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Abstract

During military training and operations, exposure to extremes of noise, temper-
ature, humidity, pressure, or acceleration can induce levels of physiological strain
that degrade cognitive and physical capabilities, threaten health and safety, and
affect behavior and performance. The overarching purpose of this chapter is to
discuss the impact of environmental stress on military personnel. Because each of
the aforementioned stressors induces disparate effects, each section addresses a
unique stressor in terms of (i) the nature of the threat, (ii) physiological and
biomedical effects, (iii) the impact on performance, and (iv) management strate-
gies. The evolution of next-generation wearable biosensors, smart performance
algorithms, and scientifically based operational training methods including stress
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inoculation exposure that will contribute to improved training, adaptation, and
tolerance to these operational stresses is discussed.
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Introduction

Wars are fraught with action, turmoil, danger, and unpredictable situations, all of
which cause varying types and levels of stress that can impact warfighters’ perfor-
mance. Stress can be described as a measurable physical, biological, or cognitive
response to a stressor – a stimulus or event that is perceived as a threat, which results
in a response that affects the human’s physical or cognitive performance and well-
being (Lloyd and Havenith 2016; Kavanagh 2005). If the stress continues over an
extended period, it can result in long-term physical and/or mental injuries (Lloyd and
Havenith 2016; Kavanagh 2005).

Stress can impact how humans behave. Depending on the nature of the stress,
behavior can be affected in either positive or maladaptive ways and can be imme-
diate or delayed, compromising future tasks (Tiwari 2011). How behavior is affected
depends on several factors including one’s personality, personal experiences, and
training. Training (as we discuss later in this chapter) is one way to positively
influence the behavioral responses to a variety of stresses and is extremely important
in the military context.

While this chapter focuses on environmental stressors, it is worth mentioning that
other common stressors, such as psychological (e.g., past trauma (Tiwari 2011)),
biological (e.g., fatigue), social (e.g., interpersonal conflicts (Lazarus and Cohen
1977)), and cognitive stressors (e.g., mental load (Tiwari 2011)) have the potential to
negatively affect performance. Such stressors can happen in conjunction with
environmental stressors and may have an additive effect on stress experienced by
a person. The full understanding of the impact of multiple physical and cognitive
environmental stressors is still being developed (Lloyd and Havenith 2016; Tiwari
2011) because it is not always clear how the factors will interact or if they tend to be
additive in nature. These stressors can also have emotional and/or behavioral
consequences in common that impact human performance. In sum, external envi-
ronmental stressors can impact performance differently and the resulting effect on
human performance can be more serious when combined with other,
non-environmental stressors.

Environmental stressors include a variety of physical stimuli, including noise,
temperature (heat and cold), pressure (hypobaric [altitude] and hyperbaric [under-
water]), 24 h darkness or light, and vibration that can alter a person’s ability to
function or survive. It is important to note that stress can sometimes be beneficial to
human performance, and some research reports performance can be positively
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correlated with stress to a point; however, after that point, performance starts to
suffer (Tiwari 2011). Moderate levels of stress have been argued to increase perfor-
mance by providing just enough stimulation to encourage alertness, individual
effort, and motivation whereas too much or too little stress can be associated with
decreases in performance (Kavanagh 2005). How stress affects behavior is not
limited to the individual – stress affects group behavior too. Stress can be a negative
influence on how groups function, something important to consider in a military
context where group work is common (Kavanagh 2005).

Below we will briefly introduce several environmental stressors typically expe-
rienced by military personnel and the impact that these stressors have on human
performance. Each section addresses a unique military stressor in terms of (i) nature
of the threat, (ii) physiological and biological effects, (iii) the impact of these
stressors on performance, and (iv) management strategies.

Noise

Although knowledge of noise as an environmental stressor can be traced back for
centuries, it is only in the past few hundred years that population growth and
industrialization has drawn attention to the true impact that noise has on health
and well-being (Münzel et al. 2018). In addition to the regular ambient noise to
which people are exposed like traffic, airports, restaurants, and other public spaces,
military personnel are exposed to noise in a variety of job-relevant tasks and
environments during training or deployment. Military personnel may also be
exposed to more intense sounds than any other occupation (Jokel et al. 2019).

Whether it is the sound of a large aircraft engine, naval ship, command center
chatter, bullets, or explosives, noise from military environments, many of which
exceed noise standard limits (Jokel et al. 2019), can impair sleep, communication,
vigilance, learning, and can be harmful to health (Goines and Hagler 2007). There are
several types of noise that can cause stress to military personnel. Impulse noise refers
to an exposure to explosions or weapons fire, including small firearms such as rifles
and shotguns. Other firearms (like machine guns), engines, vehicles, or aircraft create
what is referred to as steady-state noise (Nakashima and Farinaccio 2015). Impulse
noise can cause potentially permanent hearing damage with one or few exposures,
whereas the damaging effects of steady-state noise on hearing can occur as a result of
long-term exposure (Nakashima and Farinaccio 2015; Keller et al. 2017).

The stress caused by excessive noise can result in several issues of varying impact
depending on the situation. Excessive noise can hinder everyday communication
because of degraded speech comprehension and signal distortion causing commu-
nication delays and missed messages or orders. Excessive noise can also have
negative impacts on cognitive ability by disrupting concentration and causing an
overall reduction in one’s ability to sustain attention (Jokel et al. 2019). There are
also non-speech related auditory consequences such as an impaired ability to locate
sounds during combat (Nakashima and Farinaccio 2015). Finally, long-term
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exposure to excessive noise can cause permanent hearing loss and tinnitus (Jokel
et al. 2019; Nakashima and Farinaccio 2015; Keller et al. 2017).

Hearing loss in the military population is the second-most prevalent service-related
injury (Yong and Wang 2015). As a potentially preventable injury, prevention efforts
through adequate hearing protection and modifications for quieter workspaces will not
only improve communication performance during operations or training, and help
ensure awareness for environmental cues such as weapon fire, alarms, and other
important communications, but will help to retain personnel and prolong the careers
of highly trained military personnel (Nakashima and Farinaccio 2015).

Behavior modification is common under environmental noise situations where
soldiers will have to change how they conduct their work, for example, by making
requests for clarifications and repeated messages to accomplish their tasks (Jokel
et al. 2019). Similar behavior modifications to other environmental stressors can be
helpful or potentially harmful by leading to unwanted consequences. For example,
depending on the situation, wearing hearing protection could impede situational
awareness for soldiers in the field by limiting their ability to communicate or to hear
external threats such as the proximity and direction of enemy fire (Keller et al. 2017).

Cold Stress

Cold weather injuries, including hypothermia and frostbite, have been an environ-
mental cause of stress to military operations for centuries. During World Wars I and
II and the Korean War, for example, thousands of soldiers suffered from cold
weather injuries and even death due to the cold (Candler 1997). More recently,
cold weather injuries have been sustained by US and Canadian troops during
training exercises in cold climates (Candler 1997; Sullivan-Kwantes et al. 2017).
Such injuries can result in the loss of personnel available for missions and can cause
long-term, life-altering injuries like amputations or, in some cases, death.

Cold weather injuries can occur when tasks are performed under conditions of
cold air, rain, wind, or water immersion. Excessive cooling can lead to impaired
manual performance. With extreme cold exposure, a decrease in core temperatures
can result in hypothermia (a core temperature below 35 �C), symptoms and conse-
quences of which are shown in Table 1.

The class of injuries referred to as freezing cold injuries include frostnip and
frostbite. Frostnip is a mild cold-weather injury characterized by superficial freezing
of the skin that results in numbness but no permanent damage. Research does
indicate, however, that one’s susceptibility to frostnip may increase the risk for
frostbite (Gorjanc et al. 2019). Frostbite occurs when tissue reaches approximately
�0.55 �C but can occur at even higher skin temperatures depending on how long the
tissue is exposed to cold (Handford et al. 2014). Early signs of frostbite are pain and
numbness, a white and waxy appearance, and a hard “wooden” texture.

A non-freezing cold injury occurs with sustained exposure to cold and wet
conditions for several hours or days. Non-freezing cold injuries can involve numb-
ness, swelling, pain, and sensory issues (Vale et al. 2017). Historically, chilblains
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(perniosis) and trenchfoot have been the main non-freezing cold injuries affecting
military personnel (Vale et al. 2017) and are still a concern because they significantly
impact human performance and, in some cases, employability in the military.
Surprisingly, clear diagnostic criteria for non-freezing cold injuries are still being
debated by subject matter experts (Vale et al. 2017).

One of the major human performance concerns when operating in the cold is the
loss of manual dexterity, which declines precipitously once hand and finger temper-
atures fall below ~15 �C (Schiefer et al. 1984), causing the largest effect on tasks
requiring fine finger dexterity (Castellani et al. 2018). From an operational perspec-
tive, having cold fingers may negatively impact the activities required to keep a
mission on track (like equipment repairs or medical procedures) and one’s ability to
handle weapons.

It is unclear from current research how cold stress affects cognitive performance
(memory, reaction time, vigilance, and attention) for military personnel – possibly
because the operational definition of “cold” can differ across studies. Some studies
have found little to no difference in cognitive performance in cool (not cold)
environments (Martin et al. 2019). Other research has reported both improvements
and impairments to cognitive performance in the cold (Martin et al. 2019). Military
task performance, such as target detection, has not been shown to be negatively
impacted by the cold (Martin et al. 2019). Cold can introduce psychological chal-
lenges that impair human performance. As noted by Nindl et al. (2018), a military
member’s psychological resilience, combined with their level of training, experi-
ence, physiological fitness, behavior, equipment, and effectiveness of leadership,

Table 1 Core temperature and associated symptoms during cold stress (Department of the Army
2005)

Core Temperature
(�C) Symptoms

Normothermia 37.0

Mild hypothermia 35.0 Maximal shivering; elevated blood pressure

34.0 Amnesia, dysarthria; poor judgment

33.0 Ataxia; apathy

Moderate
hypothermia

32.0 Stupor

31.0 Shivering ceases; pupils dilate

30.0 Cardiac arrhythmias; reduced cardiac output

29.0 Unconsciousness

28.0 Ventricular fibrillation likely; hypoventilation

27.0 Loss of reflexes and voluntary movement

Severe
hypothermia

26.0 Acid-base disturbances; no response to pain

25.0 Reduced cerebral blood flow

24.0 Hypotension; bradycardia; pulmonary edema

23.0 No corneal reflexes; areflexia

19.0 Electroencephalographic silence

18.0 Asystole

16.0 Lowest temperature from which an adult survived
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affect the ability to cope with operational stress. Success for the military means not
only surviving but adapting to the cold to retain effectiveness.

There are several interventions that may help to combat cold stress. Behavioral
responses to increase body heating are the most common (increasing physical
activity or building a fire) and/or reduce body heat loss, (adding more protective
clothing or seeking shelter). There is some evidence to suggest that supplements,
such as tyrosine and caffeine, may help combat the negative effects of cold on
cognitive performance (Taylor et al. 2016). However, when considering the impact
of cold on cognitive performance during military operations, one must consider
other factors, such as sleep deprivation, dehydration, and nutrition (due to an
inability to prepare food properly), which may compound the impairment. There-
fore, our understanding of the effect of cold on cognitive performance for military
personnel needs to be understood in the context in which it occurs.

Prevention of cold-weather injuries involves risk management planning to assess
potential cold-weather risks to health and performance and to implement the neces-
sary controls. Factors requiring consideration include individual levels of risk,
nutrition, hydration, clothing, physical activity, monitoring, and cold-mitigation
strategies. Some evidence suggests that practicing cold-water immersion may reduce
anxiety, pain, and delay the onset of shivering (Cheung 2015). For these reasons,
cold acclimation has been proposed as a training tool to improve human perfor-
mance, reduce cold-weather injuries, and improve cold tolerance (Gordon et al.
2019; Jones et al. 2017). Whether cold acclimation can be effectively implemented
and maintained in military personnel requires further investigation. Other prevention
measures aim to mitigate body cooling. Strategies center on the behavioral responses
listed above, as well as keeping clothing dry. Skin-heating devices increase periph-
eral blood flow and slow the decline in skin temperature (Castellani et al. 2018) but
have not been widely implemented in the field.

Military leaders and medical personnel should monitor troops for signs of cold
injury because they tend to be underreported (Sullivan-Kwantes et al. 2017). Proper
reporting is crucial to ensuring appropriate treatment so that soldiers can recover and
minimize the risk of future cold injury. Prevention of freezing cold injuries for
military personnel is important for maintaining current and future cold operations
because, depending on the degree of injury, the solider may have to be removed from
the field, an operation, or the military. Once a person sustains a freezing cold injury,
they can experience continued hypersensitivity to the cold and be at an elevated risk
for another such injury, which can affect their performance on future cold operations
(Gorjanc et al. 2019).

Heat Stress

That heat exposure can be debilitating or lethal, and thereby impact battlefield success,
has been recognized by military commanders for millennia (Jarcho 1967; Olsen 1997;
Goldman 2001). The scientific study of heat effects onmilitary personnel began during
British and European colonialism, as heat became a major source of illness among
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troops stationed in tropical and desert climates (Bricknell 1995). Since then, military
forces have devoted considerable effort toward understanding and expanding soldiers’
tolerance to heat stress, with the goal of maximizing effectiveness and minimizing heat
casualty risk (Ashworth et al. 2020; Nye and O’Connor 2020).

Detrimental effects of heat exposure are largely mediated by excessive elevations
in body temperature. Normally, humans maintain a relatively stable body tempera-
ture by balancing body heat production from metabolism with an equivalent amount
of heat loss. Heat stress tips this balance such that heat production exceeds heat loss,
causing body temperature to rise. This occurs with physical exertion and/or if heat
loss is limited by environmental factors (high air temperature, thermal radiation,
humidity) and clothing.

Military working conditions often create heat stress. High temperatures and
humidity levels can be expected during training exercises or deployments conducted
in tropical or dry climate systems, or during summer months in temperate and
continental climates. Rapid deployment to such conditions can be particularly
problematic without the benefit of prior heat acclimatization. Similarly, divers
performing tasks in desert climates may encounter very warm shallow-water tem-
peratures. Vehicles, vessels, and aircraft can also be a major source of environmental
heat stress (Kozlowski 2009). High temperatures in armored vehicles and seacraft
can produce extremely high humidity levels as evaporated sweat from personnel
causes moisture to accumulate inside crew compartments (Schlader et al. 2015;
Jacobs et al. 2007). Thermal radiation from avionics, proximity to jet engines, and
sun exposure through aircraft canopies can greatly elevate cockpit temperatures
(Kenefick et al. 2008). Training and operational tasks can be physically demanding.
Rapid movement speed, sometimes under heavy load, may be required during
marches, patrols, and reconnaissance, especially during high-tempo operations.
Personal protective clothing and equipment, such as body armor, flight ensembles
(G-suits, immersion protection), and chemical, biological, radiological, nuclear, and
explosive (CBRNE) defense, can be heavy, cumbersome, and impede body heat loss.

The human response to heat stress involves directing more blood flow to the skin
and increasing sweat production, which together promote heat loss. Although these
responses can effectively control body temperature, large and sustained elevations in
skin blood flow and sweat rate can induce considerable strain on the body. Redis-
tribution of blood to the skin, coupled with sweat-induced dehydration, limits the
amount of blood returning to the heart, threatening its ability to maintain blood flow
to the brain and other vital organs. For this reason, the ability to manage other
stressors that threaten blood flow to the brain, such as prolonged standing (e.g.,
sentry duty), acceleration (e.g., tactical aviation), and hemorrhage, is seriously
impaired by the addition of heat stress (Nunneley and Stribley 1979; Crandall
et al. 2019). With combined exercise and environmental heat stress, the body’s
capacity for heat loss may be overwhelmed, causing body temperature to rise
persistently until a serious heat illness occurs. The most common is heat exhaustion,
characterized by an inability to continue physical activity due to extreme cardiovas-
cular strain and dehydration. The most severe heat illness, heatstroke, is defined by
extremely high body temperatures and impaired mental status. Heatstroke requires
immediate and aggressive cooling to avoid organ/tissue damage and death. Serious
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heat illness has an immediate impact on operational effectiveness and the consump-
tion of medical resources. Recovery (often several weeks) following heatstroke
contributes to lost duty time that may impact unit readiness. Additionally, prior
heat illness can increase the likelihood of a future episode of heat illness, which must
be considered before future operations.

Body heat strain can degrade mental, psychomotor, and physical task perfor-
mance. Mental tasks requiring vigilance are the most susceptible to heat, especially
those perceived to be boring. This is particularly problematic due to the importance
of vigilance in military operations (e.g., patrol, sentry duty, vehicle operations).
Prolonged heat stress impairs complex mental tasks requiring memory, interpreting
information, and reasoning. In contrast, simple reaction time tasks, such as target
detection, are largely unaffected by heat. Prolonged heat exposure also degrades
manual coordination and steadiness, which can affect marksmanship. Heat-related
deteriorations in steadiness and attention affect tracking ability, which is required for
piloting, target acquisition, and weapons alignment. Additionally, with sustained
physical work (e.g., march, patrol) in conditions that restrict sweat evaporation (e.g.,
high humidity, little airflow, and/or protective clothing), rapid elevations in body
temperature and cardiovascular strain limit work time. The relationship between
work intensity and maximum work time during heat exposure while wearing
CBRNE protection is demonstrated in Fig. 1 (McLellan et al. 2013).

Within a unit, the risk of heat-related illness and degradations in performance may
not be equal between soldiers. This is because the physiological responses to a given
level of heat stress are highly variable between individuals. Numerous factors
contribute to this variability; the most common are summarized in Table 2. Com-
manders and medical officers must be aware of these risk factors to properly manage
heat casualty risk.

Heat stress management is critical for preventing heat casualties. Most impor-
tantly, leadership must fully inform personnel of the risk associated with heat stress.
Heat acclimatization and adequate water intake are key for optimizing effectiveness.
Adherence to prescribed work/rest cycles based on environment, work intensity, and
clothing can effectively limit the cumulative amount of heat stress and prevent
dangerous heat strain. Similarly, mission planning algorithms use physical activity
factors (speed, load, slope, terrain), individual traits (body size, acclimatization,
hydration), environmental parameters, and clothing properties to predict physiolog-
ical strain, and prescribe work/rest balance and water needs. Direct cooling can also
assist in heat management (McLellan et al. 2013). Examples include liquid or air
circulation underneath protective clothing, ice vests, or water immersion; though the
method used must account for the soldier’s requirements for mobility, strain of added
mass, power requirements, and integration with protective ensembles.

Hypobaric Stress: Hypoxic Hypoxia

Military aviators flying at high altitude and soldiers traversing mountainous terrain
are exposed to low atmospheric pressures. The ensuing stress generates a variety of
physical, physiological, and psychological responses on humans, who are not
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adapted to function in such a hostile environment. The effects could be profound on
performance and may cause serious risks that could result in injuries or fatalities,
impacting mission success. Historically, the effects of altitude began to be under-
stood in the sixteenth century (Houston 1987; DeHart 1996). In aviation, the first
detailed description of the effects of altitude can be traced back to the early balloon
flights in the eighteenth century (West 1998). The first comprehensive scientific
studies began in the late 1870s (Hitchcock 1971). They were the first experiments to
demonstrate that specific ill effects and symptoms were the result of oxygen defi-
ciency, that is, hypoxia, in the body and the decrease of the oxygen partial pressure
(PO2) at altitude (Bert 1878; Marotte 2006).

The inherent risk of hypoxic hypoxia during flight has been recognized for some
time. It was a serious hazard in both World Wars and remains a potential danger in
the present, with recent events of in-flight hypoxia-induced symptoms in modern
military aircraft, which can fly longer at increased operational altitudes. For exam-
ple, the number of hypoxia episodes within the US Navy F/A-18 community
increased tenfold between 2010 and 2017 (Rice et al. 2019). Because in-flight
hypoxia incidents can result in total loss of precious life and costly aircraft, under-
standing the impairments and recognizing the symptoms is of paramount importance
for aircrew operating at altitude. In practice, hypoxia arises from (i) breathing air at
high altitude in an unpressurized aircraft, (ii) a loss of cabin pressure in a pressurized
aircraft, (iii) failure or absence of an on-board life support systems, or (iv) incorrect
use of the oxygen equipment.

Fig. 1 Relationship between work tolerance time and metabolic rate while wearing the Canadian
Forces nuclear, biological, and chemical protective clothing ensemble in hot-dry and hot-humid
environmental conditions. Dotted vertical lines demarcate metabolic rates consistent with the
indicated work intensities. Reproduced with permission from the Canadian Department of National
Defence. The source is Defence R&D Canada
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Hypoxia manifests as an inadequate supply of oxygen by arterial blood to tissues,
resulting in rapid impairment of bodily function, especially in the central nervous
system (Haldane et al. 1919). Although the oxygen concentration in the air is the
same at sea-level and high altitude, the reduction in barometric pressure as humans
ascend to high altitude means a lower PO2. Thus, the gradient for oxygen diffusion in
the body is lower than at sea level, reducing the capacity of gas exchange between
the atmosphere and the cells. Altitude-related hypoxic stress produces a combination
of physiological and psychological effects on individuals, accompanied by a remark-
able variety of signs and symptoms that can have serious consequences, leading to
unconsciousness. Given the oxygen deficiency at altitude, effects include increased
depth of breathing while the cardiovascular system tries to compensate by increasing
blood flow to the tissues. Depending on the hypoxia level, heart rate increases, and
cardiac output is redistributed to maintain oxygen delivery to the most critical tissues

Table 2 Risk factors for exertional heat illness (EHI) among military personnel

Risk factor Consequences

Individual factors

Low aerobic capacity Aerobic fitness improves evaporative capacity and lowers
cardiovascular strain

Lack of heat
acclimatization

Heat acclimatization maximizes evaporative capacity and lowers
cardiovascular strain

Motivation Desire or pressure to complete training can push individuals beyond
tolerance limits

Dehydration Can attenuate sweat rate, exacerbates cardiovascular strain

Illness or injury

Febrile illness Accentuates hyperthermia

Recent viral infection Accentuates hyperthermia, compromises immune response

Skin grafts Extensive grafts lower evaporative capacity in burn survivors

Medications &
Supplements

Amphetamines Delay fatigue and prolong exertion; increase heat production, heart
rate, blood pressure

Anticholinergics (e.g.,
atropine)

Impaired sweating and skin blood flow

Antihistamines Impaired sweating

Beta-blockers (e.g.,
propranolol)

Attenuated blood pressure, skin blood flow

Diuretics Fluid and electrolyte depletion

NSAID Gut and liver toxicity

Ephedrine Greater heat production, heart rate, blood pressure

Genetics

Sickle-cell trait Higher EHI incidence; mechanism unclear

RYR-1 mutation Greater heat production (malignant hyperthermia)

TLR4 polymorphisms Diminished endotoxin response

NSAID, nonsteroidal anti-inflammatory drugs; RYR1, ryanodine receptor 1 gene; TLR4, toll-like
receptor 4 gene
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(i.e., brain and heart). Signs and symptoms can be grouped into five objective and
subjective types: (i) general (headaches, tingling, numbness, breathing difficulty,
feelings of warmth or cold); (ii) cognitive (memory, lapses, judgment, confusion),
(iii) psychomotor (reaction time, communication, muscular, eye-hand coordination);
(iv) behavioral (personality, mood); (v) visual (acuity, peripheral, night, color)
(Haldane et al. 1919; Carson et al. 1969; Smith 2008). The degree and severity
depends on altitude exposure level and duration with or without physical exertion.
These symptoms can be unique to every person and, when they occur, constant
throughout their life when exposed to hypoxic conditions. Given the insidious nature
of hypoxia and the individual susceptibility of its symptoms, detection and correc-
tive action can be difficult during flight.

Because of their high oxygen requirement, the central nervous system and the
retina are highly sensitive and most vulnerable to hypoxia. Therefore, the first effect
of hypoxia on performance is a decrement of visual and cerebral performance
(Cudaback 1984). Visual degradation is generally consistent and starts occurring at
around 1500 m (5000 ft). Over the years, the effect of hypoxia on cognitive
performance and mental functioning has been investigated extensively (Cudaback
1984; Greene 1957; Petrassi et al. 2012). Motor and cognitive performance impair-
ments vary from person to person and depend on the altitude level and rate of ascent.
In addition to the decrements described above, hypoxia can also impair higher
mental processes, complex decision making, and working memory such as the
executive functions. The emergence of modern aircraft with a cognitively tasking
cockpit highlights the importance of working memory due to the number of flying
tasks performed simultaneously (Malle et al. 2013). Between 1525 m (5000 ft) and
4575 m (15,000 ft), performance decrements at varying hypoxia levels are less
understood and difficult to quantify, possibly due to individual difference and
absence of sensitivity or specificity of the multitude cognitive tests used. A compre-
hensive literature review demonstrated that the effects of hypoxic hypoxia on
cognitive function at these altitudes extend to both elementary and higher-order
cognitive functions, and decrements in cognitive tasks with great complexity are
more likely for a given level of mild hypoxia (Petrassi et al. 2012).

Breathing air above 4575 m (15,000 ft) makes the aircrew unaware of any
performance decrement or presence of symptoms, due to a significant loss of critical
judgment and determination. Emotional state is affected, and the individual may
become disinhibited and sometimes physically violent (Harding and Gradwell
1999). Above 6100 m (20,000 ft), cognitive performance and physical capacity
drop rapidly, followed by convulsions, unconsciousness, and death without notice.
The time of useful consciousness (also called time of effective performance) is the
effective period from the interruption of the oxygen supply, or the start of low
oxygen exposure environment, to the time when useful function is lost, and an
individual is no longer capable of performing corrective and protective flying actions
(Carlyle 1963). In practice, time of useful consciousness permits the aircrew to
initiate corrective actions, such as descend to safer altitudes or initiate supplemental
oxygen breathing. Altitude level, oxygen concentration, high ascent rate (or rapid
decompression), physical exertion, and individual differences have been shown to
greatly affect time of useful consciousness (Greene 1957).
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The adverse effects of hypoxia must be prevented during flight. It is commonly
accepted that aircrew and passengers must breathe supplemental oxygen as a
countermeasure for hypoxia using a breathing mask for cabin altitudes above
3048 m (10,000 ft). Signs and symptoms of hypoxia are consistent for the same
individual whenever hypoxia is felt; however, they are perceived differently by
different individuals. It is important that military aircrew become familiar with the
effects of hypoxia on their own bodies to be able to take corrective actions. These
can include a descent to safe altitudes in unpressurized cabins and use of supple-
mental oxygen. The familiarization with the signs and symptoms of hypoxia, also
called indoctrination at high altitudes, is usually conducted in a controlled environ-
ment, either by reducing the barometric pressure in a hypobaric chamber or by
breathing a reduced oxygen fraction breathing mixture at sea level to simulate
altitude (known as normobaric altitude). The other benefit of indoctrination is to
familiarize the aviator with the proper use of oxygen systems. Aviators with hypoxia
familiarization have been found to respond better to in-flight hypoxic incidents.

As development of more capable tactical aircraft emerged in the early 1950s, it
was realized that further emergency hypoxia life support systems would be needed to
prevent severe hypoxia in the event of cabin decompressions above 7625 m
(25,000 ft). As capabilities increased, tactical aircraft were able to reach in excess
of 18,300 m (60,000 ft). As tactical military aircraft incorporated jet propulsion and
cabin pressurization, aircrew could maneuver and cruise at higher altitudes. This
enabled surveillance at altitudes beyond weapon range, delivery of weapon systems
at higher ceilings, and improved fuel efficiency and range due to the thinner
atmosphere (and thus reduce drag). Next generation aircraft will be able to maintain
cruise altitude up to 25,925 m (85,000 ft).

The ideal oxygen pressure in the lung’s alveoli is around 100–103 mmHg at sea
level (where total barometric pressure is 760 mmHg). At a cabin decompression
exposure altitude of 12,200 m (40,000 ft), the total barometric pressure is only
141 mmHg, this alveolar pressure will fall well below 40 mmHg, causing severe
hypoxia (Ernsting 1966; Green 2016; Holness et al. 1980). To address this,
researchers in the USA and the UK developed emergency breathing systems in the
1960s. For cabin altitudes of greater than 12,200 m (40,000 ft), 100% oxygen
breathing gas is immediately delivered to the lungs for a minimum total pulmonary
pressure of 141 mmHg (Ackles et al. 1978; Balldin 1978). As the exposure altitude
increases past 12,200 m (40,000 ft), the pressure of oxygen delivered to the respi-
ratory tract is increased, to maintain as close as possible to the 141 mmHg level
(Fig. 2). This increased pressure delivered to the lungs during emergency exposure
to hypoxia above 12,200 m (40,000 ft) altitude is termed positive pressure breathing
(PPB) (Ernsting 1966; Green 2016).

Modern military tactical aircraft continue to employ emergency PPB as an
emergency hypoxia measure vs. adopting full pressure suits as emergency hypoxia
equipment since (a) partial pressure ensembles allow egress and emergency ejection
from the aircraft; (b) full pressure suits are environmentally hot, restrictive, and do
not allow the aircrew to flex and rotate the head and trunk, which is critical to
keeping situational awareness and vision in the dynamic tactical cockpit; (c) PPB
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ensembles allow a modular approach and pneumatic counterpressure of the legs and
thorax (via the use of the anti G suit and chest counterpressure vest – discussed in
more detail below) (Ackles et al. 1978; Ernsting et al. 1960) (Fig. 3).

PPB though effective in maintaining a minimum cerebral oxygenation up to very
high cabin altitudes during decompression (termed “get-me-down” protection), PPB
at levels above 50 mmHg places significant strain upon the respiratory and cardio-
vascular systems (Ackles et al. 1978; Balldin 1978). When high-pressure gas enters
the respiratory system, it must be counterbalanced across the chest wall, otherwise
the alveoli may rupture, which may cause a serious air embolism. To prevent this, the
gas entering the respiratory system from the emergency-breathing regulator during
decompression also fills a pneumatic counterpressure vest, mitigating most of the
lung distension (Ernsting 1966).

At the same time, cardiovascular function impairment also occurs when a pilot is
exposed to high levels of PPB for even several seconds. As intrapulmonary pressure
rises rapidly, venous return of blood back to the heart is interrupted. If PPB
continues, and cardiovascular dysfunction is not addressed symptoms of syncope
(including dizziness, confusion, cognitive decrements and alterations in vision) –
followed by loss of consciousness may ensue. Thus, paradoxically, although severe
hypoxia may be corrected, there is a risk of aircrew loss of consciousness due to
secondary complications of PPB (Ernsting 1966; Green 2016; Holness et al. 1980;
Ackles et al. 1978; Balldin 1978).

Fig. 2 As emergency cabin decompression altitude exposure increases past 12,200 m (40,000 ft),
the levels of 100% O2 pressure delivered the lungs must increase in order to maintain a minimum of
140 mmHg, ensuring at least a nominal level of alveolar oxygen pressure. This type of emergency
O2 pressure delivery is termed “positive pressure breathing” or PPB. Redrawn from (Ernsting
1966). Reproduced with permission from the Canadian Department of National Defence. The
source is Defence R&D Canada
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To address these cardiovascular effects of PPB, the anti-G suit – also utilized for
acceleration protection – effectively counter these effects, and restore venous return
to the heart during PPB. Studies determined that the optimal protection was afforded
by inflating the Anti-G suit to multiples of the breathing pressure (i.e., for 60 mmHg
oxygen delivered to the lungs, 60 mmHg pressure inflates the torso jerkin and
upwards of 4 x the breathing pressure for the G-suit – 240 mmHg) (Ackles et al.
1978; Balldin 1978; Ernsting et al. 1960). Also, the increased coverage of the G-suit
was directly correlated with further reductions in cardiovascular symptoms of PPB
(Goodman et al. 1993).

Hypoxia may have significant impacts upon behavioral changes, especially in the
very short term, as reduced cerebral oxygen levels manifest as confusion, memory
deficits, and even mood alterations. These become significant when operational
decision making and communication is impacted during a sudden life support

Fig. 3 Representative Positive Pressure Breathing Ensemble. Picture shows the helmet/oronasal
mask, thoracic jerkin, anti-G suit, and connectors/tubing. The breathing system is tied into the
aircraft’s life support breathing supply and regulator (blend of bottled O2 and engine bleed air).
Reproduced with permission from the Canadian Department of National Defence. The source is
Defence R&D Canada
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system failure, and when emergency procedures need to be enacted immediately. On
the other hand, there is very little evidence that exposure to an acute bout of severe
hypoxia during a cabin decompression leads to significant long-term behavioral or
cognitive effects or any permanent structural changes to the central nervous system.

Aircrew training for high altitude emergency hypoxia typically involves a com-
bination of in-class instruction (theory and physiology of high-altitude hypoxia and
countermeasures, severe hypoxia recognition), followed by direct exposure/simula-
tion of high levels of PPB at ground-level. This is accomplished by using custom air
delivery systems which deliver high pressure air to the lungs, and the full PPB
ensemble. Occasionally, PPB training is also combined with simulated emergency
scenarios, which provide additional cognitive challenges to encourage further habit-
uation and training opportunities for aircrew. This enables indoctrination of the
sensations of high levels of PPB and allows habituation in a safe environment.

Vibration in Military Transport

Vibration is defined as a series of impulses transmitted to the body. These may be
directed to the body through direct contact with a vibrating object/structure or
transmitted through the air as sound waves. In essence, vibrations at many common
frequencies are perceived as sound by the human auditory system, whereas at low
frequencies, impulses arriving at the body are felt physically. At one end of the
vibration spectrum are explosion/blast and firearms discharges that produce high
magnitude vibration effects, which are the most destructive to the human (organs,
skeletal, muscular, soft tissue, and brain), or on the other spectrum ultra-high
frequency vibrations/acoustics, which may have large negative effects on hearing
perception and communication. However, for the purposes of this section, we
summarize the effects of lower-range (60–100 Hz) non-weapon and non-acoustic
related vibrations upon the soldier (Coerman 1940).

Vibration is commonly experienced in many military operating environments,
and these range from undersea (e.g., vibrations emanating from self-contained
breathing apparatus) and inside over-land vehicles (buffet, rough terrain, and
drive-train effects), but most commonly in the aerospace environment. Helicopter
rotor rotations and air turbulence vibration during high speed/high acceleration flight
in tactical aircraft account for most of the vibration effects encountered (Griffin
1990; Guignard and King 1972).

Helicopter-induced vibration causes the greatest impact upon aircrew perfor-
mance (auditory, visual disturbances) and health. In particular, the effect of these
low-frequency rotor-caused vibrations manifests in neck and back soft-tissue and
skeletal pathology and pain. When combined with unnatural postures, which are
used in many operations, and the wearing of heavy helmet/head-up night vision
equipment, the incidence of debilitating neck pain is significant. Although only one
contributor to helicopter neck pain, active Aviation Medicine research continues,
with the aim of developing methods to mitigate vibration for helicopter aircrew.

Although a performance and health issue, high or low frequency vibration may
also be utilized in many military environments to enhance performance. Haptic
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cueing is incorporated into several aviation and naval vehicular environments for
orientation cueing, as well as for aircraft collision avoidance and stall warning
systems. Haptic systems are gradually being introduced in land environments for
group/individual position location and incoming fire warnings (Coerman 1940;
Griffin 1990; Guignard and King 1972).

There is no evidence that exposure to vibration leads to significant and permanent
behavioral changes or cognitive impairments. However, vibration in the cockpit may
negatively impact aircrew performance by interfering with communication, cause a
distraction serious enough to cause pain, nausea, and visual decrements, ultimately
leading to poor decision-making during routine and emergency operations. This
would be exacerbated during long-duration missions.

Acceleration and the Tactical Air Environment

Acceleration stress continues to be a significant operational hazard for aircrew.
Initially recognized as more capable aircraft were developed around World War I,
increased thrust and airframe structural strength allowed for aggressive aerial
maneuvers, which became operational standards during air-to-air combat and for
deployment of munitions (Burton 1988; Lyons et al. 1991). With the introduction of
jet propulsion after World War II, these capabilities increased significantly, allowing
8–10 times gravitational forces (commonly termed “G” – which on earth is the force
due to gravity acting on the body and is equal to +1 G). However, accompanying
these increased flight capabilities were numerous loss of consciousness incidents and
fatalities among air force personnel across many adversaries’ and allies’ nations
(Ernsting 1966; Burton 1986; Lyons et al. 1991).

Acceleration stress that threatens aircrew health follows the vertical (“z” or
spinal) axis of the body, referred to as “headward acceleration” +Gz. Other vectors
of G acceleration are found in the “x” and “y” directions, especially in other flight or
transport environments, but they are usually not associated with significant cardio-
vascular threats in the tactical aviation environment (Ernsting 1966; Burton 1986;
Leverett and Whinnery 1985).

+Gz causes a perceived “heaviness” of limbs above +5Gz, with an inability to use
or raise the limbs above +8Gz. Additionally, acceleration acts on the soft tissue and
muscles that insert on the spine, and exacerbates the stress imposed by heavy helmet,
mask, and sighting equipment. Fatigue of the voluntary respiratory muscles respon-
sible for chest expansion during inspiration is also a feature of high +Gz levels. One
unusual effect of high +Gz exposure is the development of petechial hemorrhages in
the skin – pinpoint type rashes, caused by high hydrostatic tissue pressure. These are
usually painless, harmless, and self-limiting to the first few high +Gz occurrences
(Ernsting 1966; Burton 1986).

Blood flow in the upper half of the lungs ceases above +3Gz, which causes
imbalances of oxygen ventilation vs. blood perfusion of the lung. Therefore, there
will be a larger volume of perfused lung not receiving oxygen. This results in
desaturation of systemic arterial blood such that at +5Gz, arterial saturation is 85%
(normal is 98%) (Green 2016).
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As +Gz acceleration is experienced in the cockpit, several physical/physiological
events occur in the immediate seconds of +Gz stress, the weight of the blood above
the heart increases directly as a function of each increment of +Gz; that is, if the
aircraft pulls a +3Gz turn, the weight of blood in major arteries above the heart
increases threefold (Leverett and Whinnery 1985;Burton 1988).

If the +Gz forces persist for less than 5–7 s, the cardiorespiratory implications to
the aircrew are minimal. This is explained by the latent stores of high energy
molecules in the brain that enable continued cognition and central nervous system
(brain, vision) function for this short time frame. However, if acceleration is
sustained longer than 5–7 s and is above +4–5Gz, oxygen delivery to the central
nervous system may be completely interrupted due to low cerebral arterial blood
pressure (Green 2016; Burton 1986; Banks et al. 2008; Wood and Lambert 1946).

There are underlying autonomic physiological reflexes that function to restore
blood pressure in the face of orthostatic challenges. The most common example is
standing too quickly from a supine position, leading to fading vision or fainting (loss
of consciousness (LOC)). In the high +Gz environment, these sympathetic nervous
system reflexes are too slow (requiring 7–12 s) and ineffective in the face of high
sustained rapid-onset +Gz. Figure 4 illustrates the intersection between natural
cardiovascular reflexes and G-onset and symptoms through the “G-Time Tolerance
Curve” (Green 2016; Burton 1986; Banks et al. 2008).

The first major effect of increasing +Gz is an alteration in vision. As head-level
arterial pressure decreases with increasing +Gz, blood pressure to the retina falls, and
the aircrew will first experience color acuity loss, followed by loss of peripheral
vision, and then complete loss of vision. In rapid-onset +Gz, loss of vision may occur
simultaneously with LOC. Aircrew are trained (in flight or in centrifuges) to
recognize the signs of loss of vision effects, and initiate countermeasures (discussed
below), before complete loss of vision or LOC occurs (Green 2016; Burton 1986;
Scott et al. 2007; Burns 1988). Aircrew undergoing +Gz stress may experience
changes in behavior, especially after a near-LOC or complete GLOC incident. These
may manifest immediately as consciousness returns, and characterized by lethargy,
confusion, and apathy (Ernsting 1966; Burton 1986). There is concern that
performing complex tasks after GLOC (e.g., conducting an instrument landing in
poor weather conditions) may be degraded. Fortunately, there is no evidence that
repeated +Gz insults contribute to permanent changes in behavior or cognition.
Certainly, aircrew who experience GLOC may require psychological counseling,
as the total loss of control of the aircraft and specter of a possible fatal event may
cause anxiety and a range of psychological issues.

The four main factors that govern +Gz tolerance are the magnitude of +Gz, the
rate of onset, the duration of exposure, and the immediate pre-Gz conditions.
However, factors such as aircrew morphology (height is known as a risk factor –
tall individuals being at greater risk), preexisting cardiovascular conditions, medi-
cations, diet, sleep, stress, and training are key determinants. Some elements of
resilience to +Gz stress are adaptable and display characteristic adaptive responses
with habitual +Gz exposure, as well as decay in +Gz tolerance during prolonged
layoff from operational flying or centrifuge exposure/training. Additional factors
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influencing +Gz tolerance are the biodynamics of the flying environment, thermal
strain, motion sickness, and vestibular organ stimulation reduces tolerance. Exces-
sive endurance exercise training is also implicated in impaired +Gz tolerance
(Burton 1986).

The simplest countermeasure used in military tactical aviation to mitigate +Gz
exposure has been the reclining of the seat back angle, which diminishes the
hydrostatic column height between the heart and the brain (Burns et al. 1975). The
most common and effective countermeasure employed by aircrew is the Anti-G
Straining Maneuver (AGSM), which effectively raises the +Gz tolerance threshold
from +3.5 or +4Gz, up to +8.5–11Gz, depending upon the skill and strength of the
aircrew (Wood and Code 1947). The maneuver is a coordinated and cyclic isometric
muscle contraction combined with a closed glottis breath hold (Ernsting 1966;
Burton 1986; Buick et al. 1992). A well-performed AGSM instantly raises blood
pressure and thus retinal and brain perfusion. Though highly effective, it is very
fatiguing, especially if used repeatedly during long sorties, and requires extensive
aircrew training (usually in human centrifuge facilities).

Fig. 4 Maximum +Gz tolerance versus time from the start of an acceleration in relaxed subjects
(i.e., without using a G-protection device or manoeuver) to an endpoint (indicated by the different
symbols). Each thin grey line represents acceleration at different onset rates (G per second, G/s).
With a slower +Gz onset rate (e.g., 0.2 G/s), visual symptoms will occur after 25 s at +4Gz and
G-LOC will intervene after 32 s at +5Gz. With a gradual onset of 0.5 G/s, visual symptoms are
likely after about 8 s and LOC about 1 s later at +4Gz. Rapid onset of sustained +Gz (�1.4 G/s) will
result in G-LOC after about 4 s without any visual warning symptoms. However, if rapid-onset +Gz
is sustained for only 1–5 s, there may be no visual disturbances or G-LOC since brain substrate
reserves will maintain consciousness. Below the solid black line, the arterial baroreflex effectively
counteracts the effect on +Gz, maintaining blood flow to the brain. The exception is if a push-pull
maneuver precedes +Gz (as discussed in the text). © Whinnery and Forster. Modified from
(Whinnery and Forster 2013) under the terms of the Creative Common Attribution License
(http://creativecommons.org/licenses/by/2.0)
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Used in tandem with the AGSM is the Anti-G Suit. Invented and developed initially
by Canadian and American physiologists during the early World War II period, the first
garments used water-filled designs, which exploited the counterpressure created by the
increasing pressure of water on the limbs and abdomen during increased +Gz. They
were replaced by pneumatic bladders fitted to the inside of the anti-G trousers and a
regulator to provide the high-pressure air supply. The basic design (which has remained
to this day) is a five-bladder suit: one abdominal, two thigh, and two calf interconnected
bladders. The Anti-G suit has undergone several evolutions, and the modern design
(e.g., Canada’s STING Sustained Tolerance for INcreasing G) anti-G ensemble has
larger circumferential bladders, with improved regulators and inflation schedules to
optimize +Gz protection (Fig. 5).

Aeromedical scientists recognized during the 1970s and 1980s that PPB
(discussed earlier in this chapter) could be exploited for +Gz protection by partially
replacing the respiratory component of the AGSM and passively providing high
intrathoracic pressure to the lungs, which is then imparted to the cardiovascular
system (Glaister and Lisher 1976). The use of PPB for +Gz (termed PBG) has the
advantage of minimizing AGSM fatigue and allows increased +Gz exposure toler-
ance and endurance. Human centrifuge studies demonstrated greater sortie time
and +Gz endurance, reduced fatigue, and reduced chance of GLOC. However,
PBG has some limitations: additional aircrew training is required, a thoracic
counterpressure vest must be used, the helmet and oronasal mask system is difficult
to seal during high +Gz levels, and a separate regulator is required, complicating the

Fig. 5 Evolution of the anti-G Suit. Greater bladder volume and lower extremity/abdominal
coverage afforded improved protection in combination with the anti-g straining maneuver.
Reproduced with permission from the Canadian Department of National Defence. The source is
Defence R&D Canada
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life support engineering requirements in the aircraft (Burton 1986; Banks et al. 2008;
Scott et al. 2007; Buick et al. 1992; Burns 1988).

Conclusion

The military operates in extreme environments. Working under varying levels of
environmental stress can affect human performance by negatively impacting phys-
ical health, psychological health, cognitive functioning, and affecting human behav-
ior. Research on the impact of these environmental stressors on humans, and military
members in particular, continues today as in many of these areas of science the
understanding of the impact on health and human behavior, including additive stress,
continues to evolve.

Research on human performance under these environmental stressors show that
in the military context, there are various methods to mitigate some of the impacts.
These methods include specialized training, acclimatization, effective monitoring,
addition of protective equipment, and behavioral modifications to help reduce the
impact of environmental stress on health and human performance. Education and
awareness training, such as stress inoculation exposure (Kavanagh 2005), may help
soldiers recognize signs of excessive strain and initiate behavioral changes in a
manner that helps mitigate against these threats. This type of training can also be
beneficial for group performance under stress (Kavanagh 2005). Research about
soldiers operating in the heat, for example, has found that physiological monitoring
(e.g., heart rate monitoring) can be used in training to help soldiers identify when
they are at risk for an injury and encourage behavior changes to reduce the chance of
injury and maintain high levels human performance. As biomedical and wearable
technologies continue to improve (both sensors and batteries), the adoption of
unobtrusive and reliable personal bio-sensors and associated mobile software/algo-
rithms will become feasible for operational use. These systems will be used either as
training tools to educate individual performance or to monitor personnel under stress
for medical professionals or commanding officers.

As advances in equipment and technology allow humans to push more physical
boundaries (e.g., fly faster and climb higher) the military will be exploiting these
advances to increase warfighters’ advantages over adversaries in environments with
extreme stressors. However, having the equipment is only one component of a
broader concept of readiness that leadership needs to keep in mind when preparing
for operations. Understanding the impact that these environments will have on
performance, even with the best equipment, requires a clear realization of how
appropriate training and effective leadership contributes to a system of enablers for
effectiveness in operating environments that will continue to become increasingly
extreme.
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Summary

This chapter highlights the effects of several operational environments on military
personnel during training and operations. Exposure to extremes of noise, tempera-
ture, humidity, pressure, vibration, and acceleration can have detrimental effects on
physical and cognitive performance and exacerbate psychological stress. These
environmental stressors can occur in isolation, such as exposure to extreme cold
weather in the Arctic, or they can be additive, such as experiencing noise, vibration,
and acceleration in aircraft. Environmental stress can also affect human behavior,
and it is important to understand how adaptations or behavior changes can impact
military operations and mission effectiveness. Education and training, appropriate
use of protective clothing, leadership, technology, and experience all play a role in
learning how to mitigate the risk of environmental injuries and degraded perfor-
mance in these extreme environments. Research on human performance under these
environmental stressors in the military context explores ways to mitigate the harmful
effects of environmental stress and augment warfighters’ ability to operate in
extreme environments.
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