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When diving, human beings are exposed to
hazards that are unique to the hyperbaric underwater
environment and the physical behavior of gases at
higher ambient pressure. Hypercapnia, hyperoxia,
carbon monoxide intoxication, inert gas (predominantly nitrogen) narcosis, and decompression illness
(DCI) all may lead to impaired consciousness, with a
high risk of drowning in this nonrespirable environment. Proper physiologic function and adaptation of
the respiratory system are of the utmost importance
to minimize the risks associated with compressed gas
diving. This article provides an introduction to the
diving techniques, the physics, and the pertinent
human physiology and pathophysiology associated
with this extreme environment. The causes of the
major medical problems encountered in diving are
described, with an emphasis on the underlying respiratory physiology.

Methods of diving
Diving has become a popular recreational activity
and is no longer restricted to military and commercial underwater operations. Although the number of
recreational divers is still increasing, the number of
professional divers has been more or less the same
over the last few decades. It was estimated by the
American National Sporting Goods Association [1]
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that recreational diving ranks third among the fastest
growing outdoor activities and that approximately
2.1 million Americans were engaged in this activity
in 2001.
Several methods of underwater diving exist.
Diving from submerged air-filled diving bells and
diving with air supplied from the surface via an umbilical cord allowing a free flow of gas into a diving
helmet have been in use from the early nineteenth
century. Problems encountered with diving, including
decompression sickness (DCS) and barotrauma, were
well known early in the twentieth century. The
breakthrough for underwater exploration was the
development of the open-circuit breathing apparatus
by Cousteau and Gagnan in the French Navy in 1943.
This self-contained underwater breathing apparatus
(scuba) allowed the diver to breathe air supplied from
a high-pressure tank carried by the diver and
delivered through a pressure regulator that accommodated the changing ambient pressure of the diving
environment. This system provided divers with previously unknown freedom and mobility under water.
With bounce diving (where the diver starts the
dive from the surface using scuba equipment, spending a limited time at depth before returning to the
surface), the exposure to bottom pressure is limited to
minimize decompression stress and the risk of DCI.
When breathing air, the practical limit is at a pressure
corresponding to a depth of 50 – 60 m of sea water
(msw). The narcotic effects of nitrogen, the high gas
density, and the decompression stress all contribute to
adverse effects on the body beyond that depth range.
Some of these effects can be reduced by changing the
breathing gas mixture. Mixtures enriched with oxy-
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gen reduce the uptake of inert gas and thereby reduce
the risks of decompression, whereas mixtures using
added helium reduce the gas density. Increasing the
oxygen faction in the gas mixture increases the risk of
toxic oxygen effects. Most dangerous is the risk of
cerebral oxygen toxicity with sudden unconsciousness, and seizures can occur with exposure to partial
pressures of oxygen higher than 150 kPa. Because of
the risk of hyperoxic cerebral toxicity, military
combat divers who are diving using pure oxygen in
a closed-circuit breathing apparatus usually restrict
their diving depth range to 0 – 10 msw.
For diving operations of long duration and deeper
than 50 – 60 msw, the technique of saturation diving
was developed in the period from 1960 to 1980. The
divers undergo compression in hyperbaric chambers
to a pressure equivalent to the diving depth, and they
are transferred to the work site in a diving bell. Their
body tissues are allowed to become saturated with the
gas mixture, which usually is a mixture of helium and
oxygen, with a partial pressure of oxygen in the range
of 35 – 70 kPa. Theoretically, they can stay under
pressure for an infinite length of time. Most commonly, periods up to 2 weeks are used in diving operations on the offshore oil and gas fields. The divers’
effective working time at the work site is not limited
by the time constraints of bounce diving. Routine
saturation diving operations are typically restricted to
depths of 100 – 150 msw, although an experimental
saturation dive to a maximal depth of 701 msw has
been performed. In the depth range deeper than
250 msw, there may arise problems, with the pressure
effect causing high-pressure nervous syndrome.
The decompression procedures with saturation
dives must take into account that body tissues are
saturated with the inert gases and the rate of decompression is limited to 25 – 30 m/d, meaning that some
saturation diving operations require that divers stay
and live in the hyperbaric chambers for periods up to
30 days or more. Most of the time, the diver is in a
dry environment in the hyperbaric chamber, and some
operations, such as welding in dry habitats, can be
undertaken without the diver having been submerged
at all when the diver is transferred from the diving
bell to the habitat directly.

Physical and physiologic factors affecting lung
function during diving
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terized by compression, isobaric, and decompression
phases. The major difference between the diving
described in this article and breath-hold diving is
that a gas mixture is breathed at increased ambient
pressure freely in the atmosphere of a diving bell or a
hyperbaric chamber or supplied by an underwater
breathing apparatus. Diving usually takes place submerged in water, but some diving operations can be
done in a dry environment in a hyperbaric chamber
or underwater habitat.
Normal atmospheric pressure or one atmosphere
absolute is equivalent to the pressure of a column
of 760 mm Hg or 101.3 kPa. One bar corresponds to
a pressure of 750 mm Hg, 100 kPa, or 10 msw. For
example, at a depth of 30 msw, the diver is exposed
to a pressure of 4 bars, and at 100 msw, the diver is
exposed to a pressure equivalent of 11 bars.
The fractional concentrations of each gas in a mixture of ideal gases remain the same independent of
pressure, and the partial pressure of each component
gas is dependent on its fractional concentration and
total pressure. The fractional concentration of oxygen
in air is 0.21, and at normal atmospheric pressure, the
partial pressure of oxygen is 21 kPa. At an ambient
pressure of 4 bars or a depth of 30 msw, the fractional
concentration of oxygen is still 0.21 but the partial
pressure is 84 kPa.
Gases dissolve in fluids proportionately with their
partial pressures in the gas phase, which means that
the volume of dissolved gases in blood and tissues
increases until equilibrium with the gas phase is
achieved. The fluid is then saturated with the gas.
During the compression and decompression phases of
a dive, this process follows first-order exponential
functions, with each tissue having its characteristic
time constant.
Exposure to factors associated with pressure and
gas mixture, such as hyperoxia, decompression stress,
and gas density, are known to have acute effects
on pulmonary function that may limit ventilatory capacity and exercise tolerance. The effects of hyperoxia and decompression stress may even be toxic or
harmful, resulting in acute inflammatory reactions
and disease, and possibly long-term residual effects.
Other factors associated with the equipment used
and the environment in which the diving takes place
may impose additional physiologic limitations of the
divers’ performance.
Hyperoxia

Diving exposure
Diving is associated with exposure to higher than
normal ambient pressure. A dive is typically charac-

The toxic effects of oxygen on the lung are well
known and the dose-response relation and pulmonary
tolerance limits have been settled as far as changes in

breathing at depth

vital capacity (VC) are concerned [2]. Above a
threshold of 50 kPa, there is a reduction in VC dependent on the pressure of oxygen and exposure time.
The asymptotic threshold was found to be somewhat
lower than 50 kPa [3], and the threshold is definitely
lower for changes in lung function variables other
than VC. After some saturation dives in which the
partial pressure of oxygen has been at or lower than
50 kPa for periods of up to 4 weeks [4,5] and after
exposures in which no changes in VC were predicted
or demonstrated, there have been reductions in transfer factor for carbon monoxide (TlCO) and maximal
expiratory flow rates at low lung volumes as well
as an increase in the slope of phase III of the single
breath nitrogen washout test [6].
The toxic effects of oxygen are mediated by
reactive oxygen species, and inflammatory changes
in the lung parenchyma are induced [7]. First, this
process gives rise to symptoms of nonproductive
coughing and a retrosternal burning sensation before
a reduction in VC takes place. The recovery of VC
reductions as large as 20% – 30% is usually complete
within 1 or 2 weeks.
The toxic effects of oxygen must be accounted for
in practical diving and hyperbaric treatment procedures. The unit pulmonary toxic dose (UPTD) is the
toxic effect equivalent to the exposure to oxygen at
101 kPa for 1 minute [2]. For a given reduction in VC
to take place, there is a hyperbolic relation between
the exposure time and partial pressure of oxygen. A
dose of 615 UPTDs results in an average 2% decrease
in VC, and a dose of 1425 UPTDs results in a 10%
decrease. For operational diving activity, a 2% decrease in VC is generally considered acceptable, and
for recompression and hyperbaric oxygen therapy for
DCI and arterial gas embolism (AGE), a 10% or even
larger decrease in VC may be accepted.
Decompression stress and venous gas microembolism
In the decompression phase, blood and tissues are
supersaturated with the inert gas of the atmosphere.
This provides the pressure gradient for diffusion of
gas out of the fluid, but supersaturated fluids are
inherently unstable and there is a risk of free gas
evolving in gas bubbles. Gas bubbles can form interstitially in the tissues or, probably more commonly,
intravascularly in venous blood. Because of the unloading of inert gas in the lung during the decompression phase, bubbles do not form and grow in the
arterial circulation. Bubbles can, however, obtain
access to the arterial circulation if the pulmonary
capillary bed in which the venous bubbles lodge is
bypassed. These right-to-left shunts can occur as
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intracardiac shunts or as intrapulmonary arteriovenous malformations and can contribute to AGE
(discussed elsewhere in this article).
By controlled infusion of gas bubbles in the venous circulation in sheep, there is an immediate
increase in pulmonary arterial pressure and disturbances in gas exchange function consistent with the
mechanical effects of microembolization [8]. Some
hours later, there is increased fluid transport across
the capillaries, with increased protein content in the
lymphatic fluid indicating damage to the capillary
endothelium [9]. Inflammatory processes mediated
by activated leukocytes contribute to this endothelial
damage [10]. A large increase in pulmonary arterial
pressure, which can be a result of a large shower of
venous gas microemboli (VGM), may facilitate spillover of gas bubbles to the pulmonary veins [11].
VGM are frequently detected by Doppler ultrasound monitoring. They are commonly observed with
generally accepted decompression procedures but do
not necessarily cause clinical DCS.
Immediately after air bounce dives [12,13] and
saturation dives in which VGM were demonstrated
during and after the decompression phase, reductions
in TlCO and maximal oxygen uptake correlating with
the cumulative load of VGM have been demonstrated.

Gas density and respiratory mechanical loading
For a given gas mixture, density increases proportionately with pressure. Airway resistance is
proportional to density with turbulent flow characteristics, and maximal expiratory flow rate is inversely
proportional to the square root gas density, which has
been shown experimentally for maximal voluntary
ventilation and forced expiratory volume in 1 second
(FEV1) as well [14]. When breathing air at a pressure
of 4 bars, corresponding to a depth of 30 msw, the gas
density is four times normal and maximum voluntary
volume (MVV) and FEV1 are reduced by 50% of
normal. The ventilatory capacity is then limiting
exercise performance. Because of the increased partial pressure of oxygen in the breathing gas and some
carbon dioxide retention, however, tolerated peak
oxygen uptake is not significantly reduced in healthy
fit subjects.
To reduce the internal resistance of breathing gas
mixtures, helium is usually used instead of air when
diving deeper than 50 – 60 msw when saturation
diving techniques are preferred. Even hydrogen has
been used experimentally but is associated with
problems because of its narcotic effects and the danger of fire.
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Gas transport in alveoli is by diffusion. The helium and oxygen mixture breathed in deep experimental saturation dives to pressures corresponding to
depths of 500 – 700 msw has a fractional concentration of oxygen of less than 2%, with the rest being
helium and, sometimes, some nitrogen. The density
can be as high as 8 – 10 times that of air at atmospheric pressure. There is some alveolar-capillary
diffusion limitation of oxygen in this low fraction of
inspired oxygen (Fio2) environment contributing to
pulmonary gas exchange limitation in deep diving
[15]. Within the depths accessible with today’s diving
techniques, however, this effect is small and is estimated to depress alveolar oxygen pressure by a few
kilopascal only.
Resistance to breathing is further increased by an
external breathing apparatus and the effects of static
lung loading attributable to submersion. The combination of increased internal and external breathing
resistances and static lung loading may facilitate the
development of lung edema associated with diving
and swimming, particularly in a cold environment
and with high exercise intensity [16,17].
Respiratory heat and water loss
Inhaled gas is heated and humidified during its
passage through the airways. The energy required
to heat the gas is dependent on the physical characteristics of the gas mixture, including temperature,
density, and specific heat as well as the physiologic
requirement for ventilation. Some of the energy used
for heating the inspired gas is recovered in the upper
airways during exhalation. The mean temperature of
exhaled gas is normally lower than body temperature
but higher than ambient temperature. The energy
required to humidify the gas is assumed to be independent of pressure, but gas mixtures used for diving
are dry so as to prevent icing in the gas supply lines.
The specific heat capacity for helium is five times
greater than for nitrogen, 5.19 and 1.04 J/g 1/K 1,
but density is only 0.18 g/L 1 for helium and
1.25 g/L 1 for nitrogen. Therefore, the respiratory
heat loss when diving with air remains higher
compared with diving with helium-oxygen mixtures,
because it is the product of density and specific heat
capacity that determines heat loss. The respiratory
heat loss when diving is always larger than at normal
atmospheric pressure whatever the gas mixture is,
however, and the heat loss as well as the water loss
for gas humidification may induce a bronchomotor
response [18 – 20].
The thermal problems related to saturation diving
with helium and oxygen gas mixtures are mainly
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attributable to the increased heat loss over the skin
surface in the dry helium oxygen environment, which
is a function of heat conductance rather than heat
capacity. Heat conductance for helium is 1.51 W/
m 1/K 1, and for nitrogen, it is 0.26 W/m 1/K 1.
The range of comfortable temperatures in this environment is usually 27°C – 29°C compared with
20°C – 22°C in air at atmospheric pressure.

Respiratory effects of single dives
Immediately after dives, changes in pulmonary
function can be demonstrated that are the combined
effects of all the specific exposure factors associated
with the dive. After deep saturation dives to depths of
300 m or more, a reduction in TlCO of 10% – 15% and
reduced maximal oxygen uptake have been consistently demonstrated in several studies [21 – 23].
Exposures to hyperoxia and VGM have been shown
to contribute to these effects [4,5,12,13]. Any reduction in VC as a result of oxygen toxicity has, however, not been demonstrated. On the contrary, a small
increase in VC has been seen after some dives. This
could be caused by the opposing effects of hyperoxia
and respiratory muscle training attributable to the
effects of increased gas density. The recovery time for
the changes in TlCO is 4 – 6 weeks.
After short air bounce dives, small reductions in
TlCO and VC as well as a decrease in airway conductance have also been demonstrated [24,25], but the
recovery time after these dives of a short duration
(ie, hours) compared with days in saturation is much
shorter, only 1 – 2 days. In these dives, the effects
of submergence and static lung loading as well as
the effects of respiratory heat and water loss are believed to contribute significantly to the changes in
lung function.

Clinical problems
The important clinical problems encountered in
diving medicine are listed in Box 1, and are described
and discussed here.

Pulmonary barotrauma
Although the lung can withstand considerably
high absolute ambient pressures without harm,
exposure to abrupt changes in pressure may severely
affect the lung at even small pressure differences. The
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Box 1. Major clinical problems associated
with diving
A. Pulmonary barotrauma
Pneumothorax
Interstitial emphysema
Pneumomediastinum
Pneumoperitoneum
B. DCI
AGE
DCS
 Cutaneous
 Musculoskeletal
 Audiovestibular
 Respiratory disease
 Venous gas embolism
 Paradoxic gas embolism
C. Pulmonary edema

term ‘‘pulmonary barotraumas’’ (PBTs) refers to lung
injury that is induced by a change in intrapulmonary
pressure relative to ambient pressure. Astronauts,
aviators, compressed air workers, and divers are inherently exposed to rapid changes in ambient pressure and are thus at risk of PBT. The following
section focuses on diving-related PBTs, which is a
feared complication of compressed gas diving and
consistently ranks second among all causes for scuba
diving fatalities after drowning [26].

Definition and mechanisms
Diving-related PBT may occur during the descent
of a breath-hold dive when intrathoracic gas volume
falls short of residual volume and intrathoracic pressure becomes negative relative to hydrostatic pressure. This complication, also known as lung squeeze,
is rare [27].
PBT during the ascent from a scuba dive, however, is defined as lung rupture that occurs during
decompression when ambient pressure decreases
[28]. According to Boyle’s law, the volume of an
enclosed gas expands with decreasing pressure. Expanding intrapulmonary gas during the ascent from
a scuba dive eventually must be exhaled properly. If
the rate of decrease in pressure during the ascent exceeds the rate at which the expanding gas can escape
through the airways, overdistension of the alveoli
and bronchi may cause lung rupture. Closure of the
upper airways by, for example, breath-holding, airway obstruction attributable to pulmonary pathologic

359

changes, or both, may precipitate this pathophysiology [28]. Unprotected dogs with a closed trachea that
were rapidly decompressed from ambient pressures
of 306.3 or 612.6 kPa, equivalent to depths of approximately 31 and 62 msw, developed PBT when
the intratracheal pressure reached a critical level of
approximately 10.7 kPa (80 mm Hg) [29]. This could
be prevented by the application of thoracoabdominal
binders, despite a rise in intratracheal pressure to
levels of 24 kPa (180 mm Hg). Accordingly, experiments with fresh unchilled human cadavers showed
that lung barotrauma occurred at intrapulmonary
pressures of approximately 9.7 – 10.7 kPa (73 –
80 mm Hg) [30]. Binding of the chest and abdomen
required much higher pressures of 17.7 – 25.3 kPa
(133 – 190 mm Hg). It was further observed that
rupture of the visceral pleura occurred when basal
pleural adhesions were present. Thus, the transpulmonary pressure (ie, the difference between intratracheal and intrapleural pressure) is the critical factor
for the development of PBT rather than the absolute
level of the intratracheal pressure.
Intrapulmonary air trapping during ascent may
occur in any particular region of the lung. Localized
overdistension of the lung then results in rising local
transpulmonary pressure with subsequent rupture of
the alveolar wall [31]. Once rupture occurs, gas is
sucked into the peribronchial space and causes pulmonary interstitial emphysema [29]. Gas may track
into the tissues by the mechanics of breathing and
cause pneumomediastinum with emphysema of the
neck. Alternatively, it may dissect toward the lung
periphery, rupturing via subpleural blebs into the
pleural space, causing pneumothorax, or mediastinal
gas may rupture the mediastinal pleura and enter the
pleural space. The latter mechanism is supported by
observations from experimental animal studies showing that the mediastinum contained dissecting gas in
all cases in which there was pneumothorax [29].
Moreover, extra-alveolar gas may pass the diaphragm
through the esophageal hiatus into the peritoneal
cavity and cause pneumoperitoneum [32,33].
Gas may also track along the perivascular sheaths
of the pulmonary arteries and erupt into such an
artery or move toward the hilum on expiration and
dissect into the thin-walled pulmonary veins. In consequence, the gas may then rapidly enter the systemic
circulation and cause AGE, a clinical condition that
is associated with high morbidity and mortality [34].
A pressure gradient between the air passages and the
left atrium in excess of 8 kPa (60 mm Hg) has been
found to enable the transfer of gas into the vasculature [29]. If gas has entered the left side of the heart
via the pulmonary veins, it may be distributed into
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Table 1
Systematic studies that reported clinical and radiologic evidence of pulmonary barotraumas in case series of divers/submarine
escape trainees suffering from PBT with or without arterial gas embolism
First author, year [reference]
a

Elliott, 1978 [71]
Kizer, 1987 [58]b
Leitch, 1986 [60]
Harker, 1993 [64]b
Tetzlaff, 1997 [59]

No. of subjects

PBT

AGE

Combined PBT/AGE

88
42
140
31
15

N/A
N/A
23
N/A
2

9
1
59
15
10

79
41
58
16
3

Abbreviation: N/A, not applicable.
a
Only submarine escape trainees included.
b
Only divers with clinical diagnosis of AGE included.

nearly all organs, causing embolic occlusion of end
arteries. Head position during ascent in relation to the
torso, buoyancy of the gas bubbles, and blood flow
dynamics favors the distribution of gas bubbles to the
brain. Because of the extremely short hypoxia
tolerance of the central nervous system, critical injury
may occur depending on the absolute quantity of gas
and the areas affected. Small gas bubbles may rapidly
be absorbed and only briefly interrupt blood flow.
Larger gas bubbles, however, may cause severe harm
by ischemic cell injury and disruption of the bloodbrain barrier. Immediate pathologic changes are
characterized by a rise in cerebrospinal fluid pressure,
systemic hypertension, cessation of neuronal activity,
and changes in vascular permeability [35]. Cellular
and humoral responses induced by the effects of gasblood as well as gas-endothelial interfaces contribute
to inflammation that is maintained even after absorption of the gas [34].
In contrast to PBT induced by mechanical
ventilation [36], AGE is the most frequent sequel
to diving-related PBT (Table 1). The direction and
amount of transpulmonary pressure generated by
rapid decompression during diving may account for
this distinct feature. Often, AGE is combined with
pneumomediastinum (Fig. 1), and severe cases of
PBT have been reported in which the gas had tracked
into the vasculature causing AGE into pleural spaces
and the mediastinum [37,38]. In fatal cases of PBT,
death may result from obstruction of the heart
(pneumocardium) and central circulation after massive AGE [39 – 41]. The detailed pathophysiologic
changes causing death in human beings, however, are
not yet entirely understood [40].
PBT may also occur with the use of breathing
gases other than air. There are two case reports of
PBT with and without AGE in divers using a closedcircuit oxygen rebreathing diving apparatus. Remarkably, the highly elevated oxygen fraction may have
accelerated the resorption of extra-alveolar gas in

these cases, where symptoms were reported to have
resolved rapidly [42,43].
Because of the common misapprehension that
diving accidents do not occur in shallow water, it is
worth mentioning that the risk for PBT is greatest
just below the surface, because the ambient pressure
doubles between 0 and 10 msw and the relative
change in volume is maximal at that depth range.
Accordingly, cases of severe AGE have been reported
that occurred during shallow water dives of less than
5 msw and even during swimming [44 – 46].
Decompression-related PBT is not restricted to
scuba diving only. It may occur during the ascent
of a commercial airplane when the passenger cabin
pressure decreases by approximately 26.7 kPa
(200 mm Hg) [47] or during hypobaric chamber
training performed for military aircrew members
throughout the world [48 – 50]. Cerebral AGE after
PBT has been reported in ground maintenance crew
members after cabin pressure tests to approximately
55 kPa (413 mm Hg) [51,52]. Few cases have occurred during hyperbaric oxygen therapy in a hyper-

Fig. 1. CT scan of a 23-year-old Navy scuba diver who
developed chest pain and nausea while performing free
ascent training from a depth of 11 msw. The scan was taken
after the first recompression treatment. The chest radiograph
was unremarkble. MRI of the neurocranium revealed a large
cerebellar infarction.

breathing at depth

baric chamber [53 – 55]. All these exposures have in
common the fact that the pressure change during the
ascent is of minor magnitude and occurs more slowly
when compared with scuba diving ascents. Thus,
PBT is infrequent in these occupations. Remarkably,
pre-existing lung pathologic findings have been described more often in these cases [47,49,53 – 55],
supporting the concept that air-trapping pulmonary
lesions increase the risk of PBT.
Clinical presentation of pulmonary barotrauma
The clinical presentation of diving-related PBT
largely depends on feature and localization of injury.
Pulmonary symptoms alone may be present in cases
with pneumothorax or mediastinal emphysema without concurrent gas embolism. Pneumomediastinum
has been detected by chest radiographs in even
asymptomatic subjects after buoyant ascents [56].
Hoarseness only or a strange voice with mild chest
pain should prompt the physician to consider PBT in
the differential diagnosis after scuba dives [43,57].
More prominent pulmonary symptoms reported from
larger case series comprised chest discomfort, chest
pain or tightness, dyspnea or apnea, and hemoptyses
[58 – 60]. Among these, chest pain and dyspnea were
the most frequent and accounted for approximately
25% and 13% of all cases of combined PBT and
AGE, respectively.
In most cases, however, neurologic symptoms are
present as a consequence of AGE (Table 2). A strokelike syndrome with unilateral neurologic symptoms
has been considered typical for diving-related AGE
[28,61]. A less typical presentation with bilateral
symptoms may also be seen [62,63]; therefore, AGE
is not excluded. Cognitive symptoms and unconsciousness are most frequently present, whereas seizures, focal motor deficits, visual disturbances,
vertigo, and sensory changes are also common (see
Table 2) [58 – 60,64,65]. Most importantly, these
symptoms appear on or shortly after surfacing within
Table 2
Most frequent symptoms of arterial gas embolism and
pulmonary barotrauma
Symptom

Range (%)

Unconsciousness
Paraesthesias and/or paralyses
Dizziness
Nausea and/or vertigo
Visual disturbances
Convulsions
Headache

17 – 81
23 – 77
10 – 43
9 – 39
13 – 26
0 – 31
0 – 26

Data from five larger case series published in peer-reviewed
literature: Refs. [58 – 60,64,65].
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5 minutes (>90% of cases) [26,59,60]. However, time
to onset of symptoms may take longer than
10 minutes [65], and there are case reports with
delayed onset after hours up to several days [66,67].
Symptoms generally progress rapidly when not
treated, but spontaneous recovery may occur and
has been reported even following resuscitation after
initial apnea and pulselessness [68]. A small, but
important number (approximately 4%) of patients
present fatally with immediate unconsciousness and
cardiopulmonary arrest [69]. Postmortem radiography in fatal AGE revealed massive gas in cardiac
chambers and large thoracic vessels in these cases
[39 – 41,70]. Some fatalities, however, may simply be
attributable to drowning subsequent to loss of consciousness under water; thus, the actual incidence of
PBT and/or AGE may be underestimated.
Risk factors for pulmonary barotrauma
Incident statistics show that the technique of
ascent (ie, the decompression procedure that the body
is exposed to) is a major risk factor. At depth, the
diver inhales gas from the scuba equipment at normal
lung volumes. When surfacing from depth during a
free ascent (ie, without breathing from the scuba
equipment), the expanding gas must be exhaled continuously. Thus, certain diving techniques, such as
out-of-air emergency training, buddy-breathing during ascent, or buoyant ascents during submarine escape tank training, pose significantly increased risks
to the subjects. Accordingly, reported incidences per
number of dives are 0.04% – 0.06% for buoyant ascent training [71,72] and 0.005% for military scuba
dives [60,73].
Among individual factors contributing to the risk
of PBT, conditions that predispose to intrapulmonary
air trapping play a major role. An autopsy study on
13 diving fatalities revealed that in the cases with
fatal pneumothorax occurring during ascent from
depths between 10 and 40 msw, the site of rupture
was related to pleural adhesions and lung bullae [74].
Such adhesions were also present in 26% of investigated lungs that were not involved in PBT, however.
Poorly ventilated intrapulmonary structures, such as
lung bullae or air cysts, may hinder the expanding
gas from being exhaled properly or simply be a locus
minor resistentiae. Accordingly, flap-valve mechanisms have been described from emphysematous
lesions that may support air trapping during expiration [31]. There are case reports of PBT in which
plain film radiography revealed evidence of preexisting large lung cysts [71,75,76] that were considered to be causally related to the injury. Indeed,
in one case report of fatal AGE occurring after the
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descent of a commercial flight, the rupture of a large
pre-existing intrapulmonary air cyst was confirmed
by autopsy [47]. More recent studies using CT of the
chest [43,77 – 81] have frequently detected bullae and
cysts that had escaped detection by chest radiographs
and thus support the hypothesis that in cases of
diving-related PBT with normal plain chest radiographs, subtle pre-existing pulmonary lesions may
still be potentially implicated in the injury (Fig. 2).
Some doubt remains as to whether these bullae detected by postinjury radiology were pre-existing.
Their persistence over long-term follow-up may support this assumption [43,62,77].
An analysis of the database of the Royal Navy
Institute of Naval Medicine revealed a series of
140 cases of PBT with and without AGE, of which
8% were recurrent incidents [82]. In these cases as
well as in another reported case [83], there were no
identifiable predisposing findings. A chest CT scan
was only available in the latter case, however. We are
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aware of a 26-year old female diver who asked for
consultation after she had suffered twice from unilateral neurologic limb symptoms and nausea after
emergency ascents from open water scuba dives
within 2 years. Only after the second incident was
chest CT was performed, which revealed a subpleural
bulla in the right lower lobe [84].
Some studies investigated the idea that PBT might
be predictable by means of pulmonary function
testing. In a controlled study of 14 divers who had
suffered from PBT that was established clinically or
by chest radiography, pulmonary conductance and
static recoil pressure were measured, on average,
0.8 years after the injury [85]. It was found that a
derived index of lung distensibility was significantly
decreased in the PBT group compared with 10 healthy
divers and 34 healthy controls. The authors postulated that stresses in peribronchial alveolar tissue
would be magnified near total lung capacity if bronchi are relatively stiffer. Limitations to that study

Fig. 2. (A) Chest radiograph of a 38-year-old sport scuba diver who complained of sudden leg paralysis and right-sided chest
tightness after an uneventful 25-m dive with 20 minutes of bottom time in the Red Sea. The radiograph was taken after the initial
treatment for decompression illness and repatriation. Chest CT scan of the same diver shows bilateral lung bullae in the right
upper lobe (B) and in the left lower lobe (C). (Courtesy of Armin Kemmer, MD, Murnau, Germany.)
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were the finding of a significant difference in the
index of lung distensibility between the control divers
and healthy nonsmokers in measurements spanning
over a time range of more than 10 years. In a retrospective review of a large series of submarine escape
training tank incidents that occurred in the Royal
Navy during a 22-year period, there were only six
cases in which there was radiologic or clinical evidence of extra-alveolar gas and four additional cases
that were considered to be related to PBT for other
reasons [86]. Standardized residuals were calculated
for FEV1 and forced vital capacity (FVC) as well as
for the quotient of FEV1/FVC. The authors found
significant associations between values of FVC and
FEV1 below those predicted and PBT (P < .01 and
P<.05, respectively) but not for FEV1/FVC. Surprisingly, these studies revealed some correlation between restrictive lung indices and risk of PBT rather
than indices of obstruction. Thus, individuals with
small and stiff lungs may be at increased risk of PBT.
In another retrospective study of 15 scuba divers who
had consecutively suffered from PBT with or without
AGE, however, expiratory flows at low lung volumes
were found to be less than predicted and significantly
less than those values of a control group of divers
who had experienced diving injuries other than PBT
[59]. Thus, peripheral airflow limitation may have
indicated obstructive lung disease in some of these
cases. The issue with these latter studies is that the
differences from the control populations were rather
small (ie, within two times the standard deviation); in
fact, there are a large number of subjects diving safely
with spirometric indices within that range. In conclusion, there are as yet no convincing data indicating
pulmonary function to be predictive for detecting
those divers who are at risk of PBT, mostly because
of the small samples investigated.
Decompression illness
General features of pathophysiology
Severe injury from scuba diving is predominantly
caused by decompression-related pathophysiology.
The term ‘‘decompression illness’’ has been introduced to encompass those distinct disease entities that
may result from tissue damage by excess intracorporeal gas during and after decompression [87]. Included under the broader definition of DCI are AGE,
which occurs as a consequence of PBT, and DCS, a
multiorgan system disorder that results from microor macroscopic nitrogen bubble formation when
ambient pressure decreases on surfacing.
As outlined in the section on diving exposure,
body tissues become saturated at depth with inert gas
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molecules as a function of time, the partial pressure of
the gas in the breathing mix, and a constant depending on the type of tissue [88]. On ascent from a scuba
dive, the sum of tissue gas tensions and vapor pressure may exceed ambient pressure (ie, the body
tissues become supersaturated). Dissolved inert gas in
the tissue and blood forms a free gas phase to
equalize the pressures. Current theories favor the
hypothesis that bubbles are predominantly formed by
small pre-existing gas nuclei that are commonly contained in body tissues. Spontaneous bubble formation
may contribute to this process. Once nucleated, gas
bubbles are subject to tissue diffusion and perfusion.
The pressure gradient for the partial pressure of
the inert gas toward alveolar gas eventually forces the
inert gas to leave the tissues. Excess inert gas
physiologically reaches the lungs by venous return,
where it is trapped in the lung microvasculature and
removed by diffusion into the alveolar space [89].
With the introduction of Doppler ultrasound
methodology, intravascular gas bubbles have frequently been observed with decompression. Exposure
to even mild hyperbaria of 138 kPa ambient pressure
(3.8 msw) for 48 hours revealed detectable venous
gas emboli a few hours after direct ascent in 20% of
asymptomatic subjects, and bubbles were even detectable after 12 hours in subjects who ascended from
4.8 msw [90]. Intravascular gas bubbles are often
present in the absence of symptoms after scuba dives
[90 – 93]. These bubbles may elicit acute respiratory
responses, such as a decrease in the TlCO [12,13]. In
animal models, intravascular air bubbles have been
shown to exert diverse pathophysiologic effects.
Hemodynamic changes after venous gas embolism
comprised a rise in pulmonary artery pressure and
pulmonary vascular resistance and a decrease in arterial oxygen tension [94 – 96]. Humoral and cellular
changes in general concern the activation of the complement system and leukocytes [97,98]. These effects
induce proinflammatory cascades that result in
hemocentration and leakage of the vascular endothelium [9,99]. The magnitude of these changes depends
on the amount of venous gas emboli, and smaller
bubble numbers are less likely to produce gross
hemodynamic or fluid abnormalities. Whether these
so-called ‘‘silent bubbles’’ cause any long-term
effects on the organism is not yet known. Moreover,
the factors that determine whether bubble formation
becomes pathologic remain to be elucidated.
Clinical features of decompression sickness
The term ‘‘decompression sickness’’ refers to a
multiorgan system disorder that results from microor macroscopic nitrogen bubble formation when
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ambient pressure decreases on surfacing. Thus, the
presence of these pathologic bubbles per se does not
predict the clinical manifestations of DCS but is
pivotal for its pathologic diagnosis.
One major clinical presentation of DCS is limited
to musculoskeletal or cutaneous symptoms only
and is also known commonly by the lay term ‘‘the
bends.’’ The pathophysiologic basis for these manifestations, which have historically been classified as
type I DCS, is still under investigation. It is believed
that tendon sheaths or joint capsules may be irritated
mechanically by gas bubbles that form within these
inhomogeneously perfused tissue compartments.
Bubbles may also grow within the bone marrow,
causing a rise in intermedullary pressure, or may be
delivered by the blood toward these sites. This
mechanistic hypothesis is supported by the observation that limb, joint, or muscle pain is immediately
responsive to recompression in most cases. The cutaneous manifestation of DCS presents as cutis
marmorata with skin itching and rash. In swine,
it was shown that the violaceous color of the lesions was presumably attributable to congestion of
deeper vessels in the dermis and subcutis, and vascular inflammation was apparent on electron microscopy [100].
More severe DCS historically has been classified
as type II and is characterized by neurologic, audiovestibular, or respiratory manifestations. The particular nitrogen saturation and elimination kinetics of
neural tissues and their minimal ischemia tolerance
favor the development of neurologic symptoms in the
presentation of DCS. Neurologic injury is presumed
to be attributable to the thrombogenetic effect of
venous gas bubbles in the epidural venous plexus
surrounding the spinal cord, causing venous stasis
and spinal cord ischemia in the thoracic region. There
may also be evidence for the in situ generation of socalled ‘‘autochthonous bubbles’’ within the tissue of
the spinal cord because of its high solubility for inert
gas [101,102]. More recently, however, it was shown
in decompressed goats that autochthonous bubbles
arise as an artifact and that the nature of the lesion in
the spinal cord is a focal infarct or necrosis after
events that occurred in local vessels [103]. In swine
that underwent a hyperbaric exposure to 612.6 kPa,
equivalent to 50 msw, for 24 minutes, 67.2% of
animals developed neurologic DCS or died [104].
Histologic examination revealed an association
between the hemorrhage within the spinal cord gray
matter and increasing disease severity [105]. Brain
lesions were present in 23% of pigs, whereas cord
lesions, mostly thoracic, were evident in 63% of pigs
and in 23% of those clinically unaffected. Using the
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same animal model for neurologic DCS, another
study revealed high rates of microembolic Doppler
ultrasound signals in animals that died within 1 hour
after a dive [106]. Chest CT performed 20 minutes
after a dive showed massive amounts of ectopic gas
in the right side of the heart, probably causing death
by mechanical outflow obstruction in some of these
animals (Fig. 3). In conclusion, these animal experiments confirmed observations from human beings
that there is a considerable interindividual range of
DCS severity associated with the same decompression stress.
Neurologic DCS may cover a gamut of signs and
symptoms depending on localization, the amount of
bubbles, and the type of affected tissue. Sensory
symptoms, including numbness, tingling, paresthesias, and abnormal sensation, are far more common
than more severe neurologic symptoms [26]. Typically, these symptoms develop progressively, beginning with mild paresthesia, followed by regional
numbness, weakness, and, occasionally, paresis of the
affected limbs. Symptoms usually occur within hours
after decompression, but in severe cases, they may
present immediately [26]. Thus, a clinical diagnosis
of DCS may be difficult to establish, and clinical
symptoms may overlap with those of AGE. Furthermore, cases of combined DCS and AGE have been
reported [107].
The risk of DCS is considered to be negligible at
shallow water depths of 0 – 10 msw, because the
limited gas supply from the scuba equipment prevents
the body from a significant inert gas uptake. Beyond
that depth, however, the risk proportionally increases
with pressure and the time spent at that pressure. The
time needed for desaturation on ascent increases
accordingly. It has been shown in human beings after

Fig. 3. CT scan of a pig that had been exposed to a
hyperbaric chamber depth of 50 msw for 24 minutes. Large
amounts of ectopic gas can be seen in the right ventricle.
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scuba dives that the presence of intravascular bubbles
is correlated with the rate of ascent [91]. In a pig
model of DCS, the use of nonlinear ascent profiles
with a combined fast/slow ascent was associated with
a 30% reduction of the DCS rate [108]. To minimize
the risk of DCS, decompression tables and schedules
have been established that outline certain gradual
decompression profiles. Modern dive computers use
algorithms that consider different tissue desaturation
kinetics and calculate surface intervals that must
be kept before the next dive. Nevertheless, DCS
may occur unpredictably even when strictly following decompression requirements. An incidence of
0.003% of ‘‘undeserved’’ DCS (ie, scuba dives with
no obvious risk profile) has been reported [73].
There are environmental and individual factors
that may place the subject at increased risk. Temperature and exercise influence tissue perfusion and thus
may affect the probability of bubble formation. An
analysis of accident records of the Royal Navy
Institute of Naval Medicine revealed a significant
association between the exposure to cold and the
occurrence of DCS [109]. Increased pulmonary gas
exchange during exercise at depth may be detrimental, because tissues equilibrate more rapidly with
increased blood flow. It was recently shown in
subjects who performed arm or leg exercise during
graded decompression beginning at 9 msw after a
30-minute wet chamber dive at 450 kPa that there
were significantly less venous gas bubbles detectable
by Doppler ultrasound compared with sedentary control divers [110]. Moreover, in animal models, exercise before diving has been shown to have beneficial
effects. In swine, predive exercise conditioning of
approximately 20 sessions on a treadmill reduced the
rate of DCS by 31% versus that in control animals
[111]. Recent data in rats indicate that it is not the
aerobic capacity per se but the acute effect of predive
exercising that contributes to the risk reduction. Rats
that performed a single bout of exercise lasting for
1.5 hours, with 20 hours of rest before the dive, were
protected from bubble formation, as were those who
had trained regularly for 2 weeks [112]. This effect
was recently confirmed in human subjects who
underwent two experimental chamber dives to
280 kPa for 80 minutes in a cross-over fashion while
performing a single interval exercise 24 hours before
one of the dives. There were significantly fewer
bubbles and decreased maximum bubble grades
detectable after the dives with predive exercise
compared with the dives without predive exercise
[113]. The reasons for the beneficial effect of a single
predive exercise in the rate of diving-related DCS
remain speculative. An interesting theory is that the
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population of gas micronuclei may be depleted by
exercise, thus diminishing the chance for gas bubbles
to nucleate [114].
Individual factors also contribute to the risk of
bubble formation and DCS. Observational studies
from diving populations revealed that obesity may be
contributory to the occurrence of DCS [115]. In fact,
Doppler ultrasound investigations of divers confirmed a significant relation between detected postdive bubble grades and body weight [116]. Moreover,
general physical fitness, as indicated by maximal
oxygen uptake, does seem to prevent bubble formation in human beings [91]. Age and sex have
historically been considered risk factors for DCS
[117], but conflicting data have arisen more recently.
In a field study monitoring venous gas emboli after
recreational open water dives, male and older divers
had a higher incidence of high bubble grades by
Doppler ultrasound [118]. The investigated divers,
however, had a relatively high mean age, and divers
were only monitored once. In a retrospective cohort
study of recreational diving instructors in Sweden,
the incidence of self-reported DCS symptoms among
younger divers 18 – 24 years of age equaled that
among those older than 25 years of age [119]. In a
survey among recreational divers in the United
Kingdom, the physician-confirmed rate of DCS was
0.026% in woman versus 0.016% in men, suggesting
a 1.67-fold greater DCS rate in women [120]. When
adjusting these rates by diving experience, however,
the sex difference became insignificant. The overall
DCS rate across male and female divers was 0.02%,
which is within the range reported from other sources
[26,73,119]. Recent diving accident statistics show a
bell-shaped distribution over the complete age range,
peaking at the age of 38 years, and the sex distribution of injured divers exactly mirrors the distribution among the total diving population [26]. It is thus
less likely that age and sex grossly influence the risk
of diving-related DCS.
Remarkably, approximately one quarter of injured
divers indicate that they have been exposed to altitude
after diving [26], confirming the theoretic concept
that further decompression from sea level pressure
aggravates bubble formation. A case-control study
using recreational dive profiles found that the relative
odds of DCS increased with decreased preflight
surface intervals [121]. In most divers who developed
DCS symptoms during or after the flight, the preflight
surface interval was less than 12 hours [26]. This
mechanism also applies to those who expose themselves to altitude while driving across mountains after
diving. Thus, to be on the safe side, a minimum
interval of 24 hours is recommended before flying
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when the dive profile did not require decompression
stops; otherwise, it should even be longer [122].
Respiratory decompression illness
The respiratory effects of gas bubbles have been
well characterized in different animal species. In
anesthetized dogs that were decompressed from a
17-minute hyperbaric exposure at 90 msw, pulmonary hypertension, systemic hypotension, hemoconcentration, and hypoxia occurred [123]. Moreover, a
decrease in pulmonary compliance but unchanged
resistance was measured. Pathologic findings revealed the regular occurrence of pulmonary edema
without an elevation of left ventricular end-diastolic
pressure. The authors postulated that microvascular
permeability was altered by venous bubble emboli
formed during decompression. In anesthetized dogs
ventilated with oxygen and nitrogen (30%:70%
ratio), it was shown that venous gas emboli could
remain in the pulmonary vasculature as discrete
bubbles for periods lasting up to 43±11 minutes after
air infusion at a rate of 0.25 mL/kg 1/min 1 and that
infused air doses were correlated with bubble residence times [124]. In sheep, it has been shown that
the amount of lung microvascular injury could be
controlled by the rate of venous gas embolism and
was reversible within 1 – 2 days [99]. In another sheep
model of experimental respiratory DCS, animals were
exposed to compressed air at 230 kPa for 22 hours,
followed by simulated altitude at 76 kPa (570 mm Hg)
[125]. In that study, clinical findings were found to
be correlated to pathophysiologic changes; an increased mean pulmonary artery pressure after the
detection of high precordial bubble grades corresponded with the onset of restlessness, respiratory
difficulty, and collapse. Radiography revealed interstitial pulmonary edema in five animals and patchy
infiltrates as well as pleural effusions in two. It was
concluded that massive embolization of the pulmonary capillary bed precipitates respiratory DCS.
These changes are accompanied by impaired endothelial function [126,127] that may be prevented by
administration of antibodies to complement factors,
such as C5a in rabbits [128].
In diving, however, respiratory DCS is rare,
probably because common scuba dive profiles do
not exert the significant decompression stress to the
lung that is needed for pulmonary manifestations.
Clinical symptoms are characterized by increased
breathing frequency, cough, cyanosis, and thoracic
discomfort or pain. This symptomatology has also
been called ‘‘the chokes.’’ There is one case report of
a 40-year old previously healthy woman who became
dyspneic and coughed frothy white sputum immedi-
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ately after she had made her third dive on the same
day [129]. Chest radiography showed bilateral lower
lobe airspace consolidation that completely resolved
5 hours after treatment. In contrast to diving, however, incidence of the chokes in altitude DCS has
been reported to achieve a rate of 6% [130].
Paradoxic gas embolism
Paradoxic gas embolism may occur when gas that
has entered the venous side of the circulation gains
access to the systemic arterial circulation. Routes for
the transpulmonary passage of venous gas bubbles
include the pulmonary capillaries and intra- or extrapulmonary right-to-left shunts.
The lung serves as an excellent filter for microbubbles in the healthy state. Its capacity to effectively
filter gas bubbles depends on the size, location, and
amount of bubbles trapped in the pulmonary circulation and may be impaired by administration of
pulmonary vasodilators, such as aminophylline [131].
The overload threshold of the pulmonary vasculature
in dogs could be determined at an infusion rate of
0.3 mL/kg 1/min 1 [131]. Higher infusion doses of
0.35 mL/kg 1/min 1 resulted in arterial bubbles as
detected by Doppler sonography in more than 50% of
the dogs. An elevation in pulmonary artery pressure
was required before the spillover of venous gas
bubbles occurred, with a pressure gradient between
pulmonary artery pressure and left atrial pressure of
approximately 52 mm Hg [11]. In swine, the breakthrough of bubbles was already apparent at 0.1 mL/
kg 1/min 1 and occurred in pigs experiencing a
substantial reduction in mean arterial pressure and
pulmonary artery pressure that had returned to normal
at the time of spillover [132]. The time course of
changes in mean pulmonary artery pressure in swine
after rapid decompression from a 30-minute exposure
to 500 kPa was related to the Doppler sonography
bubble counts in the pulmonary artery, with a great
variation in the degree of bubble formation [133].
In conclusion, these animal models showed that a
significant decompression stress is associated with an
increased risk of a spillover of venous gas bubbles
into the arterial side of the circulation, and the occurrence of arterial gas bubbles seemed to follow the
same time course as the venous bubble count in pigs
[106,134].
Extrapulmonary right-to-left shunts represent
another pathway for paradoxic gas embolism. A
patent foramen ovale, as the most common rightto-left shunt, has been demonstrated to be related to
otherwise unexplained DCI in divers [135 – 137].
Normally, the fossa ovalis, a persisting remnant of a
physiologic communication between the venous and
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arterial sides of the fetal circulation, closes at birth by
the postnatal increase in left atrial pressure and fuses
within the first 2 years of life. In approximately one
third of the population, fusion does not occur, which
is not of significance in normal life, because the high
left atrial pressure forces the interseptal valve against
the septum. In divers, however, the Valsalva maneuver or other procedures that raise intra-abdominal
pressure during and after diving lead to a concomitant
increase in right atrial pressure and eventually enable
the passage of gas bubbles through the foramen
ovale. Accordingly, a shunt of venous bubbles could
be shown by transcranial Doppler ultrasound in
divers with a patent foramen ovale who had developed venous gas emboli after two experimental
chamber dives [138]. In a field study investigating
recreational divers after scuba dives, arterial microembolic signals were detected by transcranial Doppler ultrasound in 6 of 40 asymptomatic divers who
also had significant venous bubbles [93]. In contrast,
in another field study using transcranial Doppler
ultrasound, no evidence of AGE was detected after
multiple dives in commercial divers with a patent
foramen ovale [139]. The authors concluded that
strict adherence to decompression procedures prevented the divers from significant intravascular
bubble formation. The latter studies clearly revealed
that it is not the patency of the foramen ovale but the
presence of inert gas bubbles that drives the
pathologic finding of right-to-left shunts in diving.
This concept is supported by the overall incidence of
AGE by right-to-left shunting: the prevalence of a
patent foramen ovale among the diving population
equals that of the total population [93,137,139]. A
meta-analysis of three studies that reported incidences
for DCI and the echocardiographic presence of a
patent foramen ovale in different diving populations
revealed a 2.6-fold increase in the risk for DCS,
however [140]. The incidence of DCI in that population averaged 0.02%; thus, the absolute increase of
risk in the presence of a patent foramen ovale remained small.
Management of decompression illness
As outlined previously, DCI resembles a pattern
of diseases that differ fundamentally in their pathophysiology but share, to some extent, the pathologic
changes induced by excess intracorporeal gas. There
may be a considerable overlap in symptomatology
between them [26,141], thus complicating diagnosis.
Evidence has arisen from experimental animal
data and experience in human beings that the same
treatment algorithms apply for DCI independent of
the way in which the excess gas entered the body
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[142 – 144]. This is particularly helpful in view of
the facts that delay to treatment is inversely related
to outcome [26] and time-consuming diagnostic procedures must be postponed until treatment has
been initiated.
Diagnosis of DCI mainly relies on careful examination and a detailed medical history, including data
on the dive profiles preceding the accident. Other
diseases that may mimic DCI, such as cardiovascular
or cerebrovascular events, must be considered in
view of the present findings. Laboratory and radiographic evaluation should only be applied initially if
readily available. Laboratory investigations are useful
to assess hemoconcentration and dehydration [145],
and an elevated serum creatine kinase level has been
shown to be related to the size and severity of AGE
[146]. A chest radiograph may be helpful in evaluating the presence of pneumothorax, which must be
treated before any recompression therapy is initiated
[28]. Costly radiography, such as CT or MRI, may be
applied after initial treatment. MRI has been proven
useful in further evaluation of neurologic DCI but
may be insensitive in some cases [147,148]. For the
assessment of further fitness to dive after DCI, it is
mandatory to evaluate pulmonary conditions that
increase the risk of barotrauma (eg, by chest CT and
pulmonary function testing) as well as cardial conditions that predispose to right-to-left shunting.
Effective treatment of tissue damage caused by
excess gas includes the fast elimination of the gas
phase and the correction of tissue hypoxia. This is
best achieved by the application of oxygen at increased ambient pressure, that is, hyperbaric oxygen
therapy [149]. It accelerates the elimination of the gas
phase by raising the ambient pressure and by creating
systemic hyperoxia. Current treatment schedules
involve placement of the patient in an environment
pressurized at two to three times the sea level pressure while breathing 100% oxygen, which results in
arterial oxygen tensions in excess of 2000 mm Hg
(267 kPa). The most commonly used treatment
algorithm for DCI is the US Navy Table 6, with
cycles of oxygen breathing at 18 msw for approximately 75 minutes and at 9 msw for approximately
3 hours, with air pauses in between to minimize
adverse oxygen effects [61]. Approximately 40% of
injured divers show complete resolution after the first
treatment, and only 20% need more than three
treatments [26]. If hyperbaric oxygen therapy is not
immediately available (eg, at remote locations), early
administration of 100% oxygen has been shown to
improve clinical outcome significantly [26].
As with any medical emergency, however, cardiopulmonary resuscitation and adjunctive therapies
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may be necessary, and transportation of the patient
with DCI requires certain prerequisites. A more
detailed review on the treatment of DCI exceeds the
scope of this article and may be found elsewhere
[144,150].

Pulmonary edema
Pulmonary edema has only recently been recognized as a diving-related clinical problem [17,151],
probably attributable to the fact that an affected
individual may recover spontaneously; therefore, it
is largely underreported in scuba diving. Moreover,
cases of pulmonary edema may have been misinterpreted as DCI previously [129,152,153].
The first observation was on 11 divers who had
developed pulmonary edema while scuba diving in
cold British waters. It was assumed that an abnormal
increase in vascular resistance to cold exposure may
have precipitated edema by raising preload and afterload, because healthy controls did not show the same
degree of increase in forearm vascular resistance to
experimental cold exposure [17]. Increased oxygen
partial pressure at depth might have been contributory, but in 2 divers, episodes of pulmonary edema
had occurred even during surface swimming. During
follow-up of the divers, most of them had become
hypertensive, thus indicating that an abnormal vascular reactivity may be predictive for developing
hypertension. A subsequent study reported on four
subjects who had developed pulmonary edema while
scuba diving or swimming [151]. By distribution of a
questionnaire addressing possible symptoms of pulmonary edema, one additional subject (0.22%) of 460
responders was identified as having a positive history
of edema. All these subjects who had no history of
cardiac or pulmonary disease exhibited no abnormal
vascular reactivity when compared with healthy
controls. It was thus speculated that a combination
of factors, such as immersion and cold exposure,
together with an increase in cardiac output, might
lead to an excessive increase in pulmonary capillary
pressure. Simultaneously, another study reported on a
group of eight military subjects who developed
hemoptysis and cough while engaged in an open
sea swimming competition in warm (23°C) water
[154]. The authors suggested that a combination of
immersion, exercise, and overhydration had increased
pulmonary capillary pressure and eventually caused
edema. Subsequently, more cases were reported that
occurred during diving in warm waters [155 – 157],
thus diminishing the cold water hypothesis. In Israeli
military trainees participating in a 2-month fitness
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program with distance swims of 2.4 and 3.6 km, there
were 29 events of pulmonary edema in 21 individuals
(ie, 60% of the study group) [158]. The authors postulated that stress failure of the pulmonary capillary
during strenuous swimming precipitated the events
and that immersion contributed to this mechanism
significantly. In fact, immersion elicits diverse cardiovascular and ventilatory effects that may increase
capillary transmural pressure (eg, blood displacement
into the lungs, increase in preload, ventilationperfusion mismatch). The human blood-gas barrier
is extremely thin to allow adequate gas exchange to
occur by passive diffusion, and its strength to resist
higher capillary pressures is mainly provided by the
extracellular matrix [159]. It is the type IV collagen
matrix that allows intracellular disruptions of the
capillary endothelial and alveolar epithelial cells to
occur, which are reversible on stress reduction. Pulmonary edema is extremely rare in healthy athletes
in a dry environment, albeit there is evidence from
animal species that capillary breakage with alveolar
bleeding occurs routinely at a high level of exercise.
In elite competition cyclists, it could, in fact, be
shown that the blood-gas barrier was altered by
maximal exercise, whereas it was not changed when
exercising at 77% of their maximal oxygen consumption [160,161]. Thus, exhaustive exercise elicits
subtle changes to the blood-gas barrier that may
become aggravated in the wet environment. Recently,
it was reported from the US Naval Medical Center at
San Diego that there are more than 20 cases of
swimming-induced pulmonary edema annually [162],
underlining the high incidence of swimming-induced
pulmonary edema during strenuous in-water exercise.
Dyspnea and cough are complained of most often and
may be accompanied by hemoptyses, hypoxemia,
increased breathing frequency, and crackles
[163,164]. Radiographic findings, such as Kerley-B
lines and airspace consolidation (Fig. 4), usually
normalize within 48 hours. Clinical symptoms often
improve simply by removal from water and with supportive treatment, so that diuretics are mostly superfluous [163]. Remarkably, in combat swimmers who
primarily swim in the lateral decubitus position to
allow constant eye contact with the partner and to
maintain a low surface profile, it was the dependent
submersed lung that was more often affected on chest
radiographs [162]. Pulmonary edema has recently
been described in an Israeli combat swimmer using
a closed-circuit oxygen breathing apparatus [164].
In that case, oxygen may have contributed to the
development of edema by its vasoconstrictive effects.
In conclusion, a large variety of different factors
may precipitate pulmonary edema during scuba
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Fitness to dive with concomitant respiratory
diseases

Fig. 4. Chest radiograph of a 28-year-old US Marine who
complained of cough and hemoptysis after a 1000-m swim
with a wetsuit and fins in the cold (14.4°C [58°F]) Pacific
Ocean. (Courtesy of Richard T. Mahon, MD, San Diego, CA.)

diving or swimming, and there is yet no evidence of a
single common risk factor. Exertion in the immersed
state may be a major causative factor in swimminginduced pulmonary edema, whereas strenuous exercise was only rarely reported in published cases
of pulmonary edema during scuba diving [17,151,
155 – 157,165,166]. Remarkably, an advanced age
was obvious in the latter subjects (Table 3). It is supposed that individual factors contribute to the development of diving-induced pulmonary edema, because
subjects affected once are at risk of further incidents. Thus, these subjects should be advised not to
dive again. For those who refuse to accept this advice,
the administration of nifedipine (5 mg) before the dive
may prevent recurrence [167]. Pulmonary edema
during scuba diving or swimming is more frequent
than previously thought and must be considered in
the differential diagnosis of diving-related injuries.

To meet the particular physiologic demands of
the underwater environment adequately, a reasonable
state of health is required for scuba diving. Certain
medical conditions are incompatible with the safety
of the individual and his or her diving partner (buddy)
and may be made worse by the effects that diving has
on health.
The respiratory system is of particular significance
in the context of medical fitness to dive. First, exercise capacity at depth is primarily determined by
ventilatory capacity because of the excessive work of
breathing at higher gas densities [14]. Second, inert
gas uptake and elimination are mainly driven by
ventilation, gas exchange, and perfusion of the lungs.
Any disturbances of these functions may increase the
risk of DCI. Third, as the greatest gas-filled body
cavity, the lungs are prone to rapid changes in pressure and thus may be subject to barotrauma. Any
respiratory abnormalities that are associated with air
trapping increase the risk for this potentially lifethreatening injury.
When assessing the respiratory system for fitness
to dive, a distinct point of view is necessary for recreational scuba diving versus commercial or military
diving. In the latter occupations, diving medical
examinations are performed to select diving candidates and to survey their health during the occupational exposure [168]. Thus, it is the privilege of the
employer to prohibit from diving those individuals
who have medical conditions that are associated with
a significantly increased risk of diving-related medical complications. In contrast, the responsibility
for the recreational dive is with the individual, and
the environmental conditions of the dive are selfselected. Recreational divers should consult a physician to get medical advice on any significant

Table 3
Demographics and dive characteristics of cases of pulmonary edema during scuba diving
First author, year [reference]

n

Age (y)

Sex (M/F)

Temperature (°C)

Depth (msw)

Wilmshurst, 1989 [17]
Pons, 1995 [151]
Hampson, 1997 [155]
Gnadinger, 2001 [157]
Slade, 2001 [156]
Hempe, 2003 [165]
Halpern, 2003 [166]

11
3
5
1
8
1
1

45.6
30.7
43.3
52
52.4
49
50

8/3
2/1
2/4
1/0
3/5
0/1
1/0

<12
4.7 – 5.6
12 – 18
25
10 – 26
Cold
Mild

N/A
24 – 42
4.5 – 25
3.3
4.6 – 33.8
8
12

± 2.6
± 7.2
± 12.9
± 5.6

Figures presented as totals, means ± standard deviation, or ranges.
Abbreviations: F, female; M, male; N/A, not applicable.
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associated risks in case there is a medical condition
that may affect diving safety. Admittedly, some
individuals only aim to get medical clearance. It is
therefore important to ensure that the individual acknowledges and understands the associated risks of
scuba diving.
In most recreational diving injuries, no preexisting medical problems are apparent [26], and
the question has been raised of why people who want
to dive should be restricted. Scuba diving has become
a popular recreational activity throughout the world,
and persons suffering from highly prevalent diseases,
such as bronchial asthma, may want to start diving.
Increasing data on subpopulations of divers diving
safely with certain diseases have emerged, and
evidence of significantly increased risks for divingrelated injuries in these populations was lacking. This
has led to a change in views on diving in persons with
respiratory diseases over the past decade. A couple of
thoracic societies have published recommendations
on respiratory aspects of fitness to dive [169,170]. An
increasing number of peer-reviewed articles have
addressed the respiratory system and scuba diving in
general [171 – 178] or asthma in particular [172,174,
179 – 182]. For example, a diagnosis of asthma has
historically been considered an absolute contraindication to diving [28,61]. A differentiated approach
with a trend toward being less restrictive is obvious
from more recent recommendations [172,179 – 182].
The discussion on fitness to dive with respiratory
diseases, however, remains controversial, mostly because of the issue that ethical considerations preclude
randomized controlled trials in human beings. The
analysis of risks therefore largely relies on empirically derived data and anecdotal reports.

Diving with respiratory diseases: epidemiology and
clinical considerations
Among possible hazards to subjects diving with
respiratory diseases, the risk for DCI is of major
concern. Diving accident statistics may help to
evaluate whether there is an increased risk. Unfortunately, there is no worldwide database on recreational
diving accidents, and many reports rely on estimates
or population surveys [73,119,120]. Divers Alert
Network (DAN), located at Duke University in
Durham, North Carolina, prospectively investigates
dive profiles, medical history, and outcome in a
growing number of recreational scuba divers in North
America [26]. These data now comprise more than
36,000 dives by 3750 divers. The current incidence
of DCI is 0.06% of dives, or 0.59% of divers, with
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one fatality reported (0.03% of divers) [26]. These
figures are slightly higher than previous ones that
had been obtained from patient surveys and estimates
but perfectly match figures reported from single operations in military and/or commercial scuba diving,
such as the recovery of Trans World Airways Flight
800, which crashed off the coast of Long Island in
1996. An incidence of 0.05% had been reported for
3992 scuba dives to a mean depth of 35 msw performed by 350 divers [183]. Because most respiratory
medical conditions have been considered absolute
restrictions for military or commercial diving [168],
however, epidemiologic data on subjects diving with
respiratory diseases are available for recreational
scuba diving only. Previous DAN accident statistics
had revealed odds ratios of 1.98 for AGE and 1.16 for
DCS in current asthmatics compared with case
controls, but the data did not reach statistical significance [184]. Of the injury cases reported annually
to the DAN by hyperbaric facilities, there are approximately 6% asthmatics, and asthma was present
in less than 0.5% of diving fatalities [26]. Remarkably, there are no data available for other respiratory
conditions of similar prevalence, such as chronic
obstructive pulmonary disease (COPD), albeit up to
20% of divers do smoke actively [185,186].
Population surveys indicate that divers are diving
with respiratory diseases. Whereas 9.7% of subjects
diving in Western Australia are reported to have
asthma currently, only 0.6% are reported to have
COPD [187]. Surveys among sport scuba divers in
the United States consistently found that approximately 4% of divers currently had asthma and another
4% had childhood asthma only [188,189]. A survey
among British sport divers revealed that there are
asthmatics who dive uneventfully, including those
reporting daily asthma symptoms [190]. Surprisingly,
more than half of the respondents did not know or
even ignored the current recommendations for safe
diving. In a recent survey among sports divers from
continental Europe, 8.7% of the respondents indicated that they dive with current asthma and 42.4% of
those with asthma were regularly using drugs to
relieve or control their symptoms [186]. In that population, there were subjects who used drugs without
bronchodilating activity as prophylaxis before diving
and others who reported continued dyspnea but did
not use bronchodilators, thus supporting the need for
better education and disease management of asthmatic divers.
There are few data on subjects diving with less
prevalent respiratory conditions. Population surveys
among Australian and European sport divers indicate
that there are few subjects diving with a history of
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spontaneous or traumatic pneumothorax or chronic
bronchitis and that up to 5% of divers reported a
history of pneumonia [186,191]. Beyond epidemiology, some curiosities may be found in the literature.
There is one case report of a 28-year-old man who
dived uneventfully for several months at depths between 3 and 50 msw with pneumothorax [192]. In
accordance with what would be expected from the
physiology, the diver was described as feeling best
while diving, and he even felt better the deeper he
went. A 58-year old man was reported to dive well
except for the problem of ‘‘keeling,’’ or swimming
with a buoyancy-related tilt, after a right-sided
pneumonectomy for squamous cell carcinoma of the
lung [193]. He had been able to counteract the asymmetric buoyancy with weights attached to the left
side. There are subjects diving with fibrosing pulmonary diseases, such as sarcoidosis, but no reports
are available that provide systematic data on figures
and outcomes. One case of a diver with stage III
sarcoidosis, who suffered from symptomatology
matching that of AGE during decompression from a
50-msw hyperbaric chamber exposure, has been
reported [194]. Against medical advice, that diver
continued to scuba dive and had a recurrent incident
2 years later after a dive to 30 msw in a lake.
Regrettably, residual symptoms remained even after repeated hyperbaric oxygen treatments (Hanjo
Roggenbach, MD, personal communication, 2004).

Respiratory assessment of fitness to dive
Because abnormalities of the respiratory system
are obviously associated with an increased risk of
suffering from underwater hazards, such as DCI or
drowning, the investigation of the lung deserves
particular attention. The routine assessment should
comprise a medical history, physical examination,
and spirometry. The need for routine medical
examinations has been questioned recently, because
conditions preventing subjects from diving were
mostly detected by questionnaire [185], but physical
examination is useful to document the physical state
at the beginning of a diving career and to evaluate
possible deviations during follow-up. This may, in
fact, have legal implications in the case of residual
damage from diving injuries. Spirometry should rule
out any ventilatory abnormalities. There is no general
consensus on particular limits; however, most reasonably, FEV1 and FVC should exceed 80% of their
respective predicted values [169,170,195]. The quotient of FEV1/FVC should be greater than 70%, but it
must be kept in mind that diving may increase the VC
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because of respiratory muscle training, and lower
than predicted FEV1/FVC ratios have been found in
experienced commercial divers [196,197].
Any history or detection of respiratory abnormalities should prompt further investigation. In fact, approximately 30% of diving candidates are reported to
be referred for a specialist opinion because of respiratory conditions [185]. The British Thoracic Society
has recently suggested an algorithm for further assessment [170], which recommends a chest radiograph in case of current respiratory symptoms or a
history of lung disease or chest trauma. If radiography, in combination with the physical examination
and spirometry, is normal, the candidate may be approved unless specific respiratory conditions apply.
These conditions may comprise but are not restricted
to obstructive airways diseases, such as asthma and
COPD, pulmonary fibrosis, sarcoidosis, infectious
diseases, and previous chest trauma. Asthma is the
most prevalent of these conditions and thus the most
important clinical pulmonary condition to be considered in an assessment of fitness to dive; therefore, a
differentiated approach to diving eligibility is now
recommended [170,180,181]. Table 4 provides recommendations on fitness to dive in asthmatics based
on the current severity classification published by the
National Institutes of Health [198,199]. Individual
factors, such as self-management of the disease and
compliance with treatment, must be taken into account when assessing fitness to dive, however, and
these recommendations may only guide the physician’s advice. The asthmatic diving candidate should
be aware of the risks and dive accordingly (ie, avoid
fast ascents and exertion). Airway hyperresponsiveness with a significant response to hyperpnea or
hypertonic aerosols precludes diving because of the
stimuli experienced by the diver, such as hyperpnea
of dry gas during exercise and possible aspiration of
seawater. Indirect bronchial challenges, such as
eucapnic voluntary hyperpnea, are preferred over
direct pharmacologic tests, because the latter are less
specific for identifying asthma and exercise-induced
bronchoconstriction [200]. A history of atopy alone
(without respiratory symptoms and with normal lung
function) has not been of concern for the evaluation
of fitness to dive yet; in fact, there are many subjects
diving uneventfully who have a sensitization to
common aeroallergens [186,191,201]. One experimental study in human beings indicated postdive
pulmonary function changes in asymptomatic subjects with hay fever and airway hyperreactivity to
methacholine [202], however, and another study
showed an increased postdive response to methacholine challenge in atopic subjects [203].
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Table 4
Recommendations regarding fitness to dive for asthmatics
Step

Symptoms
(day/night)a

PEF or FEV1
(PEF variability %)a

Childhood only

None

Mild intermittent

2 d/wk
2 nights/mo
<Daily

80
<20
80
<20
80

>2 nights/mo
Daily
>1 night/wk
Continual
Frequent

20 – 30
<80
>30
60
>30

Mild persistent

Moderate persistent
Severe persistent

Fitness to dive
Yes
Yes, if >48 h since last reliever intake
Yes, if regular controller medication
and >48 h since last reliever intake
No
No

Abbreviation: PEF, peak expiratory flow.
a
Clinical features before treatment.

Divers must have a certain aerobic capacity to be
able to cope with the increased work of breathing
at depth, which may be aggravated by exercise (eg,
when swimming against a strong underwater current).
Thus, further investigation of diving candidates with
a history of respiratory disease or symptoms or
abnormalities during routine assessment should include cardiopulmonary exercise testing. Any ventilatory abnormalities or impaired gas exchange during
exercise should preclude diving, and a peak oxygen
uptake of at least 25 and 27 mL/kg 1/min 1 should
be achieved in women and men, respectively.
Smoking is associated with the development of
inflammatory airway changes even in the asymptomatic state, and a certain percentage of smokers get
COPD [204]. Thus, it is worth questioning whether
smokers are fit to dive. A recent analysis of DCI
cases in the DAN database from 1989 through 1997
revealed that smokers with DCI tended to present
with more severe symptoms than their nonsmoking
counterparts [205]. Moreover, significant adjusted
odds ratios for the comparison of heavy smokers, as
defined by a history of more than 15 pack-years, with
those who have never smoked showed some correlation with the severity of DCI in a dose-dependent
fashion. It was therefore suggested that a history of
smoking per se may justify further pneumatologic
evaluation of the diving candidate [206].

Long-term effects of diving on the lung
Diving is associated with exposure to several factors that, independently of each other, have been

shown to have effects on pulmonary function. Some
of these, such as hyperoxia and VGM filtered in the
pulmonary circulation, may induce inflammatory reactions in the lung, whereas others, such as increased
breathing resistance and blood and/or fluid redistribution during immersion, may induce mechanical or
physiologic stress only without tissue damage.
Studies of some experimental dives have provided
insights into the mechanisms of changes in pulmonary function associated with diving and the time
course of the changes attributable to different
exposure factors. Such studies are not suitable for
predicting long-term effects, however, because the
effects of subsequent dives add to the effects of the
experimental dives. It is easy to monitor the exposure
in a well-controlled experimental dive, but one of the
great challenges in epidemiologic studies is to define
a measure of cumulative diving exposure over time to
which any outcome measure can be related.
The basic physical parameters characterizing any
dive are pressure, time, and gas mixture. These
parameters are independent of the method of diving
and form the basis for calculation of diving exposure,
including oxygen exposure, decompression stress,
and respiratory mechanical load. Differences between
diving methods are quantitative rather than qualitative. In epidemiologic studies, there are difficulties in
obtaining accurate estimates of cumulative exposure,
even in prospective longitudinal studies. The number
of dives encountered by different diving methods,
number of days in saturation, or only the number of
years as a diver is what has been achieved with some
accuracy in the epidemiologic studies that have been
reported to date. These simple measures of exposure
are related to the basic physical parameters of the
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dives, however, and reflect the cumulative exposure
to the more specific exposure factors in some way.
The first studies characterizing pulmonary function in divers showed that divers had larger than
predicted VCs [196,197,207]. There was a significant
correlation between FVC and the maximal depth ever
dived to up to the age of 30 years [208], consistent
with an effect of respiratory muscle training. After
the age of 30 years, FVC declined despite continued
diving. The FEV1 was, however, not increased in
proportion to the FVC, resulting in a lower than predicted FEV1/FVC ratio. Initially this was not considered to be a result of airway obstruction, but the same
studies did show lower than predicted maximal expiratory flow rates at low lung volumes. Later crosssectional studies have shown lower FEV1 and
maximal expiratory flow rates at low lung volumes
in divers compared with matched control groups and
that the reductions in these variables are related to
cumulative diving exposure in saturation divers as
well as in air bounce divers [209 – 211].
The large VC in divers can be a result of the
selection of subjects with large lungs [212] or that of
adaptation to the hyperbaric environment with an
increased load of breathing and respiratory muscle
training. In a study on a group of apprentice divers,
the FVC at the beginning of a diving education was
larger than predicted [213] without a difference
between subjects who had and subjects who did not
have diving experience at the start of their education.
There was a further small increase in FVC in the first
year only of their professional career, with no further
increase after 3 years.
The results of the 6-year longitudinal follow-up up
of these apprentice divers confirm the results from the
cross-sectional studies in that FEV1 and maximal
expiratory flow rates were reduced in the divers over
the follow-up period when compared with a control
group of policemen and that the reduction was related
to diving exposure [214].
Other longitudinal studies included small groups
of selected divers only but support the findings of the
study in apprentice divers. After experimental saturation dives to 300 msw or more, 26 divers were
followed for 4 years and compared with 28 saturation
divers who had not taken part in deep dives to depths
of 180 m or more. One year after the deep dive, there
was a significant reduction in FEV1 and maximal
expiratory flow rates at low lung volumes, after
which the rates of change were not different between
the two groups [215]. The reduction in FEV1 as a
consequence of exposure to hyperoxia only, which
was the same as in a deep saturation dive, has been
shown to persist for 3 years in subjects who did not
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take part in any diving activity during the follow-up
period [216]. That study indicated the exposure to
hyperoxia contributes significantly to the shortterm as well as long-term effects of diving on
lung function.
There are few studies on lung function variables
other than FVC, FEV1, and the maximal expiratory
flow rates, but there seems to be a reduction in
transfer factor for carbon monoxide as well, which is
related to cumulative diving exposure [209,214,217].
Exercise capacity and peak oxygen uptake do not
seem to be reduced in divers, but when compared
with control groups, divers have larger ventilatory
equivalents for oxygen uptake and carbon dioxide
output [207,218]. These changes and the reduction in
TlCO may indicate small gas exchange abnormalities.
The long-term changes, although small and hardly
influencing the quality of life of active professional
divers who were subjected to the studies, may have
some consequences, however. A reduced FEV1 is
associated with a reduced ventilatory capacity, even
more so when gas density is increased under pressure,
encroaching on the diver’s underwater exercise capacity. A reduced FEV1 may increase the risk of PBT
as well, at least theoretically.
The epidemiologic studies have been conducted in
professionally active divers. If the reduction in FEV1
persists into retirement, the prevalence of respiratory
symptoms is expected to increase by aging. In a
group of retired Norwegian divers working in the
North Sea before 1990 and experiencing saturation as
well as mixed gas bounce diving, the prevalence of
respiratory symptoms and spirometric airflow limitation, with a FEV1/FVC ratio less than 70% and an
FEV1 less than 80% of predicted, was almost double
that in the general population, and it was not related
to smoking habits, atopy, or other occupational
activities like welding [219]. The mean age of
these retired divers was 52 years only, and mean
time since retiring from diving was 12 years. Further
follow-up of other groups of divers into retirement
thus seems necessary.
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