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KEY POINTS 

 Acute hypoxia has been shown to impair voluntary activation of muscle and alter the 

excitability of the corticospinal motor pathway during exercise. 

 However, little is known about how hypoxia alters the recovery of the motor system 

after performing fatiguing exercise. 

 Here we assessed hypoxia-related responses of motor pathways during both active 

contractions, and the recovery from active contractions, with transcranial magnetic 

stimulation and motor point stimulation of the biceps brachii. 

 Fatiguing exercise caused reductions in voluntary activation, which was exacerbated 

during recovery from a 10 min sustained elbow flexion in a hypoxia environment. 

 These results suggest that reductions in blood oxygen concentration impair the ability 

of motor pathways in the central nervous system to recover from fatiguing exercise, 

which is likely due to hypoxia-induced mechanisms that reduce output of the motor 

cortex. 
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ABSTRACT 

The purpose of this study was to determine how severe acute hypoxia alters neural 

mechanisms during, and following, a sustained fatiguing contraction. Fifteen participants (25 

± 3.2 years, 6 female) were exposed to a sham condition and a hypoxia condition where they 

performed a 10-min elbow flexor contraction at 20% of maximal torque. For hypoxia, 

peripheral blood oxygen saturation (SpO2) was titrated to 80% over a 15-min period and 

maintained for 2 hr. Maximal voluntary contraction (MVC) torque, EMG root mean square 

(EMGRMS), voluntary activation, rating of perceived muscle fatigue, and corticospinal 

excitability (motor evoked potential) and inhibition (silent period duration) were then 

assessed before, during, and for 6 min after the fatiguing contraction. No hypoxia-related 

effects were identified for neuromuscular variables during the fatigue task. However, for 

recovery, voluntary activation assessed by motor point stimulation of biceps brachii was 

lower for hypoxia than sham at 4 min (sham: 89% ± 7%; hypoxia: 80% ± 12%; P = 0.023) 

and 6 min (sham: 90% ± 7%; hypoxia: 78% ± 11%; P = 0.040). Similarly, voluntary 

activation (P = 0.01) and motor evoked potential area (P = 0.002) in response to transcranial 

magnetic stimulation of the motor cortex were 10% and 11% lower during recovery for 

hypoxia compared to sham, respectively. Although an SpO2 of 80% did not affect neural 

activity during the fatiguing task, motor cortical output and corticospinal excitability were 

reduced during recovery in the hypoxic environment. This was likely due to hypoxia-related 

mechanisms involving supraspinal motor circuits. 
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INTRODUCTION 

The contribution that central and peripheral mechanisms play in the development of exercise-

induced fatigue differs with a number of factors. These include the intensity of contraction 

(Allen et al., 1998), the duration of contraction (Bigland-Ritchie et al., 1986; Sogaard et al., 

2006) and oxygen availability (Amann et al., 2006). Numerous studies have reported that 

prolonged submaximal contractions induce a progressive increase in fatigue (indicated by a 

reduction in torque output during brief maximal voluntary and electrically-evoked 

contractions), which aligns with a progressive increase in neural drive to the fatiguing muscle 

to sustain the force being generated (Bigland-Ritchie et al., 1986; Hunter et al., 2002; Adam 

& De Luca, 2003, 2005; Sogaard et al., 2006; McNeil et al., 2011a). While it might be 

expected that neural drive to the fatiguing muscle would be consistently, and predictably, 

impaired under conditions of reduced blood oxygen concentrations, the evidence surrounding 

this is remarkably diverse. Indeed, several studies that have examined submaximal 

contractions performed in an acute hypoxic environment report impaired motor performance 

and exacerbated supraspinal fatigue (Dousset et al., 2001; Katayama et al., 2007; Millet et 

al., 2012; Ruggiero et al., 2018), whereas other studies report few hypoxia-related effects 

(Rupp et al., 2015; Jacunski & Rafferty, 2020). 

Under normoxic conditions, the decline in force that is typically observed during fatiguing 

contractions recovers quickly within 3-4 min and then more slowly over the next 10-20 min 

(Sogaard et al., 2006; Froyd et al., 2013; Heroux et al., 2016). It is possible that a differential 

recovery of central and peripheral components of fatigue contribute to the time course of this 

response, as the superimposed twitch and silent period duration during maximal voluntary 

contractions (MVCs; central) substantially recover within a few minutes of performing a 

sustained 15% MVC elbow flexion, but resting twitch (peripheral) exhibits minimal recovery 

for up to 25 min (Sogaard et al., 2006). Although there is considerable evidence that acute 

hypoxia exacerbates the impairment of voluntary activation immediately after a fatiguing task 

(Goodall et al., 2010; Rupp et al., 2015; Ruggiero et al., 2018), it surprising that effects do 

not seem to persist during the recovery phase (Katayama et al., 2007; Szubski et al., 2007; 

Rupp et al., 2015; Townsend et al., 2021). However, it should be noted that these recovery 

studies allowed for 6 – 10 min recovery time to pass before assessing voluntary activation 

(Katayama et al., 2007; Rupp et al., 2015; Townsend et al., 2021), or returned the participant 

to a normoxic environment during the recovery period (Katayama et al., 2007; Townsend et 

al., 2021). As such, our understanding of how oxygen availability influences the recovery 
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phase of exercise may benefit by obtaining recovery measurements closer to the cessation of 

exercise with a hypoxic stimulus that is consistent with the exercise task. 

The purpose of this study was to determine if exposure to severe acute hypoxia alters the 

development, and recovery, of neuromuscular fatigue due to a sustained submaximal 

contraction in humans. The peripheral blood oxygen saturation (SpO2) of participants was 

titrated to 80% over a period of 15 min, and remained at this level for the duration of testing. 

After 2 hr of exposure to 80% SpO2, a 20% MVC isometric elbow flexion was performed for 

10 min. Transcranial magnetic stimulation (TMS) and motor point stimulation were used to 

assess the central and peripheral contributions to fatigue. It was hypothesized that MVC 

torque and central mechanisms contributing to voluntary activation of the elbow flexors 

would be reduced due to the contraction protocol, and this reduction would be exacerbated 

under conditions of hypoxia compared to sham. It was also hypothesised that voluntary 

activation of the elbow flexors would begin to rapidly recover after the sustained submaximal 

contraction, however recovery of voluntary activation would be delayed under conditions of 

hypoxia compared to sham. 

 

MATERIALS AND METHOD 

Ethical approval 

Each participant provided written and witnessed informed consent prior to undertaking 

testing. All experimental procedures were approved by the Griffith University Human 

Research Ethics Committee (reference number: 2018/838). The study conformed to the 

standards set by the Declaration of Helsinki, except for registration in a database. 

 

Participants 

Fifteen heathy individuals (25 ± 3.2 years, 6 female) volunteered to participant in the current 

study. All participants completed medical history questionnaire prior to testing, which 

included exclusion criteria specific to reduced blood oxygenation, magnetic stimulation and 

electrical stimulation. Participants were not permitted to take any form of CNS medications 

and were instructed to refrain from any form of stimulant or depressant such as caffeine, 

alcohol, or moderate-to-high intensity exercise for twelve hours before testing. One female 
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participant withdrew from the study after experiencing syncope during the hypoxia titration 

phase. Power calculations were performed with G*Power software (v3.1.9.7). A statistical 

power of 0.9 was achieved by the inclusion of 15 participants for this study at an alpha level 

of 0.05 and effect size of 0.25. 

 

Experiment design 

The current study was a two-way, sham-controlled, cross-over design where participants 

attended two testing sessions that were separated by at least 1 week. For safety reasons this 

was a single-blind study, as an investigator in the room needed knowledge of the intervention 

and monitored SpO2 throughout the testing sessions. In one session, a hypoxia intervention 

was employed and in the other session, a sham intervention was employed. The sham 

intervention reflected all hypoxia testing procedures except for reduction of SpO2 (Figure 1). 

The administration of the intervention was counterbalanced to avoid order effects, where 8 of 

the participants underwent the hypoxia intervention in their first session, and 7 of the 

participants underwent the sham intervention in their first session. 

 

Instrumentation 

Hypoxia intervention. An altitude simulator (Altitude Training Systems, ATS200HP, 

Australia) and a sealed facemask was used to reduce SpO2 to 80% via regulation of the 

fraction of inspired oxygen (FIO2). As sensitivity to altered oxygen availability is quite 

variable between individuals (Rojas-Camayo et al., 2018), FIO2 was titrated over a 15 min 

period for each individual at a rate of 0.01 FIO2 every 1.5 min and remained at the desired 

FIO2 that consequently resulted in 80% SpO2 for the 2 hr experimental protocol. This hypoxic 

stimulus was chosen as previous research has documented hypoxia-induced changes in 

neuromuscular fatigue at similar SpO2 levels (75% - 80%; Goodall et al., 2010; Goodall et 

al., 2012; Ruggiero et al., 2018) and durations of exposure (2 - 3 hr; Rupp et al., 2012; 

McKeown et al., 2019; McKeown et al., 2020). SpO2 and heart rate were monitored at all 

times using a pulse oximeter (Model 7500, Nonin Medical Inc, Minnesota, USA) attached to 

the middle finger of the left hand. Participants were carefully monitored for symptoms of 

acute mountain sickness (AMS), including dizziness, headaches, sleepiness, and nausea 

throughout the experimental protocol. Participants scored their experience of each individual 
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symptom as either 0 (absent), 1 (mild), 2 (moderate), or 3 (severe). Symptoms were then 

calculated as an accumulative score to represent the severity of AMS symptoms experienced 

by a participant at a time point. The Lake Louise AMS survey was employed before titration 

(Pre), and immediately after (0 hr), 1 hr after, 2 hr after titration before the contraction 

protocol (pre-fatigue), and after recovery of the contraction protocol (post-fatigue).  

Electromyography and force. Participants sat in a chair with their right arm fixed in a custom-

built force transducer to measure isometric elbow flexion force which was later converted to 

torque offline (Figure 1A). The shoulder and elbow were placed in 90 degrees of flexion and 

the participant’s arm was fixed to the device at the wrist (McNeil et al., 2011b; Kavanagh et 

al., 2019). A precision 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 torque. Surface EMG 

was recorded from biceps brachii and triceps brachii by attaching circular 24 mm Ag/AgCl 

electrodes (Kendall Arbo) on each muscle in a bipolar arrangement (24 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, Cambridge, UK) and Spike2 software (version 7.02; 

Cambridge Electronic Design). EMG signals were amplified (300) and bandpass filtered 

(10-1000 Hz) using a CED 1902 amplifier (Cambridge Electronic Design), whereas torque 

signals remained unfiltered. 

Motor point stimulation. Intramuscular nerve fibres of the biceps brachii were stimulated 

with single supramaximal pulses of 100 µs duration via a constant current stimulator 

(DS7AH, Digitimer Ltd., UK). A surface anode was positioned over the distal biceps brachii 

tendon and a surface cathode was positioned over the muscle belly of the biceps brachii. 

Optimal positioning of the surface cathode was determined by using a motor point 

stimulation pen (at a stimulus intensity of 50 mA), and was based on the highest elicited 

elbow flexor 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. The stimulus intensity was then set at 20% above the current that 

elicited the maximal resting twitch (sham protocol: 210 mA ± 83 mA, 96 mA – 360 mA; 

hypoxia protocol: 207 mA ± 82 mA, 96 mA – 360 mA). There were no significant 

differences in stimulus intensity between the sham and hypoxia protocols (P = 0.640). 
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Brachial plexus stimulation. A second constant current stimulator (DS7AH, Digitimer, Ltd., 

UK) was used to deliver single electrical pulses of 100 µs duration to the brachial plexus 

(Erb’s point) to determine the maximal compound action potential (Mmax) of the biceps and 

triceps brachii. A surface anode was positioned over the ipsilateral acromion and a surface 

cathode was positioned over the supraclavicular fossa. Positioning of the cathode was once 

again determined by using a motor point stimulating pen (at a stimulus intensity of 20 mA). 

Optimal stimulus intensity was determined by progressively increasing the stimulator current 

until the Mmax of both the biceps and triceps brachii was reached. The stimulus intensity was 

then set at 30% above that used to obtain Mmax during the sham protocol (sham protocol: 

176 mA ± 29 mA, 130 mA – 234 mA; hypoxia protocol 164 mA ± 42 mA, 78 mA – 234 

mA). There were no significant differences in stimulus intensity between the sham and 

hypoxia protocols (P = 0.080) 

Cortical stimulation. A Magstim 200
2
 TMS unit (Magstim Co., UK) was used to elicit motor 

evoked potentials in the test limb. A circular coil (90 mm Remote Coil, Magstim Co., UK) 

was positioned over the vertex to elicit motor evoked potentials in the biceps and triceps 

brachii muscles. The coil was orientated 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, with a motor evoked potential that was greater than 80% of the 

biceps brachii Mmax and less than 20% of the triceps brachii Mmax, during a brief isometric 

50% MVC
 
was chosen as the optimal stimulus intensity for each testing session (70% - 75% 

stimulus output). This criterion ensured that the TMS pulse activated a large proportion of the 

biceps brachii motoneuron pool whilst minimising unintended activation of the antagonist 

muscle (triceps brachii; Todd et al., 2016). 

Ratings of perceived muscle fatigue. Ratings of perceived muscle fatigue were obtained using 

a CR-10 Borg scale (Borg, 1982) which was administered at 2 min intervals during the 10 

min sustained submaximal contraction task. Participants were informed that the CR-10 Borg 

scale was a measure of their subjective experience of muscle fatigue (i.e., how fatigued their 

biceps brachii muscle felt), regardless of objective measures of fatigue (i.e., their 

performance during the contraction task). Before each testing session, participants were 

provided a printout of the CR-10 Borg scale. Participants were instructed that the lowest 

value (0) on the scale represented ‘no fatigue at all, where you feel that you are able to fully 

contract your muscle’, and the highest value (10) on the scale represented ‘maximal fatigue, 

where you feel that you are unable to contract your muscle’. 
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Experimental procedures 

Participants visited the laboratory on two occasions, where they were exposed to a sham or 

hypoxia intervention that titrated SpO2 to 80% over a 15 min period. Measurements were 

performed during a pre-fatigue contraction protocol, during the 10 min sustained submaximal 

contraction task, and during the 6 min recovery phase (Figure 1). Participants were provided 

with visual feedback of instantaneous torque output via a computer monitor that was placed 

at eye-level, ~60 cm in front of them. For maximal contractions, participants were 

encouraged to pull on the force transducer maximally for the duration of the contraction. 

After each MVC, automated target lines were provided on the computer monitor at 75%, 

50%, and 20% MVC torque. For these submaximal contractions, participants were required 

to match their torque output with the target to the best of their ability. 

 

FIGURE 1 HERE 

 

Pre-fatigue contraction protocol. Before commencing the sustained submaximal contraction 

task, 6 sets of pre-fatigue MVCs as well as 3 sets of submaximal pre-fatigue contractions 

were performed (Figure 1B). Three sets of the MVCs consisted of performing a sequence of 

three contractions at 100%, 75%, and 50% MVC torque. Three seconds of rest was given 

between each contraction to allow for accurate targeting of the desired contraction intensity. 

During each of these contractions, TMS was applied to the motor cortex, and electrical 

stimulation was applied to the brachial plexus 2 s later. The other three sets of MVCs 

consisted of a brief MVC, with a motor point stimulation delivered to the biceps brachii 

during and ~1 s after the MVC. Participants were given 2 min of rest between each of the pre-

fatigue MVCs and the two types of MVC sets were performed in alternating order. The 

highest peak torque of the 6 MVCs was used to calculate the 20% MVC target trace for the 

sustained submaximal contraction task. Participants were then instructed to briefly hold the 

20% MVC torque target, with TMS applied to the motor cortex and electrical stimulation was 

applied to the brachial plexus 2 s later. Thirty seconds of rest was given between each of the 

3 submaximal pre-fatigue contractions. 
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Sustained submaximal contraction task. This protocol consisted of a sustained submaximal 

elbow flexion at 20% of the peak pre-fatigue MVC torque, while performing a brief maximal 

contraction every 2 min, for a period of 10 min (Figure 1C). TMS and brachial plexus 

stimulation were applied at 30 s intervals for the duration of the sustained submaximal 

contraction task. During the brief MVCs, motor point stimulation was applied at peak torque 

and then during a brief rest. Participants were then required to immediately return to the 20% 

MVC torque target. Guide trace lines were provided at 5% greater and 5% less than the 

target. A contraction intensity of 20% MVC was selected to mitigate the effect of local 

muscle perfusion disruptions that occur secondary to the large extravascular pressures 

generated during higher intensity contractions (McNeil et al., 2015). 

Recovery phase. The recovery phase (Figure 1D) consisted of two types of contraction sets. 

The first type involved a sequence of brief contractions at 100%, 75% and 50% MVC torque 

(submaximal targets were scaled to the peak torque of the MVC), with TMS and brachial 

plexus stimulation delivered during each contraction. The second type began with a brief 

contraction at 20% of pre-fatigue MVC torque (i.e., the target for the fatiguing task) that 

included TMS and brachial plexus stimulation, followed by a brief MVC with motor point 

stimulation during and after the contraction. Sets of the first type were performed 

immediately as well as 1, 3, and 5 min after the fatigue protocol, whereas the second type was 

performed at 2, 4, and 6 min of recovery. 

 

Data analysis 

All torque and electrophysiology data were analysed offline using Spike2 (version 7.02, 

Cambridge Electronic Design). Scores from the Lake Louise AMS survey were reported as 

an accumulative score and rating of perceived muscle fatigue measurements are reported as 

change scores from 2 min of the sustained submaximal contraction task. Torque 

measurements, root mean square of EMG (EMGRMS), and biceps brachii silent period 

duration data during the fatigue protocol and recovery phase were expressed relative to pre-

fatigue measurements.  

MVC variables. MVC torque generation and EMGRMS of the biceps brachii were calculated 

during a 100 ms window before the stimulus artifact of the 6 pre-fatigue MVCs, the 5 MVCs 

during the sustained submaximal contraction task, and the 7 MVCs during the recovery 
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phase. Peak torques of motor point superimposed and resting twitches were calculated from 

increases in torque output following electrical stimulation. Level of voluntary activation was 

calculated as [1 – (superimposed twitch/resting twitch)] × 100, where the superimposed and 

resting twitch were associated with the same contraction. To calculate cortical level of 

voluntary activation, an estimated resting twitch was determined by linearly regressing TMS-

elicited superimposed twitches of 100%, 75% and 50% MVC with relative voluntary torque 

(R
2
 values ranged from 0.90 – 1.0). The y-intercept of the regression was used to estimate a 

resting twitch. The above-mentioned calculation was then used to calculate cortical level of 

voluntary activation. 

20% MVC variables. Torque generation and EMGRMS of the biceps brachii were calculated 

during a 100 ms window prior to the TMS stimulus artifact during pre-fatigue contractions, 

during the sustained submaximal contraction task, and during the 20% MVCs of the recovery 

phase. EMGRMS of the biceps brachii was normalised to the Mmax peak-to-peak amplitude 

during the same contraction. Peak torques of TMS superimposed twitches were calculated 

from increases in torque output following magnetic stimulation. Motor evoked potential area 

was measured from 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 recommencement of voluntary EMG. 

 

Statistical analysis 

Normality of data was assessed using Shapiro-Wilk tests. Greenhouse-Geisser corrections 

were applied when assumptions of sphericity were violated. Differences between pre-fatigue 

measurements in the sham and hypoxia conditions were assessed using Student’s paired t 

tests. To address our hypotheses, the sustained submaximal contraction task and the recovery 

phase were analysed separately. Two-way repeated measures ANOVAs were employed to 

examine a main effect of condition (hypoxia vs sham) and a main effect of time (10 min of 

measurements during contraction task, or 6 min of measurements in recovery phase). Where 

a significant main effect of time was identified, Dunnett’s multiple comparisons tests were 

used to identify at which timepoint each variable differed from pre-fatigue measurements. 

Condition × time interaction effects were also examined for each dependent variable, where 

Bonferroni multiple comparisons tests were used to identify the timepoint(s) where hypoxia 
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differed from the sham condition in the event of a significant interaction. Correlations 

between the decline in MVC torque, motor point level of voluntary activation, and ratings of 

perceived muscle fatigue were examined using Pearson’s correlations analysis. All statistical 

procedures were performed using IBM SPSS Statistics (v.26) with α levels set at < 0.05. 

Effect sizes are presented as partial eta-squared values (ηp
2
). Data in tables and figures are 

presented as group means and error bars represent the standard deviation of the mean. 

 

RESULTS 

Pre-fatigue neuromuscular function 

All participants desaturated to 80% SpO2 by the end of the titration phase. Specifically, SpO2 

for hypoxia was 80.8% ± 5.6% after 15 min of titration, whereas SpO2 for sham was 96.4% ± 

1.6% after the 15 min period. Neuromuscular function was then assessed in the unfatigued 

muscle following 2 hr of exposure to the sham or hypoxic intervention (Table 1). No 

significant hypoxia-related differences were observed for any variable (P > 0.05), which 

indicates that 2 hr of hypoxic exposure did not affect neuromuscular function of the 

unfatigued muscle. 

 

TABLE 1 HERE 

 

MVC torque and EMGRMS during the sustained submaximal elbow flexion 

After 2 hr of exposure to the sham or hypoxia intervention, MVCs were performed at 2 min 

intervals during the sustained submaximal contraction. No main effect of condition (P = 

0.738, ηp
2
 = 0.012) or condition × time interaction (P = 0.981, ηp

2
 = 0.089) was detected for 

MVC torque (Figure 2A). However, a main effect of time was detected (F (1.77, 17.69) = 

28.115, P < 0.0001, ηp
2
 = 0.738) where Dunnett’s post hoc testing revealed MVC torque was 

significantly lower than pre-fatigue measurements for all MVCs during the contraction phase 

(Ps < 0.05). Similarly, for biceps brachii EMG, no main effect of condition (P = 0.553, ηp
2
 = 

0.028) or condition × time interaction (P = 0.613, ηp
2
 = 0.042) was detected (Figure 2C). A 

main effect of time was detected (F (2.39, 31.12) = 3.791, P = 0.027, ηp
2
 = 0.226), where 
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Dunnett’s post hoc testing revealed biceps brachii EMGRMS was significantly greater than 

pre-fatigue measurements only at 2 min (P = 0.025). 

 

MVC torque and EMGRMS during recovery from the sustained submaximal elbow flexion 

To characterise the recovery phase, MVCs were assessed immediately after the submaximal 

contraction and at 1 min intervals for 6 min. Similar to the contraction phase, no main effect 

of condition (P = 0.175, ηp
2
 = 0.245) or condition × time interaction (P = 0.824, ηp

2
 = 0.068) 

was detected for MVC torque during the recovery phase (Figure 2A). However, a main effect 

of time was detected (F (2.08, 14.57) = 21.324, P < 0.0001, ηp
2
 = 0.753) where Dunnett’s 

post hoc testing revealed MVC torque was significantly lower than pre-fatigue measurements 

for all MVCs during the recovery phase (Ps < 0.05). No main effect of condition (P = 0.670, 

ηp
2
 = 0.039), time (P = 0.318, ηp

2
 = 0.196), or condition × time interaction (P = 0.448, ηp

2
 = 

0.167) was detected for biceps brachii EMGRMS (Figure 2C). 

 

FIGURE 2 HERE 

 

Motor point voluntary activation during the sustained submaximal elbow flexion  

After 2 hr of exposure to the sham or hypoxia intervention, motor point stimulation was 

delivered during and after the brief MVCs to establish voluntary activation. No main effect of 

condition, or condition × time interaction was detected for motor point superimposed twitch 

(Ps > 0.195, ηp
2
 > 0.118; Figure 3A), resting twitch (Ps > 0.257, ηp

2
 > 0.132; Figure 3C), or 

the subsequent voluntary activation calculation (Ps > 0.147, ηp
2
 > 0.143; Figure 3E). A main 

effect of time was detected for resting twitch (F (1.20, 8.43) = 7.843, P = 0.019, ηp
2
 = 0.528), 

superimposed twitch (F (1.366, 9.56) = 4.711, P = 0.048, ηp
2
 = 0.402), and voluntary 

activation (F (2.91, 70.86) = 21.14, P < 0.0001, ηp
2
 = 0.490). Dunnett’s post hoc testing 

revealed that resting twitch was significantly lower than the pre-fatigue measurement 

throughout the sustained contraction (Ps < 0.05), superimposed twitch was significantly 

greater than pre-fatigue only at 10 min (P = 0.036), and voluntary activation was significantly 

lower than pre-fatigue from 6 min onwards (Ps < 0.01). 
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Motor point voluntary activation during recovery from the sustained submaximal elbow 

flexion  

A main effect of condition was detected for motor point superimposed twitch (F (1, 9) = 

7.309, P = 0.024, ηp
2
 = 0.448, Figure 3A), where twitch amplitude was greater for the 

hypoxia condition compared to the sham condition. This aligned with a significant hypoxia-

related effect in voluntary activation (F (1, 9) = 5.22, P = 0.032, ηp
2
 = 0.415, Figure 3E), 

where voluntary activation was lower for the hypoxia condition compared to the sham 

condition. A condition × time interaction effect was also identified for superimposed twitch 

(F (3, 27) = 3.289, P = 0.036, ηp
2
 = 0.268) and voluntary activation (F (3, 27) = 3.676, P = 

0.024, ηp
2
 = 0.288). Bonferroni post hoc tests indicated that superimposed twitch during 

hypoxia was larger than sham at 4 min (P = 0.006) and 6 min (P = 0.024), which aligned with 

voluntary activation being significantly lower for the hypoxia condition than the sham 

condition at 4 min (P = 0.023) and 6 min (P = 0.040). A main effect of time was detected for 

resting twitch (F (3, 39) = 9.979, P = 0.022, ηp
2
 = 0.449, Figure 3C), superimposed twitch (F 

(3, 27) = 7.750, P = 0.001, ηp
2
 = 0.463), and voluntary activation (F (3.433, 77.68) = 15.78, P 

< 0.0001, ηp
2
 = 0.650) during the recovery phase. Dunnett’s post hoc testing revealed that the 

superimposed twitch was significantly greater than pre-fatigue (Ps < 0.05), whereas the 

resting twitch (Ps < 0.01) and voluntary activation (Ps < 0.05) were significantly lower than 

pre-fatigue throughout the recovery phase. 

 

FIGURE 3 HERE 

 

Correlation between decrease in MVC torque, motor point voluntary activation, and rating of 

perceived muscle fatigue during the contraction protocol 

Pearson’s correlation analysis was used to assess the relationship between the decline in 

MVC torque, motor point level of voluntary activation score, and rating of perceived muscle 

fatigue during the final minute of the sustained contraction (10 min), and minute 4 and 6 

during the recovery phase (Table 2). A positive and significant correlation was seen between 

the decrease in MVC torque and voluntary activation during both the sham and hypoxia 
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conditions at minute 10 of the sustained contraction (sham: r
2
(12) = 0.438, P = 0.019; 

hypoxia: r
2
(12) = 0.542, P = 0.003) and minute 4 (sham: r

2
(12) = 0.309, P = 0.039; hypoxia: 

r
2
(12) = 0.456, P = 0.008) and 6 (sham: r

2
(12) = 0.565, P = 0.002; hypoxia: r

2
(12) = 0.385, P 

= 0.018) of the recovery phase. However, no correlation for rating of perceived muscle 

fatigue was identified for either MVC torque (sham: r
2
(12) = 0.078, P = 0.334; hypoxia: 

r
2
(12) < 0.0001; P = 0.984) or voluntary activation (sham: r

2
(12) = 0.0001, P = 0.975; 

hypoxia: r
2
(12) = 0.021, P = 0.623) during the sham and hypoxia condition at the final 

minute of the sustained contraction. 

 

TABLE 2 HERE 

 

Cortical voluntary activation during recovery from the sustained submaximal elbow flexion 

Single-pulse TMS of the motor cortex was used to obtain superimposed twitches from the 

biceps brachii during the recovery phase, which was subsequently used to calculate cortical 

voluntary activation. A main effect of condition was detected for cortical voluntary activation 

(F (1, 5) = 13.977, P = 0.013, ηp
2
 = 0.737), where cortical voluntary activation was lower 

during the hypoxia condition compared to the sham condition (Figure 4A). No condition × 

time interaction effect was detected for cortical voluntary activation (P = 0.791, ηp
2
 = 0.022). 

However, a main effect of time was detected for cortical voluntary activation (F (1.51, 7.55) 

= 6.847, P = 0.025, ηp
2
 = 0.578), where Dunnett’s post hoc testing revealed that cortical 

voluntary activation was significantly lower than pre-fatigue measurements throughout 

recovery for sham and hypoxia (Ps < 0.05). 

 

FIGURE 4 HERE 

 

EMGRMS, corticospinal excitability, and corticospinal inhibition assessed during the 

sustained submaximal elbow flexion 

EMGRMS, motor evoked potential area, and silent period duration were assessed at 30 s 

intervals during the contraction task, when participants were generating 20% MVC torque. 
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Although no main effect of condition (P = 0.252, ηp
2
 = 0.152) or condition × time interaction 

(P = 0.543, ηp
2
 = 0.028) was detected for biceps brachii EMGRMS, a main effect of time was 

detected for biceps brachii EMGRMS (F (4.840, 62.92) = 5.257, P = 0.0005, ηp
2
 = 0.372, 

Figure 5A). Dunnett’s post hoc testing revealed that biceps brachii EMGRMS was significantly 

greater than pre-fatigue from 2.5 min onwards (Ps < 0.05). Corticospinal excitability 

followed a similar pattern to EMGRMS. Although no main effect of condition (P = 0.283, ηp
2
 = 

0.162) or condition × time interaction (P = 0.375, ηp
2
 = 0.135) was detected for motor evoked 

potential area, a main effect of time was detected for motor evoked potential area (F (15, 105) 

= 7.778, P = 0.001, ηp
2
 = 0.526, Figure 5C). Dunnett’s post hoc testing revealed that motor 

evoked potential area was significantly greater than pre-fatigue throughout the contraction 

(Ps < 0.05). No main effects of condition (P = 0.433, ηp
2
 = 0.159) and time (P = 0.073, ηp

2
 = 

0.300), or a condition × time interaction effect (P = 0.783, ηp
2
 = 0.147) were identified for 

silent period duration. 

 

FIGURE 5 HERE 

 

EMGRMS, corticospinal excitability, and corticospinal inhibition assessed during recovery 

from the sustained submaximal elbow flexion 

EMGRMS, motor evoked potential area, and silent period duration were also assessed at 2 min 

intervals during the recovery phase, when participants were generating 20% MVC torque. 

Although no main effect of condition (P = 0.187, ηp
2
 = 0.140) or condition × time interaction 

(P = 0.499, ηp
2
 = 0.063) was detected for biceps brachii EMGRMS, a main effect of time was 

detected for biceps brachii EMGRMS (F (3, 39) = 7.556, P = 0.0004, ηp
2
 = 0.345, Figure 5A). 

Dunnett’s post hoc testing revealed that EMGRMS was significantly greater than pre-fatigue 

measurements throughout the recovery phase (P < 0.05). A main effect of condition was 

detected for motor evoked potential area (F (1, 7) = 21.642, P = 0.002, ηp
2
 = 0.756), where 

motor evoked potential area was smaller for the hypoxia condition compared to the sham 

condition throughout the recovery (Figure 5C; Ps < 0.05). No main effect of time (P = 0.065, 

ηp
2
 = 0.346) or a condition × time interaction effect (P = 0.307, ηp

2
 = 0.155) was detected for 

motor evoked potential area. No main effects of condition (P = 0.368, ηp
2
 = 0.102), time (P = 
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0.723, ηp
2
 = 0.053), or a condition × time interaction effect (P = 0.693, ηp

2
 = 0.058) was 

identified for silent period duration.  

 

Perception of fatigue and symptoms of hypoxia 

Very mild symptoms of AMS were experienced by participants during the exposure to 

hypoxia (Figure 6A). A main effect of time (F (2.298, 29.877) = 6.011, P = 0.005, ηp
2
 = 

0.316), a main effect of condition (F (1, 13) = 29.885, P = 0.001, ηp
2
 = 0.697), and a 

condition × time interaction effect (F (2.295, 29.834) = 5.616, P = 0.006, ηp
2
 = 0.302) were 

detected for AMS. Bonferroni post hoc tests identified that AMS survey scores were higher 

during hypoxia compared to sham at 0 hr (P = 0.005), 1 hr (P = 0.006), and 2 hr (pre fatigue; 

P = 0.002). Dunnett’s post hoc testing revealed that scores were significantly higher than Pre 

titration during hypoxia at 0 hr (P = 0.006), 1 hr (P = 0.001), and 2 hr (pre fatigue; P = 

0.002). Rating of perceived muscle fatigue was measured at 2 min intervals during the 

sustained submaximal contraction task (Figure 6C). A main effect of time was observed (F 

(1.43, 18.66) = 121.192, P = 0.001, ηp
2
 = 0.903). Dunnett’s post hoc testing revealed that 

rating of perceived muscle fatigue was significantly greater than the initial rating from 4 min 

onwards (Ps < 0.001). No main effect of condition (P = 0.688, ηp
2
 = 0.013) or condition × 

time interaction (P = 0.698, ηp
2
 = 0.041) was detected for rating of perceived muscle fatigue. 

 

FIGURE 6 HERE 

 

DISCUSSION 

The purpose of this study was to determine how severe acute hypoxia alters mechanisms that 

underlie the performance of a fatiguing submaximal contraction and the subsequent recovery 

phase. SpO2 of participants was titrated to 80% and remained at this level for the duration of 

testing. After 2 hr of exposure to 80% SpO2, a 10 min 20% MVC isometric elbow flexion 

was performed, where TMS and motor point stimulation were used to assess the central and 

peripheral contributions to fatigue. Our main findings were 1) severe acute hypoxia did not 

adversely affect maximal torque capacity during brief MVCs performed during, or following, 

the 10 min submaximal contraction, 2) voluntary activation of the elbow flexors was 
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unaffected by hypoxia during the submaximal contraction but was significantly lower for 

hypoxia compared to sham following the contraction, and 3) corticospinal excitability was 

unaffected by hypoxia during the submaximal contraction but was lower for hypoxia than 

sham during the recovery phase. These findings align with other studies assessing the 

hypoxia-related effects on performance and supraspinal fatigue during sustained submaximal 

contractions (Dousset et al., 2001; Katayama et al., 2007; Millet et al., 2012; Ruggiero et al., 2018).  

 

Maximal elbow flexion torque and voluntary activation during a sustained submaximal 

contraction was unaffected by severe acute hypoxia 

Fatigue is classically defined by an exercise-induced reduction in the ability to maximally 

produce force and is often used as an indicator of general motor performance (Merton, 1954). 

The decline in MVC torque is not only due to an inability of the contractile apparatus to 

produce force, but also due to inadequate neural drive to the exercising muscle (Allen et al., 

2002; Sogaard et al., 2006). In the current study, there was clear evidence of progressive 

reductions in MVC torque and central mechanisms contributing to voluntary activation of the 

elbow flexors, as well as a progressive reduction in resting twitch throughout the elbow 

flexion task. Furthermore, a moderately positive correlation exists between the reduction in 

MVC torque and motor point voluntary activation independent of oxygen availability. 

Therefore, our submaximal contraction was able to induce central fatigue, and consequently 

we are able to comment on the effect that severe acute hypoxia has on neural mechanisms of 

fatigue.  

In contrast to our hypothesis, fatigue-related reductions in MVC torque and voluntary 

activation of the elbow flexors were not exacerbated with reduced blood oxygen 

concentration. However, it appears that the magnitude of reduction in MVC torque is a good 

predictor of motor point voluntary activation. Given that pre-fatigue measurements of MVC 

torque, voluntary activation, and resting twitch were also unaffected by the hypoxia 

intervention, it appears that 2 hr of exposure to 80% SpO2 does not significantly influence 

central or peripheral mechanisms that contribute to activation of the unfatigued or fatigued 

elbow flexors. There is evidence that acute hypoxia exacerbates fatigue during dynamic knee 

extensions (Fulco et al., 1996), sustained handgrip tasks (Dousset et al., 2001), and 

intermittent, submaximal isometric contractions of the elbow flexors (Millet et al., 2012; 

Ruggiero et al., 2018). However, the current study is consistent with experiments involving 
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sustained submaximal isometric contractions of the soleus (Rupp et al., 2015), sustained 

maximal contractions of the first dorsal interosseous (Szubski et al., 2007), and sustained 

maximal contractions of the elbow flexors (McKeown et al., 2020), where acute hypoxia did 

not impair task performance or exacerbate fatigue during the sustained contraction task. As 

central fatigue takes time to develop during submaximal contractions (Sogaard et al., 2006), 

it is likely that the accumulation of central fatigue during the 10 min sustained submaximal 

contraction was not great enough to see hypoxia-induced impairment in voluntary activation 

measurements. 

 

Maintained maximal elbow flexion torque whilst a hypoxia-induced impairment of voluntary 

activation during recovery phase 

Exercise-induced declines in voluntary activation often recover rapidly after cessation of 

sustained contractions under normoxic conditions. To accurately characterise this recovery, 

assessment of muscle function must be performed as soon as possible after termination of 

exercise (Gandevia et al., 1996; Taylor et al., 1996; Sogaard et al., 2006; Froyd et al., 2013; 

Heroux et al., 2016). According to the limited research assessing the recovery of voluntary 

activation during hypoxic exposure, impairment is not different to normoxia (Katayama et 

al., 2007; Szubski et al., 2007; Rupp et al., 2015). However, as these studies allowed 

substantial time to pass before assessment of voluntary activation recovery, or a return to 

normoxia before assessment, the hypoxia-induced effects on voluntary activation may have 

recovered before assessment of muscle function during these studies and may explain the 

conflict with our findings. In both conditions of the current study, motor point superimposed 

twitch, resting twitch, and voluntary activation failed to return to levels that were consistent 

with an unfatigued muscle after 6 min of recovery. During severe acute hypoxia, motor point 

stimulation of the biceps brachii evoked larger superimposed twitches and lower voluntary 

activation compared to the sham condition. This indicates that hypoxia exacerbates the 

inability to recruit all motor units or discharge them at the rates needed for maximal torque. 

Voluntary activation scores during recovery were also lower for hypoxia than sham when 

superimposed twitches were evoked via TMS, which indicates that a lower SpO2 reduced 

output from the motor cortex (Todd et al., 2003, 2004; Sogaard et al., 2006) following the 

sustained submaximal contraction.  
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Given that a hypoxia-induced impairment of voluntary activation was seen during the 

recovery phase, it is of interest that MVC torque did not exhibit an effect of hypoxia 

throughout recovery. The role of synergistic muscle activity may have contributed to preserve 

torque generation during the MVC efforts, which may also explain why MVC torque was 

also unaffected during the contraction protocol. As isometric contraction > 20 % MVC have 

been shown to blunt the delivery of oxygen rich blood to active muscle due to increased 

intramuscular pressure (Barcroft & Millen, 1939; Katayama et al., 2010), and as the 

potentiated resting twitch (peripheral mechanisms) did not differ between conditions, the 

metabolic environment of the muscle between both the normoxic and hypoxic conditions may 

have been similar. 

 

Neural drive to biceps brachii and corticospinal excitability during sustained submaximal 

task. 

Measurements of central neural drive were made at 30 s intervals to assess how hypoxia 

modulates the CNS when performing a sustained submaximal contraction. As expected, 

EMGRMS increased, suggesting an increase of motor unit recruitment and/or discharge rate to 

perform the task (Bigland-Ritchie et al., 1983; Sacco et al., 1997; Adam & De Luca, 2005; 

De Luca & Contessa, 2012). Given that this progressive increase in EMG activity did not 

differ for the sham and hypoxia conditions, this provides indirect evidence that hypoxia did 

not affect the recruitment and firing of low threshold motor units during the 20% MVC 

sustained contraction.  

EMG responses to TMS of the cortex were also measured at 30 s intervals during the 

sustained submaximal contraction task to assess the responsiveness of the corticospinal 

pathway during acute hypoxic exposure. Motor evoked potential area progressively increased 

throughout the 10 min contraction, without any hypoxia-induced affects. Silent period 

duration was unchanged in either condition across the 10 min contraction. As the silent 

period duration represents inhibition of both cortical and spinal output (Fuhr et al., 1991; Di 

Lazzaro et al., 1998) and the motor evoked potential represents motoneuronal and cortical 

excitability, when normalized to Mmax (Todd et al., 2003; Sogaard et al., 2006), it appears 

that the hypoxic exposure did not impair excitatory or inhibitory circuits during the ongoing 

submaximal contraction. As an effect of acute hypoxia on evoked-EMG responses has been 

observed during MVCs (McKeown et al., 2020) but not submaximal contractions (Rupp et 
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al., 2015; Ruggiero et al., 2018; McKeown et al., 2020), the CNS may be required to 

maximally drive muscle activation for hypoxia-induced changes in corticospinal excitability 

to occur. 

To our knowledge, this is the first study assessing corticospinal excitability during a recovery 

phase following fatiguing submaximal contractions in acute hypoxia. Although not in the 

context of fatigue, most previous research suggests that motor evoked potential responses do 

not change with hypoxia (Szubski et al., 2006, 2007; Miscio et al., 2009; Goodall et al., 

2010), whereas Rupp et al. (2012) showed that motor evoked potential responses were 

unchanged after 1 h but increased after 3 h. During the current study, motor evoked potential 

area was not affected by hypoxia during the fatiguing contraction, although the 

responsiveness of the corticospinal pathway was impaired during the recovery phase when 

exposed to severe acute hypoxia. In normoxic environments, alterations in motor evoked 

potential responses have been attributed to changes in ion-channel properties, and 

monoaminergic and GABAergic mechanisms (Boroojerdi et al., 2001). As previous research 

has found no hypoxia-related change in motor evoked potential responses during submaximal 

contraction (McKeown et al., 2020), which was also seen during the current study, it appears 

that acute severe hypoxia does not affect neuronal excitability alone. However, the present 

data suggest that, after repetitive activation of upper and lower motoneurons during the 

sustained fatiguing task, an interaction in hypoxic stimulus and prolonged motoneuron 

activation may exist. Although not a direct measure of motoneuron excitability,  the recovery 

profile of H-reflex and V-wave responses did not differ after performing a fatiguing 

submaximal contraction task in a similar severity of acute hypoxia (FIO2 = 0.11; Rupp et al., 

2015). This suggests that the reduction in motor evoked potential area may be due to 

hypoxia-induced impairment at a cortical level and not a spinal level. Indeed, when directly 

assessing motoneuron excitability in acute hypoxia, the fatigue-related reduction of 

cervicomedullary motor evoked potentials was not different to that seen in normoxia, 

although responses were not assessed in recovery (Ruggiero et al., 2018). Nonetheless, as 

voluntary activation remained impaired during the recovery phase in hypoxia and the silent 

period duration was similar between both conditions, the reduction in the responsiveness of 

the corticospinal pathway may be due to dysfacilitaion of excitatory cortical circuits 

responsible for muscle activation.  
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Perception of muscle fatigue unimpaired during severe acute hypoxia 

It is widely understood that as central motor command and descending drive to muscle 

increases so too does an individual’s perception of effort (Enoka & Stuart, 1992; de Morree et 

al., 2012). This is due to the corollary discharge of the central motor command being 

processed in sensory areas of the cortex responsible for the perception of exertion (Enoka & 

Stuart, 1992). The CR-10 Borg scale is frequently used to assess such subjective measures of 

voluntary exertion during exercise (Borg, 1982). However, we used the scale to measure the 

participants subjective experience of muscle fatigue while performing the sustained 

submaximal elbow flexion task. A rating of perceived biceps brachii muscle fatigue was 

measured every 2 min of the sustained submaximal elbow flexion task during the sham and 

hypoxic conditions. Acute exposures to hypoxia have been demonstrated to exacerbate 

perceptions of muscle fatigue and exertion during maximal elbow flexions and exhaustive 

exercise (Romer et al., 2006; Goodall et al., 2014; McKeown et al., 2020) but failed to do so 

in the current study. Previous research has revealed a discrepancy in the perception of task 

effort and pain during a submaximal contraction task, where task effort was perceived to be 

greater when performed in hypoxia while elbow flexor pain remained unaffected (Ruggiero et 

al., 2018). In the current study, it is possible that the rating of perceived muscle fatigue scores 

reflected pain within biceps brachii more so than the effort required to maintain the 

contraction. 

 

Considerations 

It is well established that elbow flexion force produced by the biceps brachii muscle has a 

non-linear relationship with EMG (De Luca et al., 1982). This is often attributed to the 

synergistic activity of two additional muscles that contribute to elbow flexion - brachialis and 

brachioradialis (Murray et al., 2002; Bouillard et al., 2012). Previous research has recorded 

EMG in both biceps brachii and brachioradialis during fatiguing elbow flexions and have 

reported similar changes with fatigue (Staudenmann et al., 2009). However, it is possible that 

as the biceps brachii was accumulating fatigue during the fatigue task that elbow flexion load 

was distributed across additional elbow flexor muscle which may explain the lack of 

difference in MVC torque decline between the sham and hypoxia condition. As EMG activity 

of these muscles was not assessed during the current study, and due to the challenges of 
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assessing single muscle forces in humans, it’s unclear if the relative contribution of these 

muscles to elbow flexor force was altered with fatigue.  

 

Conclusions 

The current study assessed voluntary activation of the elbow flexors and corticospinal 

excitability (i.e., single-pulse TMS) during and following a 10 min submaximal sustained 

isometric contraction performed in severe acute hypoxia. When exposed to 2 hr of a severe 

acute hypoxic stimulus, the ability of the motor system to recover is impaired. This was 

demonstrated by the presence of a greater superimposed twitch and, subsequently, a lower 

voluntary activation when stimuli were delivered either to the motor cortex or motor point of 

the elbow flexor muscles. Reductions in motor evoked potential responses were seen during 

the recovery phase during hypoxia, indicating a decrease in the responsiveness of the 

corticospinal pathway. Collectively, our findings indicate that following fatiguing exercise, 

severe acute hypoxia impaired supraspinal pathways responsible for muscle activation. 
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TABLES 

Table 1. Torque and EMG measures for the unfatigued muscle following 2 hours of sham or 

hypoxic exposure. 

 Sham 

 

Hypoxia 

 

Pre-fatigue MVC    

Elbow flexion torque (N.m) 69.9 ± 31.5 70.7 ± 29.6 

Motor point superimposed twitch torque (N.m) 0.66 ± 0.48 0.52 ± 0.36 

Motor point resting twitch torque (N.m) 15.2 ± 7.5 15.2 ± 6.8 

Motor point level of voluntary activation (%) 95.7 ± 2.1 96.6 ± 1.7 

Cortical level of voluntary activation (%) 

 

96.0 ± 1.9 93.1 ± 6.1 

Pre-fatigue 20% MVC   

Elbow flexion torque (N.m) 15.2 ± 7.0 15.1 ± 6.3 

Biceps brachii EMGRMS (% Mmax) 1.1 ± 0.6 1.3 ± 1.0 

TMS-elicited superimposed twitch torque (N.m) 6.6 ± 4.0 7.7 ± 4.1 

Motor evoked potential area (% Mmax)  59.0 ± 23.2 49.3 ± 23.1 

Biceps brachii Mmax area (mV/s) 0.07 ± 0.04 0.09 ± 0.05 

Biceps brachii silent period (ms) 181.1 ± 50.2 145.8 ± 74.3 

Maximal voluntary contraction, MVC; Maximal compound action potential, Mmax; 

Transcranial magnetic stimulation, TMS. Data are presented as mean ± SD (n = 14). 
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Table 2. Correlation between reduction in MVC torque, voluntary activation, and rating of 

perceived muscle fatigue.  

 10 min of fatigue 

protocol 

4 min of recovery 

protocol 

6 min of recovery 

protocol 

 Pearsons r
2
 P value Pearsons r

2
 P value Pearsons r

2
 P value 

Sham       

MVC vs VA 0.438 0.019* 0.309 0.039* 0.565 0.002* 

MVC vs RPF 0.078 0.334     

VA vs RPF 

 

0.0001 0.975     

Hypoxia       

MVC vs VA 0.542 0.003* 0.456 0.008* 0.385 0.018* 

MVC vs RPF < 0.0001 0.984     

VA vs RPF 0.021 0.623     

Reduction in maximal voluntary contraction from pre-fatigue measures, MVC; Motor point 

level of voluntary activation, VA; Rating of perceived muscle fatigue, RPF. Asterisk denotes 

significant correlation (n = 14). 
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FIGURE CAPTIONS 

 

Abstract Figure. Participants were exposed to 2 hr of severe acute hypoxia where voluntary 

activation of the elbow flexors was assessed during, and following, a sustained submaximal 

contraction for 10 min. Participants experienced greater symptoms of acute mountain 

sickness throughout the 2 hr exposure. Voluntary activation, measured at both the motor 

nerve of the biceps brachii and the motor cortex, was reduced during recovery from the 

sustained submaximal contraction. The impairment in voluntary activation recovery during 

the recovery phase was likely due to hypoxia-related mechanisms involving supraspinal 

motor circuits. 
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Figure 1. Contraction protocol following 2 hr of sham or hypoxia. Participants attended 

the laboratory on 2 separate occasions where they underwent a 15 min titration phase. 

Participants sat in a chair with their right arm fixed in a custom-built force transducer to 

measure isometric elbow flexion torque (A). After 2 hr of sham or hypoxia, the pre-fatigue 

contraction protocol (B) was completed, followed by the sustained submaximal contraction 

protocol (C) and recovery phase (D). A week later, participants completed the experimental 

protocol during the alternative condition. Black arrows represent transcranial magnetic 

stimulation, grey arrows represent brachial plexus stimulation, dashed arrows represent motor 

point stimulation, and rating of perceived muscle fatigue represents rate of perceived muscle 

fatigue assessment. 
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Figure 2. Elbow flexion maximal voluntary contraction (MVC) torque for the group (A) 

and individuals (B), and biceps brachii EMG root mean square (EMGRMS) at MVC for 

the group (C) and individuals (D) during the sustained submaximal contraction and 

subsequent recovery phase. Torque and EMG data are expressed as a percentage of pre-

fatigue measurements that were obtained after 2 hr of hypoxic exposure or sham. A main 

effect of time was detected for MVC torque in both the sustained submaximal contraction and 

recovery, and a main effect of time was detected for biceps brachii EMGRMS during the 

sustained submaximal contraction (solid horizontal lines represent Dunnett’s tests; P < 0.05). 

Data are presented as the group mean and error bars represent the standard deviation of the 

mean (n = 14). 
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Figure 3. Motor point superimposed twitch torque for the group (A) and individuals 

(B), resting twitch torque for the group (C) and individuals (D), and voluntary 

activation for the group (E) and individuals (F). Main effects of time were detected for 

resting twitch, superimposed twitch, and voluntary activation during the sustained 

submaximal contraction task (solid horizontal lines represent Dunnett’s tests; P < 0.05). 

During the recovery phase, main effects of time, condition, and condition × time interaction 

effects were detected for superimposed twitch torque and voluntary activation (solid 

horizontal lines represent Dunnett’s tests, and asterisks represent Bonferroni’s tests for the 

interaction; P < 0.05). Data represent the group mean and error bars represent the standard 

deviation of the mean (n = 14). 
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Figure 4. Cortical voluntary activation for the group (A) and individuals (B) measured 

pre-fatigue and throughout the recovery phase. Main effects of condition (represented by 

the hash; P < 0.05) and time (solid horizontal lines represent Dunnett’s tests; P < 0.05) were 

detected for cortical voluntary activation during the recovery phase, where cortical voluntary 

activation was lower for hypoxia than sham and lower than pre-fatigue measurements 

throughout recovery for both sham and hypoxia. Data represent the group mean and error 

bars represent the standard deviation of the mean (n = 14). 
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Figure 5. Biceps brachii EMG root mean square (EMGRMS) for the group (A) and 

individuals (B), and corticospinal excitability (motor evoked potential area) for the 

group (C) and individuals during the 20% maximal voluntary contraction (MVC) 

sustained submaximal contraction task and recovery phase. Main effects of time were 

detected for biceps brachii EMGRMS and motor evoked potential area normalised to the 

ongoing maximal compound action potential (Mmax; solid horizontal lines represent 

Dunnett’s tests; P < 0.05) during the sustained submaximal contraction task and recovery 

phase. A main effect of condition was detected for motor evoked potential area during 

recovery, where motor evoked potential area was smaller during hypoxia compared to sham 

(represented by the hash; P < 0.05). Data represent the group mean and error bars represent 

the standard deviation of the mean (n = 14). 
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Figure 6. The Lake Louise acute mountain sickness (AMS) survey scores for the group 

(A) and individuals (B), and ratings of perceived muscle fatigue for the group (C) and 

individuals (D) measured during the submaximal contraction task. Main effects of time 

and condition were found for AMS. Likewise, a condition × time interaction was detected 

where AMS survey scores were greater during hypoxia at 0 hr, 1 hr, and 2 hr (pre fatigue; 

solid horizontal lines represent Dunnett’s tests and asterisks represent Bonferroni’s tests; P < 

0.05). Grey columns denote the 15 min titration phase, and the duration of the submaximal 

contraction task and recovery phase. A main effect of time was observed for rating of 

perceived muscle fatigue, where, from 4 min onwards, ratings were greater than the rating at 

2 min (solid horizontal lines represent Dunnett’s tests; P < 0.05). Data represent the group 

mean and error bars represent the standard deviation of the mean (n = 14).   
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