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Abstract: A healthy body mass contributes to a positive quality of life, and for overweight/obese
individuals, weight loss of even modest proportions improves health-related outcomes. A novel
approach to promoting body mass regulation is to pair exercise with high altitude, thereby upregu-
lating metabolic processes and increasing caloric expenditure. As an added measure of body mass
regulation, data suggest that high altitude stimulates the production of the appetite-suppressing
hormone leptin. Issues arise, however, given that high altitude compromises aerobic exercise capacity.
Whereas exercising at high altitude may compromise exercise intensity and duration, recovering at
high altitude retains the integrity of exercise while still potentially conferring the benefits of the low
oxygen environment on energy expenditure and energy intake. The purpose of this study was to
perform a proof-of-concept pilot test on whether post-exercise exposure to a simulated high altitude
influenced acute energy balance. Twelve healthy men and women ran for 30 min at a moderate
intensity on two separate occasions. Following exercise, participants recovered for 30 min while
breathing either sea level air or low oxygen air simulating high altitude (equivalent to 4500 m el-
evation). Blood samples and hunger ratings were collected pre-exercise and post-recovery. Heart
rate was recorded throughout exercise and recovery and used to calculate caloric expenditure. Post-
exercise energy expenditure was significantly higher (p = 0.03) following high altitude recovery
(139 ± 15 kcal) compared to sea-level recovery (98 ± 11 kcal). Participants reported a lower desire
to eat when they recovered in the high altitude environment (p = 0.01), though post-recovery leptin
concentrations were similar between the two conditions. Post-exercise exposure to a simulated high
altitude environment represents a promising method for increasing daily caloric expenditure and
lowering appetite. Given the pilot nature of this study, future research is needed to address the
question of high altitude recovery on a larger sample over a longer time period and with robust
measures of caloric expenditure.

Keywords: obesity; hypoxic conditioning; body mass regulation; weight loss

1. Introduction

One billion people are expected to have obesity by the year 2030, including one in five
women and one in seven men [1,2]. Efforts to circumvent this projection estimate that if total
daily energy expenditure increased by as little as 50–100 kcals per day, weight gain could
be prevented in 90% of adults [3]. Perhaps the most reliable method of elevating energy
expenditure—and the intervention that consistently garners favorable cardiometabolic
benefits—is exercise. Maintaining a healthy body mass requires more than a systematic
increase in energy expenditure, however, and keeping in mind the dual-sided nature of
energy balance, any increase in energy expenditure could be countered by a compensatory
elevation in energy intake. Here again, exercise proves beneficial as it both elevates caloric
expenditure and appropriately regulates appetite [4,5]. But despite the known benefits
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of physical activity, long-term adherence to exercise routines is infamously poor [6,7]. As
such, strategies other than exercise have been sought to encourage a healthy body mass,
including ingestion of thermogenic substances [8,9], supplementation with pharmacological
interventions [10,11], and alteration of environmental conditions [12].

Amongst the potential environmental therapeutics that have been considered for
weight maintenance, exposure to high altitude has been shown to elevate energy expen-
diture (perhaps via the stimulation of the sympathetic nervous system [13–15]), lower
energy intake (potentially via alterations in appetite hormones such as leptin [16]), and
improve blood glucose regulation as well as markers of inflammation [17]. Given the
capacity for high altitude to influence both sides of the energy balance equation and the
ability for exercise to do likewise, a possible synergistic relationship between exercise and
high altitude exists. This theory posits that exercising in a highland setting confers a more
robust influence on body mass compared to exercising at sea level [18–20]. While this idea
holds theoretical promise, exercising in high altitude presents difficulty in application. One
hurdle to overcome is that traveling to highland settings is not feasible for everyone. To
address this, research has employed a simulated high altitude, i.e., normobaric hypoxia.
This is achieved by reducing the inspired O2 fraction (FiO2), thereby permitting people to
live near sea level and yet achieve periodic episodes of hypoxic exposure. Another obstacle
is the strenuous nature of exercising at high altitude. If an absolute exercise intensity is
maintained between sea level and hypoxia, the perceived exertion increases in hypoxia,
and exercise duration diminishes [21,22]. By compromising exercise duration, the addition
of hypoxia might weaken the very exercise-induced adaptations it sought to support.

Although exercising in hypoxia may therefore work against body mass regulation,
the influence of exercise on caloric expenditure extends beyond the exercise bout itself, as
metabolic processes remain elevated during the post-exercise recovery. While the relation-
ship between aerobic exercise and hypoxia may be antagonistic (with hypoxia shortening
exercise duration), this same relationship may be complementary during the post-exercise
recovery period if hypoxia prolongs the return to homeostatic baseline. By preserving the
magnitude of effect elicited during sea level exercise and permitting the added benefits of
exposure to a simulated high altitude, exercising in normoxia but recovering in hypoxia
may evoke a metabolic response that promotes weight maintenance. Although a compre-
hensive understanding for the physiological ramifications of hypoxia during recovery is
lacking, prior investigations indicate that hypoxic recovery may weaken mitochondrial
adaptations to exercise [23] and compromise cerebral oxygenation [24]. Conversely, re-
covering from exercise in a hypoxic environment may promote iron absorption [25] and
blunt oxidative stress [26]. The influence of hypoxic recovery on body mass regulation
remains largely unknown. The purpose of this proof-of-concept pilot study was to test
whether recovering from exercise at a simulated high altitude influences energy expen-
diture and energy intake. We hypothesized that recovering from exercise at a simulated
high altitude amplifies post-exercise energy expenditure compared to sea level recovery,
while simultaneously suppressing appetite [27,28]. In line with previous experimental data
demonstrating variability in the physiological responses to hypoxia [29,30], we examined
whether variant responses in energy expenditure and energy intake might be related to sex
differences or to the magnitude of arterial oxygen desaturation.

2. Materials and Methods
2.1. Participants

Participant characteristics are provided in Table 1. Twelve active individuals (6 men,
6 women) volunteered to participate in the study. Women were tested during the early
follicular phase of the menstrual cycle, within 10 d of the onset of menses according to
self-report. All participants were healthy as indicated by the Physical Activity Readiness
Questionnaire (PAR-Q+). Participants were excluded if they had a current or recent (≤2 mo)
injury or obtained a

.
VO2peak < 40 mL·kg−1·min−1 for women and <45 mL·kg−1·min−1

for men. Upon arrival at the laboratory participants completed a 7 d training log and a
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24 h dietary recall and were instructed to repeat similar diet and activity patterns before
subsequent visits. Participants were tested at the same time of day at each of the experi-
mental visits (Visits 2 and 3) and were instructed to arrive at the laboratory on a 2 h fast,
having abstained from strenuous exercise for the previous 24 h. All protocols and informed
consent were approved by the Pepperdine University Institutional Review Board.

Table 1. Participant characteristics.

Variable Mean ± SE

Age (y) 23 ± 2
Body mass women (kg) 61.6 ± 1.4
Body mass men (kg) 71.0 ± 4.8
Height women (cm) 169.5 ± 2.2
Height men (cm) 180.2 ± 3.3
.

VO2peak (L·min−1) 3.3 ± 0.2
.

VO2peak women (mL·kg−1·min−1) 45.4 ± 1.5
.

VO2peak men (mL·kg−1·min−1) 52.7 ± 2.7
.

VEmax women (L·min−1) 102.4 ± 5.2
.

VEmax men (L·min−1) 144.1 ± 7.0

n = 12 participants (6 men, 6 women).
.

VO2peak, peak oxygen consumption;
.

VEmax, maximum minute ventilation.

2.2. Study Design

A single-blind, randomized, crossover design was implemented where participants
completed 3 visits to the laboratory. All exercise occurred on a motorized treadmill (Track-
master TMX 3030C, Full Vision Inc., Newton, KS, USA). Visit 1 consisted of an incremental
running test to exhaustion to determine

.
VO2peak. For Visits 2 and 3 participants ran on

a treadmill for 30 min at a moderately hard intensity while breathing normal room air
(normoxia), followed immediately by 30 min of recovery while breathing either normoxic
air or air simulating a high altitude (hypoxia). Air inspired during the hypoxic recovery
contained 12% O2 (equivalent to 4500 m elevation). During Visits 2 and 3, blood was drawn
from an antecubital vein before exercise and following 30-min of recovery to test for the
anorexigenic hormone leptin. The study design is displayed in Figure 1.

Visit 1:
.

VO2peak test. Visit 1 included a running test to exhaustion for determination of
.

VO2peak. Treadmill speed began at 10 km·h−1 and increased speed 1 km·h−1 every 2 min
until volitional exhaustion [31]. Following completion of running exercise, participants
were familiarized with all testing procedures.

Visits 2–3: 30 min run and 30 min recovery. During Visits 2 and 3, participants ran for
30 min on a treadmill at a moderately hard intensity (70–85%

.
VO2peak) and then recovered

from exercise for 30 min while breathing either normoxic or hypoxic air. The condition
(normoxic recovery or hypoxic recovery) was randomized to avoid an order effect. Visits 2
and 3 were separated by a minimum of 48 h.

Ratings of perceived hunger and satiety were taken at three time points: pre-exercise,
immediately post-exercise, and following 30 min of recovery, using a 100 mm visual analog
scale questionnaire as used in our laboratory previously and as described elsewhere [32].
Blood samples were obtained at similar time points. Upon completion of questionnaires
and preliminary blood measurements, participants’ resting data were collected for 5 min
before then completing 30 min of running exercise. Minutes 0–2 of running were performed
at 60% of

.
VO2peak. Treadmill speed was then increased to 70% of

.
VO2peak for minutes

2–25. During the last 5 min of the 30 min run, treadmill speed was increased to a pace
eliciting 85% of

.
VO2peak. Rating of perceived exertion (RPE; Borg original 6–20 scale) [33]

was obtained every 5 min during running exercise. Minute ventilation (
.

VE),
.

VO2, RER, and
HR were recorded throughout exercise.
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Figure 1. Schematic representation of the experimental design. Study design depicting exercise at 
sea level and recovery at a simulated high altitude. (A) Visits 2 and 3 required running exercise at 
sea level followed by a 30 min recovery where participants breathed normal room air or hypoxic air 
simulating high altitude (B). Symbol of hypodermic needle represents venous blood draw; star rep-
resents time points for measuring hunger/satiety and lactate via finger stick. VሶO2peak, peak oxygen 
consumption. Indicated times (e.g., 7 a.m.–9 a.m.) are examples only as participants arrived at vari-
ous times throughout the morning hours. Inspired gas during measurement of energy expenditure 
(EE) represents the lone difference between Visits 2 and 3. 

Visit 1: 𝑉ሶO2peak test. Visit 1 included a running test to exhaustion for determination 
of VሶO2peak. Treadmill speed began at 10 km·h−1 and increased speed 1 km·h−1 every 2 min 
until volitional exhaustion [31]. Following completion of running exercise, participants 
were familiarized with all testing procedures. 

Visits 2–3: 30 min run and 30 min recovery. During Visits 2 and 3, participants ran for 
30 min on a treadmill at a moderately hard intensity (70–85% VሶO2peak) and then recov-
ered from exercise for 30 min while breathing either normoxic or hypoxic air. The condi-
tion (normoxic recovery or hypoxic recovery) was randomized to avoid an order effect. 
Visits 2 and 3 were separated by a minimum of 48 h. 

Ratings of perceived hunger and satiety were taken at three time points: pre-exercise, 
immediately post-exercise, and following 30 min of recovery, using a 100 mm visual ana-
log scale questionnaire as used in our laboratory previously and as described elsewhere 
[32]. Blood samples were obtained at similar time points. Upon completion of question-
naires and preliminary blood measurements, participants’ resting data were collected for 
5 min before then completing 30 min of running exercise. Minutes 0–2 of running were 
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scale) [33] was obtained every 5 min during running exercise. Minute ventilation (Vሶ E), VሶO2, 
RER, and HR were recorded throughout exercise. 

Immediately following exercise cessation, participants were connected (via corru-
gated tubing on the inspiration side of an oronasal facemask) to a reservoir of air contain-
ing either normoxic or hypoxic air. Participants laid supine for 30 min, recovering from 
exercise while breathing from the given reservoir. Heart rate was monitored throughout 
recovery and arterial O2 saturation (SpO2) was estimated using a pulse oximeter (OxiMax 
N-600×; Nellcor, Minneapolis, MN, USA). Following 30 min of recovery, perceived hunger 
and satiety were recorded and blood measurements were again performed. 

Figure 1. Schematic representation of the experimental design. Study design depicting exercise at
sea level and recovery at a simulated high altitude. (A) Visits 2 and 3 required running exercise at
sea level followed by a 30 min recovery where participants breathed normal room air or hypoxic
air simulating high altitude (B). Symbol of hypodermic needle represents venous blood draw; star
represents time points for measuring hunger/satiety and lactate via finger stick.

.
VO2peak, peak

oxygen consumption. Indicated times (e.g., 7 a.m.–9 a.m.) are examples only as participants arrived at
various times throughout the morning hours. Inspired gas during measurement of energy expenditure
(EE) represents the lone difference between Visits 2 and 3.

Immediately following exercise cessation, participants were connected (via corrugated
tubing on the inspiration side of an oronasal facemask) to a reservoir of air containing
either normoxic or hypoxic air. Participants laid supine for 30 min, recovering from exercise
while breathing from the given reservoir. Heart rate was monitored throughout recovery
and arterial O2 saturation (SpO2) was estimated using a pulse oximeter (OxiMax N-600×;
Nellcor, Minneapolis, MN, USA). Following 30 min of recovery, perceived hunger and
satiety were recorded and blood measurements were again performed.

2.3. Metabolic Responses to Exercise

Metabolic and ventilatory variables were continuously measured during exercise
in Visits 1–3. Participants wore an oronasal face mask (7450, Hans Rudolph, Shawnee,
KS, USA) and breathed through a two-way nonrebreathing valve (2700, Hans Rudolph)
connected to a flow sensor and portable gas analysis system (K5, COSMED, Concord,
CA, US) displaying breath-by-breath

.
VO2 and

.
VE. Gas analyzers were calibrated prior

to each visit with known gas concentrations within the physiological range. Heart rate
(HR) was obtained continuously during exercise and recovery with a telemetry transmitter
(GARMIN, Olathe, KS, USA) and time-averaged every 5 min. Energy expenditure during
the post-exercise recovery period was estimated from HR using a mixed model analysis
that accounts for age, sex, body mass, and

.
VO2peak and which has previously been shown

to estimate energy expenditure with a high degree of accuracy [34].

2.4. Hypoxic Delivery System

A 1000 L balloon reservoir was connected via corrugated tubing to the inspired
breathing port of the oronasal mask worn by participants. Prior to participant arrival, the
balloon was filled to capacity with 12% O2 and balance N2 using a nitrogen generator (CAT
12, Colorado Altitude Training, Boulder, CO, USA). The balloon was filled during both
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normoxic and hypoxic test days to blind participants to the inspirate. During normoxia,
a valve to the balloon stayed closed, while a valve to room air remained open so that
participants breathed only room air. An O2 analyzer (S-3A; Ametek Thermox Instruments,
Pittsburgh, PA, USA) was used to confirm the fraction of inspired O2 (FiO2).

2.5. Blood Measurements

Pre-exercise and immediately following the 30 min recovery, 5 mL of blood was
collected in EDTA-coated tubes for the analysis of plasma leptin. Samples were centrifuged
at 1300× g and 4 ◦C for 10 min (Sorvall ST8R; Thermo Fisher Scientific, MA, USA). After
centrifugation, the supernatant was pipetted from the blood collection tube, transferred to
microfuge tubes for storage at −80 ◦C, and later measured in duplicate for leptin. Leptin
was determined with a colorimetric assay [lower limit of detection: 2 pg·mL−1; intra-assay
precision: coefficient of variation (CV), 10%; inter-assay precision: CV < 12%] per the
manufacturer’s protocol (RayBiotech, Norcross, GA, USA). The assay produced a yellow
hue and absorption was read at 450 nm.

Blood lactate was measured at three time points: prior to warming up, 4 min after
the end of the 30 min run according to post-exercise lactate kinetics [35], and immediately
following the 30 min recovery. A fingertip blood sample was taken and analyzed for lactate
concentration using a portable lactate analyzer (Lactate Pro 2, ARKRAY Inc., Kyoto, Japan).
Altogether, two venous samples and three fingertip lactate samples were taken during each
experimental visit (Figure 1).

2.6. Statistical Analysis

A sample size of n = 6 was determined based on a power analysis (G*Power 3.1;
Germany) that would allow detection of significant differences in energy expenditure [36]
and leptin [37] with statistical power of 1 − β = 0.80 and α = 0.05. Statistical analyses were
performed with SigmaPlot version 14.0 (Systat Software, San Jose, CA, USA). Data were
assessed for normality using a Shapiro–Wilk test. Sphericity of data was assessed using
Mauchly’s test. For single variables examined between conditions only (e.g., energy expen-
diture), data were analyzed using paired t-tests, and for variables measured at multiple
time points during exercise or recovery (e.g.,

.
VO2 during exercise), a two-way repeated

measures ANOVA (experimental condition × time) was used. Bonferroni-corrected post-
hoc tests were applied to identify differences. Statistical significance was set at p < 0.05.
Data are presented as means ± SE.

3. Results

Testing was well tolerated by all participants, with no feelings of sickness or excess
discomfort reported during the hypoxic recovery period. Following completion of the
study, participants were unable to identify which visit was under hypoxia.

3.1. Energy Expenditure

Heart rate data (Figure 2A) were used to estimate energy expenditure during the 30 min
recovery period. Recovering for 30 min in hypoxia significantly increased post-exercise energy
expenditure (139 ± 15 kcal) compared to recovering in normoxia (98 ± 11 kcal; p = 0.03);
the hypoxic environment increased post-exercise energy expenditure in every participant.
The magnitude of increase was 42 ± 9 kcals, reflecting a mean increase in 30 min energy
expenditure of ~10% when recovering in hypoxia compared to normoxia. Individual energy
expenditure and group means are displayed in Figure 2B.
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Figure 2. Influence of hypoxic recovery on energy expenditure. Heart rate response to exercise at sea
level and recovery in either hypoxia or normoxia. Values are presented as means without standard
error bars to increase clarity. * p < 0.05 compared to normoxic recovery at same time point (A). Group
(bars) and individual (lines) data demonstrating post-exercise energy expenditure in response to
either hypoxic recovery or normoxic recovery following exercise at sea level. Data are mean ± SE.
* p < 0.05 (B).

3.2. Energy Intake

To further explore the influence of high altitude recovery on energy balance, we quanti-
fied changes in hunger and satiety by measuring the anorexigenic hormone leptin. Baseline
leptin concentrations were similar between conditions (p = 0.18), and thirty minutes of
running exercise followed by thirty minutes of recovery did not influence circulating leptin
in either condition. (Figure 3A). To supplement these objective measures, we also collected
subjective measures of hunger and satiety pre-exercise, post-exercise, and following 30 min
of recovery. Although no differences were observed in leptin concentrations, participants
reported a lower desire to eat (p = 0.01) and a reduced degree of hunger (p = 0.009) when
recovering in the simulated high altitude environment (Figure 3B,C).
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3.3. Metabolic and Ventilatory Responses

The metabolic and ventilatory responses to exercise were similar between condi-
tions. Average running velocity during the 30 min exercise was ~12 km·h−1 (roughly
8 min·mile−1). Table 2 displays the average HR,

.
VE,

.
VO2, and RPE during running exer-

cise. Pre-exercise lactate concentrations were similar between conditions (p = 0.41). By
study design, sea level exercise increased lactate concentrations to comparable levels in
the normoxic (6.5 ± 1.0 mmol·L−1) and hypoxic (6.3 ± 1.0 mmol·L−1) conditions (p = 0.64).
Recovering for 30 min in hypoxia did not influence the post-exercise return of blood lactate
(3.5 ± 0.5 mmol·L−1) compared to recovering at sea level (3.4 ± 0.4 mmol·L−1; p = 0.70).

Table 2. Metabolic and ventilatory responses during 30 min of running exercise.

HR
(bpm)

.
VE

(L·min−1)

.
VO2

(mL·kg−1·min−1)
RPE

Normoxic Recovery 167 ± 5 82.2 ± 3.8 42.7 ± 1.5 14 ± 1
Hypoxic Recovery 164 ± 4 82.1 ± 4.6 42.5 ± 1.8 13 ± 1

Data are averages over 30 min of exercise duration ± SE. HR, heart rate;
.

VE, minute ventilation;
.

VO2, oxygen
consumption; RPE, rate of perceived exertion on a scale from 6 to 20. No statistical differences were observed
between groups during exercise.

3.4. Group-Specific Responses to Post-Exercise Hypoxia

To investigate possible disparate group responses, we stratified energy expenditure
according to whether SaO2 was defended in hypoxia, and according to sex. Average
SaO2 during the post-exercise period was 97 ± 0.3% in normoxia and 81 ± 1% in hypoxia
(p < 0.001). Despite each participant inspiring 12% O2 during recovery in the hypoxic
condition, SaO2 demonstrated wide variability between participants (71–91%). Those
who averaged an SaO2 ≥ 80% experienced an increase of 57 ± 13 kcals in the hypoxic
setting while those who maintained an SaO2 < 80% experienced an increase of 23 ± 7 kcals
(p = 0.06; Figure 4A). When examined according to sex, women burned 28 ± 6 kcals more
in the hypoxic setting compared to the normoxic setting, whereas men saw an increase
of 53 ± 15 kcals (p = 0.21 compared to women; Figure 4C). Neither sex (Figure 4D) nor
the SaO2-response to hypoxia (Figure 4B) influenced the hunger rating following hypoxic
recovery (p = 0.59 and p = 0.96, respectively).
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ture (A) and hunger rating (B) based on whether SaO2 was maintained above or below 80% during
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men. No statistical differences were observed either between men and women or between those who
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4. Discussion

Assuming no change in dietary intake or alternative compensatory response, an
increase in total daily energy expenditure of 50–100 kcals has been proposed as sufficient
to prevent weight gain [3,38]. The purpose of our proof-of-concept pilot study was to
determine if altering the environmental conditions in which a person recovers from exercise
might contribute towards this increase in caloric expenditure. We report that 30 min of
post-exercise hypoxic exposure promotes additional caloric expenditure for a given bout of
exercise while simultaneously reducing hunger. Simulated high altitude recovery had a
universal effect on energy balance, as differing group-specific responses based on sex and
SaO2 at high altitude were not observed.

4.1. Energy Expenditure

When sea level exercise was concluded with 30 min of recovery in a simulated high
altitude, post-exercise energy expenditure was elevated by an average 42 ± 9 kcals, thereby
approaching—though falling short of—the mark set by Hill and colleagues as the threshold
required to halt weight gain [3,38]. Although our study design did not permit detailed
insights into the mechanism behind this increase in caloric expenditure, previous research
and observational data provide evidence that elevations in altitude correlate with elevations
in catecholamine release [22,39]. Considering these findings, our study hypothesized that
sympathetic stimulation by hypoxia would work in concert with the sympathetic signal
still lingering from a bout of exercise to confer a more robust energy expenditure when
exercise recovery occurred in hypoxia. Consistent with Moore et al.’s [40] findings that
acute hypoxic exposure is sufficient to incite sympathetic activation, heart rate remained
elevated during 30 min of hypoxic recovery, while returning more quickly to resting values
during normoxic recovery—thereby suggesting a prolonged period of elevated sympathetic
activity as a contributor to the observed elevated energy expenditure. Because post-exercise
energy expenditure varies between exercise modalities, the magnitude of effect of post-
exercise hypoxic exposure may likewise vary, perhaps depending on exercise intensity and
the degree of sympathetic stimulation [41]. Additional research investigating sympathetic
activity during and after the period of hypoxic exercise recovery is warranted to confirm
the mechanistic basis for the observed increase in energy expenditure, and comparisons
should be made regarding the magnitude of effect across various exercise modalities.
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4.2. Energy Intake

One of the presuppositions behind the 50 kcal mark set by Hill and colleagues was
a static energy intake. However, the pioneering work of Jean Mayer in 1956 [4] revealed
that, when starting with at least a minimal degree of physical activity, additional caloric
expenditure would be accompanied by an increase in energy intake. In light of these
findings, the general expectation—one often confirmed in the literature [42]—is that the
energy balance equation is dynamic, where altering one variable (e.g., exercise energy
expenditure) influences other components of energy balance. Contrary to the increase
in energy intake reported by Mayer, we observed a reduction in hunger when energy
expenditure was increased. Though difficult to isolate, the difference between our findings
and those of Mayer may have arisen due to the means of energy expenditure elevation
(physical activity vs. environmental stimuli). Regarding the 50 kcal mark, although energy
expenditure in hypoxia failed to reach this threshold, it is possible that by reducing hunger,
a simulated high altitude recovery does in fact reach the requisite 50 kcal standard invoking
meaningful weight management. This conclusion assumes that a reduction in hunger
equates to a decrease in energy intake—a connection that was previously reported when ad
libitum energy intake was recorded at high altitude [43].

One possible explanation for the observed change in appetite is an increased produc-
tion of the anorexigenic hormone leptin, which is known to be elicited by the high altitude
environment [44,45]. While the participants in our study reported a reduction in hunger,
we found no difference in leptin concentration between the normoxic and the hypoxic
conditions. As such, our findings deviate from those of Tschöp et al. [45] who reported a
hypoxia-induced release of leptin. One possible explanation behind the discrepant results
may be differences in the duration of hypoxic exposure—where our participants experi-
enced 30 min of hypoxia compared to 22 h of highland exposure in Tschöp et al. [45]. A
longer period of hypoxic exposure may, therefore, be necessary to elicit significant changes
in leptin. Supporting this idea are data from Kelly et al. [46] who recorded no difference
in leptin concentration following 30 min of hypoxia. The time course of leptin release in
both normobaric hypoxia and hypobaric hypoxia represents an area of future investigation.
In our study, despite no observed changes in plasma leptin concentration after 30 min of
simulated high altitude exposure during exercise recovery, participants reported increased
satiety and decreased appetite under hypoxic conditions. Consequently, hormones other
than leptin likely contributed to the observed changes in appetite following a short stint of
simulated highaltitude exposure during exercise recovery.

4.3. Group-Specific Responses to Post-Exercise Hypoxia

Given a similar stimulus, such as relative exercise intensity, the magnitude and effect of
sympathoadrenal stimulation can differ between men and women [47,48]. These differences
may in part be explained by the presence of estrogen and progesterone, and are known
to elicit distinct responses between men and women in physiological processes such as
macronutrient metabolism [49]. We investigated the potential relationship between sex
differences and the influence of hypoxia on energy balance. Although Camacho-Cardenosa
et al. [29] observed a more pronounced ventilatory response in men upon exposure to
normobaric hypoxia—suggesting a stronger sympathetic response to hypoxia in men—any
difference in sympathetic response that may have occurred between the sexes did not
correspond to any significant difference in energy expenditure between men and women
in our study. Although acute exercise evokes a similar appetite response in women and
men [50], hypoxia is known to affect appetite hormones and may influence hunger and
satiety differently in women and men. We recorded no observable differences in hunger and
satiety between the two groups, demonstrating a common effect of post-exercise hypoxia
on energy balance between the two groups. Additionally, we investigated any potential
differences between those who maintained an arterial oxygen saturation ≥80% (often
used at sea level as the threshold for hypoxia, [51,52]) during altitude exposure compared
with those who experienced saturation values <80%. Given the p value of 0.06, a greater
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sample size may have revealed that those who better maintained SaO2 also burned more
calories, perhaps through a more robust sympathetic response and accompanying energy
expenditure. Similar to the results obtained when stratifying by sex, the hunger response
to hypoxia was unaffected by the ability to maintain blood gases above 80% saturation.

4.4. Methodological Considerations

Though our results indicate that simulated high altitude exposure during exercise
recovery may serve as a tool to promote energy balance compared to exercise alone, some
limitations must be considered. First, we relied on heart rate data to calculate energy expen-
diture instead of oxygen consumption. The experimental investigation was undertaken as
a pilot, proof-of-concept study, and while the heart rate equation we relied upon has been
reported to estimate energy expenditure with a great deal of accuracy, utilizing oxygen
consumption is more traditionally practiced and commonly recognized for its validity in
calculating caloric expenditure. Secondly, because we only tracked participants for 30 min
post-exercise, we were unable to determine if food intake was blunted in the face of less
subjective hunger elicited by the hypoxic condition. While tracking participants for a longer
duration may have revealed that differences in hunger and energy intake were less than
reported, a longer tracking of participants could have also revealed a greater magnitude
of difference in energy expenditure. At the end of 30 min recovery, heart rate had not yet
returned to baseline values in the hypoxic condition. Given a longer period of measurement,
the differences in energy expenditure may have exceeded the values we reported. Previous
studies found that altitude increases RMR [39] especially through increased sympathetic
activity [15], and had we measured RMR the following morning, any observed differences
would be of therapeutic relevance [32]. Alongside tracking energy intake, understanding
the underlying mechanisms explaining differences in hunger and satiety may be supported
by a broader study of appetite hormones. For example, studies measuring CCK and ghrelin
have previously established that the production of these appetite hormones may be influ-
enced by high altitude [14]. Evidence also supports a unique macronutrient metabolism
in women compared to men, and tracking the flux of circulating macronutrients during
hypoxic recovery would offer additional insights into any sex-based responses to simulated
high altitude recovery [49]. In line with the previously mentioned limitations, exposing
participants to a longer recovery period may further influence appetite hormone production
and allow for extended study of their secretion as concentrations change over the course of
the recovery period. Finally, by testing women in the follicular phase, we isolated a period
when estrogen and progesterone are at their lowest. While the chosen testing window
permits confidence that women experienced similar influences of sex hormones, this same
testing timeline obscures differences between men and women that might otherwise appear,
for example, when estrogen and progesterone levels are elevated [53]. Further studies
might investigate the role of menstrual phase and menopause on the observed effects
in women, especially considering the role of hormonal changes in menopausal weight
gain [54].

4.5. Conclusions

Our results identify hypoxic exposure during exercise recovery as a promising strategy
to encourage a healthy body mass regulation. While simulated high altitude exposure
alone was previously suggested as a weight maintenance strategy [14], the combination
of hypoxia with exercise recovery may produce an amplified effect on energy balance.
Given the pilot nature of this study and the reliance on heart rate for indirect calorimetry,
future studies should apply this technique to overweight or obese individuals to investigate
whether hypoxia bears a universal influence on individuals with various metabolic profiles.
Given a deeper understanding for how hypoxic exposure during exercise recovery might
encourage healthy body mass regulation, this strategy may serve as a powerful supplement
to exercise, and one which would be attainable for the common exerciser with access to a
hypobaric or hypoxic chamber—an amenity that is likely to become increasingly pervasive
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in exercise facilities throughout the developed world. In conclusion, exposure to a simulated
high altitude post-exercise may promote excess energy expenditure compared to recovery
at sea level while simultaneously prompting decreases in energy intake, indicating a
promising strategy for weight maintenance, especially for those who are unable to maintain
a neutral or negative energy balance with exercise alone.

Author Contributions: Conceptualization A.D.A., S.N.R., G.L.S. and H.L.P.; methodology P.E.A.,
A.D.A., E.G.K., P.Y.L., S.N.R., G.L.S., T.M.T. and H.L.P.; validation P.E.A., A.D.A., P.Y.L., G.L.S. and
H.L.P.; data curation P.E.A., A.D.A., E.G.K., P.Y.L., S.N.R., G.L.S., T.M.T. and H.L.P.; writing P.E.A.,
A.D.A., P.Y.L., T.M.T. and H.L.P.; review and editing P.E.A., A.D.A., E.G.K., P.Y.L., S.N.R., G.L.S.,
T.M.T. and H.L.P.; visualization P.E.A., A.D.A., T.M.T. and H.L.P. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of Pepperdine University (protocol code
20-02-1282, original date of approval: 24 March 2020).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: Data presented in this study are available on request from the corre-
sponding author.

Acknowledgments: Thank you to Mast Lige, Brayden Wood, Alicia Oumsang, and Jaden Gabel-
hausen for support during study design and data collection. Additional thanks to Chris Melby at
Colorado State University for guidance on methodology, data analysis, and interpretation of results.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, Y.; Beydoun, M.A.; Min, J.; Xue, H.; Kaminsky, L.A.; Cheskin, L.J. Has the prevalence of overweight, obesity and central

obesity levelled off in the United States? Trends, patterns, disparities, and future projections for the obesity epidemic. Int. J.
Epidemiol. 2020, 49, 810–823. [CrossRef] [PubMed]

2. World Obesity Federation. World Obesity Atlas. 2022. Available online: https://s3-eu-west-1.amazonaws.com/wof-files/World_
Obesity_Atlas_2022.pdf (accessed on 1 July 2023).

3. Hill, J.O.; Wyatt, H.R.; Reed, G.W.; Peters, J.C. Obesity and the environment: Where do we go from here? Science 2003, 299,
853–855. [CrossRef] [PubMed]

4. Mayer, J.; Roy, P.; Mitra, K.P. Relation between caloric intake, body weight, and physical work: Studies in an industrial male
population in West Bengal. Am. J. Clin. Nutr. 1956, 4, 169–175. [CrossRef] [PubMed]

5. Blundell, J.E.; Gibbons, C.; Beaulieu, K.; Casanova, N.; Duarte, C.; Finlayson, G.; Stubbs, R.J.; Hopkins, M. The drive to eat in
homo sapiens: Energy expenditure drives energy intake. Physiol. Behav. 2020, 219, 112846. [CrossRef] [PubMed]

6. Stutts, W.C. Physical activity determinants in adults: Perceived benefits, barriers, and self efficacy. Aaohn J. 2002, 50, 499–507.
[CrossRef] [PubMed]

7. Crawford, D.; Jeffery, R.W.; French, S.A. Can anyone successfully control their weight? Findings of a three year community-based
study of men and women. Int. J. Obes. 2000, 24, 1107–1110. [CrossRef] [PubMed]

8. Lonac, M.C.; Richards, J.C.; Schweder, M.M.; Johnson, T.K.; Bell, C. Influence of short-term consumption of the caffeine-free,
epigallocatechin-3-gallate supplement, Teavigo, on resting metabolism and the thermic effect of feeding. Obesity 2011, 19, 298–304.
[CrossRef]

9. Astorino, T.; Martin, B.; Wong, K.; Schachtsiek, L. Effect of acute caffeine ingestion on EPOC after intense resistance training. J.
Sports Med. Phys. Fit. 2011, 51, 11–17.

10. Ryan, S.P.P.; Newman, A.A.; Wilburn, J.R.; Rhoades, L.D.; Trikha, S.R.J.; Godwin, E.C.; Schoenberg, H.M.; Battson, M.L.; Ewell,
T.R.; Luckasen, G.J.; et al. Sodium Glucose Co-Transporter 2 Inhibition Does Not Favorably Modify the Physiological Responses
to Dietary Counselling in Diabetes-Free, Sedentary Overweight and Obese Adult Humans. Nutrients 2020, 12, 510. [CrossRef]

11. Diepvens, K.; Westerterp, K.R.; Westerterp-Plantenga, M.S. Obesity and thermogenesis related to the consumption of caffeine,
ephedrine, capsaicin, and green tea. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R77–R85. [CrossRef]

12. Ravussin, Y.; LeDuc, C.A.; Watanabe, K.; Leibel, R.L. Effects of ambient temperature on adaptive thermogenesis during
maintenance of reduced body weight in mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2012, 303, R438–R448. [CrossRef]
[PubMed]

https://doi.org/10.1093/ije/dyz273
https://www.ncbi.nlm.nih.gov/pubmed/32016289
https://s3-eu-west-1.amazonaws.com/wof-files/World_Obesity_Atlas_2022.pdf
https://s3-eu-west-1.amazonaws.com/wof-files/World_Obesity_Atlas_2022.pdf
https://doi.org/10.1126/science.1079857
https://www.ncbi.nlm.nih.gov/pubmed/12574618
https://doi.org/10.1093/ajcn/4.2.169
https://www.ncbi.nlm.nih.gov/pubmed/13302165
https://doi.org/10.1016/j.physbeh.2020.112846
https://www.ncbi.nlm.nih.gov/pubmed/32081814
https://doi.org/10.1177/216507990205001106
https://www.ncbi.nlm.nih.gov/pubmed/12465206
https://doi.org/10.1038/sj.ijo.0801374
https://www.ncbi.nlm.nih.gov/pubmed/11033978
https://doi.org/10.1038/oby.2010.181
https://doi.org/10.3390/nu12020510
https://doi.org/10.1152/ajpregu.00832.2005
https://doi.org/10.1152/ajpregu.00092.2012
https://www.ncbi.nlm.nih.gov/pubmed/22761182


Obesities 2024, 4 181

13. Brooks, G.A.; Butterfield, G.E.; Wolfe, R.R.; Groves, B.M.; Mazzeo, R.S.; Sutton, J.R.; Wolfel, E.E.; Reeves, J.T. Increased dependence
on blood glucose after acclimatization to 4300 m. J. Appl. Physiol. 1991, 70, 919–927. [CrossRef] [PubMed]

14. Kayser, B.; Verges, S. Hypoxia, energy balance and obesity: From pathophysiological mechanisms to new treatment strategies.
Obes. Rev. 2013, 14, 579–592. [CrossRef] [PubMed]

15. Hamad, N.; Travis, S.P. Weight loss at high altitude: Pathophysiology and practical implications. Eur. J. Gastroenterol. Hepatol.
2006, 18, 5–10. [CrossRef] [PubMed]

16. Ambrosini, G.; Nath, A.K.; Sierra-Honigmann, M.R.; Flores-Riveros, J. Transcriptional activation of the human leptin gene in
response to hypoxia: Involvement of hypoxia-inducible factor 1. J. Biol. Chem. 2002, 277, 34601–34609. [CrossRef]

17. Tee, C.C.L.; Cooke, M.B.; Chong, M.C.; Yeo, W.K.; Camera, D.M. Mechanisms for combined hypoxic conditioning and divergent
exercise modes to regulate inflammation, body composition, appetite, and blood glucose homeostasis in overweight and obese
adults: A narrative review. Sports Med. 2023, 53, 327–348. [CrossRef] [PubMed]

18. Park, H.Y.; Kim, J.; Park, M.Y.; Chung, N.; Hwang, H.; Nam, S.S.; Lim, K. Exposure and exercise training in hypoxic conditions as
a new obesity therapeutic modality: A mini review. J. Obes. Metab. Syndr. 2018, 27, 93. [CrossRef] [PubMed]

19. Urdampilleta, A.; González-Muniesa, P.; Portillo, M.P.; Martínez, J.A. Usefulness of combining intermittent hypoxia and physical
exercise in the treatment of obesity. J. Physiol. Biochem. 2012, 68, 289–304. [CrossRef] [PubMed]

20. Wu, T.Y.; Ding, S.Q.; Liu, J.L.; Yu, M.T.; Jia, J.H.; Chai, Z.C.; Dai, R.C.; Zhang, S.L.; Li, B.Y.; Pan, L.; et al. Who should not go high:
Chronic disease and work at altitude during construction of the Qinghai-Tibet railroad. High Alt. Med. Biol. 2007, 8, 88–107.
[CrossRef]

21. Fulco, C.S.; Rock, P.B.; Cymerman, A. Maximal and submaximal exercise performance at altitude. Aviat. Space Environ. Med. 1998,
69, 793–801.

22. Butterfield, G.E.; Gates, J.; Fleming, S.; Brooks, G.A.; Sutton, J.R.; Reeves, J.T. Increased energy intake minimizes weight loss in
men at high altitude. J. Appl. Physiol. 1992, 72, 1741–1748. [CrossRef]

23. Slivka, D.; Dumke, C.; Hailes, W.; Ruby, B. Impact of hypoxic exercise recovery on skeletal muscle glycogen and gene expression.
High Alt. Med. Biol. 2021, 22, 300–307. [CrossRef]

24. Shaw, D.M.; Bloomfield, P.M.; Benfell, A.; Hughes, I.; Gant, N. Recovery from acute hypoxia: A systematic review of cognitive
and physiological responses during the ‘hypoxia hangover’. PLoS ONE 2023, 18, e0289716. [CrossRef]

25. Badenhorst, C.E.; Dawson, B.; Goodman, C.; Sim, M.; Cox, G.R.; Gore, C.J.; Tjalsma, H.; Swinkels, D.W.; Peeling, P. Influence of
post-exercise hypoxic exposure on hepcidin response in athletes. Eur. J. Appl. Physiol. 2014, 114, 951–959. [CrossRef]

26. Peters, B.; Ballmann, C.; Mcginnis, G.; Epstein, E.; Hyatt, H.; Slivka, D.; Cuddy, J.; Hailes, W.; Dumke, C.; Ruby, B.; et al. Graded
hypoxia and blood oxidative stress during exercise recovery. J. Sports Sci. 2016, 34, 56–66. [CrossRef]

27. Wiesner, S.; Haufe, S.; Engeli, S.; Mutschler, H.; Haas, U.; Luft, F.C.; Jordan, J. Influences of normobaric hypoxia training on
physical fitness and metabolic risk markers in overweight to obese subjects. Obesity 2010, 18, 116–120. [CrossRef]

28. Fernández Menéndez, A.; Saudan, G.; Sperisen, L.; Hans, D.; Saubade, M.; Millet, G.P.; Malatesta, D. Effects of short-term
normobaric hypoxic walking training on energetics and mechanics of gait in adults with obesity. Obesity 2018, 26, 819–827.
[CrossRef]

29. Camacho-Cardenosa, A.; Camacho-Cardenosa, M.; Tomas-Carus, P.; Timón, R.; Olcina, G.; Burtscher, M. Acute physiological
response to a normobaric hypoxic exposure: Sex differences. Int. J. Biometeorol. 2022, 66, 1495–1504. [CrossRef]

30. Harms, C.A.; McCLARAN, S.R.; Nickele, G.A.; Pegelow, D.F.; Nelson, W.B.; Dempsey, J.A. Effect of exercise-induced arterial O2
desaturation on VO2max in women. Med. Sci. Sports Exerc. 2000, 32, 1101–1108. [CrossRef]

31. Girard, O.; Sciberras, P.; Habrard, M.; Hot, P.; Chevalier, R.; Millet, G. Specific incremental test in elite squash players. Br. J. Sports
Med. 2005, 39, 921–926. [CrossRef]

32. Paris, H.L.; Foright, R.M.; Werth, K.A.; Larson, L.C.; Beals, J.W.; Cox-York, K.; Bell, C.; Melby, C.L. Increasing energy flux to
decrease the biological drive toward weight regain after weight loss–A proof-of-concept pilot study. Clin. Nutr. ESPEN 2016, 11,
e12–e20. [CrossRef]

33. Borg, G.A. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 1982, 14, 377–381. [CrossRef]
34. Keytel, L.R.; Goedecke, J.H.; Noakes, T.D.; Hiiloskorpi, H.; Laukkanen, R.; van der Merwe, L.; Lambert, E.V. Prediction of energy

expenditure from heart rate monitoring during submaximal exercise. J. Sports Sci. 2005, 23, 289–297. [CrossRef]
35. Gass, G.; Rogers, S.; Mitchell, R. Blood lactate concentration following maximum exercise in trained subjects. Br. J. Sports Med.

1981, 15, 172–176. [CrossRef]
36. Workman, C.; Basset, F.A. Post-metabolic response to passive normobaric hypoxic exposure in sedendary overweight males: A

pilot study. Nutr. Metab. 2012, 9, 103. [CrossRef]
37. Snyder, E.M.; Carr, R.D.; Deacon, C.F.; Johnson, B.D. Overnight hypoxic exposure and glucagon-like peptide-1 and leptin levels in

humans. Appl. Physiol. Nutr. Metab. 2008, 33, 929–935. [CrossRef]
38. Stroebele, N.; Hill, J.O.; Willich, S.N. Identifying the energy gap in the German population using results from representative

national health surveys (1985–2002). Public Health Nutr. 2011, 14, 44–48. [CrossRef]
39. Mawson, J.T.; Braun, B.; Rock, P.B.; Moore, L.G.; Mazzeo, R.; Butterfield, G.E. Women at altitude: Energy requirement at 4300 m. J.

Appl. Physiol. 2000, 88, 272–281. [CrossRef]

https://doi.org/10.1152/jappl.1991.70.2.919
https://www.ncbi.nlm.nih.gov/pubmed/2022585
https://doi.org/10.1111/obr.12034
https://www.ncbi.nlm.nih.gov/pubmed/23551535
https://doi.org/10.1097/00042737-200601000-00002
https://www.ncbi.nlm.nih.gov/pubmed/16357612
https://doi.org/10.1074/jbc.M205172200
https://doi.org/10.1007/s40279-022-01782-0
https://www.ncbi.nlm.nih.gov/pubmed/36441492
https://doi.org/10.7570/jomes.2018.27.2.93
https://www.ncbi.nlm.nih.gov/pubmed/31089548
https://doi.org/10.1007/s13105-011-0115-1
https://www.ncbi.nlm.nih.gov/pubmed/22045452
https://doi.org/10.1089/ham.2007.1015
https://doi.org/10.1152/jappl.1992.72.5.1741
https://doi.org/10.1089/ham.2021.0028
https://doi.org/10.1371/journal.pone.0289716
https://doi.org/10.1007/s00421-014-2829-6
https://doi.org/10.1080/02640414.2015.1031164
https://doi.org/10.1038/oby.2009.193
https://doi.org/10.1002/oby.22131
https://doi.org/10.1007/s00484-022-02298-y
https://doi.org/10.1097/00005768-200006000-00010
https://doi.org/10.1136/bjsm.2005.018101
https://doi.org/10.1016/j.clnesp.2015.11.005
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.1080/02640410470001730089
https://doi.org/10.1136/bjsm.15.3.172
https://doi.org/10.1186/1743-7075-9-103
https://doi.org/10.1139/H08-079
https://doi.org/10.1017/S1368980010000686
https://doi.org/10.1152/jappl.2000.88.1.272


Obesities 2024, 4 182

40. Moore, L.G.; Cymerman, A.; Huang, S.Y.; McCullough, R.E.; McCullough, R.G.; Rock, P.B.; Young, A.; Young, P.; Weil, J.V.; Reeves,
J.T. Propranolol blocks metabolic rate increase but not ventilatory acclimatization to 4300 m. Respir. Physiol. 1987, 70, 195–204.
[CrossRef]

41. Cunha, F.A.; Midgley, A.W.; McNaughton, L.R.; Farinatti, P.T. Effect of continuous and intermittent bouts of isocaloric cycling and
running exercise on excess postexercise oxygen consumption. J. Sci. Med. Sport 2016, 19, 187–192. [CrossRef]

42. Gibbons, C.; Blundell, J. Appetite regulation and physical activity–an energy balance perspective. Hamdan Med. J. 2015, 8, 33–52.
43. Westerterp-Plantenga, M.S.; Westerterp, K.R.; Rubbens, M.; Verwegen, C.R.; Richelet, J.-P.; Gardette, B. Appetite at “high

altitude”[Operation Everest III (Comex-’97)]: A simulated ascent of Mount Everest. J. Appl. Physiol. 1999, 87, 391–399. [CrossRef]
44. Tschöp, M.; Morrison, K.M. Weight loss at high altitude. Hypoxia: From genes to the bedside. Adv. Exp. Med. Biol. 2001, 502,

237–247.
45. Tschöp, M.; Strasburger, C.J.; Hartmann, G.; Biollaz, J.; Bärtsch, P. Raised leptin concentrations at high altitude associated with

loss of appetite. Lancet 1998, 352, 1119–1120. [CrossRef]
46. Kelly, K.R.; Williamson, D.L.; Fealy, C.E.; Kriz, D.A.; Krishnan, R.K.; Huang, H.; Ahn, J.; Loomis, J.L.; Kirwan, J.P. Acute

altitude-induced hypoxia suppresses plasma glucose and leptin in healthy humans. Metabolism 2010, 59, 200–205. [CrossRef]
47. Horton, T.J.; Pagliassotti, M.J.; Hobbs, K.; Hill, J.O. Fuel metabolism in men and women during and after long-duration exercise.

J. Appl. Physiol. 1998, 85, 1823–1832. [CrossRef]
48. Amiel, S.; Maran, A.; Powrie, J.; Umpleby, A.; Macdonald, I. Gender differences in counterregulation to hypoglycaemia.

Diabetologia 1993, 36, 460–464. [CrossRef]
49. Braun, B.; Mawson, J.T.; Muza, S.R.; Dominick, S.B.; Brooks, G.A.; Horning, M.A.; Rock, P.B.; Moore, L.G.; Mazzeo, R.S.;

Ezeji-Okoye, S.C.; et al. Women at altitude: Carbohydrate utilization during exercise at 4300 m. J. Appl. Physiol. 2000, 88, 246–256.
[CrossRef]

50. Thackray, A.E.; Deighton, K.; King, J.A.; Stensel, D.J. Exercise, appetite and weight control: Are there differences between men
and women? Nutrients 2016, 8, 583. [CrossRef]

51. Catley, D.M.; Thornton, C.; Jordan, C.; Lehane, J.; Royston, D.; Jones, J. Pronounced, episodic oxygen desaturation in the
postoperative period: Its association with ventilatory pattern and analgesic regimen. Anesthesiology 1985, 63, 20–28. [CrossRef]

52. Louie, A.; Feiner, J.R.; Bickler, P.E.; Rhodes, L.; Bernstein, M.; Lucero, J. Four types of pulse oximeters accurately detect hypoxia
during low perfusion and motion. Anesthesiology 2018, 128, 520–530. [CrossRef] [PubMed]

53. Stanhewicz, A.E.; Wong, B.J. Counterpoint: Investigators should not control for menstrual cycle phase when performing studies
of vascular control that include women. J. Appl. Physiol. 2020, 129, 1117–1119. [CrossRef] [PubMed]

54. Davis, S.R.; Castelo-Branco, C.; Chedraui, P.; Lumsden, M.A.; Nappi, R.E.; Shah, D.; Villaseca, P.; Writing Group of the
International Menopause Society for World Menopause Day 2012. Understanding weight gain at menopause. Climacteric 2012, 15,
419–429. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0034-5687(87)90050-8
https://doi.org/10.1016/j.jsams.2015.02.004
https://doi.org/10.1152/jappl.1999.87.1.391
https://doi.org/10.1016/S0140-6736(05)79760-9
https://doi.org/10.1016/j.metabol.2009.07.014
https://doi.org/10.1152/jappl.1998.85.5.1823
https://doi.org/10.1007/BF00402284
https://doi.org/10.1152/jappl.2000.88.1.246
https://doi.org/10.3390/nu8090583
https://doi.org/10.1097/00000542-198507000-00004
https://doi.org/10.1097/ALN.0000000000002002
https://www.ncbi.nlm.nih.gov/pubmed/29200008
https://doi.org/10.1152/japplphysiol.00427.2020
https://www.ncbi.nlm.nih.gov/pubmed/32702274
https://doi.org/10.3109/13697137.2012.707385
https://www.ncbi.nlm.nih.gov/pubmed/22978257

	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Metabolic Responses to Exercise 
	Hypoxic Delivery System 
	Blood Measurements 
	Statistical Analysis 

	Results 
	Energy Expenditure 
	Energy Intake 
	Metabolic and Ventilatory Responses 
	Group-Specific Responses to Post-Exercise Hypoxia 

	Discussion 
	Energy Expenditure 
	Energy Intake 
	Group-Specific Responses to Post-Exercise Hypoxia 
	Methodological Considerations 
	Conclusions 

	References

