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Purpose: The purpose of this study is to examine the effects of fatigue on muscular performance, oxygenation 
saturation, and cognition following acute hypoxic exposure at Normoxia, Moderate Hypoxia (MH), and Severe 
Hypoxia (SH). 
Methods: Twelve males performed 3 sets of leg extensions to failure under Normoxia (FiO2: 21%), MH (Fi02: 
15.4%), and SH (Fi02: 12.9%). Heart rate, peripheral oxygenation saturation, total saturation index, psychomotor 
vigilance testing reaction time, psychomotor vigilance error rate, maximum strength, and repetitions to failure 
were measured throughout each visit. 
Results: The primary findings indicated that MH and SH resulted in significant decreases in psychomotor vigi-
lance test performance (MH: 388.25–427.17 ms, 0.41–0.33 error rate; SH: 398.17–445.42 ms reaction time, 
0.25–1.00 error rate), absolute muscle tissue oxygen saturation (Abs-StO2) (MH:67.22% compared to 
SH:57.56%), but similar muscular strength, heart rate, and patterns of muscle tissue oxygen saturation responses 
(StO2%) during fatigue when compared to Normoxia. There was an acute decrease in the ability to remain 
vigilant and/or respond correctly to visual stimuli as indicated by the worsened reaction time (PVTRT) during MH 
(FiO2: 15.4%) and increased PVTRT and error rate (PVTE) during SH (FiO2: 12.9%) conditions. 
Conclusions: Acute hypoxic exposure in the current study was not a sufficient stimuli to elicit hypoxic-related 
changes in HR, muscular strength (1-RM), or repetitions to failure. The SpO2 responses were hypoxic-level 
dependent with increasing levels of hypoxia resulting in greater and more sustained reductions in SpO2. The 
combined SpO2 and StO2 responses at MH and SH suggested a balance between the muscles metabolic demand 
remaining lower than the muscle oxygen diffusion capacity. During the SH condition, Abs-StO2 suggested greater 
metabolic stress than Normoxia and MH conditions during the fatiguing leg extensions. The patterns of responses 
for StO2% during the three sets of leg press to failure indicated that exercise is a more potent influencer to muscle 
oxygenation status than hypoxic conditions (FiO2: 15.4 and 12.9%).   

1. Introduction 

Hypoxemia can occur in low oxygen environments or low-pressure 
environments, which can both result in low tissue oxygen saturation, 
termed hypoxia (Hill et al., 2011; Lenhart, 2012). Hypoxic hypoxia is the 
most common type of hypoxia that occurs during mountaineering, 
aviation, and military activities and is due to the low-pressures resulting 
in fewer oxygen molecules per square inch (Lenhart, 2012). The 
reduction in inspired oxygen results in inefficient oxygen transfer at the 
lungs, ultimately causing low tissue saturation. Research examining 

hypoxia most frequently utilize normobaric hypoxia which achieves 
hypoxia through reduced FiO2 (McMorris et al., 2017; Millet et al., 2012; 
Shaw et al., 2021; Pun et al., 2018; Sander, 2016). Although there are 
some reported differences in the ventilatory responses between nor-
moxic and hypobaric hypoxia, the majority of muscular and neural 
physiological responses as well as cognitive responses have been shown 
to be similar through the use of equivalent-air-altitude (McMorris et al., 
2017; Shaw et al., 2021). Thus, the utilization of normobaric hypoxia 
can be utilized to examine the influence of hypoxia on many physio-
logical systems within the body as well as cognitive performance under 
reduced blood oxygenation conditions. 
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The simultaneous examination of heart rate (HR), oxygen saturation 
(SpO2), and peripheral tissue oxygen saturation (StO2) via near-infrared 
spectroscopy, and cognitive function via psychomotor vigilance testing 
(PVT) have been shown to be useful for tracking and identifying the 
physiological and cognitive changes associated with fatigue and hypoxia 
(Basner and Dinges, 2012; Davis and Barstow, 2013; Khitrov et al., 2014; 
Shaw et al., 2021). Specifically, near-infrared spectroscopy allows for 
the measurement StO2 through the tissue saturation index (TSI) which is 
the total concentrations ratio indicating the levels of oxygen supply and 
oxygen consumption to the targeted muscle (Jones et al., 2016; 
McManus et al., 2018). A reduction in StO2 indicates a decrease in the 
localized, active muscle’s oxygenation status due to reduced oxygen 
delivery and/or greater oxygen consumption (Jones et al., 2016; 
McManus et al., 2018). For example, Shannon et al. (2017) reported a 
fatigue-induced decrease in muscle tissue oxygenation status of the leg 
during a 3 km time-trial hiking exercise. Furthermore, Shannon et al. 
(2017) also reported greater muscle tissue oxygenation of the leg at 
3000 m compared to 4300 m in healthy male subjects. Thus, tissue 
oxygenation metrics, such as StO2, through the use of near-infrared 
spectroscopy are sensitive to changes in oxygen availability and are 
capable of detecting fatigue- and dose-dependent changes in 
hypoxic-related tissue saturation. 

The PVT has been used to examine the level of vigilant attention of 
those exposed to reduced sleep, hypoxia, and fatigue (Latshang et al., 
2013; Oeung et al., 2020; Pun et al., 2018). Specifically, the PVT mea-
sures how quickly an individual responds to a visual stimuli as well as 
their accuracy in reactions to a stimuli. Thus, the PVT allows for the 
quantification of alertness, cognitive reaction time, and cognitive errors 
associated with hypoxia and fatigue (Pun et al., 2018). Determining the 
influence of fatigue and hypoxia on reaction time and error rate is 
pivotal in military personnel who often need to respond to visual threats 
or perform complex tasks during which errors can result in physical 
injury (Latshang et al., 2013; Pun et al., 2018). For example, Pun et al. 
(2018) reported a decrease in PVT reaction time following altitude 
exposure to 5050 m. Furthermore, Pun et al. (2018) suggested that the 
PVT performance was related to blood oxygen saturation levels, which 
can be negatively impacted due to fatigue (Latshang et al., 2013; Oeung 
et al., 2020; Pun et al., 2018). 

The combination of physiological and cognitive measures during 
acute hypoxia exposure coupled with fatigue can provide valuable in-
formation for mission planning, task-performance expectations, and 
countermeasure development in mountaineering, aviation, and military 
activities. Therefore, the purpose of this study is to examine the effects of 
fatigue on muscular strength, muscular endurance, peripheral oxygen-
ation saturation, HR, StO2, and PVT following acute hypoxic exposure at 

Normoxic (FiO2: 21%), Moderate Hypoxia (MH) (Fi02: 15.4%; simulated 
2438 m), and Severe Hypoxia (SH) (FiO2: 12.9%; simulated 3810 m). It 
was hypothesized a fatigue- and hypoxic-induced decrease in muscular 
strength, muscular endurance, SpO2, StO2, and PVT scores with a 
concomitant increase in HR (Lenhart, 2012; Pun et al., 2018; Shannon 
et al., 2017). 

2. Material and methods 

2.1. Participants 

Twelve males participated in the study (age: 20.9 ± 3.4 yr, height: 
175.3 ± 11.2 cm, weight: 85.6 ± 14.3 kg). All subjects lived at ~1,000m 
without any extended travel (greater than 24-hr) to altitudes greater 
than 1524 m within the past 6-mo. In addition, all subjects were trained 
(minimum 3 days per week for 1-hr a day consistently for at least 6-mo) 
and free from any musculoskeletal injuries or neuromuscular disorders. 
Subjects were non-smokers, free from any asthma, or history of acute 
mountain sickness and asked to refrain from consuming any caffeine or 
alcohol within 24-hr of their scheduled testing visit. Subjects were 
instructed to maintain a similar diet throughout the duration of the 
study. Subjects completed an informed consent and health history 
questionnaire prior to participation in the study. A F-test repeated 
measures ANOVA a priori power analysis was performed from the psy-
chomotor vigilance time data of Pun et al. (2018) which indicated an n 
= 9 was needed to reach a power of 0.80. The study was approved by the 
University’s Institutional Ethical Review Board (approval no. 
1482628–1) and complied with standards set in the Declaration of 
Helsinki (WMA, 2013). During the consent process, subjects were 
informed about the purpose, testing procedures, and risks associated 
with those procedures prior to agreeing to participate in this study. 

2.2. Study design 

The study utilized a repeated measures, cross-over design with the 
order of hypoxic exposure being randomized for each subject. The study 
consisted of four visits to the laboratory and all visits occurred at the 
same time of day ±1-hr. The first visit familiarized the subjects to all 
testing procedures, including acute hypoxic exposure and assessments 
including StO2 on the vastus lateralis (VL), HR, SpO2, and PVT. After 
subjects were familiarized with the testing procedures, all follow-up 
visits were scheduled. 

Visits 2, 3, and 4 consisted of identical testing protocols with the 
level of hypoxia being randomized at MH (FiO2: 15.4%; simulated 2438 
m) or SH (FiO2: 12.9%; simulated 3810 m). The Normoxic (FiO2: 21%) 
visit for all subjects was performed first to normalize one repetition 
maximum (1-RM) and repetition to failure resistance for the MH and SH 
visits. All FiO2 was blinded to subjects throughout each visit. During the 
beginning of each visit, subjects were instructed to sit in a chair for 10- 
min to obtain resting StO2, HR, SpO2, and PVT performance as Pre- 
Exposure measures. Subjects were then exposed to that visits hypoxic 
exposure level (Normoxic, MH, or SH) for 30-min while sitting relaxed in 
a chair. Following the initial 30-min hypoxic exposure period, Pre- 
Fatigue measures for StO2, HR, SpO2, and PVT performance were ob-
tained prior to the fatiguing leg extension tasks. Following the collection 
of the Pre-Fatigue measures, a structured warm-up and leg extension 1- 
RM procedure of the dominant leg (based on kicking preference) was 
performed in accordance with the National Strength and Conditioning 
Associations protocol under the supervision of a Certified Strength and 
Conditioning Specialist (Baechle et al., 2008). After obtaining the leg 
extension 1-RM, a 3-min rest was provided and verified StO2, HR, and 
SpO2 returned to pre 1-RM values before beginning the fatiguing leg 
extension protocol. 

Abbreviations: 

Absolute Muscle Tissue Saturation during Recovery StO2% 
Differential Path-Length Factor DPF 
Fraction of Inspired Oxygen FiO2 
Heart Rate HR 
Moderate Hypoxia MH 
Muscle Tissue Saturation StO2 
Muscle Tissue Saturation during repetitions to failure StO2% 
One Repetition Maximum 1-RM 
Peripheral Tissue Saturation SpO2 
Psychomotor Vigilance Test PVT 
Psychomotor Vigilance Test Error Rate PVTE 
Psychomotor Vigilance Test Reaction Time: PVTRT 
Severe Hypoxia SH 
Total Saturation Index TSI 
Vastus Lateralis VL  
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2.3. Fatiguing protocol 

The fatiguing leg extension protocol consisted of 3 sets of leg ex-
tensions to failure at 70% 1-RM based on Normoxic (FiO2: 21%) visits 1- 
RM with 1-min of rest between each set. Immediately after the 3 sets of 
leg extensions to failure, StO2, PVT, HR, and SpO2 were measured. 
During the 3 sets of repetitions to failure, muscle tissue oxygenation 
saturation during percent of repetition (StO2%) data from the VL was 
collected during the repetition that corresponded to initial, 50, and 
100% of the repetitions to failure. Furthermore, absolute recovery 
muscle tissue oxygenation saturation (Abs-StO2) was measured imme-
diately before each set of leg extensions. 

2.4. Hypoxia 

Hypoxia was induced using a Hypoxico HYP123 altitude generator 
(Hypoxico, New York, NY USA) with an in-line 300L Douglas bag with a 
pressure relief valve connected to a Hans-Rudolph 7450 full face 
metabolic mask (Shawnee, KS USA). A calibrated in-line MySign 
0 sensor was utilized to monitor the oxygen percent being delivered to 
the subjects (FiO2) under normobaric hypoxia conditions (Envitec Wis-
mar, Germany). During all testing, humidity, pressure, and temperature 
were controlled for each visit at 20 ◦C and 35% relative humidity as well 
as to align with effective-air-altitude equivalencies. 

2.5. One-Repetition maximum 

The 1-RM and repetition to failure leg extensions were performed on 
a commercial Cybex leg extension machine with an attached weight 
stack (Life Fitness, Rosemont, IL USA). Range of motion was controlled 
and monitored throughout testing. Failure was determined if subjects 
were unable to perform a full range of motion during the 1-RM or rep-
etitions to failure. All 1-RM procedures were performed by Certified 
Strength and Conditioning Specialists and in accordance with the Na-
tional Strength and Conditioning Associations testing procedures 
(Baechle et al., 2008). Specifically, the subjects performed a warm-up set 
of 5–10 repetitions at approximately 50% of an estimated 1-RM, and 
then 3 to 5 repetitions at approximately 75% of their estimated 1-RM. A 
1-min rest was given between trials. The subjects then performed a series 
of single repetitions to determine their 1-RM leg extension within 2.27 
kg. A 1-RM was performed before each testing visit, however, the 
calculated 70% 1-RM weight for all repetitions to failure were based on 
the 1-RM from the Normoxic visit. During the repetitions to failure, 
subjects performed as many repetitions as possible until either they 
could lift the weight through a full range of motion or they felt that they 
can no longer perform any additional leg extensions. Failure was also 
determined if subjects paused for greater than 1-s between repetitions. 
The leg extension was chosen as it has been reported to track military 
task-performance such as navigating obstacles and moving heavy loads 
while reducing confounding metabolic influences of full body move-
ments (Alvar et al., 2017; Bishop et al., 1999; Lenhart, 2012; Scofield 
and Kardouni, 2015). 

2.6. Heart rate & SpO2 

Heart rate and SpO2 were measured using a vital sign monitor before 
exposure to hypoxia, pre-fatigue (before performing leg extension 
muscle actions), and post-fatigue (immediately after completing the 
third set of repetitions to failure). Heart rate is resented at beats per 
minute. The SpO2 was taken peripherally at the index finger of the non- 
dominant hand and averaged over a 10-s period. This allowed for 
simultaneous measurements of the SpO2 while leaving the dominant 
hand available to perform the PVT. 

2.7. Psychomotor vigilance test 

The 3-min PVT was performed on a touch screen tablet with standard 
hand placements and distance from the subject (Apple Cupertino, CA 
USA). The subjects rested their hand on a set location at the bottom right 
corner of the device and when the number appeared, they immediately 
would tap the number on the center of the screen (Basner and Dinges, 
2012; Khitrov et al., 2014; Matsangas et al., 2017; Pun et al., 2018; 
Rajaraman et al., 2012). The time from when the numbers appeared on 
the screen until the subjects response was recorded as PVTRT and the 
number of errors were recorded as PVTE. An error was recorded if 
subjects tapped the screen when there was not a number displayed. The 
PVT test was performed pre-exposure, pre-fatigue, and post-fatigue. 

2.8. Muscle tissue oxygenation 

All muscle tissue oxygenation saturation values, StO2, of the domi-
nant legs VL was measured using TSI with a near-infrared spectroscopy 
device (Artinis Medical Systems Einsteinwig, Nethlerlands). A single 
channel, dual optode setup was utilized with an average optode to 
receiver distance of 45 mm. Each optode consisted of a dual wavelength 
of 848 and 762 nm. A differential path-length factor (DPF) of 4.0 was 
utilized for all measurements. The signal was sampled at 10 Hz for all 
subjects. In addition, the signals amplification and power were deter-
mined for each subject during the familiarization visit and were held 
constant for each subsequent visit. This allowed for repeatability of the 
measurement and improved the sensitivity signals. The StO2 was 
measured before each set (Abs-StO2), and during the repetitions to 
failure (StO2%). During the repetitions to failure, only the repetitions 
corresponding to Initial, 50, and 100% of repetitions to failure were used 
for analysis. The Initial, 50, and 100% of the repetitions to failure were 
utilized to allow subjects data to be compared as a function of volitional 
exhaustion being the indicator of fatigue. The StO2% for the repetitions 
to failure were normalized to the initial repetition of the control set 
which reflects the pattern of responses for muscle oxygenation during 
each set compared to Normoxic conditions. The Abs-StO2 reflects the 
level of muscle oxygenation prior to each set which reflects the initial 
muscle oxygenation prior to each set. 

2.9. Statistical analyses 

A one-way repeated measures ANOVA was performed on the 1-RM 
strength across Hypoxic visits (Normoxic, MH, and SH) to examine if 
acute hypoxic exposure altered maximal strength. In addition intra class 
correlation coefficients (ICC) were determined to examine reliability 
using Model 2,1 via SPSS (ICC2,1) from the Normoxia, MH, and SH data 
at the Pre-Exposure time point for SpO2 (ICC2,1: 0.657), HR (ICC2,1: 
0.497), and PVTRT (ICC2,1: 0.797) as well as the 1-RM trials (ICC2,1: 
0.949). Two separate, 3 (Hypoxia: Normoxic, MH, and SH) x 3 (Repe-
titions: Set 1, Set 2, and Set 3) two-way repeated measures ANOVAs 
were performed on the number of repetitions to failure performed and 
Abs-StO2. In addition, four separate, 3 (Hypoxia: Normoxic, MH, and 
SH) x 3 (Time: Pre-Exposure, Pre-Fatigue, and Post-Fatigue) two-way 
repeated measures ANOVAs were performed on HR, SpO2, PVTRT, and 
PVTE. A 3 (Hypoxia: Normoxic, MH, and SH) x 3 (Set: Set 1, Set 2, and 
Set 3) x 3 (Repetitions: Initial, 50%, and 100% repetitions to failure) 
three-way repeated measures ANOVAs was performed on the StO2% 
normalized to initial repetition. Follow-up two- and one-way ANOVAs as 
well as post-hoc paired sampled t-tests with Tukey-LSD were performed 
when appropriate. If sphericity was violated during any ANOVA, the 
Greenhouse-Geisser correction was used. An alpha of p ≤ 0.05 was 
considered statistically significant for all statistical analyses (IBM SPSS 
Version 25.0, Armonk, NY). 
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3. Results 

3.1. PVTRT 

There was a significant 2-way (Hypoxia x Time) interaction (p =

0.028; η 2
p = 0.214) for the repeated measures ANOVA from the PVTRT. 

The follow-up one-way repeated measures ANOVA across Time for 
Normoxic indicated no significant difference between PVTRT (p = 0.371; 

η 2
p = 0.082). The one-way repeated measures ANOVA across Time for 

MH was significant (p < 0.01; η 2
p = 0.48) which indicated that Pre- 

Exposure = Pre-Fatigue (p = 0.081), Pre-Fatigue < Post-Fatigue (p =
0.027), and Pre-Exposure < Post-Fatigue (p < 0.01). In addition, the 
one-way repeated measures ANOVA across time for SH was significant 

(p = 0.01; η 2
p = 0.368) which indicated that Pre-Exposure = Pre-Fatigue 

(p = 0.438), Pre-Exposure < Post-Fatigue (p = 0.010), and Pre-Fatigue 
< Post-Fatigue (p = 0.031). Furthermore, there was a significant one- 
way repeated measures ANOVA across hypoxia for PVTRT (p < 0.001; 

η 2
p = 0.731) which indicated that Normoxic < MH (p < 0.01), MH = SH 

(p < 0.05), and Normoxic < SH (p < 0.01) (Fig. 1A). 

3.2. PVTE 

There was a significant 2-way interaction (p = 0.021; η 2
p = 0.226) 

for the repeated measures ANOVA from the PVTE. The follow-up one- 
way repeated measures ANOVA across time for Normoxic indicated no 

significant difference between PVTE (p = 0.197; η 2
p = 0.211). The 

follow-up one-way repeated measures ANOVA across time for MH 

indicated no significant difference between PVTE (p = 0.355; η 2
p =

0.654). The one-way repeated measures ANOVA across time for SH, 

however, was significant (p < 0.01; η 2
p = 0.390) which indicated that 

Pre-Exposure = Pre-Fatigue (p = 0.439), Pre-Exposure < Post-Fatigue 

(p = 0.012), and Pre-Fatigue < Post-Fatigue (p = 0.001). The one-way 
repeated measures ANOVAs across hypoxia for time were not signifi-

cant for Pre-Exposure (p = 0.264; η 2
p = 0.114) or Pre-Fatigue (p =

0.342; η 2
p = 0.083), but was for Post-Fatigue (p = 0.043; η 2

p = 0.292) 

which indicated that Normoxic = MH (p = 0.080), Normoxic < SH (p =
0.048), and MH < SH (p = 0.032) (Fig. 1B). 

3.3. SpO2 

There was a significant 2-way interaction (p < 0.001; η 2
p = 0.742) 

for the repeated measures ANOVA from the SpO2. The one-way repeated 

measures ANOVA across time for MH was significant (p < 0.01; η 2
p =

0.597) which indicated that Pre-Exposure > Pre-Fatigue (p < 0.001), 
Pre-Fatigue < Post-Fatigue (p < 0.001), and Pre-Exposure = Post-Fa-
tigue (p < 0.01). In addition, the one-way repeated measures ANOVA 

across time for SH was significant (p = 0.01; η 2
p = 0.721) which indi-

cated that Pre-Exposure > Pre-Fatigue (p < 0.01), Pre-Exposure > Post- 
Fatigue (p < 0.001), and Pre-Fatigue < Post-Fatigue (p < 0.001). The 
one-way repeated measures ANOVAs across hypoxia for time were sig-

nificant Pre-Fatigue (p < 0.01; η 2
p = 0.882) and Post-Fatigue (p < 0.001; 

η 2
p = 0.661) which both indicated that Normoxic > MH (p < 0.01), MH 

> SH (p < 0.01), and Normoxic > SH (p < 0.01) (Fig. 2A). 

3.4. Heart rate 

There was no significant two-way repeated measures ANOVA (p =

0.423; η 2
p = 0.085) or main effect (p = 0.569; η 2

p = 0.045) for HR. 

There was, however, a main effect for time (p < 0.01; η 2
p = 0.943) 

which indicated that Pre-Exposure < Pre-Fatigue (p < 0.01), Pre-Fa-
tigue < Post-Fatigue (p < 0.01), and Pre-Exposure < Post-Fatigue (p <
0.01) (Fig. 2B). 

Fig. 1. A) Psychomotor vigilance test average reaction time (PVTRT) and B) Psychomotor vigilance test average errors (PVTE) at Pre-Exposure, Pre-Fatigue, and Post- 
Fatigue at simulated Normoxic, Moderate Hypoxia, and Severe Hypoxia. 
*: Denotes Moderate Hypoxic and Severe Hypoxic were significantly greater than Normoxic. 
**: Indicates that Severe Hypoxia condition had a significantly greater PVTE at Post-Fatigue compared to Pre-Exposure and Pre-Fatigue. 
†: Indicates that Pre-Exposure was significantly less than Post-Fatigue for Moderate Hypoxia and Severe Hypoxia. 
‡: Indicates that Pre-Fatigue was significantly less than Post-Fatigue for Moderate Hypoxia and Severe Hypoxia. 
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3.5. Repetition maximum 

For 1-RM strength, the one-way repeated measures ANOVA was not 

significant across hypoxic exposure (p = 0.105; η 2
p = 0.121) (Fig. 3A). 

3.6. Repetitions to failure 

There was a significant 2-way interaction (p = 0.047; η 2
p = 0.170) 

for the repeated measures ANOVA from the number of repetitions to 
failure. The follow-up one-way repeated measures ANOVAs across time 

for Normoxic (p < 0.01; η 2
p = 0.904), MH (p < 0.01; η 2

p = 0.804), and 

SH (p < 0.01; η 2
p = 0.844) were significant which indicated that Set 1 >

Set 2 (p < 0.01), Set 2 > Set 3 (p < 0.01), and Set 1 > Set 3 (p < 0.01). 
The one-way repeated measures ANOVA across hypoxia for Set 1 (p =

0.389; η 2
p = 0.082), Set 2 (p = 0.616; η 2

p = 0.043), and Set 3 (p = 0.270; 

η 2
p = 0.112) were not significant (Fig. 3B). 

Fig. 2. A) Peripheral oxygenation saturation (SpO2) and B) heart rate (HR; beats per minutes; BPM) for Pre-Exposure, Pre-Fatigue, and Post-Fatigue at simulated 
Normoxic, Moderate Hypoxia, and Severe Hypoxia. 
*: Indicates that Moderate Hypoxia and Severe Hypoxia conditions decreased significantly from Pre-Exposure to Pre-Fatigue. 
**: Indicates the Severe Hypoxia condition decreased significantly from Pre-Exposure to Post-Fatigue. 
***: Indicates that Pre-Exposure was significantly less than Pre-Fatigue, and that Pre-Fatigue was significantly less than Post-Fatigue for all conditions. 
‡: Indicates that Normoxic was significantly greater than Moderate Hypoxia and Severe Hypoxia at Pre-Fatigue and Post-Fatigue. In addition, Moderate Hypoxia was 
significantly greater than Severe Hypoxia at Pre-Fatigue and Post-Fatigue. 

Fig. 3. A) One-Repetition maximum (1-RM) leg extension in kg and B) Leg extension repetitions to failure at 70% 1-RM for Pre-Exposure, Pre-Fatigue, and Post- 
Fatigue collapsed across simulated Normoxic, Moderate Hypoxia, and Severe Hypoxia. There was no significant differences in 1-RM leg extension weight across 
conditions. 
*: Indicates that Set 1 was significantly greater than Set 2 for all conditions. 
**: Indicates that Set 2 was significantly greater than Set 3 for all conditions. 

C.M. Smith et al.                                                                                                                                                                                                                                



Current Research in Physiology 4 (2021) 243–251

248

3.7. Abs-StO2 

For the Abs-StO2, there was no significant Set 2-way interaction (p =

0.568; 0.055) or main effect for Set (p = 0.281; η 2
p = 0.107). There was, 

however, a significant main effect hypoxia for the Abs-StO2 (p = 0.029; 

η 2
p = 0.279) which indicated that Normoxia = MH (p = 0.617), MH >

SH (p < 0.01), and Normoxic > SH (p < 0.01) (Fig. 4A). 

3.8. StO2% 

For the StO2% during repetitions to failure (normalized to the initial 
repetition of the control set), there was no significant 3-way repeated 

measures ANOVA (p = 0.249; η 2
p = 0.239) or 2-way interaction for 

Hypoxia x Set (p = 0.793; η 2
p = 0.057). The follow-up one-way repeated 

measures ANOVAs across repetitions for Set 1 (p < 0.01; η 2
p = 0.492), 

Set 2 (p < 0.01; η 2
p = 0.426), and Set 3 (p < 0.01; η 2

p = 0.301) were 

significant which indicated that Initial >50% (p < 0.01), 50% > 100% 
(p < 0.01), and Initial >100% (p < 0.01). 

The follow-up one-way repeated measures ANOVA across Sets for 
repetition were not significant for the Initial repetition (p = 0.289; 
0.036), but were significant for 50% and 100% of the StO2% during the 
repetitions to failure. For the StO2% during the 50% of repetitions to 
failure, Set 1 > Set 2 (p < 0.01), Set 2 > Set 3 (p = 0.028), and Set 1 > Set 
3 (p < 0.01). For the StO2% during the 100% of repetitions to failure, Set 
1 = Set 2 (p = 0.329), Set 2 < Set 3 (p = 0.012), and Set 1 < Set 3 (p =

0.017). In addition, there was a main effect for repetition (p < 0.01; η 2
p 

= 0.621) which indicated that Initial >50% (p < 0.01) < 100% (p <
0.01), and Initial <100% (p < 0.01) (Fig. 4B). 

4. Discussion 

The primary findings of this study indicated that acute MH and SH 

exposure resulted in significant differences in PVTT, PVTE, SpO2, and 
Abs-StO2, but similar 1-RM strength, HR, and patterns of StO2% during 
high-intensity fatigue when compared to Normoxia. Specifically, PVTT 
was greater in both the MH and SH conditions compared to the Nor-
moxia and were similar from Pre-Exposure to Pre-Fatigue (Fig. 1A and 
B). Although there were no differences in the increased PVTT between 
the MH and SH conditions, there was a greater PVTE during the SH 
compared to the Normoxic and MH conditions (Fig. 1B). Unlike previous 
studies which suggested that SpO2 tracks cognition changes, we did not 
observe this pattern as the lowest measured SpO2 values occurred at Pre- 
Fatigue with an increase in SpO2 at Post-Fatigue (Fig. 2A) (Pun et al., 
2018; McMorris et al., 2017). It is plausible that the differences between 
our study and those who have reported SpO2 tracking PVTT and PVTE 
are related to how the mode of exercise effects cerebral blood flow 
(Ogoh and Ainslie, 2009). That is, the majority of studies which have 
conducted acute hypoxic exposure in conjunction with SpO2 measure-
ments have been during aerobic tasks, such as mountaineering (Pun 
et al., 2018; McMorris et al., 2017). The present study, however, utilized 
acute hypoxic exposure while performing high-intensity strength 
movements aimed at tracking military task-performance such as navi-
gating obstacles, breaching, and moving heavy loads such as barricades, 
ammo, soldiers, or weaponry (Bishop et al., 1999; Lenhart, 2012; Alvar 
et al., 2017; Scofield and Kardouni, 2015). Ogoh & Ainslie (2009) 
indicated that aerobic exercise, up to 60% maximal oxygen uptake, re-
sults in an elevated cerebral blood flow while heavy exercises has been 
shown to elicit reduced cerebral blood flow. Since the brain consumes a 
large amount of oxygen, the shunting of blood away from the brain to 
the body during heavy exercises, such as in the current study, may 
partially explain the decrease in PVTT with increased SpO2 at 
Post-Fatigue compared to Pre-Fatigued values during the MH and SH 
conditions. 

4.1. Psychomotor vigilance test 

Reaction time, PVTRT, was greater in the MH and SH conditions 
compared to the Normoxic condition. There was no difference in PVTRT 
between the MH and SH conditions (Fig. 1A). These findings were in 
agreement with those of Pun et al. (2018) who reported an ~26% 

Fig. 4. A) Absolute muscle tissue oxygenation saturation (Abs-StO2) and for Pre-Exposure, Pre-Fatigue, and Post-Fatigue at Normoxic, Moderate Hypoxia, and Severe 
Hypoxia as well as B) normalized StO2% at Initial, 50%, and 100% of repetitions to failure during Set 1, Set 2, and Set 3. 
*: Indicates that Severe Hypoxia Abs-StO 2 was lower than Normoxic and Moderate Hypoxia Abs-StO2 at Set 1, Set 2, and Set 3. 
**: Indicates that the Initial repetition is significantly greater than 50% repetitions and that 50% was significantly greater than 100% of repetitions to failure. 
†: Indicated that for the 50% StO 2% repetitions to failure values, Set 1 was significantly greater than Set 2 and Set 2 was significantly greater than Set 3. 
‡: Indicated that for the 100% StO 2% repetitions to failure values, Set 3 was significantly less than Set 1 and Set 2. 
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increase in PVTRT following acute exposure to 2590 m, however, PVTRT 
returned to baseline following 6-d of altitude exposure. In addition, Pun 
et al. (2018) reported that PVTRT was highly correlated to acute 
mountain sickness symptoms (r = 0.62) which suggested that acute 
hypoxia reduces cognitive processing speed and/or movement during 
vigilance tasks increasing the time to complete the task. It has been 
hypothesized that the magnitude and duration of hypoxia greatly in-
fluences cognitive and vigilance outcomes (Pun et al., 2018; Shaw et al., 
2021). 

The findings of the current study support the hypotheses of the 
magnitude of hypoxia results in worsening cognition and vigilance 
(McMorris et al., 2017; Pun et al., 2018; Shaw et al., 2021). Specifically, 
in the current study, MH resulted in greater PVTRT while SH exhibited 
greater PVTRT and PVTE compared to the Normoxia condition. The 
similar PVTRT between the MH and SH suggested that an increase 
hypoxic exposure did not reduce the processing time, however, as the 
severity of hypoxia increases the error rate associated with vigilance 
detection is greatly increased (Fig. 1). These results are similar to the 
hypoxic-induced decreases in cognitive performance reported by 
McMorris et al. (2017), which attributed these decreases to 
hypoxic-induced reductions in the turnover rates of dopamine, norepi-
nephrine and 5-hydroxytryptamine (Decamp and Schneider, 2009; 
Kumar et al., 2011; McMorris et al., 2017; Shukitt-Hale et al., 1998). 
These decreased neurotransmitters turnover rates result in a similar 
physiological and neuro-cognitive response leading to poor levels of 
excitations and, ultimately, reduced vigilance performance (Decamp 
and Schneider, 2009; Kumar et al., 2011; McMorris et al., 2017; Shu-
kitt-Hale et al., 1998). Thus, the increased PVTRT during MH and 
increased PVTRT and PVTE during SH indicates an acute decrease in the 
ability to remain vigilant and respond correctly to visual stimuli, which 
may be attributed to a reduction in neurotransmitter turnover rate. 

4.2. SpO2 and heart rate 

Unlike previous studies (McMorris et al., 2017; Pun et al., 2018) 
which suggested that SpO2 tracks changes in cognition, we did not 
observe this pattern as the lowest measured SpO2 values occurred at 
Pre-Fatigue with an increase in SpO2 at Post-Fatigue (Fig. 2A). It is 
plausible that the differences between our study and those who have 
reported SpO2 tracking PVTRT and PVTE are related to how the mode of 
exercise effects cerebral blood flow (Ogoh and Ainslie, 2009). That is, 
the majority of studies which have conducted acute hypoxic exposure in 
conjunction with SpO2 measurements have been during aerobic tasks, 
such as mountaineering (McMorris et al., 2017; Pun et al., 2018). The 
present study, however, utilized acute hypoxic exposure while per-
forming high-intensity strength movements aimed at tracking military 
task-performance such as navigating obstacles, breaching, and moving 
heavy loads such as barricades, ammo, soldiers, or weaponry (Alvar 
et al., 2017; Bishop et al., 1999; Lenhart, 2012; Scofield and Kardouni, 
2015). Ogoh and Ainslie (2009) indicated that aerobic exercise (≤60% 
maximal oxygen uptake) results in an elevated cerebral blood flow while 
heavy/high intensity exercises elicit a reduction in cerebral blood flow. 
Since the brain consumes a large amount of oxygen, the relative 
shunting of blood away from the brain to the body during heavy exer-
cises, such as in the current study, may partially explain the decrease in 
PVTRT with increased SpO2 at Post-Fatigue compared to Pre-Fatigued 
values during the MH and SH conditions. 

Heart rate exhibited similar responses across all conditions at Pre- 
Exposure, Pre-Fatigue, and Post-Fatigue, which was contrary to our 
hypothesis (Fig. 2B). The majority of literature has shown an increased 
resting and exercise HR under hypoxic conditions as a result of greater 
sympathetic nervous system activation releasing greater amounts of 
epinephrine and norepinephrine (Attias et al., 2017; Koller et al., 1988; 
Mazzeo, 2008). For example, Sander (2016) indicated that acute altitude 
exposure increased HR and sympathetic activity throughout the first 
24-hr of exposure and was reduced back to baseline after 10-days 

(4100–5260 m). In addition, the similar HR response, but generally 
lower SpO2 during MH and SH conditions suggested that high-intensity 
exercise was a greater mediator to HR than hypoxemia status. The ma-
jority of research has examined aerobic or long exposure durations with 
little emphasis placed on high-intensity exercise physiological responses 
(McMorris et al., 2017; Pun et al., 2018; Sanders, 2016; Shaw et al., 
2021). The majority of studies interventions were aerobic and longer in 
duration which target different physiological energy systems, neuro-
muscular responses, as well as a reduced reliant on hypoxemia status for 
the regulation of HR than the present study (Guo et al., 2010; Hill et al., 
2011; Lucía et al., 1999; Taylor and Bronks, 1994). Additional research 
would be needed to further identify the mechanisms resulting in 
high-intensity exercise regulating HR responses greater than hypoxemia 
as previously reported. Thus, given the findings of the current study, it is 
likely that acute hypoxic exposure while performing repeated, short 
duration, high intensity exercise may not have provided sufficient 
stimulus to elicit hypoxic-specific changes in HR responses. Further-
more, this study indicated that acute hypoxic exposure did not influence 
muscular strength or muscular endurance measured by 1-RM and rep-
etitions to failure, respectively (Figs. 2B, 3A and 3B). 

4.3. Abs-StO2: recovery muscle tissue oxygen saturation 

The Abs-StO2 indicated that Normoxic and MH Conditions muscle 
tissue oxygenation recovery status was not influenced by exercise or the 
combined effects of moderate levels of hypoxia (FiO2: 15.4%) and ex-
ercise. The similar Abs-StO2 for Normoxia and MH indicate that 1-min of 
recovery following the fatiguing leg extensions did not influence Abs- 
StO2 from the VL. It is likely that the maintenance of muscle tissue 
saturation when recovering was due to an increase in oxygenated blood 
flow to the active muscle and sufficient diffusive and convective pro-
cesses (Bourdillon et al., 2009). For example, Bourdillon et al. (2009) 
indicated that low-level hypoxia coupled with exercise may decrease 
systemic oxygenation (SpO2), but not influence muscle tissue oxygena-
tion diffusion status resulting in sufficiently oxygenated myoglobin at 
the active muscle. In addition, according to Shibuya and Tanaka (2003), 
StO2 is highly dependent on muscle oxygen diffusion capacity and that 
StO2 is intensity-specific with an increase in intensity resulting in a 
decrease in StO2. Thus, the reduced oxygen availability during the MH 
condition resulted in a decrease in SpO2 at Pre-Fatigue while Abs-StO2 at 
the same time-point remained unchanged which may be attributed to 
the balance between the muscles metabolic demand remaining lower 
than the muscle oxygen diffusion capacity despite being under MH 
(Shaw et al., 2021; Shibuya and Tanaka, 2003). 

Unlike Normoxic and MH Conditions, SH exhibited lower Abs-StO2 
across all Sets indicating that the SH (FiO2: 12.9%) resulted in a decrease 
in oxygenation status at the muscle tissue (Abs-StO2) and systemic 
oxygenation (SpO2). The lower Abs-StO2 and SpO2 at SH suggested a 
reduction in hemoglobin and myoglobin saturation throughout the 
duration of the SH condition (Fig. 4A and B) (Davis and Barstow, 2013). 
Near-Infrared Spectroscopy cannot distinguish the difference between 
hemoglobin and myoglobin saturation, however, it is influenced by both 
when measuring StO2 (Davis and Barstow, 2013). For example, Davis 
and Barstow (2013) indicated that myoglobin contributes approxi-
mately 50+% of the StO2 measurement when calculated from NIRS 
devices during exercise. In addition, Spires et al. (2011) indicated that 
hemoglobin and myoglobin responses can differ depending on the 
physiological and pathophysiological conditions employed throughout 
testing. Specifically, exercise intensity, duration, and oxygen availabil-
ity (i.e. hypoxia) result in greater reductions in myoglobin oxygenation 
and are tracked within the NIRS StO2 signal (Davis and Barstow, 2013; 
Spires et al., 2011). It is important to note that Spires et al. (2011) 
simultaneously measured hemoglobin and myoglobin in conjunction 
with NIRS StO2 measurements, however, StO2 is currently unable to 
distinguish between the individual contributions from hemoglobin and 
myoglobin to NIRS derived StO2 values. Thus, it is plausible that the 
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sustained decrease in Abs-StO2 accompanied by an increase in SpO2 at 
Post-Fatigue (although not to Pre-Exposure levels) following the sets of 
leg extension to failure during SH were due to greater myoglobin 
extraction (Davis and Barstow, 2013; Spires et al., 2011). It has been 
suggested that the greater reduction in myoglobin saturation may have 
occurred because of increased energy expenditure due to the reduced 
oxygen availability placing greater metabolic stress on the localized 
muscle during SH (Bourdillon et al., 2009; Davis and Barstow, 2013; 
Shaw et al., 2021; Shibuya and Tanaka, 2003). Therefore, during the SH 
condition, the localized muscle likely experienced greater metabolic 
stress during the fatiguing leg extension tasks resulting in lower muscle 
oxygenation levels indicating a greater systemic prioritization placed on 
oxygenation. 

4.4. StO2%: fatiguing muscle tissue oxygen saturation 

The StO2% responses during the three sets of leg extension muscle 
actions to failure at 70% 1-RM were similar across Normoxic, MH, and 
SH conditions with a decrease from Initial at 50 and 100% of the rep-
etitions to failure (Fig. 4B). These findings were similar to those of Millet 
et al. (2009) who reported similar StO2% during fatiguing, submaximal 
isometric forearm flexion movements at normoxic and hypoxic condi-
tions (FiO2: 9 and 14%). The fatigue-induced decrease in StO2% at 50 
and 100% of the repetitions to failure during all three sets indicated that 
the metabolic demand required similar oxygen requirements despite 
differences in oxygen availability. It has been hypothesized that the 
muscular oxygen demand during exercise are influenced greater by the 
diffusion capacity and less by the arterial oxygen saturation status. The 
findings the current and previous studies (Davis and Barstow, 2013; 
Millet et al., 2009, 2012; Shaw et al., 2021) suggested that during ex-
ercise, extraction oxygen in the active muscle is a more potent influencer 
to NIRS derived StO2% metrics during exercise than hypoxic exposure. 
Thus, these findings indicated that exercise is a more potent influencer 
to muscle oxygenation status than hypoxic conditions (FiO2: 15.4 and 
12.9%) during repeated, leg extension muscle actions to failure. 

5. Conclusion 

In the present study there was an acute decrease in the ability to 
remain vigilant and respond correctly to visual stimuli as indicated by 
the increased PVTRT during MH (FiO2: 15.4%) and increased PVTRT and 
PVTE during SH (FiO2: 12.9%) conditions. Furthermore, it is likely that 
acute hypoxic exposure while performing short duration, high intensity 
exercise was not sufficient stimuli to elicit hypoxic-specific changes in 
HR responses, muscular strength (1-RM), or repetitions to failure. The 
SpO2 responses were hypoxic-level dependent with increasing levels of 
hypoxia resulting in greater and more sustained reductions in SpO2. The 
combined SpO2 and StO2 responses at MH and SH suggested a balance 
between the muscles metabolic demand remaining lower than the 
muscle oxygen diffusion capacity. During the SH condition, the localized 
muscle recovery Abs-StO2 likely experienced greater metabolic stress 
than Normoxia and MH conditions during the fatiguing leg extension 
tasks resulting in lower muscle oxygenation levels indicating a greater 
systemic prioritization placed on oxygenation. The patterns of responses 
for StO2% during the three sets of leg press to failure indicated that 
exercise is a more potent influencer to muscle oxygenation status than 
hypoxic conditions (FiO2: 15.4 and 12.9%) during repeated, leg exten-
sion muscle actions to failure. 
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