
Lung injury related to extreme
environments

Yochai Adir1,2 and Alfred A. Bove3

Affiliations: 1Pulmonary Division, Faculty of Medicine, Lady Davis Carmel Medical Center, Haifa, Israel.
2Technion – Israel Institute of Technology, Haifa, Israel. 3Dept of Medicine, Section of Cardiology, Temple
University School of Medicine, Philadelphia, PA, USA.

Correspondence: Yochai Adir, Pulmonary Division, Faculty of Medicine, Lady Davis Carmel Medical Center,
7 Michal St, 34362 Haifa, Israel. E-mail: adir-sh@zahav.net.il

@ERSpublications

Lung injury is a well understood and preventable consequence of water immersion while swimming
and diving http://ow.ly/AOdvg

As extreme sports become more popular, related respiratory injury may compromise the athlete’s

performance and result in morbidity and even mortality. In this article we will discuss different lung injuries

in relation to performing different activities in an extreme environment.

Hydrostatic lung injuries
The evolution of fish to amphibians, reptiles to endothermic birds and mammals has been accompanied by a

progressively thinner pulmonary blood gas barrier, to accommodate the constraint of increased oxygen uptake

and carbon dioxide output [1]. Accordingly, pulmonary circulation has evolved as a separate high flow–low

pressure system. In humans, mean pulmonary artery pressures (PAP) are 8–20 mmHg, pulmonary wedge

pressures are 5–14 mmHg and pulmonary capillary pressures are 8–12 mmHg [2]. A low-pressure regimen

preserves the integrity of an alveolar capillary membrane only 0.3 mm thick. However, this structure is

vulnerable to increased pressures during strenuous exercise or environmental hypoxic exposure as a cause of

stress failure of the pulmonary capillaries and accumulation of extravascular lung water [3]. Reports of lung

injury related to extremes of exercise and variations in ambient pressure and altitude confirm this

vulnerability. The resulting lung injury takes the form of noncardiogenic pulmonary oedema.

The occurrence of noncardiogenic pulmonary oedema and pulmonary haemorrhage has been described in

relation to a variety of disorders related to auto- and exogenous immunological reactions, infections and

certain inhalants. However, numerous reports of lung injury manifesting as pulmonary oedema with

associated haemorrhage have been described more recently in relation to immersion underwater,

swimming, extreme exercise and exposure to altitude. In addition, pulmonary oedema resulting from

negative intra-alveolar pressure has been described in the anaesthesia literature and may play a role in

exercise- and immersion-induced pulmonary oedema.

Haemodynamically induced pulmonary oedema
A single mechanism responsible for production of noncardiogenic pulmonary oedema related to

immersion, altitude and exercise has not been identified. However, a combination of haemodynamically

related factors, alterations in capillary integrity, increased blood volume and increased cardiac output may

all contribute to the syndrome. WEST et al. [4] described exercise-induced pulmonary haemorrhage in race
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horses exercising at high workloads. The authors studied the haemodynamics in one horse susceptible to

exercise-induced pulmonary haemorrhage and noted a marked increase in mean PAP to 138 mmHg at a

high running workload, and found blood in the trachea of the animal after exercise. They examined the

lungs of several horses susceptible to exercise-induced pulmonary haemorrhage and concluded that those

animals had a wall thickness of ,0.51 mm in 30% of their capillaries. They estimated that the wall stress on

capillaries with a wall thickness ,0.51 mm would result in high wall stress and capillary rupture under

conditions of high pulmonary capillary pressure. The elevated pulmonary arterial and venous pressure that

occurred during exercise was adequate to result in capillary injury and leakage of blood into the alveolar

spaces. The study by WEST et al. [4] identified several factors that could explain exercise-induced pulmonary

haemorrhage. Elevated pulmonary arterial and venous pressures and transcapillary pressure gradients were

all important contributors. WEST et al. [4] also considered that a remodelling process in the lung capillaries

resulted in reduced capillary strength and a propensity to rupture under conditions of increased capillary

pressure [5]. These findings led to an analysis of factors that cause elevated pulmonary arterial and venous

pressures and reductions in alveolar pressure in otherwise normal animals and humans.

Pulmonary venous and arterial pressure during exercise
As cardiac output increases with increasing exercise output, both heart rate and stroke volume increase

initially, but as demand increases the ventricle tends towards a constant stroke volume and increases cardiac

output by increasing heart rate [6]. The ability of the ventricle to relax and fill rapidly in diastole defines the

relationship between stroke volume and total cardiac output. In well-trained athletes, for example, the left

ventricle relaxes more rapidly than in untrained individuals [3], thereby maintaining a low end diastolic

pressure at high levels of cardiac output. The rising end diastolic pressure reflected into the lung capillaries

ultimately coupled with the high capillary flow at high levels of exercise [2], results in fluid and blood

extravasation from the lung capillaries to the interstitial and alveolar spaces. In turn, the alveolar fluid can

reduce oxygen diffusing capacity and result in hypoxaemia with reflex pulmonary vasoconstriction [2]. This

mechanism can be affected by increased blood volume, reduced left ventricular compliance and reduced

myocardial function. BARTESAGHI et al. [7] suggested that a ratio of capillary volume to alveolar volume that

increases with exercise reduces the risk of exercise-induced capillary leakage. In situations where intra-

alveolar pressure is reduced during inspiration, the capillary transmural gradient will be further increased

and contribute to leakage from the capillaries to the interstitial and alveolar spaces. PAP is also increased at

high levels of exercise. Recent studies in endurance runners have demonstrated transient right ventricular

dysfunction, which is thought to be related to a combination of pressure and volume overload on the right

ventricle during sustained exercise at high cardiac output levels [8]. Pulmonary pressure reflects left atrial

pressure, plus the pressure drop across the pulmonary vascular bed that is increased under conditions of

high cardiac output. The well-known relationship of pulmonary hypertension to left-to-right shunting at

the atrial or ventricular level [9] reflects the fact that PAP will increase under conditions of high pulmonary

blood flow, which is found with left-to-right shunts and high levels of exercise. This combination of

physiological responses provides a basis for understanding the pulmonary oedema that occurs with

swimming, diving and exercise.

Immersion pulmonary oedema
Immersion pulmonary oedema appears to be a disorder particularly noted in scuba divers who breathe

compressed air underwater through a demand regulator, and in swimmers who are exercising at high

workloads while in the water. The syndrome in divers has been described in a number of clinical reports [9, 10].

It is characterised by sudden onset of dyspnoea while underwater breathing compressed air. The diver

ascends to the surface with severe dyspnoea and commonly describes a cough producing blood-tinged

sputum. Similar findings can occur in swimmers related to exercise while immersed [11–16]. Auscultation

reveals bibasilar rales and the chest radiograph shows a typical pulmonary oedema pattern. Chest computed

tomography demonstrates diffuse patchy ground-glass densities throughout both lung fields that clear

within 4–7 days. The disorder is self-limiting, usually responds to intravenous diuretics and, when reported,

cardiac tests including echocardiography and coronary angiography are usually normal. SHUPAK et al. [17]

found a reduced forced vital capacity and forced expiratory volume in 1 s in naval swimmers who

developed swimming-induced pulmonary oedema. Further reduction in lung volume was noted in the

presence of pulmonary oedema. WILMSHURST et al. [18] studied a group of divers who developed immersion

pulmonary oedema and found they reacted to cold exposure and increased oxygen partial pressure with a

significant rise in blood pressure, which was significantly greater than the changes recorded in a group of

subjects who did not experience immersion pulmonary oedema when diving. FRASER et al. [19] studied a

group of divers exercising at increased pressure and at sea level. They found similar increases in PAP and

pulmonary capillary wedge pressure. Their data suggest that neither hyperoxia nor increased ambient

pressure alter pulmonary haemodynamics during immersed exercise. However, minute ventilation and
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respiratory frequency were lower in the group exposed to increased partial pressure of oxygen. In a study of 22

scuba divers with normal cardiac function who developed pulmonary oedema while diving, COULANGE

et al. [20] hypothesised that extreme exercise, hyperoxia, cooling and hydrostatic pressure contributed to the

occurrence of pulmonary oedema. Their subjects developed pulmonary oedema during the ascent phase of

their dives. SHEARER et al. [21] reported that brain natriuretic peptide levels were increased in six naval

swimmers during strenuous swimming-induced pulmonary oedema. They interpreted their observations as

indicating that a cardiac component may contribute to swimming-induced pulmonary oedema. Their data are

consistent with the concept that failure of left ventricular relaxation results in increased pulmonary capillary

pressure and consequent capillary leakage. MOON et al. [22] suggested that gas density effects on intra-alveolar

pressures and dead space/tidal volume ratio, and blood volume shifts into the pulmonary capillary circulation

caused by immersion, altered lung mechanics enough to reduce exercise capacity. This combination of effects

would also result in higher transcapillary pressures during exercise while immersed and breathing compressed

gas. ZAVORSKY [23] reviewed published reports of exercise-induced pulmonary oedema in 137 subjects who

underwent prolonged submaximal exercise or short-duration maximum exercise. They reported a 16%

incidence of pulmonary oedema following prolonged exercise, and a 65% incidence from short-duration, high-

intensity exercise. While these studies were performed in a dry environment, their data suggest that the type of

exercise performed while swimming or diving contributes to the risk of pulmonary oedema.

Exercise-induced pulmonary oedema
While some controversy exists on the presence of exercise-induced pulmonary oedema [24–26], numerous

case reports demonstrate the presence of pulmonary oedema after prolonged or high-intensity exercise [27],

which, upon further evaluation, appears to be unrelated to abnormal cardiac function. Evidence for

pulmonary oedema has been shown in competitive rowers [28], during exertion in dry cold environments

and in cases of emotional stress and sexual intercourse [29], in addition to long distance runners and

triathletes [30–40] and competitive cyclists [41, 42]. The importance of mild oedema in reducing exercise

capacity has been questioned [43]. Experimental studies demonstrate evidence of heterogeneous lung

perfusion following prolonged exercise [44]. There is evidence that hyponatraemia, which particularly

occurs in marathon running, contributes to pulmonary oedema [45–53]. This occurs especially in marathon

runners who ingest excess water while racing. The combination of high water intake, loss of electrolytes

from sweating, and antidiuretic hormone release is probably the cause.

Symptomatic cerebral oedema often accompanies pulmonary oedema, and both entities require urgent

intervention aimed at restoring normal plasma sodium concentration.

High-altitude pulmonary oedema
High-altitude pulmonary oedema is a potentially fatal condition that occurs in previously healthy subjects

within hours or days of a rapid ascent to high altitudes (fig. 1) [54–56]. Exercise and cold are predisposing

factors. Symptoms consist of dyspnoea, reduced exercise tolerance, and dry cough that eventually produces

frothy sputum with haemoptysis. Clinical examination shows tachypnoea, tachycardia, cyanosis and

crepitations on auscultation. The incidence of high-altitude pulmonary oedema is estimated to be around

1% in subjects who rapidly ascend to altitudes .4000 m in ,24 h. It is not affected by age, sex or pre-

existing fitness. It increases to 50% in subjects with a previous history of high-altitude pulmonary oedema,

and decreases with acclimatisation. High-altitude pulmonary oedema is uncommon below 2000 m, and

rapidly and completely reverses within 24 h after returning to a sea level altitude.

A hypoxia-induced increase in PAP is a sine qua non condition for high-altitude pulmonary oedema

[54–56]. While hypoxic pulmonary vasoconstriction in the human species is usually mild or even absent,

high-altitude pulmonary oedema-susceptible subjects typically have a strong response. Any additional cause

of increased PAP, such as exercise, a pre-existing restrictive pulmonary vascular bed [57] or latent

pulmonary arterial hypertension [58], increases the risk of high-altitude pulmonary oedema. There is also a

contribution of sympathetic nervous system activation related to hypoxic brain oedema as a cause of

pulmonary vasoconstriction and blood volume shifts from the systemic to pulmonary vascular beds [56].

However, high-altitude pulmonary oedema can be prevented by the intake of pulmonary vasodilating

interventions, such as nifedipine, tadalafil and, somewhat surprisingly, dexamethasone, indirectly

underscoring the major role of pulmonary vasoconstriction [59, 60].

Right heart catheterisation studies in subjects with high-altitude pulmonary oedema have revealed severe

pulmonary hypertension with a normal pulmonary artery wedge pressure [61]. The analysis of PAP decay

curves after balloon occlusion showed an unchanged longitudinal distribution of resistances, allowing for

calculation of an effective pulmonary capillary pressure, on average about halfway between mean and

wedged PAP. Thus, subjects with a strong hypoxic pulmonary vasoconstriction response may easily present
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with a pulmonary capillary pressure .20 mmHg, which is the cut-off value for excessive filtration and lung

water accumulation [62].

Hypoxic pulmonary vasoconstriction is inhomogeneous [63]. This causes uneven distribution of blood flow

in oedematous lungs with higher pressures and further increase in filtration in overperfused lung regions

[54–56]. Pressures that are too high damage the capillary walls (stress failure), resulting in a capillary leak

that is rich in albumin and red blood cells, as shown by bronchoalveolar lavage studies in subjects with

high-altitude pulmonary oedema [64].

This pathophysiology is remarkably similar to that of strenuous exercise-induced lung oedema. Recent

studies have shown that mean PAP–flow relationships vary from 0.5 to 3 mmHg?L-1?min-1, a six-fold

variation associated with PAP .40 mmHg during high-intensity dynamic exercise at cardiac outputs

.25–30 L?min-1 in some athletes [65]. Normal but steep PAP–flow relationships may limit exercise

capacity through excessive afterloading of the right ventricle [44]. However, redistribution of blood flow

occurs [64] and pulmonary capillary pressures may still be high enough to cause capillary stress failure in

highly motivated athletes.

Negative pressure pulmonary oedema
For over a decade, anaesthesiologists have reported the risk of developing acute pulmonary oedema when an

individual develops laryngospasm and attempts are made to ventilate against a closed glottis [66, 67]. This

has also been reported in healthy athletes undergoing anaesthesia [68], and in patients with partially

obstructed airways [69]. UDESHI et al. [70] described two types of negative pressure pulmonary oedema.

Type I is usually found in adults and is caused by forceful inspiration in the presence of an acute airway

obstruction. A common cause is laryngospasm following general anaesthesia. Type II usually occurs after

relief of a chronic partial airway obstruction (post-obstruction pulmonary oedema). LANG et al. [71]

described the response to negative intrathoracic pressure as an increased pulmonary blood volume and

elevated pulmonary venous pressure that increase the transcapillary pressure and allow exudation of fluid

into the interstitial and alveolar space. The negative alveolar pressure further increases the transcapillary

gradient, further increasing fluid extravasation into the alveoli. In immersion pulmonary oedema associated

with scuba diving, negative pressure breathing can occur due to faulty breathing equipment or due to the

forceful inspiration of the higher density compressed air breathed at depth. The resulting fall in intra-

alveolar pressure increases the gradient between intracapillary and alveolar pressure, resulting in excess

stress on pulmonary capillaries and production of pulmonary oedema [72]. The increased pulmonary blood

volume associated with immersion [73] also contributes to a higher capillary to alveolar pressure gradient.

It is possible that at high ventilatory rates associated with extreme exercise, negative alveolar pressures could

develop, particularly in the presence of minimal airway obstruction, e.g. in an asthmatic. Accompanying

pulmonary haemorrhage has been reported with negative pressure pulmonary oedema [74, 75], and

FIGURE 1 Chest radiograph from a subject with high-altitude pulmonary oedema investigated a few hours after
ascending to the Capanna Regina Margherita hut at 4559 m in the Italian Alps. The chest radiograph shows an enlarged
heart with ‘‘butterfly shape’’ opacities in both lung fields. Image courtesy of R. Naeije, Dept of Cardiology, Erasme
University Hospital, Brussels, Belgium.
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probably has a similar mechanism to the bloody sputum reported in swimming, exercise and immersion

pulmonary oedema. TOUMPANAKIS et al. [76] studied rats with a resistive valve in their inspiratory breathing

circuit and found rapid onset of pulmonary oedema when the rats breathed against an airway resistance. In

addition, they identified an injury pattern with inflammatory cells several hours after onset of pulmonary

oedema. Histological examination of the lungs demonstrated alveolar haemorrhage, inflammatory cell

infiltration in the interstitial tissues and alveoli, and capillary congestion.

Interpretation
The studies mentioned previously involve lung blood volume effects of immersion, the effects of exercise on

pulmonary capillary pressure and stress, evidence for pulmonary oedema related to high-intensity exercise,

and the contribution of negative intra-alveolar pressure to pulmonary oedema. It is probable that

noncardiogenic pulmonary oedema occurring under a variety of environmental conditions has a common

set of factors that contribute to the disorder, including the following. 1) Increased pulmonary blood volume

from immersion and, when present, negative intrathoracic pressure. 2) Increased capillary blood volume

and a concomitant increase in transcapillary gradient related to the increased capillary blood volume and,

when present, a negative alveolar pressure. 3) Increased cardiac output related to exercise with resulting

elevation of PAP. 4) Increased left ventricular diastolic pressure and resultant elevated pulmonary venous

pressure related to reduced compliance of the ventricle (diastolic dysfunction), which may result from

hypertension [77], ageing [78], diabetes [79], and several forms of cardiomyopathy [80, 81]. 5) Hypoxia-

induced pulmonary hypertension. Individual contribution of each of these factors varies depending on the

exposure. While clear evidence of cardiac and pulmonary abnormalities have not been found [82],

individual variation in susceptibility [8, 83] due either to variations in capillary strength, left ventricular

relaxation, pulmonary vascular reactivity under conditions of exercise, and the instantaneous state of blood

and fluid volume are likely to contribute to the development of pulmonary oedema.

Diving-related lung injuries
Pulmonary barotrauma
In recent years, recreational scuba diving has become a popular sport throughout the world. During diving,

the surrounding pressure increases proportionally to the depth. At sea level, normal atmospheric pressure or

one atmosphere absolute is equivalent to the pressure of a column of 760 mmHg. 1 bar corresponds to a

pressure of 10 m seawater, so at a depth of 40 m seawater the surrounding pressure is 5 bars. Sport divers

usually use self-contained underwater breathing apparatus that allows the diver to breathe air supplied from

a high-pressure tank carried by the diver and delivered through a pressure regulator that accommodates the

changing ambient pressure of the diving environment.

Boyle’s law states that if the temperature of a fixed mass of an ideal gas is kept constant, volume and

pressure are inversely related. Consequently, when the pressure is doubled, the volume is reduced to half of

the original volume.

Pulmonary barotrauma refers to lung injury induced by rapid changes in intrapulmonary pressures related

to the surrounding ambient pressure (pressure surrounding the body) during diving. Pulmonary

barotrauma may occur even at small pressure difference and includes pneumomediastinum (fig. 2),

pneumothorax and (the most feared complication) arterial gas emboli. Pulmonary barotrauma can occur

on descent or ascent [84–87].

During descent in breath-hold diving, the gas volume in the lungs is reduced as the surrounding pressure

increases. Compression of the lung to volumes below the residual volume will initially result in lung

engorgement as blood shifts into the pulmonary vasculature to fill the diminishing gas volume. As

compression continues, intrapulmonary pressure will fall below ambient pressure and the negative

intrathoracic pressure relative to hydrostatic pressure will result in lung squeeze and pulmonary haemorrhage.

During ascent, according to Boyle’s law, the lung volume expands as the surrounding pressure decreases.

Therefore, the diver must exhale during ascent in order to equalise the intrapulmonary pressure to the

surrounding pressure. When the diver ascends without properly ventilating to expel the expanding gas

volume, the lung volume will increase, with overdistension of the alveoli and bronchi leading to lung

rupture. Transpulmonary pressure of 95–110 cmH2O is sufficient to disrupt pulmonary parenchyma and

force gas into the interstitium [88, 89]. Lung disease with airways obstruction or air trapping, such as

asthma, chronic obstructive airway disease and the existence of lung cysts, are considered risk factors for

pulmonary barotrauma [90–93]. However, the most common reason for pulmonary barotrauma is the

diver’s technique of ascent. It should be emphasised that the risk for pulmonary barotrauma is highest in

shallow water diving as, in agreement with Boyle’s law, the relative change in volume is maximal while the

diver ascends from 10 m seawater to sea level. When alveolar rupture occurs, gas infiltrates into the
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peribronchial space and causes pulmonary interstitial emphysema, pneumomediastinum or pneumothorax

[94–96]. Gas may also enter the systemic circulation through the disrupted lung vasculature and cause

arterial gas emboli [97, 98]. HARKER et al. [99] described the radiological findings in 31 divers with arterial

gas emboli. 13 (42%) patients had evidence of pulmonary barotrauma demonstrated by pneumomedias-

tinum (n58), subcutaneous emphysema (n53), pneumocardium (n52), pneumoperitoneum (n51) or

pneumothorax (n51). 52% of the divers had radiographic evidence of concomitant drowning. Arterial gas

emboli may result from several other mechanisms not related to pulmonary barotrauma, including severe

decompression sickness with the development of venous gas emboli that overwhelm the filtering capacity of

the pulmonary capillaries, and ‘‘paradoxical emboli’’ via a functional right-to-left shunt, such as a patent

foramen ovale [97, 98].

Pneumomediastinum
Symptoms of pneumomediastinum include a sensation of fullness in the chest, pleuritic chest pain that may

radiate to the shoulders, dyspnoea, coughing, hoarseness or a strange voice and dysphagia [87, 100]. On

physical examination, crepitation in the neck may be present due to associated subcutaneous emphysema,

and a crackling sound may be heard over the heart during systole upon auscultation. Chest and neck

radiographs are diagnostic and demonstrate a radiolucent band along the cardiac border (fig. 2) and air in

the soft tissues of the neck. Usually no treatment is needed; however, administration of 100% oxygen to

widen the pressure gradient for nitrogen between the bubble and the circulation helps to accelerate

reabsorption of extra-alveolar gas [101, 102]. Rarely, tension pneumomediastinum may occur and

mediastinotomy may be needed.

Pneumothorax
Pneumothorax is relatively uncommon, developing in only ,10% of episodes of pulmonary barotrauma.

Usually the diver will present with dyspnoea and pleuritic chest pain [87]. In ,25% of cases subcutaneous

emphysema will be present. Tension pneumothorax may develop, especially when the diver ascends from a

significant depth, with haemodynamic instability, hypotension and hypoxaemia requiring immediate

pleural decompression.

Arterial gas embolism
Arterial gas embolism is the most serious potential sequel of pulmonary barotrauma. The specific symptoms

and signs produced are dependent upon the final location of gas emboli; the most serious clinical

consequences occur with embolisation to the cerebral and coronary arteries. Divers usually present with

symptoms within minutes of surfacing or surface with neurological symptoms, such as focal motor or

sensory deficit, seizures, loss of consciousness, apnoea and death. Coronary embolism can lead to

dysrhythmias, myocardial infarction and/or cardiac arrest. Muco-cutaneous findings may also appear with a

FIGURE 2 Chest radiograph from a diver with pulmonary barotrauma presenting as pneumomediastinum. The border of
the anterior mediastinum is pushed away from the heart (arrows) and cervical emphysema can be seen (arrowheads).
Bilateral lung infiltrates resulting from aspiration due to drowning are also visible. Image courtesy of T. Neuman, Dept of
Emergency Medicine, University of California, San Diego, CA, USA.
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characteristic cyanotic marbling of the skin and focal pallor of the tongue. Drowning and aspiration of

water usually complicate the clinical course of arterial gas embolism. Hyperbaric oxygen is the treatment of

choice for arterial gas embolism and patients should be transferred to the nearest hyperbaric oxygen facility

as soon as possible. The prognosis is better following early treatment of cerebral air emboli, with a sharp

decrease in clinical efficacy after a few hours delay [101–104].

Respiratory decompression sickness
During diving, the increased ambient pressure increases dissolved gas concentration in the tissues. Towards

the end of the dive as the diver ascends with increased inert gas in their tissues, the gases supersaturate and

form a gas phase with a risk of free gas. Gas bubbles can form in the tissues or intravascularly in venous

blood. Usually the lung serves as a filter and unloads the inert gas during the decompression phase.

The effect of gas bubbles on the lung has mainly been studied in animal models. Venous gas bubbles formed

during decompression may cause increased microvascular permeability, leading to pulmonary oedema and

haemorrhage. Furthermore, obstruction of pulmonary vasculature by gas emboli may lead to pulmonary

hypertension with systemic hypotension and hypoxaemia [105–107].

However, pulmonary decompression sickness is quite rare, since the diving profile in sport diving does not

exert a significant decompression stress on the lung. Clinically, the diver presents with cough, chest pain,

wheezing, dyspnoea and pharyngeal irritation (the chokes) [87]. Obstruction of right ventricular outflow

with acute right-sided cardiac failure (air lock), circulatory collapse and death may ensue [87, 101–108].

Treatment of decompression sickness includes administration of 100% oxygen and hydration on site with

rapid referral for hyperbaric oxygen treatment, which acts by rapid elimination of the gas phase and

correction of tissue hypoxia [101–108].

Breath-hold diving
In breath-hold diving the diver is exposed to hyperoxia during descent and hypoxia during ascent (in a

prolonged dive or at the end of a dive in shallow water). Carbon dioxide often remains in the physiological

range, probably due to extensive hyperventilation before the apnoea attempt [109–111]. Furthermore, as the

diver goes deeper the increased surrounding hydrostatic pressure causes compression of the chest wall and

lung squeeze with atelectasis formation, alveolar capillary membrane rupture, fluid filtration and bleeding

into the alveolar space [112, 113]. Indeed, in competitive breath-hold divers there are reports of pulmonary

oedema with symptoms of cough, dyspnoea and haemoptysis. In order to prevent pulmonary barotrauma

from descent and in order to reach the deepest possible depth, divers try to increase their lung volume

before the dive [112–115]. Today, many competitive breath-hold divers use a manoeuvre called

glossopharyngeal insufflation to increase lung volume. After maximal inspiration, when total lung capacity

is achieved, the diver fills the mouth with air, opens the glottis and forces this air into the lungs (lung

packing). Glossopharyngeal insufflation can increase lung volume up to 50% of vital capacity. The increased

lung volume is accompanied by diaphragmatic depression and increased chest circumference [112–115].

However, glossopharyngeal insufflation is not without risks and may cause syncope by reducing venous

return with decreased cardiac output with hypotension and may result in pulmonary barotrauma due to

increased transpulmonary pressure [112–116]. However, glossopharyngeal insufflation is used by many

competitive breath-hold divers with few reports of major complication.

Hypoxic loss of consciousness
Hypoxic loss of consciousness is an effect of breath-holds diving that is not associated with lung injury.

However, it is a well-known accompaniment of breath-hold diving and deserves to be mentioned as it is

related to immersion.

Hyperventilation
Hypercapnia is the major drive for breathing, while hypoxia is considered a weak respiratory stimulus.

Therefore, athletes competing for duration of immersed breath holding (static apnoea) typically

hyperventilate extensively before the dive. Hyperventilation leads to reduction in carbon dioxide stores in

blood and tissues and increases lung oxygen stores by ,250–300 mL, which allows the diver to lengthen their

time of apnoea. However, during prolonged breath hold the diver may become hypoxaemic due to progressive

reduction in arterial oxygen tension as a result of metabolic consumption and decreasing ambient pressure

during ascent, while the carbon dioxide levels are still below the breathing threshold, and loss of consciousness

ensues without forewarning followed by drowning (shallow water blackout) [112, 117, 118].
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Hypoxia of ascent
During ascent the surrounding water pressure is decreased and, as a result, the alveolar gas pressure is

reduced in accordance with Henry’s law. During the dive the oxygen fraction is reduced in alveolar gas in

concordance with the diver’s metabolism. At certain depths, with increased atmospheric pressure, the

oxygen fraction is enough to reach partial oxygen pressure in alveolar air that is adequate to maintain

normal mental function. However, during ascent when the oxygen fraction in alveolar gas is low, the

decreased alveolar gas pressure with the reduced partial oxygen pressure may cause loss of consciousness

and drowning. Indeed, drowning incidents with apparent connection to hypoxia of ascent are relatively

common among competitive spear fishermen, who perform a relatively deep dive with prolonged breath

hold [112, 119, 120].

Conclusion
While performing different kinds of sports in an extreme environment, understanding the physiological

changes in the cardiovascular system is important in order to better understand risk factors for lung injury

and how we can prevent it.
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