean.

3 | RESULTS

3.1 | Control neuromuscular function

Prior to commencing the fatigue protocol, neuromuscular
function was assessed in the unfatigued muscle during a
brief MVC and 50% MVC following 2 h of sham and
acute hypoxia (Table 2) to provide an indication of con-
trol measurements. No significant hypoxia-related differ-
ences were identified for unfatigued measurements
(P > .05), apart from the biceps brachii silent period
duration where the hypoxic stimulus significantly short-
ened the silent period at 50% MVC (P = .02).

3.2 | Fatigued elbow flexion torque
output and EMGRMS

During the initial sustained MVC of the fatigue protocol,
participants fatigued at a greater rate during hypoxia
compared to sham. This was indicated by a shorter time-
to-fatigue during hypoxia (32 � 14 s) compared to sham
(40 � 12 s; P = .02). Elbow flexion torque and EMGRMS

of the biceps and triceps brachii were assessed at 100%,
90%, 80%, 70%, 50% and 25% of the fatigued MVC during
the sham and hypoxic conditions. No main effect of con-
dition (P = .272, ηp

2 = .196) or condition � contraction
intensity interaction (P = .097, ηp

2 = .256) was detected
for elbow flexion torque (Figure 2a). For biceps brachii
EMGRMS, no main effect of condition (P = .238,
ηp

2 = .223) or condition � contraction intensity interac-
tion (P = .346, ηp

2 = .164) was detected. As expected with
a wide range of elbow flexion torques, a main effect of
contraction intensity was detected (F [1.142, 6.849]
= 23.435, P = .002, ηp

2 = .796; Figure 2b). No main effect
of condition (P = .316, ηp

2 = .166) or
condition � contraction intensity interaction (P = .452,
ηp

2 = .139) was detected for triceps brachii EMGRMS.
However, a main effect of contraction intensity was
detected (F [1.375, 8.251] = 41.313, P < .001, ηp

2 = .873;
Figure 2b).

3.3 | Voluntary activation assessed via
motor cortical stimulation

After performing the sustained fatiguing contraction,
magnetic stimulation of the motor cortex elicited larger

superimposed twitches in the fatigued muscle compared
to the unfatigued muscle (Figure 3), indicating that vol-
untary output from the motor cortex was reduced. How-
ever, fatigue did not impact the linear relationship of
twitch responses >50% fatigued MVC torque in either the
sham or hypoxia conditions. Specifically, there was no
main effect of condition (P = .512, ηp

2 = .750) or
condition � contraction intensity interaction (P = .196,
ηp

2 = .215) for TMS-evoked superimposed twitch ampli-
tude at >50% fatigued MVC. A significant hypoxia-
related difference was observed for the fatigued estimated
resting twitch (P = .007; Figure 4b) where the estimated
resting twitch during hypoxia condition was lower than
the sham condition. A main effect of condition was
detected for VA at >50% fatigued MVC (F [1, 6]
= 29.190, P = .002, ηp

2 = .829; Figure 4c), where VA dur-
ing hypoxia was lower than sham. No condition � con-
traction intensity interaction (P = .623, ηp

2 = .100) was
detected.

F I GURE 2 Elbow flexion voluntary torque (a) and biceps

brachii and triceps brachii EMGRMS (b) during sham and hypoxia.

Elbow flexion torque and EMGRMS data prior to the fatigue

protocol (triangles) and following the fatigue protocol (circles). A

main effect of contraction intensity was detected for elbow flexion

torque (P < .001), biceps brachii EMGRMS (P = .002) and triceps

brachii EMGRMS (P < .001). Solid symbols represent the group

mean and error bars represent the standard deviation of the mean

(n = 10). Individual data are presented as open symbols.

MCKEOWN ET AL. 4659



3.4 | Voluntary activation assessed via
motor nerve stimulation

When superimposed twitches are elicited from stimula-
tion of the motor nerve, the degree of suboptimal output
from the motoneurone pool can be determined. Like
TMS-elicited twitches, the (curvilinear) relationship that
characterises twitch responses from MNS was not altered
by fatigue during both conditions (Figure 3). No main
effect of condition (P = .561, ηp

2 = .091) or
condition � contraction intensity interaction (P = .237,
ηp

2 = .271) was detected for superimposed twitch. Fur-
ther, no main effect of condition (P = .753, ηp

2 = .022),
contraction intensity (P = .225, ηp

2 = .231) or
condition � contraction intensity interaction (P = .067,
ηp

2 = .323) was detected for resting twitch (Figure 5b). In
accordance with the superimposed and resting twitch
data, no main effect of condition (P = .361, ηp

2 = .278) or
condition � contraction intensity interaction (P = .341,
ηp

2 = .292) was detected for VA.

3.5 | Corticospinal and peripheral
excitability

EMG responses to motor nerve and motor cortical stimu-
lation were collected across a wide range of torque output
in the fatigued muscle (Figure 6). When exposed to the
acute hypoxic stimulus, fatigue-related changes in MEP
area, Mmax area, and silent period duration were not dif-
ferent compared to the sham condition. That is, there

was no main effect of condition (P = .974, ηp
2 = .001) or

condition � contraction intensity interaction (P = .612,
ηp

2 = .108) for biceps brachii MEP area (Figure 7a). Fur-
ther, no main effect of condition (P = .866, ηp

2 = .006),
contraction intensity (P = .478, ηp

2 = .157) or
condition � contraction intensity interaction (P = .237,
ηp

2 = .262) was detected for triceps brachii MEP area.
Biceps brachii Mmax area had no main effect of condi-
tion (P = .555, ηp

2 = .061), contraction intensity
(P = .374, ηp

2 = .155), or condition � contraction inten-
sity interaction (P = .547, ηp

2 = .106; Figure 7b). Finally,
there was no main effect of condition (P = .278,
ηp

2 = .192) or condition � contraction intensity interac-
tion (P = .238, ηp

2 = .194) was detected for biceps brachii
silent period duration (Figure 7c).

4 | DISCUSSION

The purpose of this study was to assess the post-fatigue
ability to activate muscle in the presence of severe
acute hypoxia. After 2 h of exposure to 80% SpO2, par-
ticipants performed sustained maximal isometric elbow
flexions until a standardised level of fatigue was
achieved. Measurements of VA as well as corticospinal
and peripheral excitability were then made across a
wide range of torques. Our main findings were (1) acute
hypoxia did not adversely affect the maximal torque
generating capacity, or the control VA, of the elbow
flexors, (2) acute hypoxia reduced VA of the fatigued
elbow flexors measured from twitches elicited during

F I GURE 3 Post-fatigue twitch

responses to transcranial magnetic

stimulation (TMS) and motor nerve

stimulation (MNS) during sham and

hypoxia. Ensemble average of elbow

flexion twitch torque for a single

participant are presented for TMS and

MNS at 100% (a), 90% (b), 80% (c), 70%

(d), 50% (e) and 25% of the fatigued

maximal voluntary contraction (MVC).

Resting twitch (RT) is also presented for

MNS during the sham and hypoxia

condition.

4660 MCKEOWN ET AL.



TMS of the motor cortex across all contraction intensi-
ties and (3) acute hypoxia did not adversely affect corti-
cospinal excitability (MEP area), inhibition (silent
period duration) or peripheral excitability (Mmax area),
after fatiguing contractions.

F I GURE 4 Superimposed twitch torque (a), estimated resting

twitch torque (b) and voluntary activation (VA; c) assessed via

motor cortical stimulation. (a) Superimposed twitches prior to the

fatigue protocol (triangles) and following the fatigue protocol

(circles). Twitch responses at 25% maximal voluntary contraction

(MVC) torque were not included in calculation of the estimated

resting twitch due to the non-linearity in responses <50% MVC.

(b) Although not different prior to fatigue, the estimated resting

twitch of the fatigued muscle was significantly lower in hypoxia

compared to the sham condition (P = .007). (c) Although not

different prior to fatigue, a main effect of condition was detected for

VA, where >50% VA measured in hypoxia was lower than VA

measured in the sham condition (P = .002; hash represents the

condition main effect). Solid symbols represent the group mean and

error bars represent the standard deviation of the mean (n = 10).

Individual data are presented as open symbols. Dotted line is the

line of identity.

F I GURE 5 Superimposed twitch torque (a), resting twitch

torque (b) and voluntary activation (c) assessed via motor nerve

stimulation of the biceps brachii. (a) Superimposed and (b) resting

twitches prior to the fatigue protocol (triangles) and following the

fatigue protocol (circles). (c) The resultant voluntary activation

(VA) was then calculated. Solid symbols represent the group mean

and error bars represent the standard deviation of the mean

(n = 10). Individual data are presented as open symbols. Dotted

line is the line of identity.
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4.1 | Elbow flexion torque and surface
EMG was unaffected by acute hypoxia

During prolonged exercise, the torque generating capac-
ity of a muscle decreases as central and peripheral fatigue
develops, in a manner dependent upon the intensity and
duration of contraction (Burnley et al., 2012;
Eichelberger & Bilodeau, 2007; Marshall et al., 2021;
Yoon et al., 2007). As absolute torque output differs
between participants and can influence the time-course
of fatigue-induced changes in the motor system, we nor-
malised the level of fatigue to a predetermined target of
60% MVC torque. During brief MVCs prior to the fatigue
protocol, peak torque was not different between condi-
tions, which means that the torque outputs of fatigued
contractions were also not different for the hypoxia and
sham sessions. With exposure to hypoxia, the time taken

to reach the 60% MVC fatigue target during the initial
sustained MVC of the fatigue protocol was significantly
shorter compared to sham. This indicates that hypoxia
enhanced the rate of fatigue development. When per-
forming sustained isometric MVC, the ability to delivery
blood to exercising muscle is impaired by the opposing
increase in intramuscular pressure (Degens et al., 1998;
Wigmore et al., 2004). In turn, localised muscular ischae-
mia occurs, which increases firing of metabosensitive
III/IV afferents, leading to reduced upper motoneuronal
output, muscle contractility and consequently torque
production (Taylor et al., 2000). During the hypoxia con-
dition, reduced oxygen availability would have exacer-
bated the impact of muscle ischaemia occurring during
the sustained MVC (Fulco et al., 1996; Hogan, Kohin,
et al., 1999), resulting in a greater rate of decline in tor-
que production compared to the sham condition. In line

F I GURE 6 Electromyography

(EMG) responses during sham (a) and

hypoxia (b) elicited from electrical and

magnetic stimulation. Responses from a

single participant are presented for

electrical stimulation of the brachial

plexus (maximal compound action

potential, Mmax) and magnetic

stimulation of the motor cortex (biceps

and triceps motor evoked potentials,

MEP) in the fatigued muscle.
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with our previous findings and those of others, during a
fatigued state, we observed hypoxia-related reductions in
VA assessed by TMS, without a corresponding effect of
hypoxia on maximal torque output (Goodall et al., 2012;
McKeown et al., 2021, 2020). Maintenance of the torque
generating capacity of a muscle has been linked to poten-
tial increases in adrenergic activity that leads to wide-
spread modulatory effects on cortical circuits (Chandler
et al., 2014), facilitation of persistent inward currents at
motoneurone dendrites (Lee & Heckman, 1999, 2000)
and increased motoneurone acetylcholine release (Young
et al., 1980). However, as M-wave responses were not

impaired, adrenergic neuromodulation seems unlikely
(Goodall et al., 2010; Ruggiero et al., 2018; Szubski
et al., 2007; Young et al., 1980).

During sustained maximal fatiguing contractions,
there is a progressive reduction in EMGRMS as descend-
ing drive to spinal motoneurones decreases, resulting in
reduced motoneurone firing rate (Kukulka et al., 1986;
Moritani et al., 1985). In the current study, sham and
hypoxia EMGRMS was similarly reduced compared to
control measurements after the fatigue-inducing
contractions. This provides indirect evidence that the
recruitment and firing of motor unit populations were
not affected by hypoxia after performing sustained maxi-
mal fatiguing contractions. Greater fatigue-related reduc-
tions in EMG activity have been documented during
sustained and exhaustive contractions performed in acute
hypoxia, compared to normoxia (Amann et al., 2007;
Fulco et al., 1996; McKeown et al., 2020; Millet
et al., 2012). However, the majority of findings indicate
that acute hypoxia has a minimal impact on EMG activ-
ity during both maximal and submaximal contraction
tasks (Amann, Eldridge, et al., 2006; Dousset et al., 2001;
Goodall et al., 2010; Katayama et al., 2010; Millet
et al., 2009; Millet et al., 2012; Soo et al., 2020). The main-
tained EMG activity (and muscle torque) in the presence
of a hypoxia-induced reduction in descending drive may
be explained by motoneuronal facilitation, as group
III/IV muscle afferent feedback has been shown to
increase the size of cervicomedullary motor evoked
potential for biceps brachii and brachioradialis (Martin
et al., 2006). With lower oxygen availability during hyp-
oxia, there was an increased rate of fatigue development,
which has been linked to greater metabolite accumula-
tion (Hogan, Richardson, & Haseler, 1999). This would
lead to greater activation of group III/IV muscle afferents
during hypoxia and the possibility that motoneurone
facilitation mitigates the impact of reduced descending
cortical drive to motoneurone pools.

4.2 | Motor cortical, but not motor
nerve, measures of VA were reduced
during acute hypoxia

VA can be assessed using both electrical stimulation of
the motor nerve and magnetic stimulation of the cortex
(Gandevia et al., 1996; Sogaard et al., 2006; Taylor
et al., 2000; Todd et al., 2003). With the introduction of
an acute severe hypoxic stimulus, cortical measures of
VA were impaired, whereas there were no changes to
MNS measures across all contraction intensities. This
suggests that the fatigue-related failure of supraspinal cir-
cuits to produce motor cortical drive to activate motor

F I GURE 7 Responses of the corticospinal pathway to motor

cortical stimulation. Measures of corticospinal excitability (a),

peripheral excitability (b) and corticospinal inhibition (c) prior to

the fatigue protocol (triangles) and following the fatigue protocol

(circles). Solid symbols represent the group mean and error bars

represent the standard deviation of the mean (n = 10).
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units of the elbow flexors is exacerbated during hypoxia.
Furthermore, it is likely the locus of this disruption is
due to reductions in descending neural drive from motor
cortical circuits (indicated by a reduced cortical VA but
no change to MNS VA or EMGRMS). In addition, the rela-
tionships of contraction intensity to TMS VA (linear) and
MNS VA (curvilinear) identified by Todd et al. (2003)
were also seen during the current study. This indicates
that the relationship of elbow flexor muscle activation is
maintained in the presence of acute hypoxia.

Reductions in VA have been consistently reported
during and following fatiguing exercise in hypoxia
(Amann et al., 2013; Goodall et al., 2012, 2014; McKeown
et al., 2021; Rasmussen et al., 2010; Ruggiero et al., 2018).
However, one hypoxia study has used TMS and MNS
concurrently to assess VA during acute hypoxia (Goodall
et al., 2012). Similar to the findings of the current study,
Goodall et al. (2012) documented hypoxia-induced (.13
FIO2) reductions in cortical measures of VA in the quad-
riceps following constant-load cycling at 80% of maximal
work rate performed to exhaustion. However, these
reductions were not reflected in motor nerve assessments
of VA. Additionally, the decline of cortical VA occurred
in parallel with reductions in cerebral oxygen delivery
and oxygenation leading to cerebral hypoxia. Severe
exposures of hypoxia exacerbate cortical reductions in
oxygen availability and increase group III and IV afferent
feedback from fatiguing respiratory and exercising mus-
cle (Amann et al., 2007; Balzamo et al., 1992; Hill
et al., 1992). As such, the decline in cortical VA observed
in this study is likely due to disruptions in motor cortical
output brought about by direct (inadequate cortical
oxygenation of neural circuits within the motor cortex
responsible for muscle activation), and indirect (inhibi-
tory feedback from metabosensitive afferents) mecha-
nisms. However, this impairment in motor cortical
output may be transient, as prolonged stays in hypoxic
environments (i.e., high altitude) restores cortical
VA. Indeed, Goodall et al. (2014), found that 2 weeks of
acclimatisation to altitude (5260 m above sea level) led to
mitigation of the reduction in cortical VA seen during a
similar acute hypoxia exposure. Furthermore, this
coincided with increases in corticospinal excitability and
cerebral oxygen delivery.

4.3 | Corticospinal excitability and
inhibition were unaffected by acute
hypoxia, independent of contraction
intensity

The responsiveness of the corticospinal pathway was
assessed using TMS across a wide range of torque output.

During fatiguing, sustained MVCs performed in nor-
moxia, changes in the inputs to, and intrinsic properties
of, motoneurones occur. This results in the progressive
increase in MEP area (Gandevia et al., 1996; Hunter
et al., 2006; Taylor et al., 1996). Additionally, modulation
in inhibitory circuits of the brain as a result of GABAer-
gic mechanisms causes the silent period duration to elon-
gate when performing fatiguing contractions (Sogaard
et al., 2006). In the current study, MEP area and silent
period duration increased with fatigue as expected during
the sham condition, with no additional effect of hypoxia.

Previous research has documented changes in the
excitability of the motor cortex (resting motor thresholds)
during acute hypoxic exposure, however not in the con-
text of fatigue (Miscio et al., 2009; Szubski et al., 2006). In
the context of fatigue, we previously demonstrated that
corticospinal excitability (MEP area) is unaffected by
acute hypoxia during submaximal and maximal contrac-
tions immediately following a 20 s sustained elbow flex-
ion MVC (McKeown et al., 2020). In contrast, Goodall
et al. (2012) and Rupp et al. (2012) demonstrated
increased MEP amplitudes across a range of TMS stimu-
lator outputs. During the current study, MEP responses
elicited from the fatigued elbow flexors were not different
between the sham and hypoxia conditions. Similarly, the
fatigue-related increase in silent period duration was not
different between conditions. This indicates that hypoxia
did not impair intrinsic properties of upper and lower
motoneurones or modulate inhibitory circuits within the
cortex. Disassociations between EMG and twitch
responses to TMS have previously been reported follow-
ing fatiguing exercise (Gandevia et al., 1996; McNeil
et al., 2009), where muscle ischaemia results in sustained
III/IV afferent feedback. Consequently, EMG responses
(MEP and silent period) recovery rapidly, whereas VA
remains impaired so long as group III/IV muscle afferent
feedback is maintained. It is likely the influence of group
III/IV afferent feedback had a similar impact on the
TMS-responses seen in the current study. However, as
this was primarily a twitch study, TMS intensity was opti-
mised for twitch response of the elbow flexors and not
EMG responses. Therefore, potential changes in intrinsic
properties of motoneurones and inhibitory cortical cir-
cuits, induced by hypoxic exposure, cannot be excluded.

5 | CONCLUSION

The current study assessed the hypoxia-induced effects
on VA, corticospinal excitability, corticospinal inhibition
and peripheral excitability, across a wide range of torque
output in the fatigued elbow flexors after performing sus-
tained isometric contractions to a predetermined level of
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60% peak MVC torque. When exposed to 2 h of a severe
acute hypoxic stimulus, the ability of the motor cortex to
drive muscle activation in the presence of fatigue is
impaired across a wide range of torque output. This was
indicated by reductions in VA elicited via TMS of the
motor cortex, but not at the level of the muscle belly.
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