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Man’s experience and exploration of the underwater environment has been recorded from ancient times and today encompasses large sections of the population for sport enjoyment, recreational and commercial purpose, as well as military strategic goals. Knowledge, respect and maintenance of the underwater world is an essential development for our future and the knowledge acquired over the last few dozen years will change rapidly in the near future with plans to establish secure habitats with specific long-term goals of exploration, maintenance and survival. This summary will illustrate briefly the physiological changes induced by immersion, swimming, breath-hold diving and exploring while using special equipment in the water. Cardiac, circulatory and pulmonary vascular adaptation and the pathophysiology of novel syndromes have been demonstrated, which will allow selection of individual characteristics in order to succeed in various environments. Training and treatment for these new microenvironments will be suggested with description of successful pioneers in this field. This is a summary of the physiology and the present status of pathology and therapy for the field.
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INTRODUCTION

Exploration of underwater environments predates documentation for possibly 1000s of years, but written evidence dates back to Ancient Greece in the 4th century BCE; Aristotle recounts the use of a primitive diving bell, an overturned cauldron that trapped air from the atmosphere. Today diving is incorporated into many aspects of modern society including: sports, recreation, industry, and widespread strategic military goals. Subaquatic environments are an essential piece of modern day life, and will only play a bigger role in the future. Within the last century, there has been growing interest in diving for both recreational and professional purposes. The worldwide number of annual diving certifications has tripled during the past 20 years, and in the United States alone there are an estimated 4 million sport divers (Lynch and Bove, 2009). Diving will change rapidly again in the coming years, with plans to establish permanent underwater installations that have specific research goals of exploration, health, and survival.

Profound pulmonary, circulatory, and cardiac changes are induced by immersion in water; divers must tolerate and compensate for changes in pressure and temperature. In this review, we will discuss suggested treatments and preventive training for these new microenvironments as gleaned from successful pioneers; we will summarize the physiology and the present status of pathology and therapy in the field; and we will illustrate the physiological changes induced by immersion, swimming, breath-hold diving, and exploring while using special equipment in the water.

Only in the last 100 years has technology allowed people to reach extreme depths using compressed gas delivery devices and diving suits containing air at atmospheric pressure. Free-diving has also been achieved at considerable depths (Balestra and Germonpré, 2014). We will review the major environmental challenges at these depths: density, pressure, temperature. Then we will briefly explain the physiological changes induced by immersion and discuss the clinical implications of diving. When underwater the human body is challenged by forces and physiological concerns not faced in its every-day environment. Familiarity with the risks involved with diving and mindfulness are critical to maintain one’s health during diving exposure (Lanphier, 1957).

THE WATER ENVIRONMENT

Understanding the physical properties of the underwater environment remains the best approach to minimize risks while diving when breathing support systems are needed (Pendergast and Lundgren, 2009; Pendergast et al., 2015). The hazardous characteristics of submersion are: density, pressure, temperature, and optical phenomena.

Density

Flotation in any fluid is ruled by the density of water, 1 [image: image], (Baronti et al., 2012; Pendergast et al., 2015). According to Archimedes’ law objects denser than water will sink. As seawater has a high salinity the density is closer to 1.029 [image: image] at the surface. Hence, it is easier to float in saltwater as it is denser than fresh water. Net buoyancy (equal to the magnitude of the weight of fluid displaced by the body) of breath-hold divers (humans or animals) affects their swimming behavior and energetics (Williams et al., 2000). However, the high density of water implies an enhanced energy cost of locomotion, reducing the human efficiency in the water environment (Bosco et al., 2014; Pendergast et al., 2015). A diver’s overall density depends upon incompressible non-gas tissues (tissue density), and the volume and density of highly compressible gas stores carried within the body (i.e., natural cavities such as lungs, stomach and other viscera) (Baronti et al., 2012). Another important parameter, strictly related to density is dynamic viscosity. It determines how easily bodies move through water and divided by density represents kinematic viscosity (Pendergast et al., 2015).

Moreover, density of the inspired gas determines breathing resistance. During immersion using underwater breathing apparatus, air (or any other respiratory mixture) is delivered at the diver’s ambient pressure. Breathing gas density increases in direct proportion to ambient pressure, with a corresponding increase in work of breathing. For this reason, helium-oxygen composite mixtures used during deeper dives to eliminate the narcotic effects of nitrogen also reduce breathing resistance (Brubakk et al., 2003; Balestra and Germonpré, 2014).

Pressure

Small pressure effects on biological systems can be observed at 40–60 atmospheres, where there are small reductions in the sedative properties of propofol (Tonner et al., 1992) and changes in the affinity of hemoglobin for oxygen (Reeves and Morin, 1986). The major effect of pressure changes within the depths usually encountered by man is therefore on gas properties. Several simple gas laws were derived from the ideal gas law (PV = nRT) and are currently used under conditions associated with diving (i.e., Boyle’s law, Dalton’s law, and Henry’s law). A column of liquid exerts a pressure that is proportional to its height, density, and the acceleration of gravity. At sea level the ambient pressure is 1 atmosphere absolute (ATA). For each 10 m depth in water a diver is exposed to an additional pressure of 1 ATA Because gases are compressible the lung may therefore experience significant changes in volume, especially during hasty ascents (Pendergast et al., 2015).

Temperature

Thermal conductivity is the property of a material to transfer heat from one molecule to another through a liquid, solid, or gas. Typically, heat loss in the human body is mainly related to radiative and convective factors, so temperatures within 18–24°C are comfortable for a body surrounded by air. Conversely when in water, a short period of time exposed to that temperature range can cause great discomfort or worse. Thermoneutrality in complete submersion, defined as the temperature at which there is no heat transfer between the water and the body, is 28–30°C. When the water is colder, suitable protection is needed to reduce heat loss. Similarly, active cooling may be required for diving in warmer waters. For respiratory heat loss, the important parameter is thermal or heat capacity. Heat capacity is higher for diatomic molecules like N2 and O2 than for monoatomic gases such as helium or argon. Because of the high thermal capacity of gases under pressure, breathing mixtures during deep diving in cold water are sometimes preheated (Brubakk et al., 2003).

Optical Phenomena

When underwater, it is extremely difficult to focus images on the retina due to the similar refractive index between the cornea and water. Therefore, an air interface by means of a mask or special glasses is required, creating two interfaces with different refractive powers (water vs. glass and glass vs. air). Kent (1966) found, however, due to this layering of interfaces, that except at short ranges, both size and distance were overestimated underwater compared to normal viewing under above water conditions. Since the refractive index of the water is four-thirds that of air, the optical (apparent) distance of a target under water is three-fourths of that in air (Ono et al., 1970). Immersed objects appear about 30% larger and closer, due to the distorted perception.

This distortion derives from the passage of the rays of light from the water into the gas environment within the mask, due to the refraction at the interface where the light speed increases, as described by Snell’s law:

[image: image]

𝜃 as the angle measured from the normal of the boundary, v as the velocity of light in the respective medium (SI units are meters per second, or m/s), λ as the wavelength of light in the respective medium.

Moreover, refraction alters the form and location of the image resulting in variations in the perceived lateral position as the angle of incidence of the light rays increases. These physiological alterations may disturb the divers’ hand-eye coordination and motor skills. However, individuals own notable abilities to adjust to changes in different conditions, such as light, color and optical distortions (Luria and Kinney, 1970). Light traveling in the air does not considerably modify its spectral composition, but light transmission through water can limit color recognition (Kinney et al., 1967). Furthermore, both the quantity and quality of the change depend on the particular body of water involved. Pure water has its greatest transmittance at 480 mμ in the blue-green region of the spectrum. Kinney et al. (1967) determined empirically the underwater visibility of colored paints, both fluorescent and non-fluorescent, in different waters. The easiest color to see when the water clarity increases ranges from yellow-green to green to blue-green. Conversely, gray and black represent the two colors hardest to see in a water environment with a natural illumination. Moreover, other colors whose spectral components are absorbed by the water are orange and red in clear water and blue and green in murky water, implying poor visibility (Kinney et al., 1967).

MAN AND WATER

We can summarize the human body immersion in the water in three different aspects:

(a) partial immersion of the human body, such as face, lower limbs, body without head; (b) full immersion (submersion) breath-hold diving at various lung volumes; (c) submersion with auxiliary breathing apparatus to provide an appropriate gas mixture (oxygen, air, helium-oxygen, helium-oxygen-nitrogen, oxygen-hydrogen etc.) (Pendergast et al., 2015).

Partial Body Diving

Immersion results in a substantial modification on the dynamics of venous return toward the intrathoracic vessels and the right part of the heart. The increased intrathoracic blood flow is due to the reduction of blood flow in the peripheral veins. This phenomenon is induced by the increase in surrounding pressure of the submerged limb and, assuming average ocean surface water temperature 17°C, the active vasoconstriction of veins triggered by the loss of heat due to the high thermal conductivity of water. Swimming with head above water induces an estimated 500 ml increase in intrathoracic blood volume. Blood-shift due to immersion is responsible for the expansion of the right heart cavities and the neuroendocrine modifications shown after immersion. Specifically, immersion activates stretch receptors located in the atrial wall, stimulating the secretion of atrial natriuretic peptide (ANP). This explains the strong natriuresis and diuresis that occurs during immersion (Kollias et al., 1976; Lundgren and Miller, 1999).

Facial immersion in cold water results in the diving reflex, consisting of: apnoea, bradycardia, vasoconstriction, increased mean arterial pressure and splenic contraction (Schagatay et al., 2001, 2005; Lemaitre et al., 2015). The diving response in humans can be influenced by several factors, and water temperature is one of the most important. Gooden (Gooden, 1994) summarized a series of findings focusing on face immersion with breath-holding and showed a well-defined inverse relationship between the water temperature and the degree of the diving-induced bradycardia. Recently Lemaitre et al. (2015) elucidated the many similarities and the functional purposes shared by trigeminocardiac reflex (TCR) and diving reflex (DR). Decreasing water temperature proportionally increases the response of the TCR; this is a factor in the intensity of stimulation of the DR (Lemaitre et al., 2015).

Breath-Hold Diving

Immersion with voluntary breath holding requires no equipment but induces extreme changes in cardiovascular physiology. In breath-hold diving, two main factors affect the physiological changes of the human body: the time of breath suspension and the depth of submersion (Lundgren and Miller, 1999). Individuals have reached depths greater than 200 m using weight-assisted descent and ascent facilitated by balloon. Basing on the concept of the thoracic squeeze these dives reach greater depth than predicted by Boyle-Mariotte’s law. Until a few years ago, it was hypothesized that the maximum depth reached after a forced inspiration was determined by the ratio between the total lung capacity (TLC) and residual volume (RV). During progressively deeper submersion lung volume is compressed from TLC toward RV and it was hypothesized that overstepping this predicted depth, the hydrostatic pressure should induce pulmonary vascular rupture. Based on this concept, divers could not have reached more than 30–35 m depths, while in fact in 1903 a Greek sponge fisherman, Georgios Stattis, descended to 71 m holding his breath to recover the anchor of an Italian ship, the “Regina Margherita” (Bosco et al., 2007). However, hemoptysis can occur during breath-hold diving, and fatal pulmonary hemorrhage has been described (Mijacika and Dujic, 2016). Furthermore, rupture of the pulmonary capillaries can allow air to enter the vasculature and cause cerebral arterial gas embolism (Kohshi et al., 2000, 2005).

The possibility of reaching greater depths is due to a physiological compensation of physical laws; blood from peripheral circulation is shifted to the chest and being an incompressible fluid, it modulates the expected reduction of the pulmonary volume below the residual volume, and can further compress alveolar gases. In this way, a simpler application of physical laws in breath-hold deep diving does not apply. The intrathoracic blood volume increase, investigated with different methods (plethysmography, bioelectrical impedance analysis, scintigraphy, radiography), and is nowadays hypothesized to exceed 2 l (Arborelius et al., 1972; Robertson et al., 1978; Data et al., 1979; Lanphier, 1987). Additionally, the classic diving reflex, induced by face immersion leads to bradycardia. This physiological response appears in many different species both mammals and birds, although varying in terms of time and intensity. Breath-holding at rest, out of water, induces non-significant changes in heart rate; as well as immersion itself do not cause bradycardia while swimming and snorkeling (breathing through an aerator tube). Breath-hold swimming, even on the surface, instead causes pronounced bradycardia (Ferrigno et al., 1986; Andersson et al., 2002; Ferretti and Costa, 2003; Lindholm and Lundgren, 2008). Severe hypertension has also been observed in championship breath hold divers during dives in a hyperbaric chamber (Ferrigno et al., 1997).

Submersion with Self-Contained Breathing Apparatus

Diving with self-contained breathing apparatus induces physiological changes in the subject, with possible pathological events. Major adjustments are those concerning respiratory mechanics (Camporesi and Bosco, 2003). Simple body immersion in water results in a significant reduction of vital capacity, residual volume, lung distensibility, and functional residual capacity due to the increased venous return and resulting pulmonary blood content. These changes reduce respiratory performance and increase tidal volume, while maintaining the respiratory minute volume constant (Moon et al., 2009).

In addition, the pressure of the air provided by the breathing apparatus is influenced by the position of the diver’s body while diving. In particular, when the diving regulator is positioned higher in the water column than the lung, it delivers air at a lower pressure and thus increasing the inspiratory work. This phenomenon is not specific only for scuba diving, but it also exists in partial body immersion in a vertical position.

When breathing gas with a fixed oxygen concentration, alveolar and arterial oxygen partial pressures increase with depth. This tends to attenuate ventilatory chemosensitivity (Dunworth et al., 2017) and facilitate CO2 retention. Seasoned divers indeed become less sensitive to high CO2 partial pressures.

The nitrogen distribution between the various compartments of the organism are characterized by latency that at the end of the submersion leads to a nitrogen excess in the body with respect to pre-diving levels. Tissue supersaturation with inert gas such as nitrogen or helium during decompression is the mechanism for decompression sickness (DCS) (Vann et al., 2011). If the rate of ascent is too fast in relation to the quantities of nitrogen absorbed then the solubilized nitrogen will be released into gaseous phase with bubble formation in the circulating blood and tissues (Bosco et al., 2010; Arieli and Marmur, 2013). For this reason, decompression procedures have been developed, in which decompression is staged, in order to allow inert gas to be eliminated via the lung at a rate consistent with a minimal risk of bubble formation.

DIVING DISORDERS

Subaquatic environments expose divers to a variety of pathologies, varying from drowning, probably the most frequent complication induced by inhalation of water and resulting in asphyxia, to transient syncope, i.e., loss of consciousness usually resulting from systemic or district hypoxia during breath-hold diving. Sometimes it is due to or associated with hypercapnia. There might be multiple causes for drowning and not all causes are related to the submerged environment: the most notable causes are immersion barotrauma and immersion pulmonary edema (IPE). More complex and unique pathologies derive from decompression. Decompression disorders are defined as pathological events that result from a reduced environmental pressure caused by the development or penetration of gaseous bubbles within the blood and tissues.

Barotrauma

Barotrauma is a common disorder among professional divers. It is caused by volume changes (increase or reduction) of gas placed in spaces within, or adjacent to, the body. This results in tissue damage (Strauss, 1979). The aforementioned Boyle’s Law describes the changes of gas volume in relation to the pressure applied to it. The greater the pressure applied, the bigger the gas compression. Conversely, as the pressure decreases the gas volume is allowed to expand. Hence, the gas compression/expansion derived from this mechanism, widely enhances the possibility of damage to tissues (Brubakk et al., 2003).

While the diver is submerging, the pressure applied to his body increases; the diminished volume of the surrounded gases will result in barotrauma of descent. Differently, the related drop in pressure applied to the emerging diver, will result in barotrauma of ascent due to gas expansion. Though descent and ascent barotrauma affect the same sites, the clinical symptoms are different, considering the different pathophysiological changes. Gas within the body can be enclosed in distensible or in bony tissues. However, the possibility that barotrauma occurs when gases are surrounded by solid organs (i.e., sinus and middle ear) is likely. Similarly, when the gas is trapped in artificial sites (i.e., face mask) the changes of pressure equally result in potential barotrauma (Strauss, 1979).

Scientific literature divides barotrauma considering the affected organs. Ear barotrauma is the most common type of barotrauma and can cause a range of issues from mild hyperemia of the tympanic membrane to its actual rupture (Sadri and Cooper, 2017). It is due to the discrepancy in pressure between the outside environment and the middle ear. Insufficient pressure equalization can result in ear pain during descent, and subsequent Valsalva maneuvers may cause acute, spinning vertigo, disorientation, nausea, and vomiting (Brubakk et al., 2003). Similarly, nasal functionality and equalization maneuvers are primary to avoid sinus barotrauma. Rosińska et al. (2015) identified inflammation of the mucous membrane, nasal or sinus polyps, as well as nasal septum curvature and nasal concha hypertrophy as risk factors for sinus barotrauma. Indeed, since the gas is blocked in the sinus cavities the increase of pressure brings to absorption of the air hosted in the sinus with void development (Strauss, 1979). During descent or ascent, obstruction of the sinus ostia or eustachian tube generates a pressure differential that can result in pathological manifestation such as hemorrhage (Strauss, 1979), headache and paresthesia in the area innervated by the infraorbital nerve (Rosińska et al., 2015).

Pulmonary barotrauma is the most severe of the barotraumas and causes the most concern in all types of diving operations (Strauss, 1979). It represents one of the commonest cause of arterial gas embolism (AGE). It may be considered as barotrauma of descent and barotrauma of ascent. As the depth increases the total lung volume decreases up to approach the residual lung volume. Since the lung compressibility reaches its limit deeper submersion will cause lung collapse, preceded by pulmonary congestion, edema and hemorrhage. Although rare, pulmonary barotrauma during decompression (Wolf et al., 1990) may occur due to breath holding or focal gas trapping due to airway obstruction. Significant air trapping and history of spontaneous pneumothorax are also causes for concern during hyperbaric oxygen therapy and mandate a careful analysis of potential benefit from hyperbaric medicine oxygen therapy vs. the associated risk (UHMS, 2014).

Mask barotrauma, also known as “mask squeeze” or facial barotrauma, is caused when the diver inadvertently closes his nasopharynx, causing a pressure differential between the gas trapped within the mask worn by the diver and his face. Hence, when the diver descends in the water, periorbital soft tissues are forced into the mask, causing edema and bleeding (Lynch and Deaton, 2014). A case report defined the subconjunctival hemorrhage among the symptoms of the ocular barotrauma of descent (Ergözen, 2017). It is possible to prevent this type of barotrauma wearing mask rather than goggles, also during free-diving, and to apply correct techniques of mask equalization. Gastrointestinal barotrauma is caused by the augmented volume of the gas stored in the gastrointestinal tract. Gas expansion during the ascent phase can result in symptoms such as cramping, pain, distention, and bloating. A therapeutic approach may modulate food and liquid ingestion before diving (Lynch and Deaton, 2014). Dental barotrauma happens when artificial gas-filled spaces (i.e. caps, crowns, root canals) are damaged due to gas expansion during ascent. As reported by Zadik and Drucker (2011) dental barotrauma occurs while the diver is ascending. At the surface, after completing the dive, dental barotrauma may result in tooth fracture, restoration fracture, and reduced retention of dental restoration (Zadik, 2009).

Immersion Pulmonary Edema (IPE)

This condition, also referred to as swimming induced pulmonary edema (SIPE), was first described in healthy swimmers and divers by Wilmshurst et al. (1989). SIPE presents during a swim or dive with acute onset of dyspnea and cough, often productive of bloody sputum. Other manifestations include hypoxemia and bilateral pulmonary infiltrates. Many patients with SIPE require hospitalization. In Wilmshurst’s series these individuals, many of whom subsequently developed hypertension, had an exaggerated hemodynamic and vasoconstrictive response to cold applied to the skin (packing of head and neck in towels soaked in ice-cold water), and it was hypothesized that during immersion in cold water the increase in afterload precipitated heart failure. This syndrome was subsequently reported in naval recruits (Weiler-Ravell et al., 1995; Shupak et al., 2000; Mahon et al., 2002; Lund et al., 2003), triathletes (Miller et al., 2010) and many non-divers and non-elite swimmers (Peacher et al., 2015).

Uncertainty existed as to how the mechanism initially proposed could apply to exceptionally fit individuals such as triathletes and special naval forces trainees. Water aspiration was implausible in most cases, and increased permeability as in acute respiratory distress syndrome (ARDS) did not seem likely. Recent invasive hemodynamic investigations have been performed in volunteers with and without a SIPE history during submersed exercise in cold (20°C) water. SIPE-susceptible individuals have higher pulmonary artery and pulmonary artery wedge pressures than controls (Moon et al., 2016b), which solidified the notion of a hemodynamic mechanism for the capillary leak. However, the reason for the higher vascular pressures is still unknown. Medical predisposing factors in some individuals include hypertension, cardiomyopathy left ventricular hypertrophy (LVH) and valve disease (Peacher et al., 2015). It is now hypothesized that a common mechanism for SIPE is the combination of heavy exercise, mild to moderately stiff left ventricle (mildly abnormal LV diastolic properties) and central blood redistribution due to immersion/submersion, causing excessively high filling pressures.

Deaths have been reported due to SIPE (Cochard et al., 2005). Indeed, a significant portion of deaths during triathlon events occur in individuals with LVH, suggesting that fatalities are often precipitated by SIPE (Moon et al., 2016a).

Preventive measures include avoidance of fluid loading before a competitive swimming event, which presumably attenuates the central blood redistribution. Sildenafil administered before a swim in cold water lowers pulmonary vascular pressures (Moon et al., 2016b) and a case report supports the notion that sildenafil administered before a triathlon swim may prevent SIPE in predisposed individuals (Martina et al., 2017). It should be noted that sildenafil may not be safe in divers who breathe oxygen tensions greater than 1 ATA, as the drug causes cerebral vasodilatation and is likely to predispose to convulsions caused by CNS oxygen toxicity (Demchenko et al., 2009). Data from Blatteau et al. (2013) also reported that sildenafil increase the risk of DCS.

Decompression Illness

Bubble formation in blood stream or tissue during or after a decrease in environmental pressure (decompression) is defined decompression illness (Vann et al., 2011). There are two fundamental decompression pathologies in the underwater environment, characterized by different pathophysiological genesis: decompression sickness (DCS) and arterial gas embolism (AGE). Each pathophysiology involves different mechanisms that can result in damages in the particular tissue affected via: direct blockage of blood flow; tissue damage or compression by direct mechanical effect; endothelial damage resulting in impaired regulation of the endothelium-mediated microcirculation and capillary leak; secondary effects mediated by immune or inflammatory pathways.

In decompression sickness (DCS) bubbles form, due to insufficient time to achieve decompression and gas elimination from the lungs. Bubbles form in tissues or in the blood-stream when local inert gas pressure exceeds a threshold value and inert gas comes out of solution. The exact biophysical mechanism is not clear, but there is agreement that in the diving environment supersaturation occurs when the rate of ambient pressure reduction exceeds the rate of inert (usually nitrogen) gas washout from tissues. The different manners of diving (i.e., breath-hold or scuba) may also induce different physiological or pathophysiological effects, depending on the altitude at which the immersion is performed: sea level immersion, or at high altitude, with or without previous changes induced by acclimation (Egi and Brubakk, 1995; Bosco et al., 2001; Clarke et al., 2015).

Traditional classification of DCS comprises type 1, including pain and cutaneous manifestations, plus subjective symptomatology; and type 2, where tingling, paresthesia and numbness will appear, at times with muscle weakness and mental and motor abnormalities.

Treatment begins at sea level with 100% oxygen breathing and recompression therapy as soon as possible. While around the world various recompression procedures are implemented, since their introduction in the 1960’s the US Navy oxygen treatment tables with initial recompression to 18 m (2.8 atmospheres absolute) and administration of 100% O2 (US Navy Table 6, Figure 1) have been the most widely used. They are highly effective if administered without excessive delay after development of symptoms (Vann et al., 2011). Other procedures used in Europe and elsewhere follow the same general principles of pressure and oxygen breathing.


[image: image]

FIGURE 1. US Navy Table 6 profile commonly used in clinical routine for DCS recompression procedure for recompression of divers with DCS or arterial gas embolism. Redrawn from Navy Department (2016).



Arterial gas embolism might cause a more overt and extensive symptomatology but the treatment will converge to recompression and oxygen breathing. Embolism results from rupture of alveoli during ascent from a dive resulting in entry of air into the bloodstream. The most common cause of embolism in underwater activities is a rapid ascent with breath holding or regional gas trapping in the lung due to lung pathology. Therapeutic remedies are similar both for DCS and air embolism, both utilizing O2 breathing and recompression. It is recommended to use only Table 6.

Recently, certain interventions such as exercise are viewed as protective form of preconditioning reducing the venous gas emboli quantity (Dujic et al., 2008). Moreover, oxygen pre-breathing has shown protective effect on bubble production and platelets activation; deeply, it has been shown correlation among oxygen partial pressure breathing and modulation of reactive oxygen species and related antioxidant enzyme (Landolfi et al., 2006; Bosco et al., 2010; Morabito et al., 2011).

Thom et al. (2015) offered a novel opportunity to explore associations of circulating microparticles and neutrophil activation that may contribute to development of DCS. Further work will be needed to explain and clarify DCS pathophysiology.

Nitrogen Narcosis

Nitrogen does not participate in any metabolic process and therefore is defined as an inert gas; hence, nitrogen levels in the body are determined solely by the atmospheric pressure (Freiberger et al., 2016). During air breathing at sea level, the body is therefore “saturated” with nitrogen. During immersion with underwater air breathing, nitrogen follows its alveolar-arterial pressure gradient passing from the alveoli to the lung capillaries, and hence to peripheral tissues. Reversal occurs in the ascending phase and after the dive.

Narcosis while diving (also known as nitrogen narcosis, inert gas narcosis, raptures of the deep, Martini effect) is a pathology that arises following a considerable increase in nitrogen partial pressure and consists of alteration in consciousness and neuro-sensory state. Manifestations consist of distorted perceptions, hallucinations, difficulty in concentrating and performing elementary tasks, confusion and loss of consciousness. There is a wide inter-individual susceptibility to the effects of hyperbaric nitrogen, which can be augmented by hypercapnia (Freiberger et al., 2016). Reducing the nitrogen partial pressure (basically reducing the depth) causes rapid recession of the symptoms, but recent experimental data on a controlled group of healthy divers (Balestra et al., 2012) supports the view that nitrogen narcosis can interact with the production and release of a variety of neurotransmitters and might require substantial time delay to recover after exposure. In this last study, the authors utilized Critical Flicker Fusion Frequency (CFFF) measurements to time the onset and resolution of N2 narcosis after a dive. The impairment of CFFF persisted 30 min after surfacing and the narcotic effect dissipated only after this time delay.

Oxygen Toxicity

The use of enriched air or closed-circuit rebreather during diving, can potentially result in oxidative injury affecting the brain, lungs and eyes. However, lung and brain injuries develop mainly because of the toxic effects of oxygen free radicals on lung parenchyma, airway and brain (Demchenko et al., 2007, 2008; Buzzacott and Denoble, 2017). Central nervous system oxygen toxicity (CNS-OT) is one of the most harmful effects of Enriched Air Nitrox (EAN) diving and it is related to oxidative stress and inflammation (Fock et al., 2013; Arieli et al., 2014). CNS-OT may cause convulsions similar to epileptic seizures, with sudden loss of consciousness, and other symptoms such as nausea, vomiting, palpitations, visual field constriction, tinnitus and auditory hallucinations. Recent studies have shown that seizures due to CNS O2 toxicity are probably preventable by conventional anticonvulsant drugs (Demchenko et al., 2017).

A breathing mixture with sufficiently high PO2 can also induce pulmonary oxygen toxicity (Arieli, 2006; Balestra and Germonpre, 2006). Indeed, exposure to HBO2 may lead to temporary reductions in pulmonary function (Van Ooij et al., 2013). While pulmonary mechanics are altered during hyperbaric exposure due to gas density effects (Hrnčíř, 1996), there are also data on possible long-term effects of diving on respiratory mechanics. A spirometric investigation revealed a long-lasting impairment of the conducting function of the small airways in humans accustomed to perform deep dives. Interestingly, these results were observed in subjects using oxygen but also in subjects using air as breathing gas (Tetzlaff et al., 1998). In addition, a small but significant reduction in FVC was observed 24 h after a single dive to a depth of 50 m while breathing air (Tetzlaff et al., 2001), suggesting that an increment in airway resistance occurred and persisted long after the dive.

Recent experimental work has been performed on animals to investigate the possible effects of hyperoxic hyperbaric exposure on the mechanics of respiratory parameters. Previously, it has been demonstrated that the exposure to hyperbaric hyperoxia increased respiratory system elastance and both the “ohmic” and viscoelastic components of inspiratory resistances, probably due to increased nitrogen reactive species production and iNOS activity (Rubini et al., 2013, 2014). Conversely, a single exposure to hyperbaric air at 2.5 atmospheres for 90 minutes does not affect either the elastic or the resistive respiratory system properties (Rubini et al., 2014). More researches using new experimental technologies are requested to continue the predictive studies on work capability and physiological effects under pressure (Lambertsen, 1976).

High Pressure Nervous Syndrome

High Pressure Nervous Syndrome (HPNS) is a set of motor and sensory symptoms that appear during deep helium diving, typically at depths deeper than 150–180 m. Subjects affected by HPNS complain of general illness, intentional and postural tremor, asthenia, drowsiness (or otherwise insomnia), nightmares, fasciculation or muscle twitches and myoclonic contractions (Bennett et al., 1981). Electroencephalographic anomalies are also observed, which include a generalized increase in slow activity and a decrease in frequency at higher frequencies. This pathology appears to be produced by the direct effect of high environmental pressure on cells, through modifications in neurotransmitter function (Rostain and Balon, 2006).

CONCLUSION

Underwater physiology research today, considering its tradition, focuses on the prevention of underwater accidents, with pharmacological and physical approach as preconditioning (Bosco et al., 2010; Morabito et al., 2011) to reduce the bubble formation, inflammation and the risk of DCS (Castagna et al., 2009; Germonpré and Balestra, 2017). Long sojourning and efficient maneuverability and working capabilities can only be achieved with underwater habitats capable of being maintained for weeks and months with human safety factors, appropriate rotation of selected crews and safe decompression protocols. It is conceivable that fast evacuation from such environments might require rapid “at depth” extraction of the crew with capability of surface decompression in appropriate support vessels. Such specialized and costly stations at depth could only be justified for surveillance of mineral extraction resources, oil pumping stations or military purposes at significant depths, where breathing gases might be tailored to the specialized needs.

NOTES

Archimedes’ law: An object partially or wholly immersed in a fluid is buoyed up by a force equal to the weight of the fluid displaced by the object.

Boyle’s law: the absolute pressure exerted by a given mass of an ideal gas is inversely proportional to the volume it occupies if the temperature and amount of gas remain unchanged within a closed system.

Dalton’s law: in a mixture of non-reacting gases, the total pressure exerted is equal to the sum of the partial pressures of the individual gases.

Henry’s law: the amount of dissolved gas is proportional to its partial pressure in the gas phase.

AUTHOR CONTRIBUTIONS

GB substantial contributions to the design of the work and drafting the manuscript. AR reviewed the literature and wrote the manuscript. RM wrote the paper and revised it critically for important intellectual content. EC contributed to review and write the manuscript, editing of the language. All authors critical reviewed the final draft of the manuscript and approved the version submitted.

FUNDING

This work was supported by the Divers Alert Network and US Naval Sea Systems Command Contracts N61331-03-C-0015 and N0463A-07-C-0002.

REFERENCES

Andersson, J. P. A., Linér, M. H., Rünow, E., and Schagatay, E. K. A. (2002). Diving response and arterial oxygen saturation during apnea and exercise in breath-hold divers. J. Appl. Physiol. 93, 882–886. doi: 10.1152/japplphysiol.00863.2001

Arborelius, M., Balldin, U. I., Lila, B., and Lundgren, C. E. (1972). Regional lung function in man during immersion with the head above water. Aerosp. Med. 43, 701–707.

Arieli, R. (2006). Heliox, nitrox, and trimix diving; hyperbaric oxygen treatment; and a flaw in Henry’s law. J. Appl. Physiol. 102, 1323–1323. doi: 10.1152/japplphysiol.01365.2006

Arieli, R., Eynan, M., Ofir, D., and Arieli, Y. (2014). Brief screening test of ventilatory sensitivity to CO2 cannot replace the mandatory test for susceptibility to CNS oxygen toxicity. Mil. Med. 179, 926–932. doi: 10.7205/milmed-d-14-00026

Arieli, R., and Marmur, A. (2013). Dynamics of gas micronuclei formed on a flat hydrophobic surface, the predecessors of decompression bubbles. Respir. Physiol. Neurobiol. 185, 647–652. doi: 10.1016/j.resp.2012.11.020

Balestra, C., and Germonpre, P. (2006). Commentary on viewpoint “Heliox, nitrox, and trimix diving; hyperbaric oxygen treatment; and a flaw in Henry’s law”. J. Appl. Physiol. 102, 1720–1720. doi: 10.1152/japplphysiol.00048.2007

Balestra, C., and Germonpré, P. (2014). The Science of Diving: Things your Instructor Never Told You. Saarbrucken: Lambert Academic Publishing.

Balestra, C., Lafere, P., and Germonpre, P. (2012). Persistence of critical flicker fusion frequency impairment after a 33 mfw SCUBA dive: evidence of prolonged nitrogen narcosis. Eur. J. Appl. Physiol. 112, 4063–4068. doi: 10.1007/s00421-012-2391-z

Baronti, F., Fantechi, G., Roncella, R., and Saletti, R. (2012). Wireless sensor node for surface seawater density measurements. Sensors 12, 2954–2968. doi: 10.3390/s120302954

Bennett, P. B., Coggin, R., and Roby, J. (1981). Control of HPNS in humans during rapid compression with trimix to 650 m (2131 ft). Undersea Biomed. Res. 8, 85–100.

Blatteau, J.-E., Brubakk, A. O., Gempp, E., Castagna, O., Risso, J.-J., and Vallée, N. (2013). Sidenafil pre-treatment promotes decompression sickness in rats. PLOS ONE 8:e60639. doi: 10.1371/journal.pone.0060639

Bosco, G., Di Tano, G., Zanon, V., and Fanò, G. (2007). Breath-hold diving: a point of view. Sport Sci. Health 2:47. doi: 10.1007/s11332-007-0038-y

Bosco, G., Paoli, A., and Camporesi, E. (2014). Aerobic demand and scuba diving: concerns about medical evaluation. Diving Hyperb. Med. 44, 61–63.

Bosco, G., Yang, Z., Di Tano, G., Camporesi, E. M., Faralli, F., Savini, F., et al. (2010). Effect of in-water oxygen prebreathing at different depths on decompression-induced bubble formation and platelet activation. J. Appl. Physiol. 108, 1077–1083. doi: 10.1152/japplphysiol.01058.2009

Bosco, G., Yang, Z. J., Savini, F., Nubile, G., Data, P. G., Wang, J. P., et al. (2001). Environmental stress on diving-induced platelet activation. Undersea Hyperb. Med. 28, 207–211.

Brubakk, A. O., Neuman, T. S., Bennett, P. B., Elliott, D. H., and David, H. (2003). Bennett and Elliott’s Physiology and Medicine of Diving. Philadelphia, PA: Saunders.

Buzzacott, P., and Denoble, P. J. (2017). Possible central nervous system oxygen toxicity seizures among US recreational air or enriched air nitrox open circuit diving fatalities 2004–2013. Brain Inj. 31, 366–369. doi: 10.1080/02699052.2016.1255781

Camporesi, E. M., and Bosco, G. (2003). “Ventilation, gas exchange and exercise under pressure,” in The Physiology and Medicine of Diving, eds P. Bennett and D. Elliott (London: Best Publishing Company).

Castagna, O., Gempp, E., and Blatteau, J.-E. (2009). Pre-dive normobaric oxygen reduces bubble formation in scuba divers. Eur. J. Appl. Physiol. 106, 167–172. doi: 10.1007/s00421-009-1003-z

Clarke, J. R., Moon, R. E., Chimiak, J. M., Stinton, R., Van Hoesen, K. B., and Lang, M. A. (2015). Don’t dive cold when you don’t have to. Diving Hyperb. Med. 45:62.

Cochard, G., Arvieux, J., Lacour, J. M., Madouas, G., Mongredien, H., and Arvieux, C. C. (2005). Pulmonary edema in scuba divers: recurrence and fatal outcome. Undersea Hyperb. Med. 32, 39–44.

Data, P. G., Montemaggiori, L., Motamed, A., and Di Leo, V. A. (1979). Thoracic and pulmonary radiographic modification during immersion in apnea: 1-a special apparatus. Boll. Soc. Ital. Biol. Sper. 55, 24–26.

Demchenko, I. T., Atochin, D. N., Gutsaeva, D. R., Godfrey, R. R., Huang, P. L., Piantadosi, C. A., et al. (2008). Contributions of nitric oxide synthase isoforms to pulmonary oxygen toxicity, local vs. mediated effects. Am. J. Physiol. Cell. Mol. Physiol. 294, L984–L990. doi: 10.1152/ajplung.00420.2007

Demchenko, I. T., Ruehle, A., Allen, B. W., Vann, R. D., and Piantadosi, C. A. (2009). Phosphodiesterase-5 inhibitors oppose hyperoxic vasoconstriction and accelerate seizure development in rats exposed to hyperbaric oxygen. J. Appl. Physiol. 106, 1234–1242. doi: 10.1152/japplphysiol.91407.2008

Demchenko, I. T., Welty-Wolf, K. E., Allen, B. W., and Piantadosi, C. A. (2007). Similar but not the same: normobaric and hyperbaric pulmonary oxygen toxicity, the role of nitric oxide. Am. J. Physiol. Lung Cell. Mol. Physiol. 293, L229–L238. doi: 10.1152/ajplung.00450.2006

Demchenko, I. T., Zhilyaev, S. Y., Moskvin, A. N., Krivchenko, A. I., Piantadosi, C. A., and Allen, B. W. (2017). Antiepileptic drugs prevent seizures in hyperbaric oxygen: a novel model of epileptiform activity. Brain Res. 1657, 347–354. doi: 10.1016/j.brainres.2016.12.032

Dujic, Z., Valic, Z., and Brubakk, A. O. (2008). Beneficial role of exercise on scuba diving. Exerc. Sport Sci. Rev. 36, 38–42. doi: 10.1097/jes.0b013e31815ddb02

Dunworth, S. A., Natoli, M. J., Cooter, M., Cherry, A. D., Peacher, D. F., Potter, J. F., et al. (2017). Hypercapnia in diving: a review of CO2 retention in submersed exercise at depth. Undersea Hyperb. Med. 44, 191–209. doi: 10.22462/5.6.2017.1

Egi, S. M., and Brubakk, A. O. (1995). Diving at altitude: a review of decompression strategies. Undersea Hyperb. Med. 22, 281–300.

Ergözen, S. (2017). Preventable diving-related ocular barotrauma: a case report. Turk. J. Ophthalmol. 47, 296–297. doi: 10.4274/tjo.67503

Ferretti, G., and Costa, M. (2003). Diversity in and adaptation to breath-hold diving in humans. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 136, 205–213. doi: 10.1016/S1095-6433(03)00134-X

Ferrigno, M., Ferretti, G., Ellis, A., Warkander, D., Costa, M., Cerretelli, P., et al. (1997). Cardiovascular changes during deep breath-hold dives in a pressure chamber. J. Appl. Physiol. 83, 1282–1290. doi: 10.1152/jappl.1997.83.4.1282

Ferrigno, M., Hickey, D. D., Linér, M. H., and Lundgren, C. E. (1986). Cardiac performance in humans during breath holding. J. Appl. Physiol. 60, 1871–1877. doi: 10.1152/jappl.1986.60.6.1871

Fock, A., Harris, R., and Slade, M. (2013). Oxygen exposure and toxicity in recreational technical divers. Diving Hyperb. Med. 43, 67–71.

Freiberger, J. J., Derrick, B. J., Natoli, M. J., Akushevich, I., Schinazi, E. A., Parker, C., et al. (2016). Assessment of the interaction of hyperbaric N2, CO2, and O2 on psychomotor performance in divers. J. Appl. Physiol. 121, 953–964. doi: 10.1152/japplphysiol.00534.2016

Germonpré, P., and Balestra, C. (2017). Preconditioning to reduce decompression stress in scuba divers. Aerosp. Med. Hum. Perform. 88, 114–120. doi: 10.3357/AMHP.4642.2017

Gooden, B. A. (1994). Mechanism of the human diving response. Integr. Physiol. Behav. Sci. 29, 6–16. doi: 10.1007/BF02691277

Hrnčíř, E. (1996). Flow resistance of airways under hyperbaric conditions. Physiol. Res. 45, 153–158.

Kent, P. (1966). Visual resolution underwater. Optom. Vis. Sci. 43, 553–565. doi: 10.1097/00006324-196609000-00001

Kinney, J. A., Luria, S. M., and Weitzman, D. O. (1967). Visibility of colors underwater. J. Opt. Soc. Am. 57, 802–809. doi: 10.1364/JOSA.57.000802

Kohshi, K., Katoh, T., Abe, H., and Okudera, T. (2000). Neurological accidents caused by repetitive breath-hold dives: two case reports. J. Neurol. Sci. 178, 66–69. doi: 10.1016/S0022-510X(00)00360-9

Kohshi, K., Wong, R. M., Abe, H., Katoh, T., Okudera, T., and Mano, Y. (2005). Neurological manifestations in Japanese Ama divers. Undersea Hyperb. Med. 32, 11–20.

Kollias, J., Van Derveer, D., Dorchak, K. J., and Greenleaf, J. E. (1976). Physiologic Responses to Water Immersion in Man: A Compendium of Research. Washington, DC: U.S. National Aeronautics and Space Administration.

Lambertsen, C. J. (1976). “Predictive studies IV: work capability and physiological effects in He-0 excursions to pressures to 400-800-1200 and 1600 FSW,” in Proceedings of the Offshore Technology Conference, Houston, TX. doi: 10.4043/2721-MS

Landolfi, A., Yang, Z. J., Savini, F., Camporesi, E. M., Faralli, F., and Bosco, G. (2006). Pre-treatment with hyperbaric oxygenation reduces bubble formation and platelet activation. Sport Sci. Health 1, 122–128. doi: 10.1007/s11332-006-0022-y

Lanphier, E. (1987). “Breath-hold and ascent blackout,” in The Physiology of Breath-hold Diving, eds C. Lundgren and M. Ferrigno (Bethesda, MD: Undersea Medical Society).

Lanphier, E. H. (1957). Diving medicine. N. Engl. J. Med. 256, 120–131. doi: 10.1056/NEJM195701172560306

Lemaitre, F., Chowdhury, T., and Schaller, B. (2015). The trigeminocardiac reflex - a comparison with the diving reflex in humans. Arch. Med. Sci. 11, 419–426. doi: 10.5114/aoms.2015.50974

Lindholm, P., and Lundgren, C. E. (2008). The physiology and pathophysiology of human breath-hold diving. J. Appl. Physiol. 106, 284–292. doi: 10.1152/japplphysiol.90991.2008

Lund, K. L., Mahon, R. T., Tanen, D. A., and Bakhda, S. (2003). Swimming-induced pulmonary edema. Ann. Emerg. Med. 41, 251–256. doi: 10.1067/mem.2003.69

Lundgren, C., and Miller, J. (1999). The Lung at Depth. New York, NY: Marcel Dekkers Inc.

Luria, S., and Kinney, J. (1970). Underwater vision. Science 167, 1454–1461. doi: 10.1126/science.167.3924.1454

Lynch, J. H., and Bove, A. A. (2009). Diving medicine: a review of current evidence. J. Am. Board Fam. Med. 22, 399–407. doi: 10.3122/jabfm.2009.04.080099

Lynch, J. H., and Deaton, T. G. (2014). Barotrauma with extreme pressures in sport: from scuba to skydiving. Curr. Sports Med. Rep. 13, 107–112. doi: 10.1249/JSR.0000000000000039

Mahon, R. T., Kerr, S., Amundson, D., and Parrish, J. S. (2002). Immersion pulmonary edema in special forces combat swimmers. Chest 122, 383–384. doi: 10.1378/chest.122.1.383-a

Martina, S. D., Freiberger, J. J., Peacher, D. F., Natoli, M. J., Schinazi, E. A., Kernagis, D. N., et al. (2017). Sildenafil: possible prophylaxis against swimming-induced pulmonary edema. Med. Sci. Sports Exerc. 49, 1755–1757. doi: 10.1249/mss.0000000000001293

Mijacika, T., and Dujic, Z. (2016). Sports-related lung injury during breath-hold diving. Eur. Respir. Rev. 25, 506–512. doi: 10.1183/16000617.0052-2016

Miller, C. C., Calder-Becker, K., and Modave, F. (2010). Swimming-induced pulmonary edema in triathletes. Am. J. Emerg. Med. 28, 941–946. doi: 10.1016/j.ajem.2009.08.004

Moon, R. E., Cherry, A. D., Stolp, B. W., and Camporesi, E. M. (2009). Pulmonary gas exchange in diving. J. Appl. Physiol. 106, 668–677. doi: 10.1152/japplphysiol.91104.2008

Moon, R. E., Martina, S. D., Peacher, D. F., and Kraus, W. E. (2016a). Deaths in triathletes: immersion pulmonary oedema as a possible cause. BMJ Open Sport Exerc. Med. 2:e000146. doi: 10.1136/bmjsem-2016-000146

Moon, R. E., Martina, S. D., Peacher, D. F., Potter, J. F., Wester, T. E., Cherry, A. D., et al. (2016b). Swimming-induced pulmonary edema: pathophysiology and risk reduction with sildenafil. Circulation 133, 988–996. doi: 10.1161/CIRCULATIONAHA.115.019464

Morabito, C., Bosco, G., Pilla, R., Corona, C., Mancinelli, R., Yang, Z., et al. (2011). Effect of pre-breathing oxygen at different depth on oxidative status and calcium concentration in lymphocytes of scuba divers. Acta Physiol. 202, 69–78. doi: 10.1111/j.1748-1716.2010.02247.x

Navy Department (2016). U.S. Navy Diving Manual. Revision 7. Diving Medicine and Recompression Chamber Operations. NAVSEA 0910-LP-115-1921, Vol. 5. Washington, DC: Naval Sea Systems Command.

Ono, H., O’Reilly, J. P., and Herman, L. M. (1970). Underwater distance distortion within the manual work space. Hum. Factors 12, 473–480. doi: 10.1177/001872087001200507

Peacher, D. F., Martina, S. D., Otteni, C. E., Wester, T. E., Potter, J. F., and Moon, R. E. (2015). Immersion pulmonary edema and comorbidities: case series and updated review. Med. Sci. Sports Exerc. 47, 1128–1134. doi: 10.1249/MSS.0000000000000524

Pendergast, D. R., and Lundgren, C. E. G. (2009). The underwater environment: cardiopulmonary, thermal, and energetic demands. J. Appl. Physiol. 106, 276–283. doi: 10.1152/japplphysiol.90984.2008

Pendergast, D. R., Moon, R. E., Krasney, J. J., Held, H. E., Zamparo, P., Pendergast, D. R., et al. (2015). “Human physiology in an aquatic environment,” in Comprehensive Physiology, ed. D. M. Pollock (Hoboken, NJ: John Wiley & Sons, Inc), 1705–1750. doi: 10.1002/cphy.c140018

Reeves, R. B., and Morin, R. A. (1986). Pressure increases oxygen affinity of whole blood and erythrocyte suspensions. J. Appl. Physiol. 61, 486–494. doi: 10.1152/jappl.1986.61.2.486

Robertson, C. H., Engle, C. M., and Bradley, M. E. (1978). Lung volumes in man immersed to the neck: dilution and plethysmographic techniques. J. Appl. Physiol. 44, 679–682. doi: 10.1152/jappl.1978.44.5.679

Rosińska, J., Łukasik, M., and Kozubski, W. (2015). Neurological complications of underwater diving. Neurol. Neurochir. Pol. 49, 45–51. doi: 10.1016/j.pjnns.2014.11.004

Rostain, J. C., and Balon, N. (2006). Recent neurochemical basis of inert gas narcosis and pressure effects. Undersea Hyperb. Med. 33, 197–204.

Rubini, A., Porzionato, A., Sarasin, G., Zara, S., Macchi, V., Camporesi, E., et al. (2014). Hyperbaric air exposure at 2.5 ATA does not affect respiratory mechanics and lung histology in the rat. Lung 192, 609–614. doi: 10.1007/s00408-014-9576-7

Rubini, A., Porzionato, A., Zara, S., Cataldi, A., Garetto, G., and Bosco, G. (2013). The effect of acute exposure to hyperbaric oxygen on respiratory system mechanics in the rat. Lung 191, 459–466. doi: 10.1007/s00408-013-9488-y

Sadri, R. A., and Cooper, J. S. (2017). Hyperbaric, Complications. Orlando, FL: StatPearls Publishing.

Schagatay, E., Andersson, J. P., Hallén, M., and Pålsson, B. (2001). Selected contribution: role of spleen emptying in prolonging apneas in humans. J. Appl. Physiol. 90, 1623–1629; discussion 1606. doi: 10.1152/jappl.2001.90.4.1623

Schagatay, E., Haughey, H., and Reimers, J. (2005). Speed of spleen volume changes evoked by serial apneas. Eur. J. Appl. Physiol. 93, 447–452. doi: 10.1007/s00421-004-1224-0

Shupak, A., Weiler-Ravell, D., Adir, Y., Daskalovic, Y. I., Ramon, Y., and Kerem, D. (2000). Pulmonary oedema induced by strenuous swimming: a field study. Respir. Physiol. 121, 25–31. doi: 10.1016/S0034-5687(00)00109-2

Strauss, R. H. (1979). Diving medicine. Am. Rev. Respir. Dis. 119, 1001–1023. doi: 10.1164/arrd.1979.119.6.1001

Tetzlaff, K., Friege, L., Reuter, M., Haber, J., Mutzbauer, T., and Neubauer, B. (1998). Expiratory flow limitation in compressed air divers and oxygen divers. Eur. Respir. J. 12, 895–899. doi: 10.1183/09031936.98.12040895

Tetzlaff, K., Staschen, C. M., Struck, N., and Mutzbauer, T. S. (2001). Respiratory effects of a single dive to 50 meters in sport divers with asymptomatic respiratory atopy. Int. J. Sports Med. 22, 85–89. doi: 10.1055/s-2001-11336

Thom, S. R., Bennett, M., Banham, N. D., Chin, W., Blake, D. F., Rosen, A., et al. (2015). Association of microparticles and neutrophil activation with decompression sickness. J. Appl. Physiol. 119, 427–434. doi: 10.1152/japplphysiol.00380.2015

Tonner, P. H., Poppers, D. M., and Miller, K. W. (1992). The general anesthetic potency of propofol and its dependence on hydrostatic pressure. Anesthesiology 77, 926–931. doi: 10.1097/00000542-199211000-00015

 UHMS (2014). Hyperbaric Oxygen Therapy Indications, 13th Edn, ed. L. Weaver. North Palm Beach, FL: Best Publishing Company.

Van Ooij, P. J., Hollmann, M. W., van Hulst, R. A., and Sterk, P. J. (2013). Assessment of pulmonary oxygen toxicity: relevance to professional diving; a review. Respir. Physiol. Neurobiol. 189, 117–128. doi: 10.1016/j.resp.2013.07.014

Vann, R. D., Butler, F. K., Mitchell, S. J., and Moon, R. E. (2011). Decompression illness. Lancet 377, 153–164. doi: 10.1016/S0140-6736(10)61085-9

Weiler-Ravell, D., Shupak, A., Goldenberg, I., Halpern, P., Shoshani, O., Hirschhorn, G., et al. (1995). Pulmonary oedema and haemoptysis induced by strenuous swimming. BMJ 311, 361–362. doi: 10.1136/BMJ.311.7001.361

Williams, T. M., Davis, R. W., Fuiman, L. A., Francis, J., Le Boeuf, B. J., Horning, M., et al. (2000). Sink or swim: strategies for cost-efficient diving by marine mammals. Science 288, 133–136. doi: 10.1126/SCIENCE.288.5463.133

Wilmshurst, P. T., Crowther, A., Nuri, M., and Webb-Peploe, M. M. (1989). Cold-induced pulmonary oedema in scuba divers and swimmers and subsequent development of hypertension. Lancet 333, 62–65. doi: 10.1016/S0140-6736(89)91426-8

Wolf, H. K., Moon, R. E., Mitchell, P. R., and Burger, P. C. (1990). Barotrauma and air embolism in hyperbaric oxygen therapy. Am. J. Forensic Med. Pathol. 11, 149–153. doi: 10.1097/00000433-199006000-00009

Zadik, Y. (2009). Dental barotrauma. Int. J. Prosthodont. 22, 354–357.

Zadik, Y., and Drucker, S. (2011). Diving dentistry: a review of the dental implications of scuba diving. Aust. Dent. J. 56, 265–271. doi: 10.1111/j.1834-7819.2011.01340.x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Bosco, Rizzato, Moon and Camporesi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
’ frontiers
in Psychology

Environmental Physiology and
Diving Medicine





OPS/images/cross.jpg
3,

i





OPS/images/fpsyg-09-00072-g001.jpg
Pressure
(ATA) 20 5 20 5 20 5

2.8- [ oxygen
26 air

30
2.2 -

15 60 15 60
1.9-

1.6- 30

13-

1.0-

0 20 25 45 50 70 75 105 120 180 195 255 285

Time (min)





OPS/images/logo.jpg
’ frontiers
in Psychology





OPS/images/fpsyg-09-00072-i001.jpg





OPS/images/fpsyg-09-00072-e001.jpg
(s...e. n

Sindy  va





