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Abstract: Hypoxia, characterized by reduced oxygen concentration in body tissues, poses a critical risk to submariners and divers due to
the potential for rapid cognitive and physiological decline. This article reviews the mechanisms, symptoms, and operational risks associated
with hypoxia, emphasizing the importance of recognizing individual hypoxic signatures to enhance early intervention. Drawing from
literature searches on PUBMED, it discusses training strategies such as hypoxia indoctrination for improving awareness, operational
safety, and preventive capabilities. The review also addresses ethical, procedural, and technical considerations in implementing controlled
hypoxic exposure, offering practical insights into improving safety in underwater and submersible operations. The findings highlight the
need for enhanced monitoring, personalized training, and preventive protocols to safeguard human life in extreme environments.
Methodology: Article searched on PUBMED with search words hypoxia, submarine and hypoxia, diving and hypoxic signature. A total of
15 article was searched using the key words. Due to lack of studies conducted in this field all significant article included in hypoxia and

hypoxic signatures were used.
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1. Introduction

Hypoxia is decrease in oxygen concentration in tissues.
Hypoxia happens when there is inadequate amount of oxygen
which can occur due to lack of oxygen at tissue or cell level,
causing imbalance in oxygen supply and demand. Hypoxia
may result from hypoventilation, ventilation-perfusion
mismatch, or the presence of anatomical shunts. It can also be
caused by a reduction in environmental oxygen concentration,
or exposure to toxic or pollutant gases released during
combustion or other discharges. The normal oxygen content
in ambient air is approximately 21%; any significant
reduction below this level can precipitate hypoxic conditions.
At the cellular level, oxygen deficiency is classified as
hypoxia (0.5-4% ) and anoxia (0-0.5% O.)'. Any
concentration below normal physiological levels can lead to
tissue hypoxia. Hypoxia may be acute or chronic and is
typically associated with symptoms such as breathlessness,
tachycardia, and impaired cognitive function. In operational
settings, human error among divers and submariners can
result in undetected hypoxia, potentially progressing to loss
of consciousness and death. Due to the rapid onset and critical
nature of such events, the window for corrective intervention
is extremely narrow. This review aims to examine the concept
of hypoxia indoctrination and the identification of hypoxic
signatures in submariners and divers, with the objective of
enhancing early recognition, safety protocols, and operational
preparedness in  high-risk underwater environments.
Highlighting the significance of hypoxia training is essential,
as early recognition and intervention can prevent fatal
outcomes, optimize crew readiness, and contribute to
advancing safety standards in marine and diving operations.

Oxygen metabolism can be understood through the 'oxygen
cascade’?, which illustrates the progressive decline in oxygen
tension from the ambient environment to the cellular level.

Hypoxaemia, in contrast, refers to a reduction in oxygen
availability in the blood and may occur even when
environmental oxygen levels are adequate’. This can result
from impaired oxygen binding, such as in carbon monoxide
poisoning, or from cellular dysfunction where oxygen cannot
be effectively utilized by tissues despite normal delivery.

Symptoms of hypoxia include: restlessness, tachycardia,
tachypnea, shortness of breath, oxygen saturation, use of
accessory muscles of respiration, noisy breathing, flaring of
nostrils, pursed lip breathing and clubbing. Acute symptoms
include light headedness, slow reaction, impaired thinking,
reduced concentration, poor co- ordination, feeling dizzy or
experiencing a fainting sensation, warmth/sweating, making
mistakes numbness, mentally tiredness, tingling sensation at
finger tips, hand shaking, heart pounding, reduction in
ambient brightness, shortness of breath, weakness, euphoric/
excessive happiness, physically tired, nervousness, sleepy,
restlessness, headache, irritability at the end loss of
consciousness?. If we are aware of these symptoms in divers
and submariner they can utilise the “time of useful
consciousness” > to prevent any fatal incident. Their training
can be modified to prevent or come out of the situation.
Similar studies have been conducted in aerospace or aviation
medicine department* including a single study on closed
circuit rebreather®.

Stages of hypoxia are
deterioration, and critical.

asymptomatic, compensatory,

In divers, hypoxia can result from several operational and
technical factors. These include improper or incomplete gas
mixtures, equipment malfunction, or faulty components—
particularly in rebreather systems—which may lead to a
critical drop in oxygen levels. Additional risks include latent
hypoxia, shallow water blackout (a form of hypoxia occurring
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during ascent), increased oxygen consumption due to exertion
or stress, lung compression at depth which impairs gas
exchange, and contamination of the breathing gas with carbon
monoxide. Such events may occur unpredictably and require
constant vigilance and rapid intervention to prevent life-
threatening outcomes

In divers, hypoxia often occurs due to equipment failure, such
as malfunctioning scuba tanks or rebreathers that fail to
supply adequate oxygen. In technical diving or rebreather
diving, incorrect gas mixtures (e.g., too low in oxygen) or user
error in managing gas switches can lead to insufficient oxygen
intake. Rapid ascents or poor buoyancy control may also lead
to lung overexpansion injuries, impairing gas exchange.

In addition, breath-hold diving, especially when preceded by
hyperventilation, increases the risk of shallow water
blackout—a sudden loss of consciousness caused by oxygen
deprivation before the diver feels the urge to breathe.

Hypoxia in submersibles and divers can result from several
unique environmental and technical factors. In submersibles,
oxygen depletion is a primary concern. These enclosed spaces
rely on life support systems to maintain breathable air; failure
to supply or circulate oxygen, or remove carbon dioxide, can
lead to hypoxia. Malfunctioning scrubbers or oxygen tanks,
and extended missions beyond designed air supply limits, are
critical risks. Inadequate monitoring of gas levels can allow
dangerous drops in oxygen to go unnoticed.

Both environments require proper training, equipment
maintenance, and monitoring to prevent hypoxia, which can
lead to serious neurological and systemic consequences, even
death if not recognized and addressed quickly.

Other causes: Hypoxia refers to a condition where there is a

deficiency of oxygen in the tissues to sustain bodily functions.

It can arise from various causes, broadly classified into the

following five types:

1) Hypoxic hypoxia occurs when there is inadequate
oxygen in the air or impaired oxygenation in the lungs,
such as in respiratory diseases like COPD, pneumonia, or
pulmonary oedema.

2) Anemic hypoxia results from a reduced oxygen-carrying
capacity of the blood due to conditions like anaemia or
carbon monoxide poisoning, where haemoglobin is
unable to bind oxygen effectively.

3) Circulatory hypoxia is caused by inadequate blood flow,
as seen in heart failure, shock, or localized obstruction of
blood vessels. In this case, oxygen delivery is limited
even if blood oxygen levels are normal.

4) Histotoxic hypoxia occurs when tissues are unable to
utilize oxygen properly, despite adequate oxygen supply,
such as in cyanide poisoning.

5) High-altitude hypoxia occurs due to the reduced partial
pressure of oxygen at high elevations, leading to lower
oxygen availability. Prompt recognition and treatment of
hypoxia are crucial, as prolonged oxygen deprivation can
result in irreversible organ damage, especially to the
brain and heart.

Hypoxia is one of the most common and potentially fatal
medical problems associated with diving. Understanding

its pathophysiology through practical scenarios enhances
awareness and aids in prevention.

In open-circuit mixed-gas diving, hypoxia can occur at the
surface or in the early phase of descent if the breathing gas
has an insufficient oxygen fraction for the given depth. A
dangerous situation arises when divers inadvertently switch
to a gas supply composed entirely of helium or nitrogen at or
near the surface. Loss of consciousness in such cases can
occur almost instantly, often during the initial moments of the
dive.

Semi-closed circuit systems are particularly susceptible to
hypoxia near the surface. During heavy exertion, the partial
pressure of oxygen (PO2) in the breathing loop can fall rapidly
into the hypoxic range. This risk tends to decrease as the diver
descends because the ambient pressure increases oxygen
partial pressure. However, hypoxia remains a significant
threat at greater depths in both closed and semi-closed
circuit rigs.

In closed-circuit rebreather systems, oxygen levels are
regulated automatically by sensors that trigger the addition of
oxygen into the breathing loop. A malfunction of these
oxygen sensors can prevent oxygen replenishment, leading to
a gradual depletion of oxygen as it is metabolized by the
diver. The hypoxia that follows is insidious and may go
unnoticed until loss of consciousness occurs.

Similarly, in semi-closed circuit systems, a failure in the
injector system responsible for delivering fresh gas into the
loop can also result in hypoxia. In these cases, the oxygen is
slowly consumed without replenishment, leading to a gradual
onset of symptoms.

A distinct scenario arises in dives involving 100% oxygen
rebreathers. If proper purging procedures are not followed
before the dive, residual nitrogen may remain in the breathing
bag or lungs. Additionally, nitrogen may be washed out from
the diver’s tissues during the dive and accumulate in the
breathing loop. This residual nitrogen dilutes the oxygen
content. If uncorrected, the oxygen in the loop can be
completely consumed before the bag collapses enough to cue
a tidal volume limitation or trigger oxygen replenishment.
Again, hypoxia develops gradually under these conditions.

In breath-hold (apnoea) diving, excessive hyperventilation
before a dive can lower carbon dioxide levels to a point where
the diver’s urge to breathe is suppressed. As a result, hypoxia
may set in during the dive before a strong enough respiratory
stimulus develops, increasing the risk of shallow water
blackout—a sudden loss of consciousness due to cerebral
hypoxia during ascent.

These examples highlight that hypoxia in diving may present
suddenly or develop insidiously depending on the equipment
used and the diver’s physiological state. Recognition of these
mechanisms is vital to ensuring safety and rapid corrective
act.

Hypoxia may occur during ascent if the mixed gas or oxygen
injectors of semi closed circuit or closed-circuit equipment
have partially failed, if a diver fails to purge a 100% oxygen
rebreather thoroughly before ascending, or if the oxygen
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content of the supply gas mixture in open circuit systems is
too low for the intended depth. !

Hypoxia with loss of consciousness may occur immediately
on surfacing, in which the diver continues to breathe from the
UBA. The risk is greatest when divers must perform heavy
exercise in semi closed or closed-circuit gear. Hypoxia may
also occur in open circuit systems if gas switches are
performed when diver surfaces or if the oxygen fraction in the
original supply gas is too low to allow surfacing.

Divers must remain vigilant and well-informed about
equipment failures or malfunctions that may lead to hypoxia.
Common causes include battery flooding, microprocessor
failure, or other technical faults that compromise oxygen
delivery in underwater breathing apparatus (UBA)'. Divers
should pay close attention to warning signals on the primary
display indicating low oxygen levels. Immediate corrective
action—such as manually adding oxygen to the breathing
loop and beginning a safe ascent—is critical.

One serious and avoidable cause of hypoxia is the use of
oxygen bottles mistakenly filled with compressed air. This
error is particularly dangerous during the initial phase of a
dive, when the diver is breathing from the UBA while still at
the surface. This phase carries the highest risk, as oxygen
levels in the breathing loop may be inadequate to meet
physiological demands.

Understanding the causes, recognizing early symptoms, and
initiating timely intervention can prevent most hypoxia-
related incidents. Education and regular training are vital.
Emphasis should be placed on divers learning their personal
"hypoxic signature"—the unique pattern of early signs and
symptoms each individual may experience. Incorporating
hypoxia recognition and response into routine training will
significantly enhance safety and preparedness.

For individuals inside a submersible, the risk of hypoxia also
remains high, especially in the event of equipment
malfunction or extended periods of confinement. The
confined and sealed environment of a submersible relies on
air recirculation systems that, if compromised, may rapidly
result in oxygen depletion and carbon dioxide accumulation.

Early symptoms of hypoxia include headache, dizziness,
shortness of breath, fatigue, and impaired judgment. As
oxygen levels continue to fall, affected individuals may
experience confusion, visual disturbances, tachycardia, and
impaired coordination. Without prompt intervention, severe
hypoxia can lead to unconsciousness, irreversible brain
injury, and death.

Training, vigilance, and a clear understanding of hypoxia—
its causes, manifestations, and emergency responses—are
essential in both diving and submersible operations'»'2. These
measures can help prevent tragic outcomes and safeguard
lives in underwater environments.

Effects of hypoxia can be exacerbated by psychological
stress, limited mobility, and potential anxiety from being in a
confined underwater environment. Unlike in an aircraft,
where depressurization is the primary concern, submersibles

maintain pressure but rely heavily on life support systems to
regulate oxygen and carbon dioxide levels. Malfunction of
these systems can quickly become life-threatening.

Monitoring is crucial to detect drops in oxygen or increases
in carbon dioxide. To ensure safety, submersibles must have
redundant life support systems, emergency oxygen supplies,
and protocols for rapid surfacing or evacuation if hypoxia
occurs.

Hypoxia indoctrination is a controlled exposure training
method used primarily in aviation and diving medicine to
familiarize individuals with the early signs and symptoms of
hypoxia. The goal is to improve self-awareness and enhance
early detection, enabling individuals to take timely corrective
action before cognitive or physical impairment compromises
safety.

A related concept is the hypoxia signature, which refers to
the unique constellation of symptoms that an individual
experiences during hypoxic exposure. These symptoms tend
to be consistent for the same individual over repeated
exposures, making this “signature” a valuable personal
diagnostic tool. Much like a fingerprint, the hypoxia signature
is distinctive for each person, and recognizing it can aid in
early intervention and prevention of severe hypoxic injury.

Implementation Considerations

Conducting hypoxia indoctrination in divers or submariners

requires stringent ethical and medical safeguards:

o Informed Consent: Full disclosure must be provided, and
written informed consent obtained from participants.

e Ethical Clearance: Institutional ethics committee
approval is mandatory before initiating such exposure
studies or training.

o Safe Hypoxic Mixtures: A precisely controlled gas
mixture with reduced oxygen content (but not reaching
dangerous thresholds) should be used. The aim is to induce
recognizable hypoxic symptoms without causing harm.

e Medical Oversight: An anaesthesiologist or physician
trained in airway and emergency management should be
present. A fully equipped medical emergency response
team must be on standby”?®.

e Monitoring and Termination Protocols: Continuous
monitoring of oxygen saturation, heart rate, and
consciousness level is essential. Clear protocols for
immediate reoxygenation and intervention must be
established.

Clinical Utility

e Understanding a diver's or submariner’s hypoxia signature
has clinical implications. It allows medical personnel to:

e Identify and interpret early signs of hypoxia more
accurately during real operations’.

o Develop individualized safety and emergency protocols.

o Expedite diagnosis and targeted management in field
conditions.

Precautionary Measures

e When administering hypoxic gas mixtures, the following
precautions must be strictly adhered to:

o Ensure environmental controls and monitoring equipment
are calibrated and functioning.
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e Conduct exposures in a controlled facility with an
adequate ventilation system.

o Pre-screen individuals for cardiovascular, respiratory, or
neurological vulnerabilities.

e Limit exposure duration and oxygen fraction to sub-
symptomatic but non-hazardous thresholds.

o Immediately terminate exposure at the first sign of severe
or atypical symptoms.

Continuous monitoring of the patient's oxygen saturation
(SpO2) and vital signs is essential. Pulse oximetry and, if
necessary, arterial blood gas analysis should be used to assess
the oxygenation status and detect early signs of hypoxia. The
inspired oxygen concentration (FiO:) must be carefully
controlled and accurately delivered using calibrated
equipment.

It is crucial to ensure that the individual receiving the hypoxic
mixture is medically stable and the procedure is clinically
justified. Hypoxic gas mixtures are sometimes used in
controlled environments such as altitude training or special
diagnostic procedures therefore it should only be
administered under medical supervision. In aviation
medicine, hypoxia is typically induced using a hypoxicator or
hypobaric chamber with hypoxic gas mixture to induce
hypoxia and determine the final hypoxic signature.

Proper training of healthcare personnel is essential to avoid
dosing errors and manage potential complications such as
hypoxemia, dizziness, confusion, or loss of consciousness.
Emergency equipment including supplemental oxygen and
resuscitation tools must be readily available in case of severe
hypoxia. Training to utilise “time of useful consciousness” is
the main aim of this exercise and can be beneficial in
preventing mishaps.

Environmental safety should also be maintained, including
adequate ventilation in the room and monitoring for any gas
leaks. Overall, administering hypoxic mixtures requires
meticulous planning, careful monitoring, and readiness to
intervene immediately if adverse reactions occur.

This doctrine can be applied even in cases of submersibles
and submarines where hypoxic environment may exist.

Studies have shown that proper ruling out other causes during
fitness of morbidities, the diver, checking equipment before
diving, checking gas mixtures before diving, knowing
symptoms, knowing the comorbidities, and early treatment
with early action can save lots of lives.'%!* As a niche area in
diving and submarine field there is not much research done in
this regard.

2. Conclusion

This article underscores the importance of recognizing and
understanding an individual's unique hypoxic signature to
facilitate timely corrective actions. Such awareness is vital in
high-risk environments like diving, submarines, aerospace,
and aviation medicine, where oxygen deprivation can have
life-threatening consequences. In underwater settings,
especially within submersibles and during deep or prolonged
dives, hypoxia may arise swiftly due to equipment failure,

inadequate gas management, or extreme depth exposure.
Divers may experience rapid-onset symptoms such as
confusion, impaired coordination, and sudden loss of
consciousness, often without clear warning. Similarly, in
submersibles, where crew survival depends entirely on life-
support systems, continuous monitoring of oxygen
concentration, carbon dioxide accumulation, and other gas
parameters is critical. Understanding hypoxic signatures in
these contexts is not only essential for operational efficiency
but also paramount for safeguarding human life.

Advancements in technology in real-time monitoring of
environmental parameters and physiological biomarkers can
enhance early detection of hypoxic conditions. Integrating
wearable sensors for divers and redundant life-support
diagnostics in submersibles adds essential layers of safety.
Additionally, training protocols emphasizing hypoxia
recognition and response are vital for minimizing risk.

Improving the detection of hypoxic signatures can help
prevent fatal outcomes by enabling timely intervention. As
deep-sea exploration expands and commercial diving
operations increase, prioritizing research and safety
mechanisms around hypoxia will remain critical. Awareness,
preparedness, and innovation form the foundation for safer
underwater missions in both individual and crewed
environments.
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