


POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS




POTENTIAL
APPLICATIONS
FOR HUMAN
HYPOXTA
MODELS

© Titiaan Post, 2025

Proefschrift
DESIGN

Caroline de Lint, Den Haag ter verkrijging van

(caro@delint.nl) de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
Research presented in this thesis was financially supported volgens besluit van het college voor promoties
by the Institute of Aerospace Medicine, German Aerospace Center (DLR) te verdedigen op donderdag 8 mei 2025
in Cologne, Germany klokke 16:00 uur
door
Publication of this thesis was financially supported Titiaan Ernest Post
by the Centre for Human Drug Research (cHDR) foundation geboren te Hilversum

in Leiden, the Netherlands in 1990



PROMOTORES
Prof. dr. A.F. Cohen
Prof. dr. JM.A. van Gerven

CO-PROMOTOR
Prof. dr. D. Aeschbach (DLR, Cologne, DE)

PROMOTIECOMMISSIE

Prof. dr. J. Jordan (DLR, Cologne, DE)
Prof. dr. O.C. Meijer

Prof. dr. G.J. Lammers

Dr. G. Jacobs

Dr. U. Limper (DLR, Cologne, DE)

TABLE OF CONTENTS

CHAPTER I

CHAPTER 2

CHAPTER 3

CHAPTER 4

CHAPTER §

CHAPTER 6

CHAPTER 7

Introduction—7

Human hypoxia models in aerospace medicine:
Potential applications for human pharmacological
research — 13

Judicious elevation of ambient carbon dioxide during
hypobaric hypoxia to improve oxygenation in airline
passengers — a randomized feasibility study — 43

Sensitivity of cognitive function tests to acute hypoxia
in healthy subjects: a systematic literature review — 63

Oral fructose intake does not improve exercise, visual,
or cognitive performance during acute normobaric

hypoxia in healthy humans — 89

Resetting of the human circadian melatonin rhythm
by ambient hypoxia — 107

General discussion — 129
APPENDICES
Nederlandse samenvatting — 135

List of publications — 142
Curriculum Vitae — 144



CHAPTER I INTRODUCTION




Understanding human hypoxia models and their applications

Hypoxia, the condition in which the body or a region of the body is
deprived of adequate oxygen supply, is a critical factor influencing human
physiology in various environments. On Earth, hypoxia plays a critical
role in the study and treatment of conditions such as stroke and lung
diseases. Beyond clinical settings, hypoxia is also significant in high-al-
titude environments, affecting those involved in mountaineering and
aerospace missions. Understanding how the human body responds to
low oxygen levels is crucial for advancing medical science, enhancing
human performance, and ensuring safety in extreme environments. This
dissertation explores the multifaceted role of hypoxia through a series
of studies that leverage human hypoxia models, initially developed for
aerospace medicine, to better understand its effects on the body and its
potential applications in both clinical and non-clinical settings.

The foundation of human hypoxia models

Human hypoxia models are essential tools for simulating low-oxygen con-
ditions in physiological and clinical investigations. Originally developed
for aerospace medicine, these models allow researchers to replicate hypoxic
conditions in a controlled environment, providing invaluable insights into
the physiological changes that occur during oxygen deprivation. Despite
their potential, these models are currently underutilized. Chapter 2
introduces the concept of hypoxia and its relevance across various fields,
from clinical settings where hypoxia is a common complication in diseases
such as chronic obstructive pulmonary disease (coPD) and heart failure,
to high-altitude environments and space, where ambient oxygen levels
are altered. The chapter also highlights the need for standardized and
validated hypoxia models to ensure the reliability and accuracy of research
findings, which is critical for advancing our understanding of human
physiology and developing new therapeutic interventions.

Enhancing oxygenation in aviation through elevated co, levels

Commercial air travel exposes passengers to hypoxic conditions due to
the high cruising altitude. Cabin pressurization partly mitigates effects
of reduced oxygen levels, but it is not always sufficient to prevent hy-
poxemia, particularly in passengers with underlying health conditions.
Chapter 3 explores an innovative approach to counteracting hypoxemia
risks by investigating the potential benefits of elevated carbon dioxide
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(coy) levels in airplane cabins. The study tests whether maintaining a 1%
€O, concentration can improve blood oxygen saturation (SpO) levels
without negatively impacting cognitive functions, offering a potential
strategy for enhancing passenger safety and well-being during flights.
This chapter also discusses the environmental and operational impli-
cations of this approach, emphasizing the need for further research to
optimize cabin conditions while balancing efficiency and sustainability
in aviation practices.

Cognitive impairment under hypoxic conditions

One of the earliest symptoms of hypoxia exposure is impaired cognitive
functioning, which poses significant safety risks for occupational and
recreational settings at high altitudes. During high-altitude activities,
cognitive performance plays a critical role in tasks that require attention,
decision-making and memorization of safety-relevant protocols. Impaired
cognitive function predisposes to mistakes, which can have catastrophic
consequences. Over the years, numerous tests have been developed to
evaluate cognitive performance. However, due to the wide range of tests
used in studies examining cognitive performance during acute hypoxia
exposure, it is challenging to compare results across studies. Chapter 4
provides an overview on the wide range of tests used to assess cognitive
performance during acute hypoxia in healthy volunteers, to evaluate the
differences in test sensitivity to different levels of hypoxia, to explore
the role of barometric pressure, and to ultimately identify the tests that
best detect functional hypoxia effects. The chapter also highlights the
need for standardized cognitive testing to better understand the effects
of hypoxia on executive functions and to develop strategies for mitigating
these risks, particularly in environments where cognitive performance
is critical for safety and mission success.

Insights from the naked mole-rat’s hypoxia tolerance

The naked mole-rat, a species with exceptional hypoxia tolerance, offers
fascinating insights into potential adaptations that could benefit humans.
This small rodent can survive in nearly anoxic conditions by metabolizing
fructose instead of glucose, a unique adaptation that allows naked mole
rats to thrive in extreme hypoxia. Chapter 5 explores the possibility of
leveraging fructose metabolism to enhance human endurance and cog-
nitive function under hypoxic conditions. Given the limited evidence
regarding human fructose metabolism, systemic availability and metabolic
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response following oral fructose loading was assessed. In a second part, it
was determined whether fructose ingestion acutely improves endurance
capacity and visual and cognitive performance in humans exposed to acute
hypoxia in a randomized, double-blind, placebo-controlled crossover study.

Hypoxia and circadian rhythm regulation

Circadian clocks regulate daily cycles in physiology and behavior, with
a master clock in the brain aligning these rhythms to the day-night
cycle and coordinating clocks in peripheral tissues. Recent discover-
ies in rodents and cell cultures suggest that tissue oxygenation cycles
might help reset and synchronize circadian clocks. Chapter 6 explores
whether exposure to ambient hypoxia in humans can reset the circadian
melatonin rhythm, potentially providing the first direct evidence of an
interaction between the body’s hypoxia-sensing pathway and circadian
clocks. The chapter explores how behaviors that alter tissue oxygenation,
such as exercise and fasting/eating, might influence circadian timing. The
chapter also examines the implications for hypoxia-related diseases, like
chronic obstructive pulmonary disease and sleep apnea, which may lead
to circadian misalignment and associated health issues. Given the crucial
roles of hypoxia-sensing and circadian pathways in health and disease,
this study offers insights with broad, cross-disciplinary relevance.

General discussion and future directions

Chapter 7 summarizes the findings from previous chapters, highlighting
the potential of hypoxia research to advance medical science, particularly
in understanding and treating hypoxia-related conditions. The chapter
emphasizes the need for more advanced and standardized human hypoxia
models to enhance our knowledge and translate it into clinical practice.
It also underscores the importance of cross-disciplinary collaboration,
especially with aerospace medicine, to fully utilize hypoxia models and
gain new insights into human physiology. Looking ahead, research into
hypoxia and its effects on the body remains promising for breakthroughs
in both clinical and non-clinical settings.

Potential applications of experimental human hypoxia models

Experimental human hypoxia models serve as valuable tools across multi-
ple disciplines. In pathophysiological research, they provide insights into
how low oxygen levels impact the body, aiding the study of conditions
such as stroke, chronic lung diseases, and heart failure. These models also
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contribute to clinical drug development, enabling the controlled testing
of new treatments and improving understanding of their potential in
addressing oxygen-deprivation-related conditions. Moreover, hypoxia
studies can serve as benchmarks of functional relevance, for (novel) cNs-
active drug effects in healthy participants.

Beyond healthcare, hypoxia models are instrumental in occupational
medicine, supporting the safety and performance of individuals working
in low-oxygen environments, such as high-altitude workers, miners or
military personnel. Similarly, in aerospace safety, they simulate conditions
encountered by pilots and astronauts, informing strategies to enhance
safety and performance in flight and space missions. These applications
highlight the practical value of hypoxia models in bridging research and
real-world challenges across diverse fields.

CHAPTER I — INTRODUCTION
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HUMAN HYPOXIA MODELS

IN AEROSPACE MEDICINE:
POTENTIAL APPLICATIONS FOR
HUMAN PHARMACOLOGICAL
RESEARCH




ABSTRACT

INTRODUCTION

Challenges in space and aeronautics environments

In space and in aeronautics, human beings are exposed to harsh envi-
ronmental conditions that pose risks for health and performance. An
important example is altered atmospheric pressure and composition.
Even in pressurized aeroplane cabins, atmospheric pressure and oxygen
partial pressure are significantly reduced. In spacecraft, atmospheric
pressure and relative oxygen content vary profoundly between vehicles.
Moreover, during extravehicular activities in free space or on another
celestial body, pressure in the spacesuit is substantially reduced to re-
duce its stiffness and astronauts breathe pure oxygen.' Carbon dioxide
concentrations in space- and aircraft cabins can increase significantly
due to the closed environment.”* These conditions pose risks for human
health and performance in space but could also be tweaked to achieve
desirable health effects.

Terrestrial models in space medicine

Testing influences of atmospheric conditions in space is difficult given
the relatively low number of astronauts and limited availability of med-
ical and psychological testing capabilities. Therefore, space medicine
developed highly controlled terrestrial models exposing human beings
to environmental conditions that are relevant to space or aeronautics.
Influences of these conditions on human health and performance are
then investigated using high-fidelity phenotyping. Our study testing
the interaction between simulated weightlessness through head-down
tilt bedrest and elevated ambient carbon dioxide is prime example for
this approach.* This review will discuss how this approach could be used
in modelling disease conditions in clinical drug development with a
particular focus on hypoxia.® We will focus on commonly used human
preclinical hypoxia models and their relevance to human pathophysiology,
with the aim of providing a comprehensive analysis of the translational
gap filled by these models.

Understanding hypoxia: causes and effects

Hypoxia is a state in which the body or parts of the body are inadequate-
ly supplied with oxygen. The condition can occur for various reasons,
including high altitude exposure, heart failure, intoxications, anaemia,
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chronic vascular diseases, obstructive sleep apnoea (0sA), as well as lung
diseases such as cystic fibrosis, asthma and chronic obstructive pulmonary
disease (coPD).”” Oxygen plays is crucial for tissues to generate energy
and to maintain cellular functions.'*" Furthermore, hypoxia on a tissue
level develops when capillaries are rarefied, poorly perfused or when the
distance between capillaries and cells is increased, for example, by oedema
formation. As the final electron acceptor in the electron transport chain,
oxygen is necessary for aerobic respiration, which typically generates the
majority of the cell’s chemical energy.” Thus, hypoxia arises when oxygen
levels drop and fall below energetic demands, where causing inadequate
oxygenation of tissues and a poorly regulated response can contribute
to chronic diseases.”

Using hypoxia as a controlled human disease model

Experimentally induced hypoxia has the potential to serve as a research
tool. Hypoxia could be used as a human disease model mimicking or
inducing the pathological responses observed in certain diseases. A
potential advantage of the approach is that hypoxia exposure can elicit
physiological responses in isolation from common confounding variables,
in controlled and measurable amounts, with graded doses, and safely in
otherwise healthy individuals. Furthermore, hypoxia could be utilized
to validate potential treatment targets and pathways that are regulated
through oxygen.

SPACE MEDICINE DISCOVERIES: LESSONS FROM
TERRESTRIAL MODELS IN WEIGHTLESSNESS
ENVIRONMENTS

Weightlessness is a defining challenge in the space-related environmental
conditions that astronauts must navigate. As they effortlessly float through
their spacecraft, the physical demands on their bodies are significantly
reduced, resulting in a state of immobility. Comparable to bedrest on Earth,
prolonged periods of weightlessness lead to a decline in bone mass and
muscle weakening. Consequently, spaceflight serves as a unique testing
ground for drugs combating bone loss.

A pharmacological study involving 7 astronauts, with an average stay of
5.5 months on the International Space Station, revealed the superior effects
of resistive exercise on bone health when combined with alendronate ther-
apy compared to exercise alone.” Remarkably, classical anti-osteoporotic
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drugs also demonstrated positive effects on bones in ground-based bedrest
immobilization studies.” These findings align with current guidelines for
osteoporosis treatment, emphasizing the importance of a combination
of pharmacological and nonpharmacological interventions.*

Beyond musculoskeletal challenges, spaceflight induces decondition-
ing of the circulatory system and cardiac atrophy, leading to orthostatic
intolerance and fainting upon return to Earth. To address this, pharmaco-
logical countermeasures have been explored both in space and terrestrial
models. For instance, a study administering 5 mg of the a-agonist drug
midodrine orally to subjects following up to 16 days of head-down tilt
bedrest reduced the risk of presyncope during tilt table testing from 75 to
28%." Another study involving astronauts returning to Earth found that
10 mg of midodrine orally could reduce tachycardia while maintaining
safety.”® Clinical guidelines for syncope management now recommend
midodrine for orthostatic hypotension.”

While immobility is a classic risk factor for thromboembolic events,
space has seen only 1 symptomatic venous thrombosis, successfully treated
with enoxaparin and subsequent apixaban, without progressing to pul-
monary embolism.”** Speculation surrounds the activation of natural
thromboprotection mechanisms in space, although these have not been
thoroughly investigated during in-flight conditions. Notably, a recent
study uncovered a novel mechanism that shields bears in hibernation,
individuals undergoing head-down bedrest and patients with spinal cord
injuries—all enduring chronic immobilization—from thrombosis.” Both
bear and human thrombocytes exhibit a joint antithrombotic phenotype
marked by decreased heat shock protein (HSP) 47 expression. These prom-
ising findings may pave the way for innovative classes of antithrombotic
drugs, warranting further testing and refinement on spaceflight-related
research platforms.

All these examples demonstrate that knowledge and methodologies
derived from studies on how the space or aeronautics environment affects
human health can be exploited for terrestrial applications. We suggest
that influences of atmosphere conditions on human beings deserve more
attention in that regard.

PHYSIOLOGICAL RESPONSE TO HYPOXIA

The physiological response to hypoxia involves a complex cascade of
adaptive mechanisms aimed at restoring oxygen delivery to vital organs
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and maintaining cellular homeostasis. The response to acute, intermittent
and chronic hypoxia, is sensed by chemoreceptors. Peripheral chemo-
receptors are chemical sensory cells in the aortic and carotid bodies
that are activated by changes in oxygen, carbon dioxide and pH blood
levels, which are conveyed to the central nervous system. The response
restores homeostasis by increasing ventilation, optimizing pulmonary
ventilation—perfusion ratio, adjusting cardiac function and raising the
oxygen carrying capacity of the blood.** In addition to optimizing gas
exchange, inadequate supply triggers hyperacute responses within seconds
to minutes of vascular beds, which are initiated by mitochondria, acting
as oxygen sensor.” A hypoxic vasomotor response leads to vasodilation
and increases tissue blood flow in most organs, with the exception of the
lungs, where hypoxia induces vasoconstriction. This hyperacute response
is followed by a subacute response over minutes to hours during which
the master switch of cellular hypoxia defence, known as hypoxia-induc-
ible factors (HIFs), are activated. HIFs regulate the expression of various
hypoxia-sensitive genes such as erythropoietin (EP0), endothelin-1 (ET-1)
and vascular endothelial growth factor (VEGF).*** Nitrate oxide (NO)
contributes to oxygen sensing by modulating the activity of proteins
such as prolyl hydroxylase 2 (a key oxygen sensor in the HIF-1 pathway).
Hypoxia upregulates NO synthases which increases NO production. NO
goes on to inhibit prolyl hydroxylase 2, which prevents HIF-1a hydrox-
ylation and degradation. NoO is also crucial to the hypoxic response by
regulating vasodilation and blood flow.” Nitrite acts as NO reservoir and
is converted back to NO in oxygen-deficient conditions. Dietary nitrate,
especially from beets, can affect nitrite levels, which provides an oppor-
tunity for therapeutic interventions in hypoxic related diseases.”**° The
European Space Agency (ESA) suggests growing beets, spinach, lettuce
and rocket salad (nitrate-rich vegetables) as a food source for long-term
space missions.”

HIFs are rapidly broken down by prolyl-hydroxylase under normoxic
conditions, but accumulate and alter gene transcription under hypoxia due
to the oxygen dependent activity of their degrading enzymes. Increased
EPO and VEGF expression promote erythropoiesis and angiogenesis respec-
tively, which augments oxygen delivery to cells and tissues.* HIF prolyl
hydroxylase inhibitors such as roxadustat and molidustat stimulate Epo
production in renal anaemia** HIF-1a can also induce glucose transport-
er genes to augment glucose transport and metabolism.* Furthermore,
inflammatory stimuli trigger a metabolic shift in immune cells from
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oxidative phosphorylation towards glycolysis.* HIF may also be activated
hypoxia-independent under normoxic conditions for instance during
severe systemic bacterial infection.*** Similarly, HIF activation can occur
in situations mimicking hypoxia, such as severe iron deficiency.*® Whereas
HIF-1« is the dominating HIF molecule during the first 24 h of hypoxia
exposure, HIF-2a gains dominance thereafter.”” HIF-2a upregulation con-
tributes to serious systemic diseases such as pulmonary hypertension,
pulmonary and cardiac fibrosis, and polycythemia.*” Furthermore, HIF
activates the transcription of genes which are pivotal for cancer genesis,
progression and metastasis.* Studying high-altitude populations, such as
Andeans, Ethiopians and Tibetans, reveals genetic adaptations to chronic
hypoxia, including variations in erythrocyte homeostasis, angiogenesis,
vasoregulation and immune response.** These adaptations, particularly
the lower expression of the endothelin receptor type B gene, provide in-
sights into hypoxia tolerance and offer valuable models for understanding
and potentially treating cardiac diseases.*** Additionally, HsP70, known
for its protective effects under hypoxic conditions, may serve as a potential
biomarker for hypoxia tolerance, with genetic variations in HSP70 genes
influencing susceptibility to high-altitude illnesses.* Currently, HIE-1,
HsP70 and NO are identified as potential biomarkers to gauge hypoxia
tolerance in experimental animals and in humans.”

LEVEL-RESPONSE RELATIONSHIP AND LIMITS OF
HYPOXIA TOLERANCE

The time-dependent patterns of physiological responses to hypoxia
observed during the acclimatization process at high altitude are shown
in Figure 1. Hypoxia severity determines intensity and extent of the
physiological response.***

In mild hypoxia, the body initiates compensatory responses to mitigate
the impact of oxygen deficiency. These responses include sympathetic
nervous system activation, increased ventilation, peripheral vasodilation,
increased cardiac output and enhanced oxygen extraction by tissues.

As hypoxia worsens to moderate levels, HIF activation affects genes
involved in oxygen transport, angiogenesis and metabolism. Red blood
cell production is increased to enhance oxygen-carrying capacity and
cell metabolism increasingly shifts towards anaerobic energy generation
with increased lactate production and subsequent metabolic acidosis.

In severe hypoxia with critical oxygen deficiency, breathing becomes
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more laboured with increased respiratory effort. Anaerobic metabolism
and lactate production further increase resulting in severe metabolic
acidosis. Cognitive function becomes impaired, resulting in confusion,
impaired judgement and potential loss of consciousness. Cardiovascular
disturbances may arise, including arrhythmias, decreased cardiac output
and increased pulmonary artery pressure, which can lead to organ failure.

FIGURE I The time-dependent patterns of physiological responses to acute hypoxia observed
during the acclimatization process at high altitude (modified from Burtscher et al., 2022*°
and Mallet et al., 2023™).
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The limits of hypoxia tolerance at which the body’s compensatory mech-
anisms are overwhelmed and critical physiological dysfunction and
potentially irreversible damage ensues is referred to as defence zone. The
defence zone lies around 35 mmHg of arterial oxygen partial pressure.”
Furthermore, each organ exhibits a distinctive normoxic tissue oxygen
partial pressure threshold, below which physiological functions become
compromised: 72mmHg for kidneys, 58 mmHg for intestinal tissue,
41mmHg for liver, 34 mmHg for brain and 29 mmHg for skeletal muscle."*
Interindividual variability in hypoxia tolerance results from genetic
background, age, health status, physical fitness and acclimatization.”

Understanding the limits of hypoxia tolerance is crucial for assessing
risks associated with high-altitude activities, occupational settings and
medical conditions involving hypoxia. Careful monitoring and assess-
ment are necessary to ensure safety and mitigate potential health risks.
However, the Operation Everest studies 1-I11, all performed at 8848 m
in hypobaric chambers, have demonstrated safety and feasibility of ex-
posing highly selected, healthy, young individuals, under well controlled
conditions to extreme hypoxia over several weeks.*** In these studies,
subjects experienced increased ventilation—perfusion mismatch and
higher pulmonary artery pressure with altitude and exercise. Despite
substantial weight loss in a 40-day ascent and difficulties in achieving
maximal altitude acclimatization, the subjects reached the summit in
improved physiological conditions, thanks to controlled acclimatization
and environmental factors. In our recent series of pilot trials, we have
demonstrated the safety and feasibility of subjecting not only healthy
(Figure 2), middle-aged individuals but also those with prior myocardial
infarction to normobaric hypoxia approaching the human hypoxic limit
(Figure 2).°** Both kinds of study series pave the way for pharmacological
studies using human hypoxia models.

HYPOBARIC AND NORMOBARIC HYPOXIA

The two approaches to elicit ambient hypoxia are hypobaric hypoxia and
normobaric hypoxia. These techniques have different characteristics that
are important for practical use. In hypobaric hypoxia, as described by the
Dalton’s law of partial pressures, oxygen concentration of air remains
constant at approximately 21% but hypoxia results from reduced ambient
air pressure. A large meta-analysis of high-altitude studies showed a linear
decrease in arterial oxygen partial pressure by 1.6 kPa for every 1ooom
of altitude ascended to 60ooom.*

CHAPTER II — HUMAN HYPOXIA MODELS IN AEROSPACE MEDICINE
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FIGURE 2 Experimental setup at the German Aerospace Center’s :envihab facility, illustrating
a 35-day exposure of two healthy professional mountaineers to severe sustained hypoxia.
The study assessed pulmonary artery hypertension, echocardiographic images and cardiac
magnetic resonance imaging (CMR): providing valuable insights into the impact of prolonged
hypoxia on cardiovascular parameters (obtained from Hoffmann et al. 2020* and conducted
at the German Aerospace Center).
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In normobaric hypoxia, oxygen concentration is lowered by adding an inert
gas, typically nitrogen, while ambient air pressure remains unchanged.
Differences in the physiological response to hypobaric and normobaric
hypoxia exist but have not yet been fully characterized.®* Effects of
reduced pressure on the middle ear and other closed air-containing organs
are evident. Important disadvantages of hypobaric hypoxia compared
with normobaric hypoxia are that sophisticated and costly hypobaric
chambers are required and that study participants and staff cannot easily
move in and out of the hypoxia environment. Decompression to severe
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hypoxia may cause decompression illness. Despite these challenges, hy-
pobaric chambers offer distinct advantages over alternative methods for
simulating hypoxia. These chambers can be used to precisely control the
level of hypoxia, which is important for studies that require consistent
and repeatable conditions. Through air pumps, pressure regulators and
control systems, chamber pressure can be adjusted rapidly. Furthermore,
hypobaric chambers are often used for research or training programmes
that require large groups to be exposed to hypoxic conditions simulta-
neously. By contrast, normobaric hypoxia is easier to implement, but
requires more time to adjust the oxygen concentrations. Nitrogen can
be supplied onsite through concentrators, which operate with molecular
sieves, or from a nitrogen tank. Room-in-room solutions for normobaric
hypoxia are commercially available. For short term applications, hypoxic
gas mixtures can also be supplied through a face mask, which excludes
experimenters from hypoxia and is inexpensive.

RESPONSE TO ACUTE HYPOXIA: A CHALLENGE
TO MIMIC DISEASE

Because hypoxia affects human physiology at multiple levels ranging
from reflex mechanisms, such as the peripheral chemoreflex, to specific
cellular pathways regulated through oxygen, experimental hypoxia could
have utility in various clinical research settings. Tonic chemoreceptor
hyperactivity with subsequent sympathetic nervous system activation
has been implicated in the pathogenesis of arterial hypertension.® Thus,
peripheral chemoreceptor modulation could have therapeutic utility in
this condition, particularly in patients not responding sufficiently to es-
tablished therapies.* Our recent studies demonstrated that acute hypoxia
during high-resolution functional magnetic resonance imaging can be
used to trace peripheral chemoreceptor responses in human beings.®
Because changes in c0O, confound the response to hypoxic peripheral
chemoreceptor stimulation, isocapnic hypoxia protocols have been proven
useful in clinical research.®

Acute hypoxia can also be used to test the tolerance in patients or those
in occupational settings such as in fighter pilots. Moreover, hypoxia may
produce a phenotype resembling a clinical condition, which could then
be utilized to probe new therapies. However, hypoxia may also regulate
a disease-relevant signalling pathway. Indeed, hypoxia plays a major role
in a multitude of human diseases, either as a result of the disease, such
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as in the case of pulmonary dysfunction, or by modifying the disease
process as seen in some forms of cancer, where local hypoxia may affect
differentiation of the tumour to more aggressive phenotypes.” These
numerous implications create ample opportunity to utilize hypoxia in
clinical testing.

PULMONARY ARTERIAL HYPERTENSION
Pathophysiological background of the disease

Pulmonary arterial hypertension is a serious, progressive vasculopathy of
the lungs of different aetiologies. Increased arterial pulmonary pressure
results from increased vascular resistance of pulmonary resistance vessels.

There are five main classifications of both acute and chronic mech-
anisms that can provoke pulmonary arterial hypertension. One group
contains idiopathic and hereditary forms of primary vascular pathologies
with normal lung function and basically no cardiopulmonary comorbid-
ities. These patients show only mild to no hypoxia.®® Pulmonary arterial
hypertension can also result from left heart failure, chronic thromboem-
bolic disease or mixed or unknown origin. Because the latter diseases do
not originate from the pulmonary system, they may be less suitable to
be modelled by human hypoxia. This model is better suited for the types
of pulmonary arterial hypertension caused primarily by impaired lung
functions or hypoxia, such as copD, interstitial lung disease, sleep-dis-
ordered breathing and chronic high-altitude exposure.

Disease mechanisms modelled with experimental hypoxia

Systemic hypoxia at high altitude or in hypoxia chambers leads to hypoxic
pulmonary vasoconstriction and increases pulmonary arterial pressure.
Pulmonary arterial hypertension up to 66 mmHg systolic arterial pressure
has been safely induced over weeks in healthy individuals by normobaric
hypoxia.* Pulmonary arterial hypertension at altitude is not a disease per
se, but it can progress to life-threatening high-altitude pulmonary oedema.
Studies in mountaineers have revealed that the vasoactive factors that are
involved in the development of the hypoxic pulmonary vasoconstriction
at altitude are also responsible for the pulmonary arterial hypertension
in patients.” Chronic sojourn at high altitude may eventually result in
pulmonary arterial hypertension and, remodelling of the pulmonary vas-
culature and right heart failure. These similarities are what makes induced
hypoxia an excellent tool to model this disease in a controlled manner.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Pulmonary arterial hypertension is caused by disbalance between vasodil-
atory and vasoconstrictive factors. Patients with pulmonary hypertension
exhibit reduced levels of the key vasodilators NO, its second messenger
c¢GMP and prostacyclin while vasoconstrictors endothelin-1 and throm-
boxane-Az are increased. Additionally, reactive oxygen species production
increased through induction of oxidase systems.*

Open questions which can be addressed with human hypoxia models

Human hypoxia models could be particularly suitable when testing phar-
macological interventions for pulmonary arterial hypertension associated
with arterial hypoxia such as in high altitude or pulmonary disease. In
this setting, hypoxia exposure recapitulates a fundamental pathogenic
mechanism increasing pulmonary vascular resistance. Considering
that home oxygen therapy is often effective in reducing dyspnoea and
improving physical capacity in these conditions,” clinical trials under
controlled ambient hypoxia can serve as a meaningful research tool.
Episodes of desaturation during sleep is another trait of pulmonary arterial
hypertension, which could be easily modelled by periodic reduction of
ambient oxygen. However, hypoxia-exposure in healthy probands could
also add useful information in early-stage clinical trial of drugs developed
for pulmonary hypertension treatment not primarily caused by hypoxia.

The 2022 Esc/ERS Guidelines for the diagnosis and treatment of pul-
monary hypertension call on to perform more studies on the responses
of patients with pulmonary arterial hypertension at altitude.” There are
120 million people worldwide who live above 2500 m. Because research at
geographic altitude can be a logistical challenge, these conditions could
be more safely simulated under highly controlled laboratory conditions.

Limitations of pulmonary arterial hypertension hypoxia models

While arterial hypoxia and increased pulmonary vascular resistance
can be effectively modelled, other disease characteristics are less repro-
ducible. The duration of the experimental hypoxic exposition will not
be long enough to induce relevant pulmonary remodelling in healthy
participants. Trials should therefore aim to investigate acute responses
in the vasculature such as oxygen metabolism and the hypoxia-induced
inflammation and fibrosis. Furthermore, pulmonary arterial hyper-
tension-related comorbidities should be carefully considered. Patients
with chronic pulmonary arterial hypertension may develop right heart
failure, which can affect the whole cardio-circulatory system. Healthy
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participants will maintain right heart function with higher cardiac outputs
than pulmonary arterial hypertension patients.

COPD
Pathophysiological background of the disease

coPD encompasses inflammatory diseases that cause structural abnor-
malities to the airways and or pulmonary parenchyma,” usually caused
by smoking or inhaled particulates.” Pronounced ventilation—perfusion
inequalities within poorly ventilated, yet well-perfused alveoli, result in
hypoxaemia and, in certain patients, hypercapnia.” As the disease progress-
es, inflammation-induced hyperplasia of respiratory glands significantly
increases the production of viscoid mucus, leading to the obstruction of
both smaller and larger airways. Consequently, this obstruction culminates
in hypoxia and respiratory epithelial cell failure. Cough and dyspnoea
represent the primary symptoms of this condition. Hypoxic respiratory
epithelial cells in copp lungs exhibit an increased sodium absorption,
attributed to the upregulated expression of epithelial Na* channels, con-
sequently leading to mucus thickening.” Paradoxically, the opposite effect
has been observed in healthy individuals who developed high altitude
pulmonary oedema. In these individuals, hypoxia reduced transepithelial
sodium transport mediated by epithelial Na* channels, resulting in the
accumulation of fluid in the alveoli.”

COPD is associated with systemic inflammation and numerous comor-
bidities, most notably cardiovascular disease.””” Hypoxia plays a vital
role in this process because the increase in the HIF cascade stimulates
angiogenesis within atherosclerotic plaques.” There is a vicious cycle be-
tween the copp-induced inflammation and hypoxia where inflammation
increases metabolic demand and hypoxia increases the levels of reactive
oxidative species, an inflammatory agent. In mice, the combination of a
high/fat diet and chronic intermittent hypoxia has been shown to have
a significant negative impact on atherosclerosis.” However, the direct
effect of hypoxia in connecting copD and atherosclerosis in the absence
of associated inflammation requires further investigation, which could
be addressed through laboratory-induced hypoxia studies.

Disease mechanisms modelled with experimental hypoxia

By isolating hypoxia effects in the absence of inflammation, laboratory-in-
duced hypoxia studies can provide insights into the direct relationship

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

between hypoxia and atherosclerosis. Additionally, human hypoxia models
can be utilized to study respiratory failure in copp.” Type I respiratory
failure, characterized by a ventilation—perfusion mismatch with normal
or low arterial partial pressure of carbon dioxide levels and a reduced
arterial partial pressure of oxygen (PaO,), can be modelled using hy-
poxia in combination with hypocapnia or isocapnia. Type II respiratory
failure, characterized by elevated arterial partial pressure of carbon
dioxide levels and reduced PaO; levels, can be modelled using hypoxia
and hypercapnia. Human hypoxia models facilitate refining ventilation
techniques, evaluating the effectiveness of pharmaceutical interventions
and tailoring personalized therapeutic approaches to the distinct stages
and characteristics of respiratory failure.

Open questions which can be addressed with human hypoxia models

Human hypoxia models could be applied to selectively assess hypoxia
influences on atherosclerosis progression. Effects of different hypoxia
levels and durations on cOPD progression, exacerbations and the un-
derlying mechanisms can also be explored.*® Furthermore, treatment
optimization for respiratory failure in copDd during both type I and type
II phases can be studied using human hypoxia models.

Limitations of the copD hypoxia model

The model does not fully replicate the complex pathophysiology of copp:
as the disease involves multiple factors beyond hypoxia, such as chronic
inflammation, respiratory endothelial failure and airway remodelling.
Additionally, individual variations and comorbidities associated with
copD, including cardiovascular diseases, may influence the response to
hypoxia and limit generalizability. While the ability of the model to
isolate a single factor within this disease can be used as an advantage, as
previously described, cautious interpretation and consideration of these
limitations are still necessary when using the copd hypoxia model.

CENTRAL SLEEP APNOEA AND OSA
Pathophysiological background of the diseases

In central sleep apnoea (csa), a dysfunctional respiratory drive results
in apnea events during sleep. These events appear periodically together
with phases of hyperventilation. cSA is common in patients with heart
failure.® 0sA is a sleep disorder characterized by recurrent episodes of
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cessation of airflow, with or without partial or complete upper airway
obstruction during sleep, leading to disruptions in normal breathing
patterns. The obstruction results in intermittent hypoxia and hypercapnia,
as well as sleep fragmentation. OSA is primarily caused by anatomical and
physiological factors that contribute to airway collapse, such as obesi-
ty, anatomical abnormalities and decreased upper airway muscle tone.
Newer data also suggest a pathomechanism in 0sA that is dependent on
respiratory drive.” The repetitive episodes of hypoxia and hypercapnia
trigger physiological responses, including sympathetic activation, systemic
inflammation, oxidative stress and endothelial dysfunction.* These re-
sponses contribute to the development of neurocognitive, cardiovascular
and metabolic comorbidities commonly associated with osa, such as
daytime sleepiness, hypertension, coronary artery disease and insulin
resistance.*

Disease mechanisms modelled with experimental hypoxia

Above 2000m, sleep in hypobaric and normobaric hypoxia produces a
characteristic periodic breathing pattern, similar to csa, which is called
Cheyne—Stokes breathing. The apnoea hypopnoea index is directly pro-
portionally associated with increasing sleeping altitude whereas mean
oxygen saturation during sleep is inversely associated.®

Intermittent hypoxia, which mirrors repetitive hypoxia and reoxy-
genation cycles experienced by individuals with osA during sleep can
be used to model osa. This model allows researchers to study effects
of intermittent hypoxia on various physiological processes. Oxidative
stress, another important mechanism in 0sA, can be replicated through
hypoxia-induced imbalance between reactive oxygen species produc-
tion and neutralization.*® Furthermore, hypoxia-induced inflammation
and endothelial dysfunction, key contributors to osa-related compli-
cations, can be investigated by simulating the inflammatory responses
and impaired vascular function associated with hypoxia exposure.”’*
Importantly, hypoxia models should replicate the intermittent nature of
hypoxia during sleep and consider specific 0sA characteristics, including
upper airway obstruction and sleep architecture. Controlling duration
and severity of hypoxia exposure is crucial to mimic the varying degrees
of intermittent hypoxia observed in 0sA patients. By employing hypoxia
as a modelling tool, researchers can gain insights into the underlying
disease mechanisms of 0sA and its associated complications, paving the
way for the development of targeted therapeutic strategies.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Open questions which can be addressed with human hypoxia models

Animal and human models used to study osA through intermittent
hypoxia induction do not fully replicate all disease aspects.” Therefore,
healthy human osA models are continually improved through tech-
nological adjustments. To maximize construct validity, experiments
should be conducted overnight on sleeping participants rather than
during the waking hours.” Secondly, intermittent hypoxia models
should include hypercapnia, which is present during obstruction in
0sA. Thirdly, the therapeutic potential of these models depends on
factors such as dose, duration and frequency. Acute mild hypoxia (9—16%
inspired 0,) exposure with a lower number of cycles (3—15episodes/
day) leads to positive effects without inducing pathology. Conversely,
chronic severe hypoxia (2-8% inspired 0,) combined with a higher
number of cycles (48—2400 episodes/day) leads to increasing progression
of pathological conditions.” Fourthly, intermittent hypoxia should
mimic characteristic slow oxygen desaturation and rapid re-saturation
during obstructive events, as opposed to the current model with a
square-wave design of rapid desaturation and re-saturation. Lastly,
full polysomnography is necessary to characterize sleep architecture,
including frequent brain arousals. Dial-down cpAP during sleep can
induce upper airway obstruction and negative intrathoracic pressure
swings, thus creating an experimental model that closely simulates
0sA.” However, this technique is labour-intensive, invasive and not
without risks. The experimental model for osa should be tailored to
the research question at hand and may or may not require the complete
simulation of OsA.

Limitations of the 0sA hypoxia model

There are obstacles in the model, as it mainly emphasizes the lack
of oxygen in 0SA and may not fully understand the complexities
of other factors like airway collapse and disrupted sleep patterns.
Additionally, duration and frequency of hypoxic exposure in ex-
perimental settings may not perfectly replicate the intermittent
hypoxia experienced during sleep apnea episodes. Individual vari-
ations and comorbidities in OSA patients, as well as the influence
of sleep architecture, may affect the response to hypoxia and limit
generalizability. These limitations should be considered when using
0sA hypoxia models.
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MIGRAINE
Pathophysiological background of the disease

Recurrent migraine is a common, debilitating and highly elusive disorder
that is difficult to treat. The condition is characterized by recurrent, en-
during, unilateral and pulsating headaches often accompanied by nausea,
light and sound sensitivity, and sometimes preceded by a period of altered
sensory experience (often visual hallucination) called auras. The origin of
migraine is argued to be vascular and/or neurogenic but this is still under
investigation,” however, the aura symptoms are known to result from a
wave of neuron depolarization and subsequent depression propagating
across the cortex, whereas the pain results from the activation of the
trigeminovascular system and meningeal blood vessels, both through
unconfirmed mechanisms.”

Disease mechanisms modelled with experimental hypoxia

Symptoms of acute mountain sickness, a disease of the brain which is
developed by individuals who ascent to high altitudes too fast, are often
migraine-like and include headache, nausea and vomiting.”® An associa-
tion between migraine and hypoxia has been suggested for patients with
patent foramen ovale. In these patients, who also suffer from migraine,
PaO, was lower than in healthy controls and normobaric oxygen treatment
attenuated the frequency and severity of their migraines.” Furthermore,
hypoxia can trigger migraine.”® Indeed, 6 h normobaric hypoxia at
12.6% oxygen triggered migraines in 80% of participants with > 16%
presenting with aura.” Hypoxia was a more reliable migraine trigger than
nitroglycerine, which is the current experimental standard.” Hypoxia
offers safety advantages over the pharmacological models as it can be easily
reversed, whereas nitroglycerine cannot be withdrawn such that rescue
medications like triptans may be required.”” However, only few studies
with relatively small populations applied the hypoxia model. Possibly,
migraine research could benefit from hypoxia, both as a dependable and
physiologically accurate trigger for mechanistic and interventional studies.

Hypoxia models have been utilized to study various disease mechanisms
associated with migraine. One such mechanism is cortical spreading
depression (csD), a wave of neuronal depolarization and subsequent de-
pression that spreads across the cerebral cortex.!® csD has been implicated
in the generation of migraine aura and is hypothesized to contribute to

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

the initiation and propagation of migraine attacks. Hypoxia-induced
csD models have provided insights into the underlying mechanisms and
potential therapeutic targets for migraine.'” Furthermore, experimental
hypoxia can be used to investigate the role of oxygen levels in modulating
neurovascular function and neurotransmitter release, such as serotonin
and calcitonin gene-related peptide, which are involved in migraine
pathophysiology.'” Hypoxia models can provide information regarding
the interplay between hypoxia and migraine mechanisms including
cerebral blood flow, vascular reactivity and neuroinflammatory processes.

Open questions which can be addressed with human hypoxia models

Human hypoxia models offer a unique opportunity to address several
open questions in migraine research. For instance, the impact of hypoxia
on the trigeminovascular system and its contribution to migraine attacks
can be studied in controlled settings. Understanding how hypoxia affects
the release of vasoactive substances, neuronal excitability and the prop-
agation of cSD can provide insights into the triggers and mechanisms
of migraine. Additionally, human hypoxia models can shed light on the
interplay between hypoxia and other migraine triggers, such as stress,
exercise or sleep disturbances."”* Investigating how hypoxia interacts with
these triggers and influences migraine susceptibility can help uncover
the complex interactions between multiple factors involved in migraine
pathogenesis. Importantly, improving our ability to reliably trigger mi-
graines safely would facilitate the clinical testing of any future migraine
medications. Furthermore, studying the effects of hypoxia on sensory
processing and perception may provide insights into the mechanisms
underlying migraine-associated sensory hypersensitivity.'”

Limitations of the migraine hypoxia model

Migraine is a heterogeneous disorder with various triggers and individual
variations, which may not be fully captured in experimental settings.
Furthermore, translating findings from hypoxia models to clinical practice
may be challenging. Severity, duration and frequency of hypoxia-induced
migraine-like symptoms may differ from those experienced during spon-
taneous migraine attacks. Moreover, hypoxia models may not capture
contributions of genetic factors, cortical excitability or neuroinflamma-
tory processes on migraine. Genetic studies and advanced neuroimaging
techniques could conceivably improve the model.
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KIDNEY FUNCTION
Pathophysiological background of the disease

Renal oxygen sensors can translate a measure of plasma volume into a
signal for tissue oxygen pressure, through the effects of sodium reab-
sorption on renal energy use and oxygen consumption. These processes
are required for the regulation of EPo production.®® However, in severe
hypoxia below pO, 40 mmHg, glomerular filtration rate declines, leading
to sodium retention and water retention.’®'*®® Hence, renal function is
often impaired in conditions associated with hypoxia such as 0sa or cord
and predisposes to fluid and sodium retention.'” A similar phenomenon
has been described at high altitude, especially in altitude maladapted
individuals."® Hypoxia effects on patients with impaired renal function
can be studied in hypoxia models with implications risks of long air
travel or dwelling at high altitude.

Disease mechanisms modelled with experimental hypoxia

Experimental hypoxia models have been used to study the mechanisms
underlying kidney dysfunction. Hypoxia, or reduced oxygen availability,
can occur in various renal diseases due to impaired blood flow, ischaemia
or inadequate oxygenation."* Hypoxia can trigger cellular responses,
including the activation of HiFs, which play a crucial role in adaptive
mechanisms to maintain cellular homeostasis under low-oxygen condi-
tions."? Experimental hypoxia models can simulate and study the impact
of reduced oxygen levels on kidney cells and tissues, providing insights
into the molecular and cellular responses involved in renal hypoxia-related
diseases.

Furthermore, experimental hypoxia models allow researchers to inves-
tigate the effects of hypoxia on renal blood flow, glomerular filtration rate,
tubular function and electrolyte handling.'® These models can simulate
renal ischaemia—reperfusion injury, a common cause of acute kidney
injury, and elucidate the mechanisms underlying renal tissue damage,
inflammation and impaired renal function in hypoxic conditions."***

Open questions which can be addressed with human hypoxia models

Human hypoxia models may help in elucidating cellular and molecular
responses of the kidneys to hypoxic stress in real-time, providing in-
sights into the adaptive mechanisms and potential therapeutic targets.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Furthermore, human hypoxia models can aid in studying the interplay
between hypoxia and other factors contributing to kidney disease progres-
sion, such as oxidative stress, inflammation and metabolic disturbances.
Additionally, human hypoxia models can help explore the potential
benefits of oxygen-based therapies and interventions in kidney diseases."

Limitations of the kidney function hypoxia model

The kidney function hypoxia model may oversimplify complex patho-
physiological processes involved in renal hypoxia. The kidney comprises
multiple cell types, intricate blood supply and complex regulatory mech-
anisms. Second, experimental hypoxia may not fully replicate the
conditions seen in human kidney diseases. Experimental models often
involve controlled and acute hypoxia, whereas human kidney diseases
are characterized by chronic and multifactorial hypoxia. Therefore, ex-
trapolating findings from experimental models to human conditions
should be done cautiously. Third, the model primarily focuses on the
role of hypoxia in kidney dysfunction, overlooking other contributing
factors such as inflammation, oxidative stress, immune responses and
genetic factors. Neglecting these factors in the model may limit its ability
to provide a comprehensive understanding of kidney dysfunction. Lastly,
the model’s generalizability may be limited. Human kidney diseases ex-
hibit considerable heterogeneity, and the response to hypoxia can vary
among individuals and diseases. The model may not fully capture this
heterogeneity and may not be applicable to all kidney disease scenarios.

CONCLUSIONS

Human hypoxia models that originated from aerospace medicine offer
a tool for studying various physiological processes and diseases. These
models have gained popularity, particularly for replicating hypoxic
conditions in healthy humans and studying the effects of hypoxia on
the body in a controlled manner. Similarly, hypoxia models could aid
in the study of cardiovascular and neurological diseases, which are also
characterized by a decrease in oxygen supply to tissues. The models have
not yet been used widely (Table 1) but we recommend their application
as facilities for inducing hypoxia are available in aerospace medicine
departments and often open for collaborative projects. Furthermore, by
understanding how the body responds to hypoxia in extreme environ-
ments such as high altitudes and space travel, researchers could develop
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new ways to improve human health in the future. There is a need for
more standardization and validation of the different published models.*”
Overall, healthy human hypoxia models offer significant potential for
advancing our understanding of various diseases and physiological pro-
cesses. However, other human models developed for space medicine may
also have applications for human drug development. A good example
are our head-down tilt bedrest studies conducted in collaboration with
DLR, ESA and NASA, which produces musculoskeletal and cardiovascular
deconditioning as well as cephalad fluid shifts resembling those produced
by real weightlessness."*
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ABSTRACT

INTRODUCTION

Commercial jet aircraft often fly at altitudes around 30,000 - 43,000
ft. At such altitudes, oxygen partial pressure outside the airliner cabin
is profoundly reduced and incompatible with human life. Therefore,
aircraft cabins are pressurized to a level that varies by flight with the
maximum allowed cabin altitude during normal operations set at 8,000
ft (~2,438 m)."” Cabin pressurization ensures adequate oxygenation for
most passengers. However, in some individuals, oxygen saturation (SpO5)
decreases below 90%,® increasing the risk of hypoxemia-related adverse
events.*”* One potential solution is to increase cabin pressure. However,
this measure would increase aircraft weight and fuel consumption due
to the need of reinforced cabin structure, subsequently worsening its
environmental impact.” Given the continuously increasing air travel
volume, alternative strategies to improve oxygenation in passengers are
currently explored.

We assessed the potential of enriching the cabin atmosphere with
carbon dioxide (COz) as a countermeasure to in-flight hypoxia. Our
objective was to assess whether ambient co, increases blood SpO, in
healthy individuals during hypobaric hypoxia as typically experienced

during air travel.! Exposure to reduced oxygen partial pressure (pO,)
elicits an increase in ventilation, the so-called “hypoxic ventilatory
response”. The ventilatory response increases co, elimination leading
to hypocapnia which in turn opposes respiratory drive. Consequently, in
most people exposed to modest hypoxia, ventilation stabilizes slightly
above baseline levels.*

Although these counteracting regulatory circuits maintain overall
homeostasis, they can limit the ability to cope with hypoxia. Conversely,
increased inspired co, prevents hypocapnia and augments ventilation
under hypoxia for prolonged periods of time." Moreover, because c0, is
a potent cerebral vasodilator, maintaining adequate levels of arterial co,
can help ensure proper brain perfusion and prevent light-headedness,
thereby supporting overall brain function and alertness.”

Our primary hypothesis was that during a realistic simulation of a
6-hour flight a sea-level equivalent of 1% co0, inside the airliner cabin
increases our primary outcome, i.e., blood SpO,, in healthy individuals
compared to a flight condition without co, enrichment (control). To
gain insight into the underlying mechanisms, we measured secondary
endpoints including capillary blood gases and respiration. Additionally, we
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estimated brain and skeletal muscle oxygen saturation using near-infrared
spectroscopy (NIRs). Finally, we evaluated cognitive performance as reflect-
ed in sustained attention, working memory, and hand-eye coordination.

STUDY DESIGN AND METHODS

We obtained informed written consent from study participants prior to the
start of the study. The protocol was approved by the ethics committee of
the North Rhine Medical Association (Arztekammer Nordrhein; protocol
number: 2018253), and prospectively registered at the German Clinical
Trials Register (DRKS, registration number: DRKSo0015820). We conducted
all procedures according to the Declaration of Helsinki (2013). Study
participants were compensated for their participation. We performed
the study as well as the medical screening at the Institute of Aerospace
Medicine, German Aerospace Center (DLR) in Cologne, Germany.

Participants

Participants were enrolled according to a predefined set of inclusion and
exclusion criteria. In brief, participants were in good health as established
by a physical examination, medical history, stress-electrocardiogram,
routine blood, and urine testing. Men and women aged 18—40 years with
a body mass index between 18 and 30 kg/m?* were eligible. Participants
reported no recent exposure to altitudes above 1,500 m within six weeks
prior to the study, no regular practice of high-performance sports, and did
not play wind instruments. Participants abstained from alcohol, nicotine,
drugs, and caffeine for one week prior to each visit to the laboratory,
which was verified by urine testing upon admission.

Study Design

Participants were randomized to one of two study arms — one simulating
a cabin pressure equivalent to the air pressure at an altitude of ~8,000
ft and the second arm simulating a pressure equivalent to ~14,000 ft
(Figure 1). In each study arm, participants underwent two ambient co,
conditions (1 hPa or 10 hPa) on separate days with a seven-day washout
period, according to a randomized, double-blind, crossover design. Due
to the occurrence of adverse events, the second study arm (~14,000 ft) was
discontinued after 7 participants (see Results). During both conditions of
the first study arm, participants spent 6 hours in a hypobaric chamber,
which was depressurized to simulate an altitude of ~8,000 ft (753 hPa)
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corresponding to the maximum cabin altitude of an airliner as allowed
during normal operation. The two conditions differed by the ambient
€O, concentration in the hypobaric chamber, consisting of either a low or
high co, condition with normalized sea level (1ooo hPa) equivalents of
0.1% (1 hPa) or 1.0% (10 hPa) co,. We randomly assigned participants 1:1
to the two sequences in which the high or low co, conditions occurred.
Participants were initially grouped (groups of 2) based on their availability.
Subsequently, the order of treatment conditions was randomized across
these groups using an R script that simulates a coin toss. Both the physician
taking the measurements and the participants inside the chamber were
blinded to the treatment conditions. In contrast, the study staff operating
the chamber from outside were unblinded.

We collected baseline data every morning on each study day under
normobaric and normoxic conditions. The experiment in the pressure
chamber was divided into six test blocks, each lasting 60 minutes. A test
block comprised the Environmental Symptoms Questionnaire (sQ) for
assessing Acute Mountain Sickness - Cerebral (AMS-C) (3 min), a cognitive
test battery (22 min), physiological measurements (20 min), and a break
(15 min). During each break, participants received hourly isocaloric snacks
and had the opportunity to use the restroom within the altitude chamber.
In addition, we performed capillary blood gas analysis (cBGA) 15 minutes
and 6 hours after the start of hypoxia exposure.

FIGURE 1 Flow diagram of the study.

Assessed for eligibility (N=89)

Excluded (N=61)
« Not meeting inclusion criteria (N=52) [«
« Declined to participate (N=9)

[ Randomi;ed (N=28) |
I

[ Randomized (N=21) | [ Randomized (N=7) ]
8 kft 8 kft 14 kft 14 kft
low CO, high CO, low CO, high CO,
(N=11) (N=10) (N=3) (N=4)
Withdrew consent (N=3) ],
Migraine (N=1) | — T~
8 kft 8 kft 14 kft 14 kft
low CO, high CO, low CO, high CO,
(N=10) (N=7) (N=4) (N=0)
. Discontinued due to acute
Completed study (N=17) mountain sickness (N=3)
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We collected baseline data every morning on each study day under
normobaric and normoxic conditions. The experiment in the pressure
chamber was divided into six test blocks, each lasting 6o minutes. A test
block comprised self-evaluation questionnaires (3 min), a cognitive test
battery (22 min), physiological measurements (20 min), and a break (15
min). During each break, participants received hourly isocaloric snacks
and had the opportunity to use the restroom within the altitude chamber.
In addition, we performed capillary blood gas analysis (¢cBGA) 15 min and
6 h after the start of hypoxia exposure.

Oxygenation and cognitive measurements

CAPILLARY BLOOD GAS ANALYSES (cBGA) We preferably collected
capillary blood from the earlobe five minutes after application of a blood
flow stimulating ointment (Finalgon, Sanofi-Aventis, Frankfurt, Germany).
We used the fingertip as alternative sampling site. We analyzed samples
using epoc Blood Analysis System (Siemens Healthineers, Erlangen,
Germany) which involves electrodes to assess concentration of gases
in the blood.

SPIROMETRY AND PULSE OXIMETRY We measured ventilation and
gas exchange parameters (0; and c0,) through an oral-nasal mask using
a breath-by-breath spirometer (Innoo4oo, Innovision, Glamsbjerg,
Denmark). We assessed blood oxygen saturation (SpO,) through a finger
pulse oximeter (Nonin, Plymouth, Minnesota). After conducting our
analysis, we discovered that the spirometer encountered problems when
exposed to high ambient co, levels (1o hPa) under hypobaric conditions.
After consulting with the manufacturer, we chose to exclude all data
that depended on co; measurements of the Innovision device referred
to above. In the absence of end-expiratory co, measurements, we were
unable to calculate alveolar ventilation. Therefore, we focused on minute
ventilation as a key mediator in optimizing oxygen saturation.

NEAR-INFRARED SPECTROSCOPY (NIRS) We placed sensors (Portalite
and Portamon, Artinis Medical Systems, Elst, Netherlands) over the
right frontal eminence of the skull and the belly of the right vastus
lateralis muscle. We securely fixed both sensors with dark elastic tape
to minimize artefacts from external light. The devices measured tissue
concentration of oxygenated (HbO,, pmol/L tissue) and deoxygenated
haemoglobin (Hb, pmol/L tissue) at a sampling rate of 10 Hz. From these
value total haemoglobin (tHb = HbO, + Hb, pmol/L tissue), and tissue
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oxygen saturation index (TsI; 100 x HbO,/tHb) were determined. For
the analysis, we averaged the 15-min recordings that were measured at
hourly intervals.

COGNITIVE PERFORMANCE The cognitive test battery employed
in this study comprised three components: a 10-min version of the
psychomotor vigilance task (PvT)™™ to measure sustained attention,
the N-back task with varying difficulty levels (1, 2, and 3-back load) to
evaluate working memory,”'® and the adaptive tracking task to assess
hand-eye coordination.”* The selected measures of interest included
PVT speed (ms™), PvT number of lapses (response time > 500 ms), 2-back
number of omissions, and the mean score obtained from the adaptive
tracking task. To mitigate the potential impact of training effects, each
task was performed three times prior to the study.

Statistical analysis

A statistical power analysis for the first arm was performed assuming a
moderate effect of f = 0.18 for the effect of ambient co, on blood oxygen
saturation during hypoxia exposure (high vs. low ambient co,). The anal-
ysis was based on a repeated measures analysis of variance (ANOVA) with
an alpha=o0.05 and power = 0.80. The projected sample size needed was
approximately n =17 for the crossover design in each arm. We analysed
the data using R, version 4.0.1 (R Foundation, Vienna, Austria). Numerical
data are presented as means + standard error of the means unless indicated
otherwise. Repeatedly measured data were analysed with linear mixed-ef-
fects models with treatment, time, and treatment by time as fixed effects,
and participant-specific intercepts. Measurements immediately preceding
the hypoxia exposure served as baseline and were used as covariates in
the models. In cases where the interaction term was not significant a
simplified model excluding the interaction term is reported. Post-hoc
comparisons were done on estimated marginal means. Data shown in
the figures represent descriptive means. Normality was assessed using
residual plots. An alpha value of o.05 was considered significant, with
correction for multiplicity performed using the Bonferroni-Holm method.
The first five minutes of the spirometry and near-infrared spectroscopy
(N1RS) recordings in each test block were excluded from the analysis to
minimize artefacts due to application of the measurement equipment.
The number of PvT lapses and 2-back omissions resulted in a considerable
number of zeros. To account for the excess of zeros in the count variable
PVT lapses, we used the zero-inflated negative binomial (zINB) model.
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For the 2-back omissions, the zINB model returned no overdispersion
and therefore a zero-inflated Poisson (z1P) model was applied.

Missing data

Two participants had missing SpO, data in a total of five test blocks and
one baseline measurement due to a sensor connection failure with the
spirometry device. As the average intra-individual baseline differences
were negligible (0.1% SpO,), we imputed the missing baseline value
using the available baseline data from the same individual on the other
experimental day. Additionally, for a third participant, all spirometry and
SpO, data from one test block were missing due to device failure. Overall,
the missing data accounted for 3% of our dataset, and their occurrence
could reasonably be considered random.

RESULTS

Between December 2018 and July 2019, 89 interested volunteers entered
a multi-step screening procedure, resulting in the selection of 28 healthy
adults. The study was initially designed with two arms — one simulating a
cabin pressure equivalent to the air pressure at an altitude of 8,000 ft and
the second arm simulating a pressure equivalent to ~14,000 ft (Figure 1).
However, due to signs of acute mountain sickness, we discontinued
exposure to 14,000 ft after testing seven persons. Consequently, data
collected from this arm was excluded from subsequent analyses. As a result,
twenty-one participants were assigned to the 8,000 ft arm. Within this
group, four participants did not continue the study after the first visit (low
co; condition in each case). Of those, three participants withdrew their
consent, while one experienced migraine and was excluded. Consequently,
the final dataset for the 8,000 ft arm included 17 complete datasets (8
women, mean age + SD: 27.8 + 4.2 years, mean BMI + SD: 24.6 + 3.2).
SpO; values were higher in high compared to low ambient co, (Figure
2A, mixed model, p < 0.001). Time fraction of SpO, < 90% was lower in
high compared to low ambient co, (Figure 2B, paired t-test, p = 0.005). In
hypoxia, high ambient co, resulted in increased capillary blood levels of
pCO; and pO; compared to low ambient co, (Figure 2c-D, mixed model,
factor treatment p < o0.001 in both cases), accompanied by a decrease in
pH levels (Figure 2E, mixed model, p=0.006), and a tendency toward
increased bicarbonate levels (Figure 2F, mixed model, p = 0.077). There were
no significant interactions between treatment and time for any variable.
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FIGURE 2 Mean (+ SEM) oxygen dynamics following 6 hours of hypobaric hypoxia exposure
with low and high co,. (A) Mean blood oxygen saturation at hourly intervals during exposures.
(B) Percentage of time fraction of SpO, < 90% during exposures, calculated as a fraction of the
total time of oxygen saturation measurements. (c) Carbon dioxide partial pressure, (D) oxygen
partial pressure, (E) pH and (¥) bicarbonate levels in capillary blood at baseline, after 15 min,
and 6 h of exposures. Asterisks indicate significant levels (p < 0.05) post Bonferroni-Holm
correction. For results of mixed model analysis see Results section.
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Changes from baseline in minute ventilation, tidal volume, and respiratory
rate are shown in Figure 3. High ambient co, levels resulted in increased
minute ventilation and respiratory rate (factor treatment p < 0.001 in
both cases), along with a tendency towards decreased tidal volume (fac-
tor treatment p = 0.061). There were no significant interactions between
treatment and time for any variable.

FIGURE 3 Mean (+ SEM) change from baseline for ventilation parameters during 6-h hypoxia
with 1 hPa and 10 hPa ambient co,: (A) Minute ventilation (calculated as the product of tidal
volume and respiratory rate) in L/min, (B) respiratory rate in breaths per minute and (c)
tidal volume in mL. Asterisks indicate significant levels (p < 0.05) post Bonferroni-Holm
correction. For results of mixed model analysis see Results section.

Atmospheric CO,

1 hPa
10 hPa

- N N
o 3] o
1 1 1

change from baseline
o =}
o (4]
1 1

Minute ventilation (L/min) *

* *
o * *
2 4
3 *
2]
*
1
o 2
=
)
2 1
<
<=
S o
0_
_50_
-100+
T T T T
2 3 4 5

o]
o
]

Respiratory rate (breaths/min)

(@]
I}
o

]

Tidal volume (mL)
change from baseline

-150+

Time since start of hypoxia (h)

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Individual trajectories between ambient co, conditions are shown for
SpO; and pCO; (Figure 44), and for SpO, and minute ventilation (Figure
4B). Fifteen out of 17 participants (88%) showed an increase in SpO, with
increasing pCO,, and 13 participants (76%) showed an increase in SpO,
with increasing minute ventilation.

FIGURE 4 Individual trajectories of oxygen saturation between 1 hPa and 10 hPa ambient
€0, as measured 6 h after hypoxia onset. Oxygen saturation plotted as () a function of pCO,,
and (B) as function of minute ventilation. Dashed lines highlight participants deviating from
the predominant direction observed in the majority of subjects (solid lines).
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High ambient co, resulted in higher brain tissue saturation index (TsI)
(Figure s5A, factor treatment p = 0.003), with the largest difference occur-
ring 2 h after hypoxia onset. Muscle Ts1 showed no difference between
treatments (Figure 5B). In both brain and muscle, TSI varied over time
(factor time p < 0.001 in both cases). There were no significant interactions
between treatment and time in either tissue. We observed no differences
for tHb and HbO.,.

Cognitive performance measurements did not significantly differ
between low and high ambient co, (Figure s1). The time fraction of
SpO: < 90% did not significantly correlate with cognitive performance
measures. No significant differences in AMS-C scores were observed
between treatments (Figure s2).
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FIGURE 5 Mean (+ SEM) tissue saturation index (Ts1) of the (a) brain and (8) muscle during
hypoxia exposure with 1 hPa and 10 hPa ambient co,. The measurement of Ts1 was performed
hourly and is described in Material and Methods. Asterisks indicate significant levels (p < 0.05)
post Bonferroni-Holm correction. For results of mixed model analysis see Results section.
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DISCUSSION

In our study, moderate hypobaric hypoxia resembling conditions in an
airliner cabin, co; enrichment improved blood oxygenation. The inter-
vention was well tolerated in healthy young individuals. High co, elevated
minute ventilation and respiratory rate. Consequently, co, enrichment
increased blood gas levels of pCO,, pO,, and SpO;, while reducing the time
fraction of SpO, < 90%. Furthermore, O, increased tissue oxygenation in
the brain but not in skeletal muscle. There was no cognitive impairment
in both conditions compared to normoxia.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

The minimum allowed effective oxygen level inside an airliner cabin at
cruising altitude approximates 70% of that at sea level akin to conditions
at 8,000 ft altitude. The altitude limit is a compromise between passengers’
wellbeing and safety, and structural requirements of the aircraft. Numerous
studies with healthy participants have reported a mean in-flight oxygen
saturation ranging from 91% to 95%, which is considered safe for most
people. However, in some passengers, especially in those with pre-existing
respiratory conditions, oxygen saturation can decrease below 80%.**™
Moreover, during sleep under flight conditions, blood oxygenation
can decrease below 90% for a sizable fraction of time even in healthy
individuals.*® Increased mortality risk has been observed in emergency
admissions with SpO; levels between 86% and 89% compared to 90% or
higher,® and postoperative outcomes worsen when desaturation occurs
below 90%.” Moreover, cardiac and respiratory complaints are among the
most serious in-flight medical events.” Most guidelines define hypoxemia
as an oxygen saturation level below 90% that should be avoided.” However,
existing atmospheric conditions in the cabin fail to effectively prevent
hypoxemia in all passengers.

Subtle fluctuations in SpO, levels contribute to a higher frequency of
discomfort—such as altitude-related malaise, muscular discomfort, and
fatigue—reported by unacclimatized participants after 3 to 9 hours.’ This
suggests that the slight increase in brain oxygenation observed in our
study may help mitigate fatigue during flights at 8,000 ft.

We investigated whether ambient co,'s physiological properties could
be leveraged to maintain oxygen saturation levels of airline passengers
above 90%. While acknowledging potential adverse effects of ambient
CO,, we recognize the need for a nuanced discussion. Increased inhaled
ambient cO, can lead to adverse effects.”** However, aviation authorities
currently mandate a cabin €0, limit of 0.5%.” Under hypoxic conditions
and with a controlled ambient co; concentration of 1%, we did not observe
impairments in cognitive function or acute well-being. By providing a
comprehensive perspective, our data align with the proposal to use 1%
ambient CO; to maintain passenger well-being during flights. Nonetheless,
it is important to recognize that the current investigations need to be
extended to individuals with medical conditions and those of older age.

A practical implementation of the approach outlined in this paper
would be reducing cabin ventilation to leverage the co, generated by
passengers. On the one hand, reducing cabin ventilation lessens the
need for air sourced from the aircraft’s engines (so called bleed air) for
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ventilation purposes, as currently proposed by the European Union’s
Horizon 2020 research and innovation programme.” Positive effects would
include lower fuel consumption, increased engine thrust, and reduced
risk of toxic fume events.”**

On the other hand, it might lead to concerns about increased odors
and the heightened risk of spreading infectious diseases due to lower
air exchange rates.” However, these challenges can be overcome with
straightforward technological adaptations to the aircraft’s air conditioning
systems, such as the integration of c0, sensors and specialized air filters.***

Harvey et al. proposed the inhalation of 3% c0; as a potential therapy for
mountain sickness, reporting symptom relief and an increase in arterial
oxygen partial pressure ranging between 24 and 40%.* A follow-up study
confirmed these findings, although to a lesser degree.”® Our research
aligns with these previous studies that employed a similar approach of
increasing ambient C0O,, further supporting the validity and effectiveness
off this method. It should be kept in mind however, that these previous
studies were carries out in climbers at considerably higher altitudes.

Previous studies have reported a favorable impact of ambient co, on
cerebral oxygen saturation in the presence of hypoxia and normoxia **
Our NIRS measurements on brain tissue support these findings, suggesting
a temporary vasodilatory effect and/or the increased respiration due to
high co,.

During the 6-hour exposure at ~8,000 ft under both co, conditions,
there were no significant impairments observed in cognitive performance
when compared to baseline under normobaric normoxia. Moreover, the
addition of 1% ambient co; to the aircraft cabin did not demonstrate
cognitive impairments, indicating no apparent risk to cognition in healthy
individuals. Furthermore, there was no correlation found between the
time fraction of SpO; < 90% and performance in any of the cognitive
tasks. A recent review revealed only minor impairments in some cognitive
domains at oxygen levels between 80-89% SpO,.*

An important limitation of our study is that we only included younger
and healthy participants, which limits the generalizability of our study.
Our findings cannot be simply extrapolated to older individuals and
those with medical conditions. However, it is precisely these older and
diseased individuals who are at a higher risk of experiencing in-flight
hypoxemia, and who may benefit the most from in-flight measures to
improve oxygenation. Passengers with respiratory diseases (e.g., chronic
obstructive pulmonary disease, sleep apnea) and cardiovascular diseases
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(e.g., cardiomyopathy), in particular, are more vulnerable to the dangers
of in-flight hypoxemia which could prevent them from flying at all.***
This increased vulnerability underscores the importance of studying
their capacity to tolerate elevated ambient co; levels. In clinical settings,
inhalation of c0o; at concentrations up to 3% has shown successful ther-
apeutic outcomes for conditions such as Cheyne-Stokes respiration and
central sleep apnea.*’ For passengers with respiratory diseases, the effects
of increased ambient co; are likely to vary depending on the underlying
pathophysiology of their specific condition. Thus, it is crucial to not only
evaluate the potential benefits of 1% inspiratory C0; in increasing oxygen
saturation but also consider its potential to exacerbate the condition of
these passengers. Another limitation is the absence of end-expiratory co,
measurements, which prevented us from accurately calculating alveolar
ventilation in addition to minute ventilation.

STATEMENT OF SIGNIFICANCE

With the popularity of air travel as a major transportation mode, atmo-
spheric conditions within aircraft cabins should be optimized to ensure
the well-being of all passengers. Our study challenges existing aviation
regulations by showing that an increase to up to 1% in cabin c0, concen-
tration improved mean blood oxygenation in the majority of the healthy
individuals studied here. Notably, our findings demonstrate that a higher
cabin co, concentration effectively prevents mean blood oxygen saturation
from dropping below the clinical threshold of 9o%. However, considering
the diverse and changing demographics of airline passengers —including
more individuals who are older and/or have medical conditions —, safety
implications of 1% c0, concentration should be thoroughly investigated
across different groups of passengers.
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FIGURE S2 Mean (+ SEM) AMS-C score during hypoxia exposure with 1 hPa and 1o hPa ambient

SUPPLEMENTARY MATERIALS

C0,. No significant differences were found between treatments (mixed model).
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CHAPTER IV SENSITIVITY OF COGNITIVE
FUNCTION TESTS TO ACUTE
HYPOXIA IN HEALTHY
SUBJECTS: A SYSTEMATIC
LITERATURE REVIEW




ABSTRACT

INTRODUCTION

Hypoxemia is defined as low oxygen levels in the blood.! It can occur
in obstructive sleep apnea (0sA), in various pulmonary diseases such
as copD and coviID-19, in neuromuscular disorders like Guillain-Barré
syndrome, Pompe’s disease or myasthenia gravis, and in central nervous
system (CNs) conditions like Alzheimer’s.* Hypoxemia may also develop
at high altitudes, where less oxygen is available due to the low atmospheric
pressure.”

Hypoxia research is divided into three arbitrary exposure designs:
chronic, intermittent and acute hypoxia. Research on chronic hypoxia has
shown the ability of the human body to adapt to prolonged exposure to low
oxygen levels or pressures.® Hence, individuals residing at high altitudes
or those who have had recent altitude exposure are frequently ineligible
to participate in clinical trials investigating the impacts of hypoxia. In
recent years, intermittent hypoxia (1H) has been studied, attempting to
use the human body’s adaptability to 1H as a therapeutic effect for various
diseases.” This review will focus only on acute non-intermittent hypoxia.

Studying acute hypoxia is of particular importance in assessing the
safety of occupational or recreational settings that involve acute exposure

to high altitude, e.g. pilots, military personnel, mountaineers etc. Hypoxia
facilities can induce either hypobaric hypoxia by reducing barometric
pressure or normobaric hypoxia by diluting oxygen fraction with nitro-
gen.”” There has long been debate as to whether there is a difference in
physiological response to isolated changes in barometric pressure, with
normal levels of oxygen and carbon dioxide." More recent studies suggest

that there is indeed a significant impact of pressure alone.”**

One of the first symptoms of hypoxia exposure is impaired cognitive
functioning. The level of oxygen saturation is considered to be the key
predictor in determining the extend of cognitive impairment caused by
hypoxia.* During high-altitude activities, cognitive performance plays a
critical role in tasks that require attention, decision-making and mem-
orization of protocols, as it can mitigate the risk of potential disasters.
Over the years, numerous cognitive tests have been developed to evaluate
cognitive performance. However, due to the wide range of cognitive tests
used in studies examining cognitive performance during acute hypoxia
exposure, it is challenging to compare results across different studies.

A useful test for the cognitive effects of acute hypoxia can be charac-
terized as any response measure that shows a clear, consistent response
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to meaningful hypoxia levels, across studies from a sufficient number
of different research groups. A hypoxia level-response relationship and
a plausible relationship between the function test and the physiological
response to hypoxia are indications that the test reflects physiological
activity.

Previously, similar criteria were used to evaluate the usefulness of cNs-
tests for the effects of antipsychotic drugs,” benzodiazepines,* selective
serotonin re-uptake inhibitors (SSRIs),"” 3,4-methyleendioxymethamfet-
amine (MDMA),” Dg-tetrahydrocannabinol (THC)* and alcohol® in healthy
subjects. In general, these systematic reviews showed that only a small
number of tests actually display proper characteristics for a meaningful
effect biomarker, and that these tests differ between drug classes.”

This review aims to provide an overview of the wide range of cognitive
tests used to assess cognitive performance during acute hypoxia in healthy
volunteers, to evaluate the differences in test sensitivity to different levels
of hypoxia, to explore the role of barometric pressure, and to ultimately
identify which tests best meets the criteria to serve as a meaningful test
of the functional effects of hypoxia.

METHODS

Structured literature evaluation

A literature search was performed up to 9 of November 2022 using Pubmed,
Embase, Web of Science, Cochrane Library, Emcare, PsycINFO and
Academic Search Premier. Key words used in the searches were combi-
nations of ‘hypoxia), ‘cognitive function’, ‘cognition’, ‘neuropsychological
tests’, ‘biomarkers’, ‘cognitive dysfunction’ and ‘mental deterioration’.
The searches were limited to healthy adults and articles in English.
The resulting studies were subject to several selection criteria. Reviews,
studies in experimental animals or patients, < 5 healthy subjects and
confounding factors like exercise, acclimatization, sleep, brain stimulation
and breathing exercise were excluded. The review was restricted to the
effects of hypoxia exposure of < 8 hours and the presence of a normoxia
condition, served as baseline or control group. Studies that contained a
confounding factor but included both a normoxia and hypoxia group in
the study design were eligible for analysis. Controlling the end-tidal co,
can impact oxygen saturation, making isocapnia a potential confounding
factor. Nevertheless, studies with isocapnic hypoxia were included when
the oxygen saturation was documented.
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Mapping of results

Most studies compared hypoxia and normoxia groups, using one or more
cognitive tests. In addition, some studies examined different exposure
durations and/or severities. The normoxia condition represented either
a placebo-controlled group or served as a baseline measurement of the
group that would later be exposed to the hypoxia condition. Each primary
test parameter for each cognitive test used in a study was considered a
unique data point. Thus, a single study usually accounted for multiple data
points. In some cases, there was no significant difference between groups
for the primary effect parameter, while there was a significant difference
for a secondary effect parameter. However, including these secondary
effects would result in an overestimation of the cluster sensitivity. Hence,
only primary effect parameters were considered.

All data points were collected in a Microsoft Excel® database and
recorded as a significant impairment or decrease (-), as no significant effect
(=) or as a significant improvement or increase (+) of the test parameter
during the hypoxia condition compared to the normoxia condition. The
absolute values of the test effects or the levels of significant impairment
were not included in the analysis. Consequently, this approach addresses
the likelihood that a study with a hypoxia condition produces a statistically
significant effect on a given cognitive test.

Study characteristics that were recorded in the database were: effect (+
(improvement/increase) / = (no change) / - (deterioration/reduction)),
test domain, test cluster, barometric pressure (hypobaric or normobaric),
hypoxia intensity (‘dose’, displayed as FiO,/altitude), dose normalization
(four levels), oxygen saturation, exposure duration (including test du-
ration), test duration, oxygen administration (mask/chamber/altitude),
blinding (open/single-blind/double blind), randomization (randomized/
non-randomized), control (baseline/control group), design (parallel/
crossover), number of subjects, sex and age. Although blood co, levels
are relevant for hypoxia research, they were not included in the database,
as most studies did not document this information.

Analysis of individual tests and test clusters

Cognitive tests with at least five data points (i.e. five different results from
different experiments) were included in the analysis of the individual test
results. Cognitive tests that were alternate versions of the original tests, or
which tested the same cognitive functionality, were clustered to increase
the number of evaluable data points. The clusters were divided into six
domains for a better overview. The allocation of domains and clustering
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of cognitive tests was based on “A Compendium of Neuropsychological
Tests: Administration, Norms, and Commentary”,** adapted according to
comparable systemic biomarker reviews that we performed previously for
drug classes.”” The sensitivity of a test was expressed as the percentage of
statistically significant outcomes, relative to the total number of times that
the test was used in the literature. The percentages of tests that showed
cognitive impairment were calculated for each cluster.

Level-response relationships

While analysis of individual tests and test clusters provides an overview
of the sensitivity of different neuropsychological functions to hypoxia,
this does not include information on the relationship between the level
of hypoxia and the effect on cognitive test performance. This relation-
ship was studied by first applying a four-level dose normalization to
oxygen saturation. These four levels represent the severity of hypoxia as
described by Castor and Borgvall® and based on Woodrow and Webb.*
The oxygen saturation levels are > 90%, 89-80%, 79-70% and < 69%. For
studies that did not provide oxygen saturation, the fraction of inspired
oxygen or altitude was used to estimate oxygen saturation.”* Only tests
or clusters containing at least 10 data points were included in this anal-
ysis. Relationships were tested with simple linear regression analysis.
Finally, a comparison was made between all similar tests/clusters that were
measured both in normobaric hypoxia and hypobaric hypoxia. Similarly,
these results were divided over the four levels of dose normalization.

RESULTS
Study design

The literature search yielded 38 different studies on acute hypoxia that
met all criteria, published between 1993 and 31 August 2022. The number
of participants ranged from 6 to 5o and ages from 22 to 41 years (range
of mean ages between different studies). In 40% of studies only healthy
men were included, and 5% of studies included only women. Fifty-five
percent of studies included men and women. A summary of the study
characteristics is reported in Table 1.

Forty-seven percent of the reviewed studies had an open design; 37%
were single-blinded; 5% were double blinded and for 11% the blinding was
unknown. In addition, a majority of the studies had a crossover design
(89%) and 11% had a parallel design. Normoxia served in 61% of studies
as a control group and in 39% as a baseline measurement.
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Atmospheric conditioning of hypoxia

Eighteen studies were performed in a hypoxic chamber,?30334-3740:41.43:4535,55°57,

¢4 16 with a breathing mask that induced hypoxia,***##4¢3257606 tyo stud-
ies were performed at altitude,”* one both at altitude and in a chamber,”
and one both in a chamber and with a breathing mask.** The exposure
duration ranged from 10 minutes to 6.5 hours with 92% of studies using du-
rations of < 3 hours. The data points obtained were divided into exposure
to normobaric hypoxia (133; 67%) and hypobaric hypoxia (66; 33%). The
mean altitude and mean oxygen saturation for normobaric and hypobaric
hypoxia were 4500 m and 84.4%, and 3300 m and 86.9%, respectively.
Only two studies were performed with isocapnic hypoxia, so this condition

was not analysed separately.***

Tests, clusters and domains

A total of 86 different tests were used. Only six tests (including comparable
variants) (7%) were used five times or more and consequently produced
five or more data points for the analysis of hypoxia on individual tests.
These most frequently used tests were the Trail making test A (14), Trail
making test B (14), Stroop test (12), Finger tapping (5), Go/No-go (5) and
Digit symbol substitution test (DsST) (5), shown in Table 2. Overall, the
Stroop test and Finger tapping test showed the highest sensitivity to
acute hypoxia (which produced significant effects in 42% and 40% of
experiments, resp.), followed by Trail making B (29%), Trail making A
(21%) and the Go/No-go task (20%). The DSsT did not show any significant
cognitive impairment.

A cluster analysis was performed because of the small number of tests
that were performed frequently enough to allow an individual test analysis.
Tests used only incidentally were clustered together with other tests that
require the same cognitive functionality. This allowed us to increase the
sample size and thus perform a more reliable analysis on how hypoxia
affects different cognitive functions. The tests were grouped into 32
functional clusters, covering six main neurocognitive domains (Table
3). Fourteen of the 32 clusters contained at least five data points and were
used for further analysis of overall hypoxia effects (Table 4). Both delayed
recognition clusters auditory/verbal memory (83%) and visual/spatial
memory (50%), and the evoked potential cluster (60%) had the highest
sensitivity to acute hypoxia (irrespective of level). In contrast, immediate
recognition tests showed virtually no significant effects (auditory/verbal
memory tests (20%); visual/spatial memory tests (0%)). In addition to

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

delayed recognition and evoked potential, the clusters of sustained at-
tention (47%), motor control (40%) and divided attention (36%) showed
a higher sensitivity for hypoxia. The clusters inhibition (26%), shifting
(23%) and reaction time (19%) rarely yielded significant results, whereas
in the literature, tests from these clusters were used most frequently
(inhibition 23/182, shifting 31/182, and reaction time 21/182 tests).

TABLE 2 A summary of the most frequently used tests (> 5 times) for measuring the effects
of acute hypoxia on cognitive performance. The table shows the number of times tests were,
and in brackets, the number of studies from which these data points were collected. The test
performance is indicated by significant impairment or decrease (-), no significant effect (=) or
significant improvement or increase (+). Test sensitivity was calculated as the number of times
a test showed a significant impairment out of the total number of times the test was taken.

Test name Number of times taken Test performance hypoxia Test sensitivity
(number of studies) Vs normoxia
- = +
Stroop 12 (9) 5 7 o 42%
Finger tapping 5(4) 2 3 o 40%
Trail making B 14 (5) 4 10 o 29%
Trail making A 14 (5) 3 11 o 21%
Go/No-go 5(5) I 4 o 20%
DSST 5(4) o 5 o 0%

TABLE 3 An overview of the 86 tests condensed into domains and clusters.

Domain Cluster Test

Attention Divided Attention Auditory monitoring task, Combined distributive
attention test, Divided attention test, Recourse
management task, System monitoring, Visual

monitoring task

pssT-like Digit symbol substitution test
Focused/selective attention  Shifting attention test
Reaction time Choice reaction time, Deary—Liewald reaction time

task, Go/No-go task, Simple auditory and visual
reaction times, Simple unprepared reaction time,
Sorted reaction test, Target reaction test, The binary
choice task

Sustained attention Behavioural tracking task, Continuous performance
test, Motion detection task, Paced auditory serial
addition task 1.2s, Paced auditory serial addition
task 1.6s, Psychomotor vigilance task, Tracking task,
Vigilance and tracking task

Executive Inhibition Eriksen flanker test, Go/No-go task, Simon task,
Stroop test, Verbal interference, Visual interference
Language King-Devick test
Planning Tower puzzle
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[Continuation Table 3]

Domain

Cluster

Test

Reasoning/association

Abstract matching, Complex logical reasoning
task, Logical relations, Math task, Mathematical
processing, Pathfinder combined, Symbol digit
coding, sSYNWIN math task

Reward

Balloon analogue risk test

Shifting

Switching of attention, The Wisconsin card sorting
task, Trail making test A, Trail making test B

Spatial orientation

Letter rotation test, Line orientation test, Manikin
test

Working memory

Corsi block-tapping task, Digit span backward test,
Digit span forward test, Maze, N-back, Operation
span task, Visual sequence comparison

Memory

74

Auditory/verbal memory:

delayed recall

Free recall test, Memory interference task, Multiple
memory task

Auditory/verbal memory:

delayed recognition

Emotion recognition task, Memory recognition task,
Verbal memory test, Serial recognition of words

Auditory/verbal memory:

immediate recognition

Memory search, Running memory continuous
performance task

Visual/spatial memory:

delayed recall

Digital tachistoscopy

Visual/spatial memory:
delayed recognition

Memory task, Serial recognition of figures, Sternberg
short-term memory task, Visual memory task, Visual
object learning test

Visual/spatial memory:
immediate recognition

Matching to sample, Visual searching task

Motor

Motor control

Finger tapping test

Visuo-motor control

Motor praxis test, Gridshot

Neuro-

physiological

Subjective
experience

Evoked potential Auditory N1oo, Auditory P20o, Auditory P5o,
Electroencephalogram, N140, P300, Visual P1oo
Scale anger Mood test
Scale anxiety Mood test
Scale depression Mood test
Scale fatigue Mood test
Scale happiness Mood test
Scale restlessness Mood test

Scale sleepiness

Mood test, Stanford sleepiness scale

Scale vigilance

Mood test, Level of vigilance visual analogue scale

Scale vigour

Mood test

Total mood

Profile of mood state, Mood test
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TABLE 4 An overview of clusters in which at least five times a test was taken. The table shows
the number of times tests were taken in each cluster and, in brackets, the number of studies
from which these tests were collected. The test performance is indicated by significant
impairment or decrease (-), no significant effect (=) or significant improvement or increase
(+). Cluster sensitivity was calculated as the number of times a test showed a significant
impairment out of the total number of times the test was taken.

Domain Cluster Number of times  Test performance Cluster
taken (number hypoxia vs sensitivity
of studies) normoxia
- = +
Attention Sustained attention 17 (12) 8 9 o 47%
Divided attention 11 (5) 4 7 o 36%
Reaction time 21 (9) 4 16 1 19%
pssT-like 5(4) o 5 o 0%
Executive Reasoning/association 17 (8) 6 11 o 35%
Working memory 17 (7) 5 12 o 29%
Inhibition 23 (16) 6 16 I 26%
Shifting 31 (7) 7 24 o 23%
Memory Auditory/verbal memory: 6(4) 5 I o 83%
delayed recognition
Visual/spatial memory: 8 (6) 4 4 o 50%
delayed recognition
Auditory/verbal memory: 5(3) I 4 o 20%
immediate recognition
Visual/spatial memory: 6(2) o 6 o 0%
immediate recognition
Motor Motor control 5(4) 2 3 o 40%
Neuro- Evoked potential 10 (4) 6 4 o 60%

physiological

Level-response relationship

Individual tests and clusters with > 10 datapoints were inspected for
potential level-response relationships (Table 5 and 6). (Near) significant
associations were found for the Stroop test, Trail making A, Trail making
B and 25% of clusters. The Stroop test (p=o0.001, R*=1.00) and clusters
within the executive domain showed a significant relationship reasoning/
association p = 0.019, R? = 0.96; working memory p = 0.024, R* = 0.95; and
inhibition p = 0.035, R* = 0.93) or trend (shifting p = 0.057, R* = 0.89) between
the four defined levels of oxygen saturation and test sensitivity, with
lower saturations more often leading to a higher test sensitivity (Figure
1). The Trail making A, Trail making B and clusters in the attention and
neurophysiological domain did not show a level-response relationship
between oxygen saturation and test sensitivity.
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FIGURE 1 Relationship between test sensitivity and oxygen saturation of Stroop test and
clusters within the executive domain using simple linear regression analysis.
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Since sustained- and divided attention were sensitive to hypoxia, while
also playing a role in executive functioning and memory, the contribution
of attention deficits to reduced cognitive functioning was explored in more
detail. At an oxygen saturation level of > 90%, tests measuring sustained-
and divided attention demonstrated sensitivity ranging from 0% to 25%,
respectively, while the executive domain showed sensitivity between 0%
and 17%. At an oxygen saturation level of 80-90%, sustained attention
showed a test sensitivity of 60%, whereas divided attention did not show
any sensitivity, in contrast to the executive domain where sensitivity
ranged from 4% to 29%. At an oxygen saturation level of 70-80%, the
sensitivity of sustained attention was 40%, while divided attention showed
a 50% sensitivity, compared to the executive domain which ranged from
43% to 80%. Although sustained attention was not measured between an
oxygen saturation level of 69%-60%, divided attention and all clusters
within the executive domain demonstrated 100% sensitivity. There appears
to be a cautious relationship between hypoxia-related declines in divided
attention and executive performance (p = 0.059).

TABLE 5 The level-response relationship between oxygen saturation and sensitivity for tests
used > 10 times. Oxygen saturation is normalized into four groups: > 90%, 89-80%, 79-70%
and 69-60%. The table shows the number of times tests were taken and, in brackets, the
number of studies from which these tests were collected. The test performance is indicated by
significant impairment or decrease (-), no significant effect (=) or significant improvement or
increase (+). Test sensitivity was calculated as the number of times a test showed a significant
impairment out of the total number of times the test was taken.

Test name SpO, Tests Test performance Test
normalization (studies) hypoxia vs normoxia sensitivity
- = +

Stroop Total 12 (9) 5 7 o 42%
>90% 1 (1) o 1 o 0%
89-80% 7(6) 2 5 o 29%
79-70% 3(3) 2 1 o 67%
69-60% 1 (1) 1 o o 100%

Trail making B Total 14 (5) 4 10 o 29%
>90% o (o) o o o 0%
89-80% 11 (3) o 53 o 0%
79-70% 2 (2) 2 o o 100%
69-60% 1(1) 1 o o 100%

Trail making A Total 14 (5) 3 1 o 21%
>90% o (o) o o o 0%
89-80% 11 (3) 1 10 o 9%
79-70% 2 (2) 2 o o 100%
69-60% 1 (1) 1 o o 100%

CHAPTER IV — COGNITIVE TEST SENSITIVITY DURING ACUTE HYPOXIA

77



78

TABLE 6 The level-response relationship between oxygen saturation and sensitivity of clusters
tested > 1o times. Oxygen saturation is normalized into four groups: > 90%, 89-80%, 79-70%
and 69-60%. The table shows the number of times tests were taken in each cluster and, in
brackets, the number of studies from which these tests were collected. The test performance
is indicated by significant impairment or decrease (-), no significant effect (=) or significant
improvement or increase (+). Cluster sensitivity was calculated as the number of times a
test showed a significant impairment out of the total number of times the test was taken.

Domain Cluster SpO, Tests Test performance Cluster
normalization (studies)* hypoxia vs normoxia sensitivity

- = +

Attention  Sustained attention Total 17 (12) 8 9 o 47%
> 90% 2(2) o 2 o 0%

89-80% 10 (7) 6 4 o 60%

79-70% 5(5) 2 3 o 40%

Divided attention Total 11 (5) 4 7 o 36%

>90% 4 (3) 1 3 o 25%

89-80% 3(2) o 3 o 0%

79-70% 2 (1) 1 1 o 50%
69-60% 2 (1) 2 o o 100%

Reaction time Total 21 (9) 4 16 I 19%

=90% 6 (2) I 5 o 17%

89-80% 12 (7) 2 9 1 17%

79-70% 3(2) 1 2 o 33%

Executive ~ Reasoning/association Total 17 (8) 6 11 o 35%
>90% 6 (3) 1 5 o 17%

89-80% 7(5) 2 5 o 29%

79-70% 3(3) 2 1 o 67%
69-60% 1 (1) I o o 100%

Working memory Total 17 (7) 5 2 o 29%

>90% 503 o 5 o o%

89-80% 6(s) 1 5 o 17%

79-70% 4(2) 2 2 o 50%
69-60% 2 (1) 2 o o 100%

Inhibition Total 23 (16) 6 16 I 26%

>90% 3(2) o 3 o 0%

89-80% 13 (12) 3 10 o 23%

79-70% 7(5) 3 1 43%
69-60% 1 (1) I o o 100%

Shifting Total 31(7) 7 24 o 23%

>90% 1 (1) o 1 o 0%

89-80% 23 (4) 1 22 o 4%

79-70% 50) 4 1 o 80%
69-60% 2 (1) 2 o o 100%

Neuro- Evoked potential Total 10 (4) 6 4 o 60%
{’hYSi(i' 89-80% 6(3) 5 I o 83%
ogre 79-70% 4 (1) 1 3 o 25%

*Some studies included multiple SpO, levels in their experimental design.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

The effect of barometric pressure

Table 7 presents the effects of normobaric and hypobaric hypoxia on
overall cognitive performance for the four levels of oxygen saturation.
At oxygen saturation above 80%, almost no differences in sensitivity
were observed between normobaric and hypobaric hypoxia (4% and 5%
at SpO; = 90% and 27% and 27% at SpO, 89-80%, respectively). At an
oxygen saturation between 79-70%, hypobaric hypoxia affected cognitive
performance more often (67%) than normobaric hypoxia (55%), although
not significantly. At an oxygen saturation between 69-60%, no data were
reported for normobaric hypoxia.

TABLE 7 Effects of barometric pressure on test sensitivity in all clusters. The table shows the
number of times tests were taken and, in brackets, the number of studies from whish these
tests were collected. Oxygen saturation is normalized into four groups: > 90%, 89-80%, 79-70%,
and 69-60%. The number of times a significant effect was found is indicated by impairment
or decrease (-), no significant effect (=) or improvement or increase (+).

Barometric SpO, Tests Test performance Test
pressure normalization (studies)* hypoxia vs normoxia sensitivity
- = +

Normobaric Total 133 (28) 39 92 2 29%
>90% 23 (5) I 22 o 4%
89-80% 79 (18) 21 57 1 27%
79-70% 31 (7) 17 13 1 55%

Hypobaric Total 66 (8) 25 41 o 38%
>90% 19 (3) 1 18 o 5%
89-80% 26 (5) 7 19 o 27%
79-70% 12 (3) 8 o 67%
69-60% 9 (2) 9 o o 100%

*Some studies included multiple SpO, levels in their experimental design.

Given that a level-response relationship between oxygen saturation and
test sensitivity occurred solely in clusters belonging to the executive
domain, the comparison between normobaric hypoxia and hypobaric
hypoxia was narrowed to this particular domain (Table 8). Oxygen sat-
uration levels of > 9o% and between 89-80% did not yield significantly
different effects on cognitive performance between normobaric hypoxia
and hypobaric hypoxia. The largest difference was found at an oxygen
saturation between 79-70% (50% and 86%, respectively), but this difference
was not statistically significant.
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TABLE 8 Effects of normobaric and hypobaric hypoxia on test sensitivity in the executive
domain. The table shows the number of times tests were taken and, in brackets, the number
of studies from whish these tests were collected. Oxygen saturation is normalized into four
groups: = 90%, 89-80%, 79-70% and 69-60%. The number of times a significant effect was
found is indicated by impairment or decrease (-), no significant effect (=) or improvement
or increase (+).

Barometric SpO, Tests Test performance Test
pressure normalization (studies)* hypoxia vs normoxia sensitivity
- = +

Normobaric Total 62 (19) 11 50 I 18%
>90% 10 (3) o 10 o 0%
89-80% 40 (14) 5 35 o 13%
79-70% 12 (4) 6 5 1 50%

Hypobaric Total 28 (7) 14 4 o 50%
=90% 6(2) 1 5 o 17%
89-80% 9 (4) 1 8 o 1%
79-70% 7(3) 6 1 o 86%
69-60% 6 (2) 6 o o 100%

*Some studies included multiple SpO, levels in their experimental design.
DISCUSSION

A large number of tests were used in the literature to measure the acute
cNs effects of hypoxia in healthy adults. As with similar reviews for drug
classes,”” there were more tests than studies: 86 in 38 studies. Only six
individual tests, including their variants, (7%) were used five times or
more and consequently provided sufficient data points for our individual
test analysis. This wide variety of tests limits cross-study comparison. This
limitation not only hampers the current review, but a virtually unrestricted
use of a large number of distinct neurocognitive tests also thwarts the field
of hypoxia research as a whole. Although it may be useful to study different
distinct areas of cognitive performance, interpretations and insights would
strongly benefit from standardization within cognitive domains and test
clusters. Moreover, standardization of exposure protocols would also
improve comparisons between studies. Given this suboptimal context, we
grouped tests into test clusters and functional domains, to obtain more
insights into potentially meaningful hypoxia cNs-effects and protocols.
Prior reviews demonstrated that this approach is useful for assessing
function tests or biomarkers for drug effects.”* While this methodology
inevitably results in the loss of some information, it ultimately yields
a structured and comprehensive overview of the chance of measuring
significant cNs effects of acute hypoxia in studies with healthy adults.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Attention is an important functional domain that underlies most of
the other cNs-performance tasks. Hypoxia has an effect on attention,
particularly, at levels below 80%, which caused significant abnor-
malities of divided or sustained attention in 36% and 47% of studies,
respectively. This effect of hypoxia on more demanding (particularly,
divided) attention tests may also have influenced other complex or
multifunctional tasks, particularly those in the executive domain.
These clusters represent aspects of cognition with a direct effect on
safety for military personnel and pilots. Especially, impairments in sus-
tained attention, which were already frequently observed at an oxygen
saturation between 89-80% (60%), could lead to serious safety risks
when military personnel have to stand guard at altitude (2438 m - 4572
m) on hostile territory. Therefore, this aspect of cognition should be
carefully considered during training and preparation for a mission or
flight. The effect of hypoxia on reaction time seems limited, even under
more severe hypoxic conditions (SpO; < 80%) a low-test sensitivity is
observed (33%). However, it should be noted that in some cognitive
tests, secondary effects on reaction time were observed, which were
not included in the analysis to prevent bias.

In the executive domain, the different test clusters rarely showed an
effect of mild hypoxia (SpO, = 80%). However, when oxygen saturation fell
below 80%, the test sensitivity increased. The level-response relationship
between oxygen saturation and test sensitivity could indicate that cogni-
tive testing of the executive domain gives the most accurate representation
of the physiological response of hypoxia. Although the mechanism
causing the impairment of executive function by hypoxia is not clearly
understood, this could be related to impaired concentration or (divided)
attention, which are required during performance of any executive task.
It is also possible that hypoxia-induced executive impairment is related
more directly to decreased neural activity of the prefrontal cortex.®** A
review by Beebe and Gozal linked executive impairment of OSA patients
to prefrontal cortex dysfunction.®” To our knowledge, however, only one
study has examined the role of the prefrontal cortex in reducing executive
function after hypoxia exposure in healthy individuals.®* Although this
study by Ochi et al. found a statistically significant relationship between
impaired Stroop test performance and lower dorsolateral prefrontal cor-
tex activation after a combined intervention of exercise and hypoxia,
this relationship was not significant in hypoxia at rest. However, the
oxygen saturation was also lower in the combined exercise and hypoxia
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intervention than in the hypoxia at rest intervention, which is expected
as, exercise acutely decreases the oxygen saturation both combined with
and independent of hypoxia.” Therefore, a similar effect on the lower
dorsolateral prefrontal cortex might be found for more severe hypoxia.
Further research into the interaction between hypoxia, prefrontal cortex
activation and executive function could help to get a better understanding
of the physiological response to hypoxia.

Within the inhibition cluster, the Stroop test more often showed im-
pairments (42%) than when other inhibition tests were used (mean of
26%). This may reflect the dependence of the performance of the Stroop
test on accurate colour discrimination. Although this systematic review
did not specifically search for visual function studies, the retina has been
reported to be highly sensitive to hypoxia.” Based on this observation
we recommend choosing the Stroop test over other inhibition tasks.

In the memory domain, delayed recognition was the most sensitive to
hypoxia. Delayed auditory/verbal recognition tests showed the highest
sensitivity among all clusters (83%). Delayed recognition is an aspect that
can be highly relevant while navigating through new terrain. Therefore,
this should be considered especially for exploratory expeditions at altitude.

Although the number of studies using neurophysiological tests during
acute hypoxia was limited, our data suggest that tests within the neu-
rophysiological domain could be a particularly sensitive tool to assess
cNs functions during hypoxia. At an oxygen saturation between 89-80%,
the evoked potential cluster showed higher sensitivity than any other
cluster. This is in line with previous research by Tsarouchas et al. which
concluded that evoked brain responses can be used for early detection of
cognitive alterations during exposure to moderate hypobaric hypoxia.”

The impact of barometric pressure on the severity of hypoxia is a
subject of debate."™ In light of this, a secondary objective of this review
was to explore the effects of barometric pressure on cognitive function.
No significant difference was found in test sensitivity due to barometric
pressure in the overall analysis at all oxygen saturation levels. Similarly,
when only the (complex) attention or executive function domains were
considered, no significant difference was found. Although the number
of studies was too small to be conclusive, this review does not provide
indications that barometric pressure has a large impact on hypoxia sen-
sitivity. This supports the traditional consensus that normobaric and
hypobaric hypoxia can be used interchangeably." However, more recent

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

findings of several studies indicate that normobaric and hypobaric hypoxia
have different physiological effects.”® Coppel et al. suggested that the
traditional view might be based on the barometric pressure only showing
effects for longer exposure times (> 3 hours).” This could explain why
this review of acute hypoxia showed no effect of barometric pressure, as
only 8% of our studies used exposure times of more than 3 hours, and
only one of these tested the executive domain.

One limitation of this study was its reliance on characterizing the liter-
ature based on inspired oxygen fraction or altitude levels. This approach
is probably hiding relatively large interindividual SpO, variability and
therefore mixing within single studies participants with very different
hypoxemic levels. This limitation is inherent to experiments where oxygen
saturations are not individually controlled, which constituted the vast
majority of the studies in this review. To address this limitation and
provide a clearer understanding of the results, we expressed the variability
in Table 1 within each study by providing measures such as standard
deviation (SD), standard error of the mean (SEM), or 95% confidence
interval (95% cI).

An associated limitation of this review may be the variation in the
distribution and heterogeneity of SpO; levels between different tests or
clusters, which were derived from a heterogeneity of different studies.
This disparity in SpO; levels may account for the observed differences in
sensitivity to hypoxia among these clusters. For instance, clusters with
studies encompassing a wide range of hypoxic levels may have an increased
likelihood of demonstrating higher sensitivity to hypoxia severity, whereas
clusters with studies investigating a narrow range of hypoxic levels may
have reduced chances of showing hypoxia sensitivity. Consequently, this
effect could introduce bias in the analysis of the hypoxic-dose response.

A third limitation of this study is that the majority of included studies
were not blinded. This lack of blinding may introduce bias, as participants
and researchers being aware of the hypoxic or normoxic exposure could
inadvertently influence cognitive performance assessments.

All these factors reflect variabilities and disparities between hypox-
ia studies, which limits the conclusions that can be reached from the
literature, and the selection of the most sensitive and reliable tests of
cognitive effects of acute hypoxia. This emphasizes the need for more
standardisation of methodologies, to improve the comparability and
generalizability of hypoxia experiments.
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CONCLUSION

A large variety of cognitive tests were used in the literature to assess
the effects of acute hypoxia on cognition in healthy adults. This huge
methodological diversity is a major detriment to the investigation of
the cNs effects of hypoxia. With these limitations, some suggestions can
be made. The Stroop test as well as the clusters of sustained attention,
auditory/verbal: delayed recognition, visual/spatial: delayed recognition,
and evoked potential showed higher sensitivity than other tests and
clusters. All clusters within the executive domain with more than 10
data points showed a clear level-response relationship or trend, with
more frequent impairments at more severe levels of hypoxia. The data in
our review showed no different physiological effect between hypobaric
hypoxia and normobaric hypoxia. To further improve our understanding
of the effects of acute hypoxia on cognition, standardization of exposure
protocols and cognitive testing is crucial.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS
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ABSTRACT

INTRODUCTION

African naked mole-rats are unique animals which can withstand pain,
cancer and even survive up to 18 min of anoxia without complications.”
Recent studies delineated the metabolic mechanism that explains how
these mammals survive in habitats characterized by deep, crowded bur-
rows with very low oxygen and high carbon dioxide levels."** One of
the mechanisms enabling naked mole-rats to tolerate extreme hypoxia
appears to be the ability to obtain energy from fructose during oxygen
deprivation, bypassing the usual glucose pathway that requires oxygen.
Under anaerobic conditions, glycolysis is blocked by feedback inhibition
of phosphofructokinase via low pH, citrate, and allosteric binding of
adenosine triphosphate. Fructose is metabolized through a pathway that
bypasses the metabolic block at phosphofructokinase supporting viability.
The metabolic rewiring of glycolysis avoids the usual lethal effects of
oxygen deprivation, a mechanism that could be utilized to minimize
hypoxic damage in human disease.”” For example, such rewiring could
be therapeutically exploited in patients with conditions resulting from
systemic or organ-specific oxygen deprivation as in stroke and myocardial
infarction.®” Recent evidence suggests that hypoxia-inducible factor 1a
(HIF-10) impacts fructose metabolism in the context of cardiac pathologic
stress-induced hypertrophic growth.”” Therefore, we tested the hypothesis
that exogenous fructose improves acute hypoxia tolerance in humans.
Given the limited evidence regarding human fructose metabolism, we
first assessed the systemic availability and metabolic response following
oral fructose loading. Then, we determined whether fructose ingestion
acutely improves endurance capacity and visual and cognitive performance
in humans exposed to acute hypoxia in a randomized, double-blind,
placebo-controlled, and crossover study.

METHODS

Participants

The study comprised two substudies. In the first substudy, we assessed
systemic availability and metabolic effects of oral fructose. Because the
main goal of this study was to determine to what extent oral fructose
reaches the systemic circulation, the experiment was conducted in nor-
moxic conditions. In the second substudy, we compared influences of
placebo, fructose, and glucose ingestion on physical, visual and cognitive
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performance in normobaric hypoxia. In both substudies, we included
healthy persons following screening comprising a physical exam and rou-
tine laboratory testing. Men and women aged 18-45 years with a body mass
index between 18 and 25 kg/m* were eligible. We excluded participants
with fructose malabsorption determined by fructose malabsorption testing
(Gastro+™Gastrolyzer®, Bedfont Scientific, UK). In substudy 2, additional
inclusion criteria were being recreationally active defined as biking > 2
h or running > 1 h per week and no color blindness (24-plates Ishihara).
We obtained written informed consent prior to the start of the study.
Both substudies were approved by the North Rhine Medical Association
(Arztekammer Nordrhein) and prospectively registered at the German
Clinical Trials Register (DRKS, registration numbers: DRKS00028599
and DRKS00028644). We conducted all procedures according to the
Declaration of Helsinki. Study participants were compensated for their
participation. We performed medical screening and all experiments at
the German Aerospace Center (DLR) in Cologne, Germany.

Substudy 1 — systemic fructose availability and metabolic actions

We included 8 healthy participants (4 women, 4 men; mean age + SD:
25.5 + 3.6 y). Participants abstained from intense physical activity for one
day prior to the study day and maintained a food diary for three days
prior to the study day. After a 1o h fast, they reported to the laboratory.
A venous catheter was placed in the forearm and participants remained
in a supine position for 1o min before being placed under the respiratory
hood and initiation of the assessment. Following baseline measurements,
participants ingested 75 g fructose dissolved in 300 mL water. We ob-
tained venous blood for fructose, glucose, insulin, free fatty acids (FFa),
and triglyceride measurements before and 15, 30, 45, 90, 120, 150, 180
min following fructose ingestion. Plasma fructose concentrations were
determined using a manual colorimetric assay (Abnova). Glucose and
triglyceride levels were assessed using the ADVIA XPT clinical chemical
system (Siemens Healthineers, Eschborn, Germany). Serum insulin was
determined using an immunoassay on an ADVIA Centaur XPT system
(Siemens Healthineers, Eschborn, Germany). Plasma concentrations of
total FFA were measured with an enzymatic method (wWako Chemicals,
Neuss, Germany) on the latter instrument. We assessed resting metabolic
rate and substrate oxidation (using the Weir equation) through indirect
calorimetry (Quark RMR, COSMED)." After a 30-min baseline, changes in
substrate oxidation were assessed in three different intervals 5-45 min,
65-80 min and 95-115 min after fructose ingestion.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Substudy 2 — randomized, crossover comparison of placebo,
glucose, and fructose in hypoxia

We included 26 healthy participants (9 women, 17 men; mean age + SD:
28.8 + 8.1y). The substudy comprised a familiarization period followed by
a randomized, double-blind, crossover comparison of placebo, glucose,
and fructose in a normobaric hypoxia chamber (Figure 14). In the famil-
iarization period, participants practiced exercise, visual and cognitive
tasks in normobaric hypoxia (FiO, = 13.0%, equivalent to a simulated
altitude of 3,800 m) on two separate days.

FIGURE 1 (A) Study design of the randomized, crossover comparison of effects of placebo,

glucose, and fructose in hypoxia. Blue bar indicates the 2 h hypoxia exposure (FiO, = 0.13).

Green panel shows the visual and cognitive test and orange panel the exercise testing. (B) 93
Exercise protocol of the increasing load test in % of the estimated maximum exercise capacity

using normative values for maximal workload (see Methods section).
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Six to nineteen days following the familiarization period, we randomized
participants to one of six groups (fructose-glucose-placebo, fructose-
placebo-glucose, glucose-fructose-placebo, glucose-placebo-fructose,
placebo-fructose-glucose and placebo-glucose-fructose). Thus, we ex-
amined each participant on three separate study days with a three-day

CHAPTER V — FRUCTOSE INTAKE FAILS TO BOOST PERFORMANCE IN HYPOXIA



94

recovery between visits under identical atmosphere but following inges-
tion of 75 g fructose (Euro orc Pharma GmbH, Bénen, Germany), 82.5
g glucose (isocaloric to fructose) (Caelo, Hilden, Germany), or placebo
(non-caloric, 200 mg saccharin / Buxtrade, Buxtehude, Germany) dis-
solved in 300 mL water.

One week before each study day, participants abstained from recre-
ational drugs, caffeine, alcohol, and nicotine, which was verified by urine
testing on study days. Subjects also abstained from intense physical activity
for 24 h before study days. To limit influences of sleep deprivation and
circadian misalignment on our measurements, participants maintained
regular bedtimes and rise times (time in bed: 8 h) during the three days
prior to each study day, confirmed with wrist-actigraphy (Actiwatch-L;
Philips/Respironics). In each participant, all three study days commenced
at the same time, but varied among participants between 8 AM and noon.
Participants arrived after 1o h overnight fasting and entered the hypoxia
module. We placed a venous catheter in the forearm and participants
remained in a seated position before and between exercise and cognitive
testing. After 30 min of hypoxia exposure participants ingested fructose,
glucose, or placebo within 1 min. Thirty minutes later, participants per-
formed the visual and cognitive tasks, which took approximately 30 min
to complete and that were followed by the incremental load exercise
test. Thus, exercise testing coincided with expected systemic fructose
and glucose peak concentrations following oral ingestion. During the
experiment in hypoxia, participants were limited to drink only water.

Normobaric hypoxia

We achieved hypoxia by nitrogen dilution through the air conditioning
system in the atmospheric self-sustaining hypoxia chamber under nor-
mobaric conditions (1,013 hPa). Nitrogen was supplied by an external
tank. Participants were exposed to normobaric hypoxia (FiO, = 0.13) for
2 h without pre-acclimatization. The normobaric hypoxia condition with
an oxygen fraction of 13% corresponds to the partial oxygen pressure
present at an altitude of approximately 3,800 m. We chose this altitude
and exposure time so that the selected visual, cognitive and exercise tests
were sensitive to measure a performance impairment, while simultane-
ously being performed safely and without symptoms of high mountain
sickness developed.®™
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Color vision and cognitive testing

We tested color vision with the FarnsworthMunsell 100-Hue (FM-100)
test (Luneau, Paris). Test illuminance, color temperature of the light
source, procedure, and data processing adhered to the original Farnsworth
instructions. The test consists of 4 sub-sectors: sector 1 (caps 76—12), sector
2 (caps 13-33), sector 3 (caps 34—54), and sector 4 (caps 55—75). The total
error score (TES, sum of scores for each four sectors), total number of errors
in each sector and in the red-green (caps 13-33 and 55-75) and blue-yellow
axis (caps 112, 3454, and 76—85) were calculated.” The unstable tracking
task (UTT) is an eye-hand coordination test, in which a horizontally and
continuously moving cursor has to be centered within a marked target
located in the middle of the screen by moving a lever to the left or right
with the dominant hand. The task duration is 3 min according to the
recommendation of the AGARD Handbook and was shown to be sensitive
to the stressors. Performance was measured as a root mean square error
(rMSE) of the distance of the cursor to the center.***

Exercise testing

Exercise testing was done on an ergometer bike (COSMED). We estimated
participants’ exercise capacity using normative values for maximal work-
load of the average population (in watts) normalized for age, sex, and body
weight* Our population was more athletic but performed exercise in
hypoxia, so we tried three different protocols prior to the start of the study
(40-60-80%, 50-60-90% and 60-80-100%, for 8-8-14 min, respectively).
The latter proved to be the most suitable for our population. The exercise
protocol consisted of a 2-min warm-up at 25% of the estimated maximal
exercise capacity followed by a 30-min incremental load test with 8 min
at 60%, 8 min at 80%, and up to 14 min at 100% of estimated maximal
exercise capacity (Figure 1B). We instructed participants to maintain a
cadence between 70 and 9o rpm and to exercise as long as tolerated in case
they could not complete the 30-min test. We measured heart rate (Philips
ECG IntelliVue Mx40) and blood oxygenation (finger pulse oximeter)
at 1-min intervals throughout the exercise test. Moreover, we assessed
venous blood gasses (ABL9o FLEX analyzer, Radiometer Medicals ApS,
Denmark) and perceived exertion using the BORG scale before and during
the bike test at the end of each incremental step (the last measurement
was taken when the test was stopped at voluntary exhaustion).
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Study endpoints and sample size justification

Substudy 1 was an exploratory investigation with the primary goal to test
whether oral fructose ingestion increases systemic fructose availability.
We did not conduct a formal sample size estimation for this substudy. In
substudy 2, the primary endpoint was the difference in exercise perfor-
mance between fructose, glucose and placebo, measured as bike duration
till voluntary exhaustion (min) and heart rate (bpm) during the increasing
load exercise test. Secondary outcomes of the exercise tests were blood
oxygen content, blood lactate concentrations and BORG score measured at
the end of each incremental step. TES during the FM-100 and RMSE during
the UTT were also considered secondary outcomes. A statistical power
analysis (GPower 3.1 software) was performed for sample size estimation,
assuming a moderate effect of fructose ingestion on bike duration and
heart rate during an increasing load exercise test, according to Cohen
(1988) with 0.296 effect size. We chose a more cautious effect size because
there was no clear evidence as to whether humans benefit from exogenous
fructose under hypoxic conditions. We used alpha=o0.05 and power of
0.80, applied in three groups (fructose, glucose and placebo) analyzing the
results through an analysis of variance (ANOVA) with repeated measures
and post-hoc comparison test for a comparative analysis within groups.
The projected sample size needed with this effect size was approximately
n =20 for a crossover design.

Statistical analysis

Statistical analysis was performed using RStudio software (version
2022.07.1). If not otherwise indicated, data of substudy 1 are reported as
mean + SD and substudy 2 mean + SEM. Kaplan-Meier (kM) curve was
used to analyze and compare the survival differences between the three
treatment conditions during the increasing load test. The other outcomes
were analyzed using a linear mixed model with time and condition as
fixed factor, and participant as random factor.

RESULTS
Substudy 1 - systemic fructose availability and metabolic actions

Figure 2 illustrates the time course of fructose, glucose, insulin, non-es-
terified fatty acids, triglycerides and the respiratory quotient following
fructose ingestion. Mean plasma fructose concentration was 61.4 + 7.4
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pg/mL at baseline and rapidly increased to 145.5 + 27.9 pg/mL and 150.4
+23.2 ug/mL 30 and 45 min after fructose ingestion, respectively. Three
hours after fructose ingestion, plasma fructose concentration was 93.0 +
9.5 ug/mL. Insulin increased from 53.1 + 22.2 pmol/L at baseline to 132.7 +
46.2 pmoL/L at 30 min and 128.2 + 44.4 pmol/L at 45 min after fructose
ingestion. Three hours after fructose ingestion, insulin concentration was
71.7 + 26.5 pmol/L. Triglycerides levels slightly decreased from 74.9 + 35.6
mg/dL at baseline to 60.1 + 27.6 mg/dL 120 min after fructose ingestion.
Non-esterified fatty acids levels decreased from 697.9 + 242.2 pmol/g at
baseline to 297.4 + 129.9 pmol/g 120 min after fructose ingestion. Glucose
concentration was 88.5 + 5.7 mg/dl at baseline and 100.2 + 4.5 mg/dL 45
min after fructose ingestion. Mean fasting respiratory quotient was 0.79
+ 0.09 at baseline and increased to 0.96 + 0.07 30 min and 0.96 + 0.07 45
min after fructose ingestion consistent with a relative shift from fatty
acid to carbohydrate oxidation.

FIGURE 2 Relative time profiles of blood metabolites and respiratory quotient following 75 g
oral fructose ingestion. Data represents means + SD (n = 8)
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Substudy 2 — randomized, crossover comparison of placebo,
glucose, and fructose in hypoxia

Four participants were excluded from the study due to missing data on
one of the three visits (two participants developed a covID infection
and two vasovagal syncope related to multiple venipuncture attempts on
visit one or two and we decided to discontinue the study). Two subjects
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developed vasovagal syncope during the exercise test on their last visit and
were only excluded for the exercise analysis. This resulted in 22 complete
datasets for the cognitive performance analysis and 20 complete datasets
for the exercise performance analysis.

None of the measurements of the FM-100 and UTT test showed signifi-
cant differences between the three conditions (Figure 4). All participants
completed 11 min of bike exercise before the first participants finished
the test at voluntary exhaustion (after minute 3 at 80% of maximal work-
load). Four participants completed the entire 30-min period (Figure 3).
We observed no differences between conditions regarding the time to
exhaustion. At the start of the exercise test, 1.5 h into hypoxia exposure,
heart rate was 89.7 + 2.6 bpm on placebo, 87.4 + 3.9 bpm on fructose,
and 96 + 3.4 bpm on glucose. At the end of the exercise test, heart rate
was 159.8 + 2.6 bpm on placebo, 162.8 + 2.4 bpm on fructose, and 161.8
+ 3.1 bpm on glucose. At this time perceived exertion according to the
BORG scale was 19.4 + 0.3, 19.3 + 0.2, and 19.4 + 0.3 with placebo, fructose,
and glucose, respectively (Figure 4). No significant differences between
the three treatments were observed for heart rate, BORG scale and SpOa.
Lactate and pO, increased and pCO, decreased significantly during the
exercise test but did not show significant differences between the three
conditions (Figure 5).

FIGURE 3 Effect of oral fructose, glucose or placebo intake on color vision and cognitive
performance: Mean (SEM) of (a) total error score (FM-100), (B) lapses and (c) tracking deviation
(UTT) of the three treatment conditions.
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FIGURE 4 Kaplan-Meier plot of the duration of exercise to exhaustion in minutes during
the exercise test in hypoxia.
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FIGURE 5 Effect of oral fructose, glucose or placebo intake on exercise performance during
acute hypoxia: Mean (SEM) of (A) heart rate (bpm) and (B) oxygen saturation (%) in minute
intervals from baseline to 11 min and at the end of the exercise test. (C) BORG scale and (D)
blood lactate concentration (mmol/L) at baseline, 8 min and at the end of the exercise test.
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DISCUSSION

We showed here that acute ingestion of fructose increases its systemic
availability in healthy humans, but does not augment physical, visual or
cognitive performance during exposure to moderate hypoxia. Indeed,
time to exhaustion, perceived exertion, heart rate, oxygen saturation, and
blood gasses during physical exercise in hypoxia were virtually identical
following ingestion of fructose, glucose, or placebo. Similarly, fructose
ingestion had no effect on color vision or cognitive performance in
hypoxia. Thus, the remarkable hypoxia tolerance in naked mole-rats,
which is achieved in part through metabolic rewiring toward reduced
oxygen demand by fructose utilization, cannot be reproduced in humans
through fructose administration.

While fructose utilization plays a significant role, the hypoxia toler-
ance of naked mole rats is not solely reliant on this mechanism. These
animals possess a range of additional coping mechanisms that collectively
contribute to their remarkable survival in low-oxygen environments.
These mechanisms include efficient oxygen utilization due to their
lower metabolic rate, enhanced oxygen binding capacity through high
hemoglobin-oxygen affinity, tolerance to high carbon dioxide levels,
resistance to acidosis facilitated by improved buffering systems and
efficient acid removal, as well as antioxidant defenses protecting brain
cells from oxidative stress and reducing metabolic demands.*”* Together,
these adaptations highlight the complex and multifaceted nature of their
hypoxia tolerance. These observations also suggest that in humans met-
abolic rewiring toward fructose metabolism may not suffice to enhance
performance under hypoxic conditions.

We determined established hypoxia-sensitive responses in a random-
ized, double-blind, placebo-controlled, and crossover fashion, which is
a strength of our study. Performance during endurance exercise testing
decreases substantially in hypoxia with concomitant increases in perceived
exertion and heart rate, and reductions in oxygen saturation. A systematic
review highlighted ergolytics effect of acute hypoxia exposure on time
to exertion during physical exercise in relation to hypoxia severity and
test duration.” A level of 13% of oxygen exacerbates peripheral fatigue of
limb locomotor muscles, which likely contributes to early termination
of exercise.” In our study, most participants did not complete the full
exercise protocol leaving room for potential improvements on treatment.
We chose visual and cognitive tests known to be sensitive to 13% 0.
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Both tests are sensitive at an altitude of 3,000 m, reflected in an increase
in total number of errors in the FM-100, and an increase in tracking
deviations in the UTT."™® Reduced oxygen saturation during exercise
in normobaric hypoxia (FiO,=o0.135) contributes to exercise-induced
cognitive fatigue.” To exclude a possible interaction effect of hypoxia
and exercise we therefore scheduled visual and cognitive testing to occur
prior to the exercise test.

Fructose is rapidly cleared by the intestines and liver and is catabolized
for energetic purposes, converted into glucose, and stored as glycogen, or
converted into fatty acids and stored as triglycerides.”® Dietary fructose
(75 g) acutely increases systemic serum fructose levels and elicits acute
metabolic and endocrine responses in humans.” Thus, fructose at a dose
applied in our study in addition to resulting in significant increases
in systemic fructose availability elicited changes in insulin release and
carbohydrate metabolism. In previous studies, changes in systemic glucose
following fructose ingestion were rather small.** There may have been
a small increase in glucose in our study. We speculate that the increase
in circulating glucose may have been attenuated by increased glucose
disposition as we studied relatively young and insulin sensitive persons.
We selected a 75 g fructose dose for experiments under hypoxia because
the dose is sufficient to increase systemic fructose availability (substudy 1),
challenges the metabolic system substudy 1 and,” surpasses typical dietary
intake, is well tolerated, and could be reasonably applied in subsequent
interventions studies in healthy persons or patients. Because fructose
concentrations and associated metabolic changes reached a peaked ap-
proximately 30 min after fructose ingestion, we tested cognitive and
visual performance in hypoxia in this period.

Because performance could be affected by a placebo effect, we decided to
use saccharin as a placebo to mimic the sweetness of glucose and fructose.
It is known that artificial sweeteners, including saccharin, can impact brain
activity.” However, no association has been found between the intake
of artificial sweeteners in various forms and cognitive performance, as
measured by an array of tests.”” Furthermore, several studies suggest that
when compared to saccharin, glucose or sucrose (glucose-fructose) elicit
more pronounced brain responses.**

Compared with placebo and glucose ingestion, fructose ingestion was
not associated with changes in hypoxia tolerance. Possibly, the negative
findings of our study could be explained by fructose dosing, the level
of hypoxia, or species differences between naked mole-rats and other
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mammals including humans. While we showed in our pilot study that
orally ingested fructose reaches the systemic circulation, first pass metab-
olism may nevertheless have limited peripheral fructose availability.***
Moreover, the administration of a single fructose dose may not have
allowed sufficient time and doses to observe a metabolic shift in humans.
Furthermore, high fructose concentrations could lead to substrate in-
hibition of its transporters and enzymes, limiting fructose absorption,
metabolism, and utilization.

The naked mole-rat has developed the ability to use fructose to fuel vital
organs such as the brain and heart under near-anaerobic conditions. This
metabolic rewiring supplies metabolically active organs with transporters
and enzymes that are required to metabolize fructose to lactate. Fructose
metabolism relies on ketohexokinase enzymes and GLUT-5 transporters,
which in most mammals studied so far appear to be present exclusively
in the liver and kidney.*® GLUT-5 has been identified in smaller quantities
in several adult human tissues, including the kidney, brain, muscle, and
adipose tissue.*** However, the specific physiological relevance of GLUT-5
in these tissues is currently unknown. In contrast, the naked mole-rat
showed significant presence of these two key factors even in heart and
brain tissue.'

Limitations

No dietary questionnaire was conducted to determine whether the recruit-
ed subjects were accustomed to eating more or less fructose. Moreover,
we excluded participants with fructose malabsorption based on a 25 g
fructose dose. In a dose-response study of fructose absorption during
a breath test in healthy subjects, 10% of individuals tested positive for
malabsorption with a 25 g dose of fructose, while 80% tested positive
with a 50 g dose, which could have confounded our study.* Yet, we are
confident that we exclude participants with more severe fructose mal-
absorption and we reached a substantial increase in systemic fructose
availability with a 75 g fructose dose. Another potential limitation is
that we conducted the study on systemic fructose availability following
oral ingestion under normoxic conditions. We cannot exclude that hy-
poxia may have changed the response. Furthermore, in substudy 2 we
estimated exercise capacity rather than determining it individually by
VO, max measurement at baseline. The rational was that we attempted
to limit the number of study visits during a peak period of the covip
pandemic. Moreover, although FM-100 and UTT are known to be sensitive
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to hypoxia exposure, the tests may not suffice to detect subtle changes in
visual or cognitive function. It is important to note that our study lacked
baseline measurements in normoxia, which limits our ability to assess
individual hypoxia sensitivity. Yet, acute fructose or glucose ingestion
did not improve performance in normoxia.* Although the sensitivity
of the cognitive and visual test is supported by the literature, there are
differences in the protocol used in those studies. Consequently, we cannot
be certain that our protocol produces changes in cognitive and visual
performance. Thus, our findings cannot be simply extrapolated to other
populations. Whether administering a single fructose dose is sufficient
to improve cognitive and physical performance in hypoxia is uncertain.
In terms of hypoxia tolerance, multiple fructose doses ingested over
several days may be more effective. We dare to speculate that multiple
fructose doses could induce metabolic adaptation necessary for fructose
metabolism. However, potential improvements in hypoxia tolerance have
to be weighed against adverse effects on cardiovascular and metabolic
risk with long-term exposure to increased dietary fructose. To achieve
better results, a longer period of acclimatization to hypoxia through
HIF-dependent expression of transporters and enzymes, as well as to
fructose, would likely be necessary.

CONCLUSIONS

Oral intake of a single 75 g fructose dose in non-acclimatized healthy hu-
mans compared to glucose and placebo does not improve visual, cognitive
or exercise performance during moderate normobaric hypoxia. While oral
fructose ingestion may be ineffective in improving hypoxia tolerance in
humans, the metabolic pathways could nevertheless have physiological and
clinical relevance. It is tempting to speculate that fructose-metabolizing
pathways could be upregulated to ameliorate consequences of systemic
or localized hypoxia. A switch to fructolysis under hypoxic stress has
been associated with heart failure, metabolic syndrome and malignant
cancer. This hints at a potential link between the metabolic adaptation
of the naked mole-rat to chronic hypoxia and its resistance to cancer.
It is therefore important to understand whether, in humans, chronic
adaptation to hypoxia is required to induce metabolic changes necessary
to benefit from fructose. Future studies in humans are needed to rule
out this question.
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ABSTRACT

INTRODUCTION

The circadian timing system drives daily cycles in physiology and be-
havior of many organisms. In mammals, this system consists of a central
“clock” located in the suprachiasmatic nucleus (ScN) of the hypothalamus
and cell-autonomous oscillators in most other tissues, referred to as
peripheral clocks.** The central circadian clock uses light as the main
entraining cue to maintain synchrony with the environmental day-night
cycle, and internal signals to uphold phase coherence of peripheral clocks
with itself. Misalignment between the central circadian clock and daily
behaviors like sleeping and eating — such as occurring in shift work
— has been linked to detrimental effects on health and performance,
including cardiometabolic disease, sleep disruption, depression, cognitive
impairment, and accidents.*” Such misalignment may also cause internal
circadian misalignment, an adverse condition in which some peripheral
clocks remain synchronized to the central clock whereas others entrain
to competing time cues, e.g., the fasting/eating cycle.” Insight into the
nature of internal resetting pathways is thus of great importance both
clinically as well as from a basic circadian science perspective.

Several internal factors have been implicated in resetting peripheral
clocks, including temperature, glucocorticoids, a cell’s redox state, and
tissue oxygenation, but whether or not these factors constitute a universal
entraining mechanism is not yet clear.**° Emerging evidence indicates
extensive molecular and functional interactions between oxygen-sens-
ing and circadian pathways." Measurements in rodents revealed daily
rhythms in blood and tissue oxygenation, and oxygen cycles within the
physiological range were shown to synchronize circadian clocks in cell
cultures in a hypoxia-inducible factor-1a (HIF-10) -dependent manner.
Furthermore, one-time exposure to moderate hypoxia was reported to
accelerate adaptation of rodents’ rest-activity rhythm following an advance
of the light-dark cycle, suggesting that responsiveness to hypoxia is not
limited to peripheral circadian clocks.”

It has long been suggested that the human circadian system may be
responsive to hypoxia.® Although changes in the melatonin and core
body temperature rhythms during and after exposure to hypoxia have
been reported, phase shifting of human circadian clocks under con-
trolled conditions, however, has not been demonstrated.*** Here we
present results from a study in healthy humans in which we compared
the circadian timing of melatonin secretion before and after exposure to
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moderate hypoxia and normoxia (control) under strictly controlled con-
ditions (continuous dim light, constant posture, time-free environment).
Given the suspected role of the transcription factor HIF-1 in circadian
phase resetting," we explored in the blood whether exposure to moderate
hypoxia activates transcription of HIF-1A and/or several target genes of
the HIF-1 protein.

MATERIALS AND METHODS

The protocol was approved by the ethics board of the North Rhine Medical
Association (Arztekammer Nordrhein; protocol number: 2020075), and
registered at the German Clinical Trials Register (www.drks.de, registration
number: DRKS00023387). Informed written consent was obtained from
study participants prior to the start of the study. All procedures were
conducted according to the Declaration of Helsinki (2013). Study partici-
pants were compensated for their participation. The study was carried out
in the :envihab research facility (www.dlr.de/envihab/) of the German
Aerospace Center (DLR) in Cologne, Germany, which features private
rooms equipped for sleep recordings, around-the-clock blood sampling,
and various atmospheric conditions including normobaric hypoxia.

Study Participants and Screening Procedures

Between September 2020 and July 2022, 198 interested volunteers entered
a multi-step screening procedure, resulting in the selection of 22 healthy
adults (12 females; mean age + sD: 25.18 + 2.68 years; range: 20-30 years).
Study participants were of intermediate chronotype (Munich ChronoType
Questionnaire, MCTQ; MSFsc = 3:00-5:00 h), and were in good health as
established by Pittsburgh Sleep Quality Index, psQI < 8, medical history,
physical examination, routine blood and urine testing, and overnight
polysomnography (apnea-hypopnea Index, AHI < 10, periodic leg move-
ments in sleep, PLMS < 15). Participants reported no night shifts for three
months prior to the study and no air travel across multiple time zones
within the past month. Participants were asked to abstain from use of
drugs, caffeine, alcohol and nicotine one week prior to each admission
to the laboratory, which was verified by urine testing upon admission.

Study Protocol

We used a single-blind counterbalanced crossover design with two
conditions, each of which was 11 days in duration and included a 4-day
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laboratory visit (Figures 14 and s1), scheduled in block-randomized order
(blocks of 6-8). In the active condition participants were exposed to
normobaric hypoxia (FiO, = ~15%) for ~6.5 h centered at 23:00 h on day 9,
whereas no such exposure occurred in the control condition (normobaric
normoxia, FiO; =21%). During the first seven days at home as well as
during the laboratory visit of each condition participants followed a
fixed sleep schedule (23:00-7:00 h). Prior to the laboratory visits wrist
actigraphy (Actiwatch-L; Philips/Respironics) and daily call-ins into a
voicemail system were used to check compliance to the sleep instructions.
The 4-day laboratory visits were 10 to 11 days apart. During the visits,
participants remained in private rooms in dim light during scheduled
wakefulness and in complete darkness during scheduled sleep episodes
(Figure 1A). LED-based ceiling lights covered with dark window film were
the only light source in the rooms (< 3 lux, < 0.006 W/m? < 0.9 melanopic
IDE" in the angle of gaze, color temperature 2900-2990 K; measurements
obtained at study start (spectrometer: BLACK-Comet-CXR-SR-50, StellarNet
Inc.), illuminance checked again at study end). Room temperature was
maintained at ~22.2°C. Participants were monitored by cameras inside
their rooms to allow staff to enter and if needed prevent them from falling
asleep outside the scheduled sleep episodes. Participants strictly adhered
to meal times at 8:00, 12:00, 16:30, and 20:30 h (snack) and had 30 min to
consume the meals. The meals were of mixed content; the macronutrient
content and caloric intake were not controlled. Participants had no access
to television, video, and electronic devices, and remained uninformed
about the time of day.

Atmospheric conditions

Hypoxia was achieved by nitrogen dilution through the air handling
system in the atmospheric self-sustained hypoxia chamber under nor-
mobaric conditions (~760 mmHg). Nitrogen was supplied by an external
tank, resulting in an oxygen fraction of ~15% and an oxygen partial pres-
sure (pO,) of ~115 mm Hg. Oxygen availability thus approximated the
maximum cabin altitude (8000 ft or 2438 m) as allowed during normal
operation of an airliner. The target oxygen concentration was reached 30
min after the start of nitrogen dilution (Figure 2A). We measured blood
oxygenation (SpO,) levels continuously using a finger pulse oximeter (OEM
Oximetry module, Nonin), starting on day 9 at 18:00 h (n=14) or 23:00 h
(unintended late start of recording, n = 8), and ending on day 10 at 7:00 h.
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FIGURE I Representation of the study design, atmospheric conditions, and participants’ blood
oxygenation. () Raster plot of the study protocol. The protocol consisted of two conditions
that were 11 days long and each included a 4-day laboratory visit during which participants
were exposed either to normobaric hypoxia or normoxia (control). Black bars indicate the
23:00—07:00 h scheduled sleep episode in darkness. Gray bars denote dim room light (< 3 lux
in the angle of gaze; see Materials and Methods). Striped bars show the constant posture (Cp)
procedures during wakefulness in dim room light. The blue bar denotes the scheduled hypoxia
exposure (19:45—02:15 h). Participants were randomized to the order of atmospheric condition
(crossover, counterbalanced, single-blind). (8) Atmospheric conditioning and blood oxygen
saturation levels during hypoxia exposure and control. (Upper panel) Fraction of inspired oxygen
and corresponding oxygen partial pressure during 6.5 h of normobaric hypoxia exposure
(blue bar and shaded area). (Lower panel) Mean (+ SEM) blood oxygen saturation (SpO,) profiles
during hypoxia exposure and control. The black bar denotes the scheduled sleep episode.
n =14 due to accidental late start of the SpO, recordings in 8 participants.
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POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Constant Posture Procedures

Constant Posture (cP) procedures occurred before (beginning on day 8),
and after (beginning on day 10) the treatment night of each visit, for
the assessment of circadian phase of the melatonin rhythm (Figure 1a).
Participants remained for a 16-h period in bed in a semi-recumbent
posture with minimal activity for 4 h before and 4 h after the 8-h sleep
episode, and were required to sleep in the same position. Room tempera-
ture and dim light conditions remained constant during the cp except
for the sleep episodes that took place in complete darkness.

Plasma melatonin

Hourly blood samples were collected during cps via an indwelling forearm
intravenous catheter before and after treatment nights for measurement
of plasma melatonin levels. During the sleep episode, samples were taken
from outside the rooms through a port hole without disturbing the
participants’ sleep. Samples were collected and then frozen (-80°C) for
subsequent assay. Plasma melatonin samples were assayed (Chrono@ Work,
Groningen, the Netherlands) using liquid chromatography in combination
with mass spectrometry (LcMs/Ms), which has a functional sensitivity
of 2.3 pg/mL and an analytical sensitivity of 1.9 pg/mlL, an intraassay
precision of 3.5-8.9% for low to high concentrations, and interassay
precision of 4.1-9.5%.

Circadian phase assessment

The dim light melatonin onset (DLMO) served as marker of central clock
timing. Circadian phase of DLMO,s% was calculated as the time at which
levels of melatonin rose above 25% of the peak-to-trough amplitude during
the 17-h sampling interval: DLMO,s% = (melatonin amplitude - daytime
melatonin level) x 25/100 + daytime melatonin level.®® The melatonin
amplitude was calculated as the difference between the maximum and
the daytime melatonin levels. To avoid inflation by a local maximum, the
median of the three highest melatonin values during the 17-h interval
was chosen as the maximum melatonin value. To determine the day-
time melatonin level, the median of the three lowest melatonin values
was chosen. A linear interpolation between the melatonin values just
below and just above the 25% threshold was used to identify the time of
DLMO,s%. First, phase shifts were calculated as the difference in the time
of DLMO2s9 before (pre) and after (post) treatment (hypoxia or control).
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A potential phase shift due to hypoxia exposure (primary outcome) was
assessed by subtracting in each individual the phase shift in the control
condition (corresponding to the circadian drift) from the phase shift in
the hypoxia condition. One participant was excluded from analysis of
DLMO timing due to an inability to draw blood during a period of one
of the cp procedures. Therefore, hypoxia-induced phase shifting was
determined in 21 participants.

In addition to using DLMO2s%, we examined a potential phase shifting
effect of hypoxia on the basis of DLMO, i.e. the time at which plasma
melatonin crosses the absolute threshold of 10 pg/mL.**

RNA isolation and real-time PCR of HIF, HIF target genes and
clock genes

Transcription levels of HIF-1a and HIF-2a (HIFIA and HIF2A), HIF target
genes (glucose transporter type 1 sLc24A1, vascular endothelial growth
factor VEGF, adrenomedullin ADM, pyruvate dehydrogenase kinase 1 PDKI,
prolyl hydroxylases 1, 2, and 3 PHDI, PHD2 and PHD3), and clock genes
(aryl hydrocarbon receptor nuclear translocator-like ARNTL, circadian
locomotor output cycles kaput cLOCK, cryptochrome circadian regulator
1and 2 cryr and CRY2, albumin gene D-site binding protein (pBP), nuclear
receptor subfamily 1, group D, member 1 NR1D1, period circadian regulator
1, 2, and 3 PERI, PER2, and PER3, and retinoic acid-related orphan receptor
A RORA) were assessed once before and twice during exposure to hypoxia
and normoxia (i.e., 3.5 h and 6.25 h after beginning of treatment). Total
RNA from whole blood was directly stabilized using PAXgene Blood
RNA Tubes (PreAnalytiX GmbH) and then frozen (-20°C). RNA was iso-
lated according to the PAXgene® Blood RNA Kit (PreAnalytiX GmbH)
and reverse-transcribed using M-MLV reverse Transcriptase (Promega
GmbH, Walldorf, Germany). Real-time polymerase chain reaction (RT-
PCR) was performed with the Biozym Blue S’Green qPCR-Kit (Biozym
Scientific GmbH, Oldendorf, Germany) on a Bio-Rad’s cFx96™ real-time
system (Bio-Rad Laboratories GmbH, Feldkirchen, Germany). We re-
verse-transcribed 200 ng of total RNA into cDNA, which was amplified
with gene-specific primers (Table S1) and normalized to AcTB (3-actin).
Primer specificity was checked by Primer-BLAST and confirmed by size
analysis of the PcR amplicons.” Expression was calculated with the 27ACT
method for statistical analysis. A list of the primer sequences used for
qRT-PCR analysis is provided in Table Sr.

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

Statistical analysis

We hypothesized that the pre-post difference in bLMO timing (primary
outcome) would differ between hypoxia and control. Accordingly, sample
size was estimated for the primary outcome. Given the absence of previous
data, a two-stage approach was employed. After stage one, an interim anal-
ysis of DLMO,s% was conducted with the data from the first 7 participants
(3 females; one additional participant was excluded due to incomplete
data during one of the cps). Conditional power considerations based on
a two-sided t-test with alpha of 0.05 and a mean of the pLMo-difference
(hypoxia-normoxia) of 8.2 min with sp of 13.9 min achieved a power
above 80% for a total of 21 participants. The second stage of the study
involved an additional 14 participants (8 females). The overall results of
both stages, before and after the interim analysis, were combined using
the inverse normal p-value combination method.” The study was not
intended to or had any specific hypotheses to test for potential effects
of sex on the primary outcome and thus was not powered accordingly.
The RT-PCR sets were analyzed for Gaussian distribution using the
D'Agostino—Pearson, Anderson-Darling and Shapiro-Wilk test. Gaussian
distributed data were analyzed via mixed-effects analysis for repeated
measurements. Non-Gaussian distributed data sets were either trans-
formed to Gaussian distributed data and analyzed accordingly or analyzed
via Friedman test for repeated measurements. Statistical analyses were
performed using the R language and environment for statistical computing
(version 2022.07.1) and GraphPad Prism® version 8.0.2 from GraphPad
Software, Inc.. P values < 0.05 were considered statistically significant.”

RESULTS

Ambient hypoxia lowers blood oxygen saturation, particularly
during sleep

Exposure to normobaric hypoxia (Figure 1B) lowered SpO, during the
interval of scheduled wakefulness (19:45-23:00 h) to an average of 90.9%
(95% CI: 90.6-91.1%), and during the interval that overlapped with the
sleep episode (23:00-02:15 h) to 86.5% (86.1-86.9%). In total, participants
spent 247 min (231-263 min) below 90% SpO;, and 49 min (38-60 min)
below 85%. Exposure to normoxia resulted in an average SpO, of 97.8%
(97.7-97.9%) during scheduled wakefulness, and 96.3% (96.1-96.5%) during
the interval that overlapped with the sleep episode. In total, participants
spent 5 min (1-8 min) below 90% SpO,, and 2 min (o-4 min) below 85%.
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Early-night exposure to hypoxia advances the timing of dim
light melatonin onset

The time course of mean plasma melatonin levels on the days before
and after hypoxia exposure and on corresponding days in the control
condition (normoxia) are illustrated in Figure 2. In the control condition,
the timing of the DLMO,s% was delayed on average by 24 min (9-38 min,
p=0.009) between pre- and post-exposure (Figure 2c), reflecting the
intrinsic period-dependent phase drift in dim light. In contrast, no signif-
icant delay of DLMO,s% was observed after hypoxia exposure (15 min, 0-30
min, p = 0.062, Figure 2D). Linear regression of individual post-exposure
DLMO;s% time with pre-exposure DLMO;sy time indicated a phase advance
due to hypoxia as illustrated by a decrease in the y-intercept in the hypoxia
condition compared to control (Figure 3A). In order to correct for each
individual’s circadian phase drift in dim light, the pre-post difference in
the timing of DLMO;s% in the control condition was subtracted from the
pre-post difference in the timing of DLMOss% in the hypoxia condition.
The result revealed an average phase advance of 9 min (1-16 min, p = 0.036)
due to hypoxia exposure (Figure 3B). Sixteen out of 21 participants (76%)
showed a phase advance attributed to hypoxia exposure. Similar results
were obtained for DLMO1o: in this case the mean hypoxia induced phase
advance was 11 min (1-21 min, p = 0.037).

The magnitude of phase shifting did not correlate with the individ-
ual circadian phase of hypoxia exposure (Figure 3B; Spearman r =-0.21,
p =0.36). Due to the study design, however, the range of individual phases
of exposure was quite narrow (mean difference between estimated DLMO3s9
and midpoint of hypoxia exposure: 1.98 h, 95% CI: 1.59-2.38 h).

Hypoxia exposure did not induce a significant phase shift of bLMOff259
(4 min, -14-21 min, p > 0.4). Moreover, neither the duration of the noc-
turnal melatonin profile (p > 0.3) nor its amplitude (p > o.5) was affected
by exposure to hypoxia. Table 1 provides an overview of the timing of
DLMO3s% and DLMOff,5%, as well as the duration and amplitude observed
during each cp.

We explored whether the duration of an individual’s hypoxemia (i.e.,
the total time during which SpO; fell below 90% or below 85%) was a
predictor of the magnitude of the hypoxia induced phase shift of DLMO3s%.
However, in neither case was there a significant correlation (below 90%:
Spearman r = -0.20, p = 0.37; below 85%: r =-0.21, p = 0.35).

POTENTIAL APPLICATIONS FOR HUMAN HYPOXIA MODELS

FIGURE 2 Average plasma melatonin profiles and individual dim light melatonin onset
(pLMo) times during nights before and after hypoxia exposure and control. Data in (a) and
(B) show mean (+ SEM) plasma melatonin levels in the control (n=22) and hypoxia (n=21)
condition, respectively. Time series were split and aligned relative to mean times of DLMOsy
and dim light melatonin offset (DLMOffss,). The black bars indicates the scheduled sleep
episodes. The blue bar denotes the scheduled hypoxia exposure (19:45—02:15 h) during the
night in between melatonin measurements. Data in (c) and (p) show individual time points of
the DLMO,sy and group averages (95% cI) in the two conditions. p Value indicates significant
drift of DLMO,s% between pre- and post-normoxia exposure (t test).
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TABLE 1 Timing, duration, and amplitude of the plasma melatonin profiles before and after
exposure to hypoxia and normoxia.

Pre-normoxia Post-normoxia Pre-hypoxia Post-hypoxia
DLMO,5% (h:min) 20141 21:05% 20:49 2047t
(20:23-20:59) (20:40-21:29) (20:28-21:10) (20:36-21:33)
DLMOff,9, (h:min) 07:06 07:16 07:14 o7:21
(06:38-07:33) (06:48-07:44) (06:48-07:40) (06:47-07:55)
Duration (h) 10.41 10.19 10.42 10.28
(10.25-10.58) (10.14-10.24) (10.34-10.50) (10.19-10.37)
Amplitude (pg/ml) 85.4 76.7 81.1 78.7
(64.8-106.1) (58.9-94-5) (63.5-98.8) (59:7-97-6)

Note: The times for dim light melatonin onset (DLMO25%) and dim light melatonin offset (DLMOff25%) refer to clock
time. Duration is the difference between the times of DLMO25% and DLMOff2s%. Values are expressed as means (n=21)
with 95% c1 shown in parentheses. For bLMOff2s%, duration, and amplitude no pre—post difference, or difference of
pre—post difference between hypoxia and normoxia conditions was observed. *p < o.05 for pre—post difference (t test).
#p < o.05 for difference of pre—post difference between hypoxia and normoxia conditions (t test).
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FIGURE 3 Resetting of individual dim light melatonin onset (DLM0) by ambient hypoxia. (a)
Post-exposure DLMO,sy times are plotted against pre-exposure DLMO,sy times for the hypoxia
and control condition (n = 21). A decrease of the y-intercept of the regression line illustrates
an overall advance of DLMO after hypoxia exposure compared to control. (B) Individual phase
shifts due to hypoxia (filled dots) are plotted against the circadian phase of the midpoint of the
hypoxia interval, with 21 h defined as the time of estimated bLMoO during the exposure night.
Phase shifts were corrected for each individual’s circadian drift during dim light control in
normoxia (see Figure 2¢). Mean phase shift with 95% c1 (filled diamond) and median (filled
triangle) are shown on the right (n=21); p value indicates significant difference from o (t test).
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No changes in HIF and HIF-dependent gene transcription in
leukocytes during hypoxia exposure

In whole blood, mRNA levels of HIFs (HIFIA and HIF2A), HIF target genes
(SLC2AI, VEGF, ADM, PDKI, PHDI, PHD2 and PHD3) and clock genes (ARNTL,
CLOCK, CRYI, CRY2, DBP, NRIDI, PERI, PER2, PER3 and RORA) were not different
during hypoxia and normoxia compared to the pre-exposure measure-
ment, or between the two conditions (Figures s2 and s3).

DISCUSSION

We found that exposure of healthy adults to a 6.5-h interval of normobaric
hypoxia early in the night advanced D1MO,s% by 9 min and DLMOy by 11
min. To our knowledge, this is the first controlled study demonstrating
that hypoxia may act as a zeitgeber of the central circadian clock in
humans. A phase advance of 9 min may seem small but, remarkably, it
matches the extent to which the intrinsic circadian period of healthy
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adults (24 h 9 min; females: 24 h 5 min, males: 24 h 11 min)* deviates
from 24 h, when measured in an environment with minimal confounding
influences. Thus, exposure to moderate hypoxia early in the night may be
strong enough to entrain circadian clocks to a 24-h cycle in the absence
of other time cues.

Despite the fact that hypoxia induced a phase advance of bLmo while
the duration of the melatonin profile did not differ from the control
condition, we did not find a significant advance of bLMOff. This discrep-
ancy can be explained by the larger interindividual variance of bLMOff
compared to DLMO due the contribution of other, likely non-circadian
factors, including differences in melatonin’s clearance from the blood.
In general, DLMO is a more reliable marker of central clock timing than
pLMOff* and considered the “gold standard” in circadian phase-assessment
in humans. In contrast to a previous report,” we did not find a decrease
in the melatonin amplitude after hypoxia exposure. The former obser-
vation likely represents an acute after-effect of hypoxia — possibly due to
sympathetic activation — and not a circadian effect, given that hypoxia
exposure ended only ~6 h prior to melatonin secretion, whereas in the
current study it did so ~22 h prior to the onset of secretion.

The hypoxia exposure in the current study is considered moderate.
However, one should keep in mind that the co-occurrence with sleep
— likely due to the associated change in breathing pattern — resulted in
considerable oxygen desaturation similar to previous findings,* such
that participants spent > 4 h below the clinical hypoxia threshold of
90% SpO; and even ~50 min below 85%. Such desaturation is comparable
