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Hyperbaric Conditions
David J. Doolette*1,2 and Simon J. Mitchell3

ABSTRACT
Exposure to elevated ambient pressure (hyperbaric conditions) occurs most commonly in un-
derwater diving, during which respired gas density and partial pressures, work of breathing,
and physiological dead space are all increased. There is a tendency toward hypercapnia during
diving, with several potential causes. Most importantly, there may be reduced responsiveness of
the respiratory controller to rising arterial CO2, leading to hypoventilation and CO2 retention.
Contributory factors may include elevated arterial PO2, inert gas narcosis and an innate (but
variable) tendency of the respiratory controller to sacrifice tight control of arterial CO2 when work
of breathing increases. Oxygen is usually breathed at elevated partial pressure under hyperbaric
conditions. Oxygen breathing at modest hyperbaric pressure is used therapeutically in hyperbaric
chambers to increase arterial carriage of oxygen and diffusion into tissues. However, to avoid
cerebral and pulmonary oxygen toxicity during underwater diving, both the magnitude and du-
ration of oxygen exposure must be managed. Therefore, most underwater diving is conducted
breathing mixtures of oxygen and inert gases such as nitrogen or helium, often simply air. At
hyperbaric pressure, tissues equilibrate over time with high inspired inert gas partial pressure.
Subsequent decompression may reduce ambient pressure below the sum of tissue gas partial
pressures (supersaturation) which can result in tissue gas bubble formation and potential injury
(decompression sickness). Risk of decompression sickness is minimized by scheduling time at
depth and decompression rate to limit tissue supersaturation or size and profusion of bubbles in
accord with models of tissue gas kinetics and bubble formation and growth. C© 2011 American
Physiological Society. Compr Physiol 1:163-201, 2011.

Background
This article describes gas exchange at ambient pressures sub-
stantially greater than that at sea level. Moon et al. (200)
observe that “the performance of the human lung in the div-
ing environment is remarkable” and point out that adequate
gas exchange has been achieved at pressures up to 71 atmo-
spheres absolute (atm abs) and at inspired gas densities of up
to 25 g/liter. Nevertheless, despite this adaptability, the ex-
change of metabolic gases can be perturbed under hyperbaric
conditions, particularly when combined with immersion, the
use of underwater breathing apparatus (UBA), and exercise,
as is the case in underwater diving. Moreover, the uptake of
inert gases under hyperbaric conditions may cause problems
not seen at normal pressure. Although a narrow and highly
specialized subject, the physiological changes and perturba-
tions in gas exchange associated with hyperbaric exposure are
a fascinating extension to knowledge of normal physiology.

The article begins with a brief background on pressure
measurement and hyperbaric environments. This is followed
by discussion of selected practical, environmental, and medi-
cal issues of diving that are relevant to the subsequent discus-
sion of gas exchange. The remainder of the article is organized
around the gases themselves. Though not usually discussed in
the context of gas exchange in normal physiology, exchange of
nitrogen is particularly relevant in hyperbaric environments.
Thus, the exchange of carbon dioxide, oxygen, and nitrogen4

(and other diving diluent gases) is each treated separately in
its own section.

Most human exposures to hyperbaric conditions occur
during underwater diving where the water column above the
diver exerts a hydrostatic pressure that is additive to the atmo-
spheric pressure. Hyperbaric exposures also occur in certain
occupational environments that are pressurized, such as the
cavity formed in front of a drill head during modern tun-
neling projects (18), and caissons that allow underwater ac-
cess to work sites by construction workers who remain dry
(156). Similarly, patients undergoing hyperbaric oxygen ther-
apy (HBOT) and attending staff inside “multiplace” hyper-
baric chambers are exposed to a compressed gas environment.
Rarely, unintentional exposure to hyperbaric conditions may
occur, such as in the case of sunken submarines where water
ingress compresses remaining air spaces (112).

Any discussion of hyperbaric conditions requires quan-
tification of pressure (force per unit area). The SI unit of
pressure is the pascal (Pa), where 1 Pa = 1 newton per square
meter. However, because of the relationship of this subject
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area to diving, much of the relevant physiological literature ex-
presses pressure in terms more familiar to workers in that field.
Thus, pressure is often expressed as multiples of standard at-
mospheric pressure at sea level (1 standard atmosphere =
101.325 kPa) or even as depths of sea water. Atmospheres are
usually given as absolute pressures (atm abs), whereas meters
of sea water (msw) or feet of sea water (fsw) are generally
gauge pressures referenced to zero at 1 atm abs (sea level).
Thus, a diver at 10.13 msw is exposed to an ambient pressure
of 2 atm abs, 1 imposed by the atmospheric pressure and 1
imposed by hydrostatic pressure. Commonly used units of
pressure are given here:

1 atm abs = 101.325 kPa = 1.01325 bar = 10.13 msw

= 33.08 fsw = 760 mmHg

An Introduction to Diving and
Diving Equipment
Divers can be classified into a variety of communities based
on diving practice, purpose, and to some extent, demograph-
ics. The largest such community are “recreational divers”
who are occasional participants performing relatively brief,
shallow dives primarily to appreciate the ocean’s wonders.
Recreational divers are a diverse group spanning a wide age
range. Several large training agencies provide courses that
make open water diving available to children as young as
10 years, albeit with covenants on depth and supervision.
There is no upper age limit and some dive until well into
their sixth decade or later. In contrast, occupational divers are
a more homogeneous group. They are usually young males
between the ages of 20 and 45 who are fit and well (197).

The sobriquet “recreational” also embraces focused en-
thusiasts such as photographers, cave divers, wreck divers,
and others. A recent and significant trend in recreational div-
ing is the use of gases other than air and other advanced
diving techniques, previously the province of military and
certain occupational diving groups, in order to explore deeper
depths for longer periods. These divers refer to themselves
as “technical divers.” Some of the advanced exponents are
performing more challenging and aggressive dives than any
occupational diving organization, yet they remain recreational
divers nonetheless.

“Occupational diving” embraces a number of diverse
groups. The traditional occupational groups were “construc-
tion” or “commercial” divers working on projects such as un-
derwater building, drilling, dredging, and ship’s husbandry.
Although some of the tasks performed by these divers have
been devolved to unmanned remote operated vehicles, there
remains a large construction diving industry, especially in re-
lation to offshore oil fields. Military divers perform not only
many of the same construction, repair, and salvage tasks as
commercial divers but also other distinctive tasks such as ex-
plosive ordinance disposal and covert special operations. The

Figure 1 Recreational “scuba” (self-contained underwater breathing
apparatus) diver using a standard single-cylinder and open-circuit de-
mand valve regulator configuration.

term occupational diving is also used to embrace other groups
of regulated divers such as police divers, scientific divers, pub-
lic safety divers, and recreational diving instructors.

The vast majority of dives are air-breathing “bounce
dives” (dives lasting minutes or hours) to less than 5 atm abs
made by recreational or in-shore occupational divers. Bounce
dives breathing various helium-nitrogen-oxygen mixtures are
commonly conducted to 10 atm abs and occasionally deeper.
“Saturation dives” (dives of sufficient duration that all tissues
are in equilibrium with the elevated inspired gas pressures)
to a maximum of 30 atm abs are relatively routine in the off-
shore oil industry. Saturation divers live in a dry, pressurized
helium-nitrogen-oxygen atmosphere, typically in a “deck de-
compression chamber,” and commute in a pressurized “diving
bell” to an underwater worksite where they work, immersed,
for several hours. A few shallow, air-breathing saturation dives
take place in sea-floor habitats, typically as part of scientific
programs.

Virtually all recreational diving and a significant pro-
portion of occupational diving are undertaken using self-
contained underwater breathing apparatus (SCUBA). This
most commonly consists of a pressure regulator and de-
mand valve attached to one or more compressed gas cylinders
(Fig. 1). These “open circuit” configurations release exhaled
gas into the water and make inefficient use of a finite gas
supply, particularly at deeper depths, because the mass of gas
supplied to achieve a normal tidal volume is directly propor-
tional to the ambient pressure. Less commonly, scuba divers
breathe from a closed-circuit UBA that incorporates a coun-
terlung and CO2 absorbent canister (Fig. 2). Gas is added only
to maintain the volume and oxygen content of this breathing
loop. Such devices are known as “rebreathers” since respired
gas is recycled. They have the advantages of consuming much
smaller amounts of gas during a dive and, because they emit
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Figure 2 Diver using a closed-circuit rebreather. U.S. Navy Experi-
mental Diving Unit photograph.

few bubbles, making a covert diver difficult to detect from
the surface. Occupational divers may utilize “surface sup-
ply” breathing apparatus in which gas is supplied from a
surface platform or diving bell to which the diver is teth-
ered by an “umbilical” (Fig. 3). The use of an umbilical has

Figure 3 Divers in surface supply diving equipment. Each diver
has an umbilical supplying gas from the surface and an emergency
“bailout” cylinder of gas. Note the oronasal mask visible behind the
helmet faceplate of the diver facing the camera. U.S. Navy photograph
by Chief Petty Officer Andrew McKaskle.

the advantage of providing a large gas supply and conduits
for heating, voice and video communication, and power for
lights.

All of these forms of underwater breathing equipment
are designed to supply the diver with gas at ambient pres-
sure (which usually corresponds to the pressure at the depth
of the mouth) or very close to it. If the inspired gas pres-
sure (and therefore the gas pressure in the lungs) were not
kept equivalent to the increasing ambient pressure during de-
scent, then a negative static lung load and negative pressure
breathing would rapidly develop (183). If the negative trans-
mural pressure exceeded 150 cmH2O (which would be ex-
pected after a descent of only approximately 1.5 m), then it
would exceed the average adult’s ability to generate inspi-
ratory pressure (229) and inhalation would rapidly become
impaired and then impossible.

Medical complications of diving
The pressure changes of descent and ascent can cause changes
in the volume of anatomical or equipment air spaces as pre-
dicted by the ideal gas law:

PV = n RT (1)

where P = absolute pressure, V = volume, n = number of
moles of gas, R = universal gas constant, and T = temperature.

Divers attempt to prevent injury that might result from
volume changes in these air spaces by equalizing the pressure
in those spaces with gas at ambient pressure. In the middle
ear, this is achieved by the movement of gas through the
eustachian tube, and in the lungs, pressure equalization is
achieved by breathing a gas supplied at ambient pressure by
the UBA. Failure to compensate pressure in these ways may
result in injury or “barotrauma”; most commonly middle ear
barotrauma during descent; and most seriously, pulmonary
barotrauma (which can cause arterial gas embolism) during
ascent.

Since breathing gas must be supplied at ambient pressure,
it follows that the deeper the dive, the greater the inspired gas
pressure. This has several very important implications.

First, all other factors being equal, the deeper the dive
then, the greater the density of the gas being breathed. This
increases resistance to flow of gas through airways and breath-
ing apparatus, increases work of breathing, and reduces ven-
tilatory capacity in a manner that will be discussed in detail
later. Divers can mitigate these changes by reducing the den-
sity of the respired gas. This is one of several reasons for the
use of gas mixes containing a light gas such as helium (see
Table 1) as a diluent for oxygen.

Second, breathing gases at elevated partial pressure will
provoke effects whose onset and severity may be variable but
essentially inevitable given sufficient pressure. For example,
the nitrogen in air produces anesthesia if breathed at very
high partial pressures (190). The incipient anesthetic effect,
called nitrogen narcosis, is first evident in humans breathing
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Table 1 Gas Densities Measured at 1 atm abs

Molecular
Gas weight Densitya

H2 2.016 0.090
He 4.003 0.179
Ne 20.183 0.901
N2 28.016 1.251
O2 32.0 1.428
Air 28.966 1.293
SF6 146.066 6.521

From Miller (186).
aDensity (g/liter) = Molecular weight/22.4 liter.

air at about 4 atm abs (15) and is characterized by emotional
changes, impaired higher mental processes, and impaired neu-
romuscular control. Above 10 atm abs, air breathing can result
in unconsciousness (131). Avoidance of narcosis is another ar-
gument for the use of helium, which is not anesthetic, instead
of nitrogen in gas mixtures for deeper diving. Another exam-
ple is cerebral oxygen toxicity as a consequence of breathing
oxygen at a high-inspired Po2 (Pio2). The most feared mani-
festation is the unheralded onset of a generalized seizure (38).
Risk rises with both the Pio2 and duration of the oxygen expo-
sure. Most diver training agencies impose a maximum Pio2 for
divers at work underwater, typically 1.4 atm or less. Limited
duration exposure to a higher Pio2 may be allowed if breathing
a high inspired oxygen fraction (Fio2) in shallow water.

Third, breathing inert diluent gases such as nitrogen and
helium at increased pressure results in their uptake into
blood and tissues. During ascent (or “decompression”) to sea
level, bubbles often form from this excess dissolved gas and
potentially cause harm (93). Clinical manifestations of bub-
ble formation are not inevitable but if present, decompression
sickness (DCS) is diagnosed. Severity ranges from mild to
catastrophic. Musculoskeletal pain is the most common symp-
tom, whereas spinal cord involvement with sensory deficits
and muscle weakness is the most common permanently in-
capacitating variant. Massive intravascular bubble formation
can cause fatal cardiopulmonary collapse (92). Divers are
taught to minimize the risk of DCS by utilizing tables or dive
computers that prescribe time and depth combinations and
ascent protocols with decompression stops when necessary.
These issues will be explored in more detail later in the article.

Hyperbaric oxygen treatment
After diving, the second most common form of hyperbaric
exposure is in pressure chambers for the purpose of HBOT,
which is indicated in a number of medical problems that
include selected nonhealing wounds (244), radionecrosis in
soft tissue or bone (84), and DCS or arterial gas embolism in
divers (201).

Hyperbaric chambers may be “monoplace” or “multi-
place”. Monoplace chambers (see Fig. 4) accommodate only

Figure 4 Monoplace hyperbaric chamber. The patient is the only
occupant. The chamber may be pressurized with air and 100% oxygen
delivered via a demand valve and oronasal mask, or the chamber may
simply be pressurized with oxygen.

the patient undergoing treatment, and are often pressurized
with oxygen. The patient simply breathes from the chamber
atmosphere. Multiplace chambers (see Fig. 5) accommodate
multiple patients who are accompanied by one or more atten-
dants during the compression. These chambers are pressurized
with air, and the patients breathe oxygen via either a demand
valve analogous to a diver’s scuba regulator, or a hood and
neck seal system through which oxygen freely flows at a rate
designed to prevent carbon dioxide accumulation.

Carbon Dioxide
Carbon dioxide (CO2) is a product of cellular metabolism. It
is a volatile acid by virtue of its reaction with water to produce
bicarbonate and hydrogen ions, and pathophysiologic effects
may arise from changes in pH resulting from low or high Pco2

in blood and tissues. Consequently, in normal physiology, the
Paco2 is controlled around a mean of 38.3 mmHg (5.1 kPa)
(±7.5 mmHg = 2 SD) (180) by regulation of alveolar ventila-
tion. Ideally, neither the arterial nor the alveolar Pco2 should
change as a result of hyperbaric exposure, though the concen-
tration of alveolar CO2 (but not its partial pressure) will fall
as the pressure of the inspired gas rises with ambient pres-
sure. However, derangement of CO2 homeostasis is one of the
most important disturbances of gas exchange associated with
diving and the use of UBA. Specifically, as will be explained,
there is a particular predisposition to hypercapnia.

Production and transport of CO2

The production, transport, and elimination of CO2 in normal
physiology have been described in detail elsewhere in Com-
prehensive Physiology. CO2 is produced in the citric acid
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Figure 5 Multiplace hyperbaric chamber. The chamber is pressurized with air, and delivery of 100%
oxygen may be achieved either by the use of a hood sealed around the neck through which oxygen free
flows or by a demand valve and oronasal mask.

cycle in the mitochondria. At equivalent levels of work and
metabolism, production of CO2 is not altered by hyperbaric
exposure per se (5). However, the work demands of diving can
increase V̇o2 and V̇co2, as may other aspects of the particular
diving or hyperbaric environment such as increased thermal
stress (231). It is also possible that because of multiple factors
that may increase the work of breathing (see the section ti-
tled “Hypoventilation by perturbation of respiratory control”)
ventilation itself may be responsible for a greater proportion
of total oxygen consumption (and therefore CO2 production)
in some hyperbaric scenarios (81, 194, 232), though the sig-
nificance of this has been debated (259) on the basis of exper-
iments at 1 atm abs demonstrating no increase in submaximal
V̇o2 as external respiratory load was increased by more than
would be expected in diving (33, 57).

Once liberated in mitochondria, CO2 diffuses down par-
tial pressure gradients into cytoplasm, tissue, and blood. The
three means of transport of CO2 in blood (in solution, as bi-
carbonate, and in carbamino compounds) can be reviewed
elsewhere in Comprehensive Physiology. A potential differ-
ence in this transport paradigm may arise during hyperbaric
conditions from a small fall in the solubility of CO2 in venous
blood that results from a decrease in carbamino compound
formation. At higher Pio2, an increasing fraction of the total
arteriovenous oxygen extraction can be met from dissolved
oxygen alone (see the “Oxygen” section later), and the ar-
teriovenous difference in hemoglobin (Hb) saturation falls
accordingly. The SvO2 is elevated, and the Haldane effect is
correspondingly attenuated causing the venous Pco2 to rise
slightly. Using standard blood gas parameters, Forkner et al.

(88) predicted that the PvCO2 would rise by only 0.5 mmHg
during 100% oxygen breathing at 1 atm abs (corresponding
with a SvO2 of 85%), and 1.2 mmHg if the SvO2 remained
99%. In fact, Whalen et al. (292) measured venous and ar-
terial gases in dry, resting, healthy humans breathing air or
100% oxygen at 1 or 3.04 atm abs. During oxygen breathing
at 3.04 atm abs, the SvO2 was 100% in 8 of 10 subjects, and
there was a 4-mmHg increase in the mean PvCO2. There was
also a small drop in venous pH associated with the reduced
buffering capacity of oxyhemoglobin.

References to this phenomenon occasionally appear on
Internet diving forums, framed in claims that a high Pio2 may
contribute to hypercapnia in diving by “blocking” the car-
riage of CO2 from tissue to lung in venous blood. In fact, the
significance of the issue in hyperbaric environments remains
uncertain. The disturbance in CO2 carriage imposed by an
increased SvO2 appears easily compensated in experimental
studies at 1 atm abs by an increase in ventilation thought to be
induced by changes in pH at the central chemoreceptors (13).
Indeed, mild hypocapnia recorded in air-breathing divers rest-
ing at 190 fsw (Pio2 = 1.42 atm) compared to 15 fsw (Pio2 =
0.30 atm) was attributed to just such compensation (129).
Even in Whalen’s subjects with an SvO2 of 100% at 3.04 atm
abs, the Paco2 did not change; however, the minute ventila-
tion was not measured in these experiments (292). Notwith-
standing these reassuring findings, the possibility remains that
disturbance of CO2 carriage by attenuation of the Haldane
effect could be more significant in certain hyperbaric condi-
tions if there was difficulty in mounting a compensatory in-
crease in minute ventilation. Piantadosi (218) acknowledged
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this possibility in respect of patients with respiratory disease
undergoing HBOT. This caveat may also apply to divers oper-
ating under conditions where ventilatory capacity is reduced
by mechanisms that we describe in detail in the following
sections (173). However, out of concern for oxygen toxicity,
divers do not normally expose themselves to Pio2 that would
result in an SvO2 of 100%, so the impairment of the Haldane
effect would be less complete than during HBOT.

Elimination of CO2

Elimination of CO2 may be impaired under hyperbaric condi-
tions, and CO2 may be retained. In one of the earliest relevant
investigations, Lanphier studied the effect of breathing oxy-
gen at 26 fsw (1.8 atm abs) and helium-oxygen and nitrogen-
oxygen mixtures at 99 fsw (4 atm abs) during both work
and rest on end-tidal CO2 levels in immersed divers (171).
In his classic report published in 1955, he revealed a gen-
eral tendency to retain CO2, particularly by exercising divers
breathing the denser nitrogen-oxygen gas mix at the deeper
depth. The consequences of hypercapnia in diving are further
discussed later, but since it may contribute to disabling dysp-
noea (298), and predispose to oxygen toxicity (39), nitrogen
narcosis (126) and blackout (203), it is not surprising that the
issue has subsequently occupied many prominent minds in
the field. There are now multiple studies that have confirmed
the general tendency to retain CO2, particularly when breath-
ing dense gas while exercising at higher ambient pressure
(36, 39, 129, 149, 152, 182, 231-233, 251, 298, 299). Some of
these studies, and others, have also provided insight into the
mechanisms of this phenomenon. Although Lanphier (171)
singled out nitrogen breathing as an important contributor
during his experiments, his method exposed the divers to sev-
eral factors that were later considered potentially relevant by
various researchers, including immersion; the use of breath-
ing apparatus; dense gas; and higher partial pressures of both
nitrogen and oxygen.

The relative importance (or lack thereof) for these factors
will be discussed below, but at this point, it is important to
be clear that the final common pathway by which they may
contribute to hypercapnia is relative hypoventilation. This is
hardly surprising given the well-understood dependence of
CO2 elimination on alveolar ventilation in normal physiology,
as described by the simple equation (31):

Paco2 (mmHg) = 863 × V̇co2 (liters/min STPD)

V̇a (liters/min BTPS)
(2)

Thus, as pointed out by Camporesi and Bosco (31) at
a constant work rate the V̇co2 will remain approximately
constant across the usual diving depth range and Paco2 will
then be dependent on alveolar ventilation. A fall in V̇a rel-
ative to V̇co2 represents hypoventilation and will result in
a proportional rise in Paco2. There is no definitive unify-
ing explanation for alveolar hypoventilation under hyperbaric
conditions (and diving in particular), but relevant studies sug-

gest potential contribution from three mechanisms: limitation
of ventilatory capacity; perturbation of control of breathing;
and an increase in dead space.

Hypoventilation by limitation of ventilatory capacity

Hypercapnia could occur during underwater work if the
diver’s ability to eliminate CO2 was exceeded by its produc-
tion. As suggested by Miller (195), when exercise ventilation
intercepts maximum breathing capacity (MBC), the exercise
limit for normocapnic ventilation is reached. In healthy sub-
jects breathing air at atmospheric pressure, ventilation does
not limit exercise in this way (180). Indeed, it has been shown
that exercise at 80% of aerobic capacity utilizes 50% to 60%
of MBC (239), and that Paco2 does not rise (and may in fact
fall) during maximal exercise in both trained and untrained
subjects (32). In contrast, Anthonisen et al. (5) exercised sub-
jects breathing oxygen-nitrogen mixes at a constant Po2 of
0.2 atm in a dry hyperbaric environment at 4 and 6 atm abs to
show that at these pressures the maximal exercise ventilation
may closely approach or equal the MBC, which falls signifi-
cantly at the higher pressures. Similar findings were reported
by Wood and Bryan (299) and Miller (195). The obvious im-
plication, put simply, is that a given level of exercise will pro-
duce the same amount of CO2 and mandate the same volume
of alveolar ventilation to maintain normocarbia irrespective
of ambient pressure, yet as ambient pressure increases, the
MBC decreases markedly (Fig. 6); potentially to a point that
equals or falls below the required exercise ventilation.

Why does the MBC fall under hyperbaric conditions?
As pointed out by Camporesi and Bosco (31), one explana-
tion in diving would be the imposition of substantial external
airway resistance in poorly configured breathing apparatus.
But the phenomenon is also seen in carefully controlled ex-
periments where low resistance breathing circuits are used
(Fig. 6) and a physiological explanation is required. This is
provided in large part by the increasing density of the respired
gas (31). Density-related reduction in MBC occurs because
of the increased resistance to flow and augmentation of the
pressure drop that occurs during nonlaminar flow of a denser
gas through the airways. While fully developed laminar flow
is unaffected by changes in gas density, the development of
parabolic laminar flow in the repeatedly bifurcating architec-
ture of the respiratory tree is impeded by unfavorable entrance
length characteristics as comprehensively described by Clarke
and Flook (45). They strongly argue that laminar flow is un-
likely during respiration of gas at equivalent density to air at
4 atm abs or more, even during quiet breathing in distal airway
generations where it is usually predicted to occur. It follows
that resistance to flow (R) (45) and pressure drop (�P) (215)
along the lower airway can be described by equations that
include terms for density and viscosity.

�P = K (µρ)
1
2 V̇

3
2 (3)

R = K
(
µρV̇

) 1
2 (4)
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Figure 6 Pooled data demonstrating the fall in maximum breathing capacity as ambient
pressure increases. The studies were conducted using nonimmersed subjects breathing air.
Reproduced with permission from Camporesi and Bosco (31).

where K is a constant dependent on lung anatomy and volume;
µ = viscosity; ρ = density; and V̇a = flow.

Increases in �P and resistance potentially affect both in-
spiratory and expiratory flows, and both appear to make ap-
proximately equal contributions to reduction of MBC at high
gas density (188). It is appropriate at this point to consider
inspiration and expiration separately.

Expiratory flow limitation due to dynamic airways com-
pression (186) is well described in normal respiratory phys-
iology and is discussed in detail elsewhere in the “Respi-
ratory” section of of Comprehensive Physiology. During a
forced expiration the pleural pressure rises and is transmitted
to the alveoli where it is additive to the static recoil pres-
sure of the lung. As gas flows outward along the airways
the pressure within the airway falls [Eq. (3)]. In the distal
airways, particularly beyond generation 11 where structural
rigidity is diminished (180), the airway is prone to collapse
at a point proximal to that where the intrathoracic pressure
equals the airway pressure (the “equal pressure point”). Any
further increase in pleural pressure contributes to the Starling
resistor effect and achieves no increase in flow. Expiration
is therefore said to be effort independent. At higher lung
volumes the airways are dilated and elastic recoil is greater,
so achievement of effort independence requires higher flow
rates. This gives rise to the distinctive shape of the max-
imal expiratory flow-volume loop (Fig. 7). The mechanics
underpinning expiratory flow limitation have received more

contemporary analysis in the form of “wave-speed theory”
(54), but the fundamental relationships with key parameters
such as flow velocity and gas density remain similar to those
assumed by the more traditional explanation outlined above
and which has been used to interpret the relevant hyperbaric
studies.

Since the pressure drop during flow of gas through the
airway will be greater during respiration with dense gas, it
might be expected that dynamic airway compression would
supervene at lower pleural pressures and flow rates than usual
when a dense gas is respired (195). This can be demonstrated
under normobaric conditions by comparing exhalation of ni-
trogen and helium gas mixes of differing density (191) and
also under hyperbaric conditions by progressively increasing
ambient pressure, which will increase the density of whatever
gas is respired. Wood and Bryan (298) measured flow-volume
loops and generated isovolume pressure-flow curves during
air breathing at ambient pressures between 1 and 10 atm abs.
The results at these pressure extremes for one of their subjects
are shown in Figure 7. At 10 atm abs, equivalent increases in
flow required a greater increase in pleural pressure and max-
imal flow rates were dramatically limited by the plateau of
the isovolume pressure-flow curve. This, in turn, would limit
MBC and the authors predicted that “a vicious circle could be
established during exercise by an increased work of breathing
without an attendant increase in ventilation leading to carbon
dioxide accumulation.” In other words, if gas of sufficient
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Figure 7 Maximum expiratory flow-volume curves and isovolume pressure-flow curves at 75% vital capacity
(VC) for a single subject breathing air at 1 and 10 atm abs. In the 1 atm abs condition, a small increase in
pleural pressure results in a substantial increase in flow. At 10 atm abs, a small increase in flow requires a
much greater increase in pleural pressure, and further increases are limited by the plateau of the isovolume
pressure-flow curve at relatively low flow rates. TLC, total lung capacity. Reproduced with permission from
Wood and Bryan (298).

density were breathed during exercise, then expiratory flow
limitation might impair breathing capacity to the point where
it is impossible to maintain normocapnia. Greater respiratory
effort by the respiratory muscles driven by rising CO2 levels
would serve only to generate more CO2, and the vicious circle
would be established.

It was recently suggested that this scenario may have ex-
plained a unique fatal accident during a rebreather dive at
264 m of fresh water (26 atm abs) where the diver wore
a video camera that recorded the circumstances of his death
(198). Although the diver appears to be performing little exter-
nal work, the video reveals progressive tachypnoea, ultimately
ending with the “choking dyspnoea” previously described as
becoming limiting during studies of maximal exercise under
hyperbaric conditions (299). At the maximum depth where
the respiratory problems occurred, the inspired gas mixture
containing oxygen, helium, and nitrogen had a density of
10.2 g/liter (approximately 8.5 times the density of air at
1 atm abs). While moderate exercise has been performed
without similar problems by subjects breathing gas of similar
(and greater) density in experimental settings, it is notable that
this diver was using a rebreather with a back-mounted coun-
terlung. This will impose a negative transrespiratory pressure
(or “static lung load”) because the pressure of gas delivered
at the mouth is lower than the external hydrostatic pressure
at the centroid of the lung (see Fig. 8). The implications of
hydrostatic lung loads are discussed further in the section on
“hypoventilation by perturbation of respiratory control,” but
it has been shown that negative transrespiratory pressure can
predispose to dynamic airway compression during exhalation

(160), arguably making the scenario predicted by Wood and
Bryan (298) more likely.

In contrast to expiration, during inspiration there is no
Starling resistor effect and distension of the intrapulmonary
airways as the lung expands reduces resistance and facilitates
flow (195). Nevertheless, Maio and Farhi (188) demonstrated
a similar decline in both peak inspiratory and peak expira-
tory flows during MBC measurements at progressively higher
gas densities. Similarly, in an experiment in which subjects
exercised maximally while breathing air at 6 atm abs, the
subjects hypoventilated (i.e., they became hypercapnic) and
inspiratory flows were seen to decrease relatively more than
expiratory flows (128). In part, the limitation of inspiratory
flow under these conditions of increased gas density must
simply reflect a declining flow for a given level of inspiratory
muscle effort as the resistive component of inspiratory work
increases (177). In addition, it is notable that patients with
mild chronic airflow limitation (9), healthy subjects breath-
ing air during exercise (191), and healthy subjects breathing
dense gas (127, 128, 267) all exhibit a tendency to increase
the expiratory reserve volume when expiratory flow limita-
tion is either imminent or occurring. This aids expiration be-
cause the stored elastic energy in the expanded lung is greater
and the higher lung volume places traction on airways, thus
reducing the tendency to collapse and increasing expiratory
flow (128). However, the increasing lung volume shifts in-
spiration to a less favorable portion of the compliance curve.
The elastic work of inspiration increases and the inspiratory
transpulmonary pressure produced by a given stimulus de-
creases (128). This problem may be amplified by a reduction
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Figure 8 Schematics to represent static lung loading (or transrespiratory pressure) during im-
mersion. Panel A depicts upright head-out immersion in which there is a negative static lung load
of approximately −20 cmH2O. Panel B depicts an upright scuba diver breathing from a regulator
in which there is a similar negative static lung load of approximately −20 cmH2O irrespective of
depth. Panel C depicts a closed-circuit rebreather diver with a back-mounted counterlung. All of
the scenarios depicted in panels (A), (B), and (C) produce a negative static lung load because the
airway is in continuity with a gas supply at lower pressure than the hydrostatic pressure acting
at the lung centroid. In contrast, Panel D depicts a scuba diver in the head-down position where
there is a positive static lung load because gas supply pressure (measured at the depth of the
regulator mouthpiece) is now greater than the hydrostatic pressure acting at the lung centroid.
SLL, static lung load. Reproduced with permission from Lundgren (183).

in the specific compliance of the lung during immersion with
a negative hydrostatic lung load (226), as is discussed in the
section titled “Hypoventilation by perturbation of respiratory
control.”

In summary, the MBC is significantly reduced at pro-
gressively higher pressures and gas densities. This reduction
is mediated through decrements in both inspiratory and ex-
piratory functions. The extent to which respiratory muscle
fatigue might contribute to hypercapnia by reducing MBC
during sustained exercise under hyperbaric conditions is not
known, although it is a plausible contributor to the prob-
lem. The immutable nature of effort-independent exhalation
prompted Camporesi and Bosco (31) to comment that “the
most stringent of inescapable limits are primarily expiratory,”
but these authors also observed that the ability of the inspi-
ratory muscles to generate flow in the face of the progressive
impediments discussed above may, in fact, “be considered
the ultimate limiting factor.” Irrespective of the distribution
of impairment between expiration and inspiration, it is plau-
sible that hypoventilation and hypercapnia could occur under
hyperbaric conditions because exercise ventilation intercepts

a markedly impaired MBC under conditions of increased gas
density and immersion.

While this notion is conceptually appealing and may have
occasional practical relevance, it seems likely that under usual
circumstances divers will not tolerate conditions where the
exercise load is high enough, or the impediment to ventila-
tion great enough (or combinations of both) for this mech-
anism to be relevant. Even with motivated subjects, some
researchers have struggled to replicate the scenario. For ex-
ample, Fagraeus and Linnarsson (82) showed that heavy work
during air breathing at pressures up to 6 atm abs (inpired gas
density 7.74 g/liter) was only tolerated for very short peri-
ods and resulted in severe hypercapnia when ventilation was
approximately 80% of MBC. Dwyer et al. (71) compared
Vemax and MBC during immersed exercise at 43.4 atm abs
(inspired gas density 7.34 g/liter) and showed no consistent
tendency for the two parameters to converge in comparison
with measurements made at 1.6 (inspired gas density 1.82 g/
liter). Finally, as discussed below (in the “Hypoventilation
by perturbation of respiratory control” section), it seems
clear that physical limits of ventilation do not need to be
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met in order for hypercapnia to occur under hyperbaric
conditions.

Hypoventilation by perturbation
of respiratory control

Studies have demonstrated hypercapnia under hyperbaric con-
ditions during submaximal exercise (36, 129, 149, 152). The
relative hypoventilation implied by these studies therefore
appears related primarily to a perturbed ventilatory response
to rising CO2 levels rather than to limitation of ventilatory
capacity per se. The obvious question, then, is why is the
Paco2 allowed to rise during sub-maximal ventilation under
hyperbaric conditions (and particularly during exercise) when
normocapnia is preserved during exercise under normobaric
conditions? A number of explanatory hypotheses have been
proposed, including the effects of hyperoxia, inert gas narco-
sis, and pressure; and an alteration in control of ventilation
under conditions of increased respiratory load.

It is known that increases in Pao2 achievable by increas-
ing the Fio2 under normobaric conditions can depress the
ventilatory response to CO2 (49, 95), although the effect on
ventilation is most marked in the hypoxic range and rela-
tively subtle in hyperoxia (171). A much greater increase in
Pao2 is possible under hyperbaric conditions and this might
depress ventilation by direct suppression of respiratory drive
or by a reduction of metabolic acidosis during exercise, or
both (214). The significance of such effects in causation of
hypercapnia under hyperbaric conditions remains uncertain.
In a reevaluation of the data presented by Lanphier (171),
Lanphier and Bookspan (173) reported a small increase in
mean end-tidal CO2 levels in divers exercising at 1.8 atm abs
breathing oxygen in comparison with air at 1 atm abs but
were unable to separate the relative effects of the simulta-
neous exposure to higher Pio2 and increased gas density in
the 1.8 atm abs condition. Similar difficulty is encountered
in interpreting other relevant studies. For example, Lambert-
sen et al. (169) reported a fall in ventilation (and a small rise
in arterial Pco2) when subjects exercised at 2 atm abs breath-
ing 100% oxygen compared to the same exercise at 1 atm
abs breathing air, but again, increased gas density may have
been a factor. Fagraeus et al. (81) demonstrated a fall in the
V̇e/V̇co2 response and a small rise in end-tidal CO2 during
moderate exercise at 1 atm abs when oxygen was breathed in
comparison with air. The hyperbaric limb of their experiment
(the same exercise at 4.5 atm abs breathing air; Po2 ≈ 1 atm)
showed an additional reduction in V̇e/V̇co2 and an increase
in end-tidal CO2 apparently due to gas density, Pn2, or pres-
sure itself, but this design did not allow comparison of the
effect of different inspired and arterial Po2s on ventilation at
pressures greater than 1 atm abs. In only a few studies does
the design isolate the effect of inspired and arterial Po2s on
ventilation and Paco2 under hyperbaric conditions. One such
study by Taunton et al. (250) compared exercise hyperpnea
and postexercise Paco2 at 1 atm abs and 2 atm abs during
air breathing, and at 2 atm abs during oxygen breathing. In

contrast to air breathing at 2 atm abs, which resulted in Paco2

falling after exercise, oxygen breathing at 2 atm abs usually
caused a rise in postexercise Paco2. However, this rise was
small and neither of the subjects in this study exhibited hyper-
capnia. Another relevant study conducted at 4.7 atm abs with
immersed subjects breathing oxygen-nitrogen mixes showed
that increasing the Pio2 over a range between 0.7 and 1.3 atm
had no effect on Paco2 during exercise at 60% and 80% of
Vo2max (36). In contrast, in a second study by the same group
(214) involving work at 100 W during immersion at 4.7 atm
abs, the Paco2 did increase by 5 mmHg on average (from a
mean of 42 to 47 mmHg) when the Pio2 was increased from
0.21 to 1.75 atm. This range of Pio2 is broader than investi-
gated in their previous study (36), in which the range of Pio2

corresponded to the default low and high Po2 set points in the
most popular diving rebreathers and in which the upper limit
(1.3 atm) corresponded to a widely adopted convention on the
safeupper limit for Pio2 in recreational diving. That study (36)
thus seems highly relevant in the context of “routine” diving.

It follows from the above that while the effect of hyper-
oxia on ventilation and Paco2 is interesting, it is unlikely to
account for significant hypercapnia in studies where the Pio2

is more modest and the gas density higher, and it is unlikely
to be the most important cause of hypercapnia in practical
diving applications. As pointed out by Cherry et al. (36), this
is a reassuring finding for divers who utilize a high Pio2 to
minimize inert gas uptake. If high Pio2 did predispose to hy-
percapnia, this could induce a sequence of adverse events in
which hyperoxia provoked hypercapnia that, in turn, would
increase the risk of cerebral oxygen toxicity. One potential
caveat is proposed by Lanphier and Bookspan (173), who
point to studies, for example, of Wasserman (287), showing
that the depressive effect of hyperoxia on ventilation may be
greater when exercise approaches or exceeds the anaerobic
threshold. They speculate that this mechanism may therefore
become more important in divers working very hard under-
water while breathing an elevated Po2.

It has been suggested that when air is inspired under hyper-
baric conditions, the narcotic effect of nitrogen might predis-
pose to hypoventilation and hypercapnia. Having raised this
possibility, Linnarsson and Hesser (177) then compared venti-
lation and central inspiratory activity (using the P100 measure
(293) as an index of total inspiratory drive) during progres-
sive hypercapnia induced by rebreathing in subjects breathing
oxygen at 1.3 atm abs (controls) and air at 6.1 atm abs (hy-
perbaric condition). The Pio2 was 1.3 atm in both conditions.
The critical differences between these conditions were the in-
crease in gas density and an inspired Pn2 of 4.8 atm in the
hyperbaric condition. Compared to the controls, there was an
increase in central inspiratory activity (of approximately 40%
when the end-tidal CO2 was 50 mmHg) at 6.1 atm abs, yet at
the same time the slope of the ventilation-CO2 response curve
was reduced by 39%. The authors concluded that narcotic de-
pression of neural structures involved in control of respiration
was not the cause of reduced ventilatory responsiveness to
hypercapnia. The same conclusion has been drawn by others
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based on experiments in which nonnarcotic gases (96) or ma-
nipulations of pressure and inspired gas nitrogen content (80)
were utilized.

Pressure per se might alter control of ventilation. In one
study in which resting participants were subject to a variety of
gas mix-pressure combinations that yielded inspired gas den-
sities between 0.384 and 7.73 g/liter, the Paco2 was positively
correlated with ambient pressure but not gas density (231).
The authors recognized that this result was at odds with those
of others who had found a relevant effect of gas density and
were unable to offer an explanation for the finding. To confuse
matters, another group demonstrated a small increase in venti-
lation in resting subjects breathing dense gas on compression
to pressures between 36 and 48 atm abs (97). This actually
corrected an initial rise in Paco2 that occurred during com-
pression, and the authors hypothesized that central nervous
system excitation associated with exposure to these very high
hydrostatic pressures might explain this apparent stimulation
of ventilation. This explanation is difficult to evaluate, and it
is notable that another study also recorded a small increase
in resting ventilation on compression from 1 to 2.8 atm abs,
which the authors attributed to a compensation for an increase
in dead space (see later) (205). When moderately exercised at
2.8 atm abs, these same subjects exhibited the more familiar
reduction in ventilation associated with breathing denser gas.

Arguably, the most convincing study that aimed specifi-
cally to distinguish between the effects of pressure and den-
sity on exercise ventilation under hyperbaric conditions was
that of Linnarsson et al. (178). Using different combinations
of ambient pressure and gas species (including helium and
sulfur hexafluoride), the authors created conditions of low
pressure-high density, high pressure-high density, and high
pressure-low density. Pressure per se was not found to reduce
exercise ventilation, whereas increased density did, although
the design of this study did not exclude an effect of inert
gas narcosis.

The potential for perturbation of control of ventilation
during exposure to increased resistive and elastic respiratory
loads has attracted considerable interest. This has been ex-
tensively studied during rest and exercise under normobaric
conditions and is discussed in detail elsewhere in Compre-
hensive Physiology. There is a complex interplay between
various inputs to control of ventilation during exercise and
concomitant respiratory loading that is yet to be fully elu-
cidated. These issues become even more complex when at-
tempts are made to interpret them in the context of exposure
to hyperbaric conditions. A key starting point in this regard
is an appreciation that hyperbaric conditions (and diving in
particular) potentially cause an abnormal increase in all im-
portant components of respiratory load (resistance, elastance,
and inertance), as is discussed below prior to consideration of
the perturbed ventilatory response.

Both inspiratory and expiratory internal resistive loads
may be increased by greater respired gas density and an asso-
ciated increase in airways resistance (46), as was previously
discussed in relation to limitation of maximum breathing ca-

pacity under hyperbaric conditions. An increase in airways
resistance may also arise due to a decrease in airway caliber
as discussed below in relation to immersion and hydrostatic
lung loads. An additional external source of increased in-
spiratory and expiratory resistive loads is the UBA. These
resistances are frequently asymmetrical, with most open-
circuit SCUBA equipment providing greater inspiratory than
expiratory resistance (44). Unfortunately, of the two exter-
nal resistive loads, inspiratory resistance appears more likely
to cause hypoventilation and dyspnea during diving (284).
Since respiratory impairment can impact significantly on un-
derwater performance and safety, much effort has gone into
the evaluation of acceptable resistance limits for UBA, and
a comprehensive account of this is provided by Warkander
et al. (286).

Elastance is a property of the lungs and chest wall and
of closed-circuit UBA. Work of breathing is proportional to
the elastic load, and, as with resistive load limits, the toler-
ances of equipment-related elastic loads have been studied
and standards recommended (282).

A potentially important influence on both resistive and
elastic components of work of breathing is exerted by hydro-
static lung loads that arise during immersion when the pres-
sure of the gas delivered to the mouth differs from the external
hydrostatic pressure measured at the lung centroid (200). A
negative hydrostatic load occurs during head-out immersion
(Fig. 8A), and the use of UBA may result in both negative
and positive loads (Figs. 8B, 8C, and 8D) While much of the
relevant literature describes experiments involving negative
loads imposed by head-out immersion, the physical condi-
tions of this state are largely replicated in the upright diver
using open-circuit SCUBA and the horizontal rebreather diver
using a back-mounted counterlung (Fig. 8). Negative hydro-
static lung loads significantly decrease the expiratory reserve
volume by causing cephalad displacement of the diaphragm
(183). This has been associated with an increase in airways re-
sistance because of narrowing or collapse of intrapulmonary
airways (2,140), a decrease in lung compliance (at lower lung
volumes) (252), and an increase in static inspiratory mus-
cle work in defending an expiratory reserve volume greater
than the immersed relaxation volume (252). There is also a de-
crease in vital capacity, which is greater in cooler water (162),
which Lundgren (183) argues is explained by engorgement of
the pulmonary circulation with blood. This congestion of the
pulmonary circulation also contributes to a decrease in lung
compliance (50, 226). Not surprisingly, negative static lung
loads are associated with increased dyspnoea during exercise.
This can be alleviated by supplying the inspired gas at a pres-
sure equivalent to the hydrostatic pressure at the lung centroid
(129, 252), and a positive load appears better tolerated than a
negative one (129, 259).

Inertance is mentioned for completeness. Inertia arising
from the mass of the respired gas, the chest wall, and the
lungs imposes impedence to the change in direction of gas
flow, which increases with frequency of breathing (180). In
diving, inertance can be increased by increased density (and

Volume 1, January 2011 173



P1: OTA/XYZ P2: ABC
c091004 JWBT335/Comprehensive Physiology November 17, 2010 8:28 Printer Name: Yet to Come

Hyperbaric Conditions Comprehensive Physiology

mass) of respired gas, the presence of water around both the
chest wall and breathing bag (in the case of closed-circuit
SCUBA), and the acceleration and deceleration of the UBA
components with each breath. In experiments in which the
inertance characteristics of a breathing circuit were artificially
exaggerated, Fothergill et al. (91) showed that divers will
subconsciously adjust their breathing frequency to match the
resonant frequency of the breathing system (at which inertial
impedence is minimized). Nevertheless, as pointed out by
Moon et al. (200), exercising divers normally breathe at a
frequency considerably less than the resonant frequencies of
the breathing systems, and “inertial impedance has only a
limited role in determining respiratory effort.”

Thus, there are a number of ways in which respiratory
loading is abnormally increased under hyperbaric conditions,
particularly when there is concomitant immersion. This is
frequently reported to be associated with hypoventilation and
hypercapnia, especially during exercise (36,39,127,129,149,
152, 178, 182, 231-233, 251, 284, 286, 298, 299). In contrast,
under normobaric conditions, the imposition of moderate re-
sistive or elastic loads has frequently been shown to result in
little or no tendency to hypoventilation either at rest (138,223)
or even during moderate exercise (70,85,306). It can be diffi-
cult to compare respiratory loads imposed under normobaric
and hyperbaric conditions. Not infrequently, hyperbaric expo-
sure (particularly during immersion) involves more than one
loading modality, and their effects are additive (282, 283).
Thus, in explaining the frequent finding of hypoventilation
and hypercapnia during exercise under hyperbaric conditions,
it is tempting to suggest that combined respiratory loads may
simply overwhelm any compensatory increase in respiratory
neural output, thereby allowing the subject to hypoventilate
and become hypercapnic. Camporesi and Bosco (31) alluded
to this when they wrote: “While there is good correlation
between Pco2 and inspiratory work performed, the actual
ventilation achieved depends not only on CO2 response but
on the volume of ventilation that a given amount of ventilatory
work can produce under existing circumstances.”

Nevertheless, questions remain about the adequacy of the
response of the respiratory controller in these situations. It
remains uncertain why many experiments demonstrate hy-
percapnia under hyperbaric conditions involving submaximal
ventilation, when a greater respiratory neural and ventilatory
response seems possible. In describing hypercapnia in their
subjects exercising at 6 atm abs, Anthonisen et al. (5) ex-
pressed the issue, thus: “since all subjects hypoventilated at
depth, those who did not reach their MBC must have chosen to
retain CO2 rather than attain ventilations involving dynamic
airway compression.” Cain and Otis (27) were among the first
to describe this as a tendency of the respiratory controller to
sacrifice tight CO2 homeostasis in the face of an increased
respiratory load in order to avoid expending more energy in
maintaining or increasing ventilation, and this general theme
has been supported by others (149).

A relevant series of investigations performed under nor-
mobaric conditions was described by Poon (221). He mea-

sured the slopes of the V̇e − V̇co2, V̇e − ETco2, P100 −
V̇co2, and P100 − ETco2 curves in human subjects exposed
to either no load or an inspiratory elastic load during graded
exercise performed while the subjects were either eucapnic
or hypercapnic (the latter achieved by adding CO2 to the in-
spired gas). The slope of the V̇e − V̇co2 curve was depressed
in the loaded state, but more so in the hypercapnic condition
than in the eucapnic condition (−28.7% vs. −16.0% respec-
tively, compared to the unloaded state). The steady state V̇e −
ETco2 curve was also depressed in the loaded condition
(−32% compared to the unloaded state). The P100 response
to exercise (P100 − V̇co2 curve) was significantly enhanced
in the loaded state during eucapnia (+88.7% compared to the
unloaded state) but not during hypercapnia (−11.2%). Qual-
itatively similar results were obtained in the experiments in
which a resistive load was imposed (222), and these find-
ings are consistent with those of earlier related experiments
(12,35,76). On the basis of these results, Poon suggested that
the potency of ventilatory compensation for elastic and re-
sistive loads is greatest at rest and during eucapnic exercise
and is diminished or abolished by CO2 inhalation. He related
these findings to his previously published “optimization hy-
pothesis,” which holds that ventilatory output is determined
by a balance between the chemical drive to breathe and a
propensity of the respiratory controller to minimize respira-
tory effort (220). In this context, CO2 inhalation reduces the
efficiency of CO2 elimination by the lung and in the loaded
state CO2 retention is a more economical response than the
increase in respiratory effort required to lower it. If Poon’s
findings can be extrapolated to respiratory loading during
exercise under hyperbaric conditions, then the frequently ob-
served hypoventilatory response may not only be a matter
of the load overwhelming neural compensation but also an
attenuation of this compensation.

Finally, one aspect of the altered ventilatory response to
increased respiratory load and rising arterial CO2 in diving
that deserves mention is the marked degree of individual
variability that has been reported by some authors. Lanphier
(171, 172) was among the first to report this in the context of
diving-related experiments. While he reported a tendency to
retain CO2 in virtually all working subjects breathing dense
gas underwater, it was significantly greater in some individu-
als than others and divers appeared to retain CO2 more read-
ily than nondivers. Similar variability has subsequently been
reported by others under both normobaric (86, 165) and hy-
perbaric conditions (149, 169, 286). The Israeli Navy group
has further investigated the issue of greater CO2 retention by
divers as compared to nondivers (152, 153, 240). Divers ap-
pear less sensitive to rising CO2 levels, although sensitivity
among divers does not correlate well with diving experience
or current diving activity. Indeed, ex-divers appear to retain
the characteristic. In a subset of their experiments in which
the P100 occlusion pressure was measured during CO2 re-
breathing, it was shown that the central response to CO2 was
reduced in the divers. This measurable reduction in central
respiratory drive suggests that the difference between divers
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and nondivers is not explained simply by conscious adoption
of a hypoventilatory breathing pattern (e.g., to conserve gas)
that becomes habituated. It is also notable that there appears to
be some plasticity in the respiratory response to CO2 among
divers, which might be subject to manipulation. For exam-
ple, Pendergast et al. (216) showed that respiratory muscle
training tended to normalize the ventilatory sensitivity to in-
creasing inspired CO2 in divers who exhibited either high or
low sensitivity prior to the training.

Increase in dead space

Standard physiology texts (180) divide dead space into appa-
ratus dead space (potentially imposed by airway instrumen-
tation or any external breathing apparatus) and physiologi-
cal dead space. The physiological dead space is divided into
anatomical and alveolar components, with the latter poten-
tially having several further contributory components as de-
scribed below. Virtually, all these components of dead space
are potentially increased under hyperbaric conditions and par-
ticularly during diving.

Apparatus dead space warrants only a brief mention here.
The traditional style diving helmets that enclosed the diver’s
head with no other mechanism of isolating the airway con-
tained a dead space of over 4 liters (44). This necessitated
high rates of fresh gas flow through the helmet to minimize
rebreathing of exhaled CO2, as remains the case in respect
of hood systems used to deliver oxygen to patients in mulit-
place hyperbaric chambers. Most modern diving helmets in-
corporate an oronasal mask that excludes the airway from the
main volume of the helmet. The mask is connected to a de-
mand valve regulator similar to those used by SCUBA divers
(Fig. 3), which reduces the apparatus dead space to approxi-
mately 200 ml (44). Apparatus dead space is further reduced
in the typical demand regulator with a mouthpiece used by
SCUBA divers. In this setting there is no oronasal mask and
the dead space is less than 100 ml. Similarly, low volumes are
found in the mouthpieces of circle circuit rebreather devices
in which one-way valves direct flow and isolate the airway
from the much larger volume of the circuit. However, failure
in one of these valves can cause a catastrophic increase in
dead space.

Physiological dead space may be increased under hyper-
baric conditions. Salzano et al. (233) measured Vd/Vt during
rest and graded exercise in nonimmersed subjects breathing
air at 1 atm abs and breathing helium-oxygen mixes at 47
atm abs (inspired gas density 12.3 g/liter) and 66 atm abs
(inspired gas density 17.1 g/liter). There was an insignificant
difference between the two hyperbaric exposures, but resting
Vd/Vt was greater in both high-pressure conditions than at
1 atm abs; and more importantly, it decreased only marginally
during exercise in comparison with a much greater fall at
1 atm abs (see Fig. 9). Mummery et al. (205) performed an
experiment at pressures more relevant to routine hyperbaric
exposures and everyday diving. They measured Vd during
rest and graded exercise in dry subjects breathing air at 1 and
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Figure 9 (A) Dead space (VD) as a function of tidal volume (VT) in
nonimmersed subjects breathing air at 1 atm abs (“surface”) and dur-
ing experimental hyperbaric chamber exposures (“depth”) to between
47 and 66 atm abs (inspired gas densities between 12.3 and 17.1
g/liter). (B) The VD/VT ratio during increasing levels of exercise at the
“surface” and at “depth.” At the surface during exercise at 360 kpm,
the ratio decreases by 43% of the resting value in comparison with
a 10% decrease at depth. Reproduced with permission from Salzano
et al. (233).

2.8 atm abs (inspired gas density 3.1 g/liter) and recorded
significant increases during rest (+0.06 liter BTPS), light ex-
ercise (+0.11 liter BTPS), and heavy exercise (+0.06 liter
BTPS) at the higher pressure. The increased Vd was com-
pensated by an increase in ventilation at rest such that V̇a did
not change, but during heavier exercise, the increase in Vd to-
gether with a concomitant decrease in ventilation resulted in a
significantly reduced V̇a at 2.8 atm abs. Others have reported
similar trends in Vd during dense gas breathing in humans
(193, 300) or liquid breathing in dogs (164). Data from these
studies have been compiled into a single figure by Moon et al.
(200) (see Fig. 10). In the most recent relevant experiment
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Figure 10 Pooled data from human studies (closed circles) illustrat-
ing the effect of gas density (ρ in the formula) on the VD/VT ratio as
respired gas density increases. The extremely high-density datapoint
(open circle) comes from a liquid-breathing experiment in dogs. Re-
produced with permission from Moon et al. (200).
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conducted in a depth (pressure) range relevant to recreational
diving, Cherry et al. (36) measured various respiratory param-
eters during rest and exercise in immersed subjects breathing
air at 1 and 4.7 atm abs while challenging the subjects with
hydrostatic and external resistive loads. They reported a 6%
average rise in Vd/Vt during exercise at 4.7 atm abs and
commented that compensation of the associated decrease in
effective V̇a would have required a 6.4-liter/min increase in
ventilation, which instead decreased by 14.7 liter/min.

Dead space reduces the efficiency of ventilation. For a
given minute volume, V̇a will fall as Vd rises. The obvious
corollary is that an increase in dead space does not cause
alveolar hypoventilation and hypercapnia unless there is a
concomitant failure to compensate by increasing ventilation.
Such failure was considered to explain the increase in Paco2

measured during exercise at 2.8 atm abs in the experiment
by Mummery et al. (205). Indeed, the authors proposed that
“increased Vd is the primary perturbation that leads to a com-
pensatory increase in ventilation at rest or light exercise levels,
but that inadequate V̇a results when the respiratory drive in-
adequately compensates for the increased Vd during heavy
exercise.” Their results seem confluent with Poon’s hypoth-
esis (discussed earlier) that there is diminished respiratory
drive under conditions of increased respiratory load if venti-
lation is inefficient. “Inefficiency” in Poon’s experiments was
induced by CO2 rebreathing, and it is difficult to compare this
directly to an increase in Vd. Nevertheless, an increase Vd
undoubtedly renders ventilation less efficient at depth (233)
and a marriage of Mummery’s observation and Poon’s hy-
pothesis provides a plausible explanation for the genesis of
alveolar hypoventilation and hypercapnia during submaximal
exercise under hyperbaric conditions where multiple factors
can increase respiratory load.

It remains to comment briefly on the possible causes of
increased dead space under hyperbaric conditions. The com-
ponents of dead space calculated by the Bohr equation include
anatomic dead space, ventilation-perfusion mismatching, im-
paired diffusion in distal gas exchange units, and any defect in
CO2 transport between erythrocytes and alveoli (233). Many
factors may influence these components in normal and abnor-
mal physiology, and they are considered in detail elsewhere in
Comprehensive Physiology. Only those specifically relevant
to hyperbaric conditions are mentioned here.

The anatomical dead space may be increased if subjects
distend the conducting airways by shifting their tidal excur-
sions to higher lung volumes (238), which is known to occur
during breathing of a dense gas (127,128,267). It is also the-
oretically possible (but not proven) that a positive static lung
load during immersion could increase anatomical dead space
by distending the conducting airways (200).

The alveolar dead space may be increased during venti-
lation with hyperoxic gas. Hyperoxia may cause pulmonary
vasodilation and diversion of blood flow from well-ventilated
to hypoventilated lung units (192, 214). In a recent study,
this appeared to be the most plausible mechanism for an in-
crease in Vd/Vt seen during respiration of hyperoxic but

not normoxic gas during immersed exercise at 4.7 atm abs
(214).

Alveolar dead space may also be increased during ven-
tilation with dense gas in several ways. First, impairment of
V̇/Q̇matching might occur if respiration of dense gas induced
nonuniform alteration of turbulent flow and airway resistance,
which could exaggerate heterogeneity in the time constants of
different lung units (200). This would result in less efficient
gas exchange unless parallel adjustments in perfusion were to
occur (200). Second, since diffusivity of a gas is inversely pro-
portional to gas density, it is plausible that respiration of dense
gas under hyperbaric conditions may impair CO2 diffusion in
the distal gas exchange segments of the airway (272, 300).
Interpretation of both these hypotheses is complicated by the
finding that respiration with dense gas appears to decrease
the alveolar-arterial partial pressure difference for oxygen
(37, 87, 104, 231, 300). This seems at odds with the proposal
that dense gas increases alveolar dead space by causing either
V̇/Q̇ mismatch or a diffusion impairment since both phenom-
ena could be expected to increase the A-aDo2. However, in an
experiment utilizing the multiple inert gas washout technique
(279) in dogs, Christopherson and Hlastala (37) identified a
partial dissociation between oxygen exchange and the V̇/Q̇
distribution when a denser gas was respired. Their explana-
tion draws on work by Paiva and Engel (213) and focuses on
the position of the gas concentration “front” that arises in in-
termediate airways from the interaction between convection
and diffusion. It holds that a respired gas (such as oxygen
or CO) may be distributed differently from overall alveolar
ventilation if the breathing of a denser carrier gas shifts the
front to a position in the airway from which lung units with
heterogeneous ventilation arise. With the front in this posi-
tion, the inspired gas concentration entering the distal units
is more uniform despite their differing volume-flow charac-
teristics. The important implication for the present discussion
is that improvement in oxygen exchange remains compatible
with a slight worsening in V̇/Q̇ matching when a denser gas
is respired.

Thus a derangement of V̇/Q̇ matching is generally fa-
vored by contemporary commentators as the explanation for
an increase in physiological dead space under hyperbaric con-
ditions (200, 205, 233). In support of this hypothesis, Moon
et al. (200) presented preliminary data from a single subject in
whom the multiple inert gas elimination technique identified
a clear trend toward an increase in high V̇/Q̇ units during res-
piration of a denser gas under hyperbaric conditions. The Pio2

was kept constant in both conditions to exclude any effect on
hypoxic pulmonary vasoconstriction.

Rebreathing of CO2

The preceeding discussion of the causes of hypercapnia un-
der hyperbaric conditions has focused on the impairment of
CO2 elimination. For completeness, the possibility of CO2

rebreathing should be mentioned, particularly as a cause of
hypercapnia in diving. The risk has been reduced in modern
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diving equipment by the use of a low-dead-space breathing
apparatus such as diving helmets with oronasal masks. Nev-
ertheless, the increasing use of rebreather devices, in which
exhaled gas is recycled through a CO2 absorbent, remains
associated with a significant risk of CO2 rebreathing.

Anecdotally, CO2 rebreathing events in modern diving
occur most commonly during the use of rebreathers when the
absorbent canister fails to remove all CO2 from the gas passing
to the inspiratory limb of the loop. This may occur either be-
cause the canister is packed or installed incorrectly or, more
commonly, because the absorbent material becomes partly
or completely exhausted allowing CO2 to “break through.”
The most frequently used CO2 absorbent in diving is “soda
lime,” a mix of calcium hydroxide, sodium hydroxide, wa-
ter, and small amounts of potassium hydroxide and silica.
Its components react with CO2 according to the following
reactions:

CO2 + H2O ↔ H2CO3

H2CO3 + 2NaOH ↔ Na2CO3 + 2H2O + heat

Na2CO3 + Ca(OH)2 ↔ CaCO3 + 2NaOH

The absorbing capacity of soda lime for CO2 is thus fi-
nite. Measurements made in a recent anesthesia study for a
soda lime preparation similar to that used by divers suggested
an absorbing capacity between 12 and 15 liters CO2/100 g
(130). However, the absorbent performance is also context-
sensitive and may vary with environmental temperature, the
density of the respired gas, absorbent granule size, the qual-
ity of the canister packing, and dispersion of the flow paths
within the canister (257). Assuming that the canister is well
designed and properly packed, the worst possible combina-
tion of circumstances for high risk of CO2 breakthrough is
a small absorbent canister containing coarse granules of ab-
sorbent, used under conditions of hard work (high CO2 pro-
duction) in a cold environment at deep depths with high gas
density. Given that most divers simply renew their absorbent
material in accordance with manufacturer’s estimates of safe
duration, the susceptibility of canister performance to these
multiple variables, some of which are unpredictable, repre-
sents a significant hazard that is difficult to manage. At the
time of writing, no commercially available rebreathers in-
corporate systems that allow the user to monitor CO2 levels
in the inspired gas, although such systems are known to be
in development. There are, however, devices that monitor
the progress of the CO2 absorbent reaction front through the
scrubber material by measuring temperature changes along
an axial probe passing through the center of the canister.
This provides an indication of the remaining absorbent ca-
pacity for CO2 and possibly a warning of impending CO2

breakthrough (281).
Where CO2 is inhaled, determination of the Paco2 is no

longer a simple function of metabolic CO2 production and
alveolar ventilation but must take account of the inspired CO2

load. Thus, Paco2 is predicted by a variation of Eq. (2):

Paco2 = 863 × V̇co2

V̇a
+ Pico2 (5)

Camporesi and Bosco (31) provide an excellent perspec-
tive on the implications of inspired CO2 during diving. They
point out that Paco2 cannot remain lower than the Pico2

and that “all alveolar ventilation can do is to decrease the
difference between Pico2 and Paco2.” They go on to demon-
strate that during moderate work (V̇co2 = 1.5 liter/min STPD)
maintenance of a Paco2 of 40 mmHg would require a V̇a of
32.4 liter/min (BTPS) in the absence of inhaled CO2 and 43.2
liter/min if the Pico2 were 10 mmHg. Such compensations
are clearly possible during air breathing at 1 atm abs (193).
However, in diving, CO2 rebreathing might arise in a setting
of increased respiratory work and impaired respiratory drive
as extensively discussed above. Of particular relevance in
this regard are the previously discussed experiments by Poon
(221, 222), who showed that CO2 inhalation diminished the
potency of ventilatory compensation for elastic and resistive
loads, or abolished compensation altogether. It can be appre-
ciated that under these circumstances, there may be a failure to
maintain CO2 homeostasis and that hypercapnia might easily
result.

Consequences of CO2 retention
In order to place this detailed discussion of CO2 retention
in context, it is appropriate to briefly enumerate the adverse
effects of CO2 retention in diving.

Hypercapnia may produce uncomfortable dyspnea, which
can precipitate panic and drowning. In addition, on dives uti-
lizing self-contained gas supplies and open-circuit breathing
apparatus, dyspnea may result in rapid exhaustion of the gas
supply. On dives utilizing rebreather devices where the reason
for the hypercapnia may be CO2 scrubber failure in the device
itself, severe dyspnea may prevent the diver from switching
to an alternative gas supply (which requires removal of the
rebreather mouthpiece and replacing it with a scuba regu-
lator) (265). This is of particular concern because “getting
off the loop” is the only way to retrieve such situations. For
this reason, many modern rebreathers incorporate a “bailout
valve” that allows switching to an open-circuit gas supply
without removing the mouthpiece. Not surprisingly, there are
data demonstrating that those divers who are less responsive
to CO2 are also less likely to suffer significant dyspnea if
hypercapnic (286), but this may expose them to a greater risk
of the other adverse consequences of hypercapnia described
below.

Hypercapnia may increase the risk of cerebral oxygen tox-
icity. This conclusion is drawn from the well-established rela-
tionship between underwater exercise and the risk of oxygen
toxic convulsions (43), although direct evidence that hyper-
capnia underpins this link is somewhat sketchy. One highly
plausible explanation is the increase in cerebral blood flow
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that accompanies hypercapnia, which may result in delivery
of a larger oxygen dose to the cerebral tissues (39). Indeed,
Lambertsen et al. (166) found that adding 2% CO2 to oxygen
inhaled at 3.5 atm abs caused an average increase of internal
jugular venous Po2 of nearly 1000 mmHg above the level
found during breathing of oxygen alone. The authors also
noted that this effect virtually eliminated the well-recognized
inter- and intraindividual variability in latency of oxygen tox-
icity among their subjects, leading them to suggest that in-
terindividual differences in CO2 tolerance and related differ-
ences in Paco2 during diving might underpin differences in
susceptibility to oxygen toxicity.

Hypercapnia may cause narcosis, which may be additive
to any narcotic effect produced by nitrogen in air diving.
Indeed, there have been supporters of the notion that all nar-
cosis is caused by CO2, but the current consensus holds that
nitrogen narcosis and CO2 effects are simply additive (126)
albeit with some qualitative differences (90). There is evi-
dence that in severe hypercapnia, a narcotic effect may cause
or contribute to unconsciousness (198, 203), with obvious
severe consequences when this occurs underwater. Of signifi-
cant concern is the possibility that divers with low sensitivity
to CO2 who suffer hypercapnia may become unconscious or
severely disabled without suffering noticeable premonitory
symptoms such as dyspnea (285).

Finally, there is speculation that fluctuating CO2 levels
might increase the risk of DCS (31). Hypothetically, if CO2

levels are high during the early working phase of a dive, this
might enhance inert gas uptake by tissues whose vascular
beds dilate in response to hypercapnia. In contrast, during the
decompression phase when the diver is typically resting and
when any hypercapnic vasodilation might be expected to have
resolved, the tissue perfusion and therefore off-gassing might
be reduced. To the best of our knowledge, there are no data
supporting this notion. Indeed, Anderson et al. (4) cast doubt
on the significance of CO2-induced hemodynamic effects on
inert gas exchange when they failed to show acceleration of
nitrogen elimination during induced hypercapnia in human
subjects.

Because of the potentially deleterious effects of CO2 re-
tention in diving, and the recognized interindividual variabil-
ity in the tendency to retain CO2 (described earlier), there
has been much interest in the exclusion of candidates with
a predilection for “CO2 retention” from diver training. To
this end, Lanphier (172) demonstrated that a low ventilatory
response to inspired CO2 was predictive of a tendency to
retain CO2 during underwater work. However, his attempts
to define a selection procedure based on CO2 response test-
ing were frustrated by poor specificity of the test and the
difficulty in defining an appropriate “cutoff” threshold in the
response. Kerem et al. (153) investigated using the end-breath-
hold Paco2 as an indicator of any tendency to CO2 retention
under diving conditions but found it a weak predictor. The
desirability of an appropriate screen for a tendency to retain
CO2 in diving candidates has subsequently been discussed by
others (77,117), but to date there is no consensus on an appro-

priate technique. This likely reflects the previously discussed
multifactorial etiology of CO2 retention in divers (216) and
the consequent difficulty in developing a broadly applicable
single test.

Oxygen
Animal life depends on energy production by mitochondria,
which utilize oxygen as an electron and a proton receiver in
the final step of oxidative phosphorylation. The processes of
oxygen uptake in the lungs, transport in blood, and uptake
and utilization in tissues are well understood and described
in detail elsewhere in Comprehensive Physiology. We restrict
our commentary here to issues relevant to oxygen exposure
under hyperbaric conditions. Under hyperbaric conditions,
humans generally inspire a higher Po2 than that for which
the mechanisms of oxygen utilization and protection against
damaging reactive oxygen species evolved.

Oxygen exposure under
hyperbaric conditions
For compressed gas divers and patients undergoing HBOT,
there are good reasons to inspire a Po2 greater than encoun-
tered during air breathing at 1 atm abs (Pio2 = 150 mmHg
BTPS). In diving, the corollary to a greater Pio2 is a lower
inspired inert gas partial pressure and, potentially, a lower risk
of DCS. In HBOT, at least some of the beneficial effects are
dose dependent and the motivation for exposure to a high Pio2

is self-evident. However, in both diving and HBOT, there are
accepted limits of Pio2 that are usually not exceeded because
of the risk of oxygen toxicity.

Oxygen exposure in diving

The toxic effects of oxygen depend on the Pio2 and the dura-
tion of the exposure. Saturation divers inpire a Po2 between
0.3 and 0.5 atm since long-term exposure to a higher Po2

may result in pulmonary oxygen toxicity. Different commu-
nities of bounce divers limit Pio2 to between 1.0 and 1.4 atm,
primarily to reduce the risk of cerebral oxygen toxicity. For
various purposes, a higher Pio2, up to about 2.5 atm, may be
inspired for brief periods with adequate precautions. Calcula-
tion of Pio2 depends on the nature of the breathing apparatus.
For instance, closed-circuit rebreathers are generally designed
to maintain a constant Po2 in the breathing circuit, and this
breathing circuit gas is warmed and humidified by the diver’s
body and the exothermic CO2 absorbent canister reactions
described in the “Rebreathing of CO2” section. Open-circuit
breathing apparatus deliver a fixed fraction of oxygen and a
dry gas (since compressed gas is purposely dehumidified).
For instance, when breathing air from open-circuit apparatus,
the Fio2 remains constant at 0.209 and the Pio2 is obtained
by multiplying with the prevailing ambient pressure. Thus, at
30 msw (100 fsw) where the ambient pressure is 4 atm abs,
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the Pio2 is given by 0.209 × 4 = 0.836 atm. This is a dry
gas Pio2 and would require correction to BTPS for use in,
for instance, the alveolar gas equation, but the small contri-
butions of water vapor pressure and temperature are ignored
with respect to oxygen toxicity limits. Since Pio2 increases
with depth, it follows that any open-circuit breathing gas
will have a “maximum operating depth” [MOD (atm abs) =
Po2max/Fio2, where Po2max is the maximum safe Pio2].
Substituting a maximum safe Pio2 of 1.3 atm, and the Fo2 for
air into this formula, it can be seen that in order to avoid a
Pio2 of more than 1.3 atm, air should not be used at depths
greater than 42 msw (5.2 atm abs). It follows that for deeper
diving, the Fo2 of the respired gas must be reduced below that
found in air. The choice of an optimal Fo2 in this setting can
be guided by the simple formula, Ideal Fio2 = Target Po2

(atm)/Pamb (atm abs), where Pamb is the ambient pressure at
the planned depth. Thus, for a dive to 90 msw (10 atm abs)
in which the diver wishes to breathe a Pio2 of 1.3 atm, the
Fio2 of the respired gas mix should be 0.13. As briefly men-
tioned in the introduction to this article, the composition of
the remaining inert gas fraction of the gas mix will be chosen
giving due consideration to the potential for narcosis and the
density of the gas. Most divers substitute helium into the mix
for dives beyond 50 msw in order to reduce the narcotic effect
of nitrogen. Further discussion of such issues is beyond the
scope of this article and is reviewed elsewhere (179).

Oxygen exposure in HBOT

During HBOT treatments, the patients breathe oxygen in an
inspired fraction of 1. The dose of oxygen is thereafter de-
termined by the pressure and duration of the hyperbaric ex-
posure. Most treatments for the nondiving indications are
conducted at 2.0 to 2.4 atm abs over 1to 2 h, whereas treat-
ment for DCS is most commonly initiated at 2.8 atm abs for
1.5 to 2.5 h, followed by a further period at 1.9 atm abs for 2.5
to 5 h. The rationale for these different oxygen doses is dis-
cussed in chapters dedicated to specific indictions in Neuman
and Thom (209). Therapeutic oxygen exposures are usually
at a considerably higher pressure than considered safe in div-
ing; first, because the dose-response relationship is believed
to favor higher pressure exposures in at least some of the rel-
evant indications (75,148), and second, because the risk of an
oxygen toxic seizure is lower in a dry resting occupant of a
hyperbaric chamber than in an immersed working diver (43).
The reasons for this are not unequivocally proven but prob-
ably relate to cerebral vasodilation caused by the elevation
of Paco2 often seen in divers. The choice of 2.8 atm abs as
the widely accepted maximum treatment pressure in HBOT
is based, at least in part, on the fact that the risk of cere-
bral oxygen toxicity increases substantially at greater pres-
sures even in a resting dry subject (202). Although a seizure
during HBOT almost invariably resolves spontaneously and
causes no sequelae (in contrast to one taking place under-
water), it is nevertheless unpleasant and any extra benefit

of HBOT at higher pressures is not considered to justify
the risk.

Uptake of oxygen under hyperbaric conditions
The transfer of oxygen from inspired gas through the airway
to blood under hyperbaric conditions can be perturbed (or in
some instances enhanced) by effects of increased respired gas
density; increased Pio2; immersion; and pressure per se. How-
ever, we preempt this discussion with an important practical
perspective. While these effects can complicate accurate pre-
diction of Pao2 from Pio2 or Pao2, most (with the conspicuous
exception of immersion pulmonary edema) are of academic
rather than practical relevance under hyperbaric conditions.
As pointed out by Moon et al. (200), in most hyperbaric ex-
posures, the Pio2 is hyperoxic and often markedly so. This
usually overwhelms any subtle physiological disturbances of
oxygen uptake that may arise in hyperbaric conditions, and
hypoxemia is an unusual problem.

Effect of respired gas density

As discussed in the introduction to this article, respiration
under hyperbaric conditions usually involves respiration of
gases whose density is higher than that of air at 1 atm abs.
Moon et al. (200) expertly reviewed the theoretical implica-
tions for exchange of oxygen between inspired gas and the
gas resident in the airway. They point out that under condi-
tions of increased gas density, convective mixing in airways
is potentially enhanced because of distal extension of turbu-
lent flow. However, this will substitute convective mixing for
mixing by Taylor laminar dispersion [see Piiper and Scheid
(219)] and the resulting net effect is uncertain. It is also possi-
ble that mixing due to cardiogenic oscillations in airway flow
is increased under conditions of increased gas density (243).
To further complicate prediction of the effect of increased gas
density, the associated impairment of gas diffusivity (272)
could impede both Taylor dispersion and diffusion along the
acinus beyond the zone of convective mixing.

A related concept that deserves mention in the context of
increased gas density is that of “acinar diffusion screening.”
Sapoval et al. (234) point out that for the pulmonary acinus to
work most efficiently, oxygen must be supplied evenly, or at
least “adequately,” to all perfused gas exchanging surfaces. It
is proposed that oxygen diffusing along the acinar airway is
absorbed on the alveolar surfaces encountered along its path
and, assuming that the alveolar membranes are highly perme-
able, oxygen molecules diffuse into the capillary blood at the
first “hits” and are therefore “screened” from reaching those
alveoli deeper in the structure. In effect, these alveoli become
low V̇/Q̇ units. The likelihood of such a process occurring is
dependent on the permeability of the alveolar membranes and
the geometry of the acinus. Further discussion is beyond the
scope of this narrative. However, there are data suggesting
that this phenomenon may become more important during
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respiration of a dense gas, presumably because of a reduction
in oxygen diffusivity (291).

The implications of increased respired gas density de-
scribed above have, at the very least, hypothetical relevance
to the efficient transfer of inspired oxygen to the distal airway
and thence into the blood. However, their relative importance
and net effect is poorly understood and may not be negative.
Indeed, as discussed in the “Carbon dioxide” section, despite
the association between dense gas breathing and an increase
in dead space that is probably attributable to spatial V̇/Q̇ in-
equalities, several studies in which subjects (or experimental
animals) inspired a Po2 similar to that in air at 1 atm abs
found that the A-aDo2 decreased rather than increased when
a denser carrier gas was utilized (37, 87, 104, 231, 300). As
was discussed in the “Carbon dioxide” section, one possi-
ble explanation is that dense carrier gases may improve the
uniformity of distribution of other inspired gases to heteroge-
neously ventilated areas of lung. This mechanism may also
be responsible for the finding that the DLco may increase,
though not invariably (206), during respiration of a denser
gas (137, 163). A potential “parallel” contribution to the re-
duction in the A-aDo2 (and improvement of diffusing capac-
ity) during dense gas breathing may result from exaggerated
swings in intrapleural pressure that amplify cyclic changes
in blood flow through the lung. This, in turn, might result
in better matching of ventilation and perfusion at any instant
(6, 7). At face value, this hypothesis might seem at odds with
the previously mentioned observation of a partial dissocia-
tion between oxygen exchange and V̇/Q̇ distribution when a
denser gas was respired (37), but as pointed out by Arieli (6),
the reduction in mismatch arising from cyclical pulmonary
perfusion would occur over the domains of both volume and
time and “therefore differs from the accepted definition of
spatial V̇/Q̇ .”

Effect of inspired oxygen partial pressure

Although an elevated Pio2 precludes hypoxemia under most
hyperbaric conditions, exposure to elevated Po2s may, some-
what paradoxically, perturb oxygen transfer between alveoli
and blood (28). Perhaps, the most obvious effect is that higher
inspired oxygen tensions could slow the rate of uptake of oxy-
gen by alveolar capillary blood if the concentration of unli-
ganded Hb in the returning venous blood was reduced (89).
However, this would only occur if Hb was highly saturated
with oxygen and is therefore of no physiological significance.
Other effects are hypothetically more relevant. For example,
Clark and Lambertsen (41) reported an average A-aDo2 of
9.4, 46, 74, and 121 mmHg in healthy dry subjects breathing
Pio2s of 0.2, 1.0, 2.0, and 3.5 atm, respectively. The authors
attributed these findings to a combined effect of several fac-
tors. First, based on extrapolations from work published by
Whalen et al. (292) and Greenbaum et al. (107), they proposed
that the progressive decrease in cardiac output and reciprocal
increase in the arterial-mixed venous oxygen content differ-
ence that can occur with hyperoxia would increase the shunt

component of the A-aDo2 if the proportion of the cardiac out-
put perfusing extant pulmonary shunts remained constant. A
quantitative estimate of this effect based on parameters in the
literature suggested that it could account for the majority of the
observed increase in the A-aDo2 in their study. Second, they
suggested a contribution from the alveolar atelectasis and con-
sequent increase in shunt that has been demonstrated during
oxygen breathing (278). It is probable that this effect is primar-
ily related to a high inspired fraction of oxygen rather than to
the Pio2 per se, although augmented release of hypoxic vaso-
constriction may accelerate atelectasis in hyperoxia (278) and
this may be more likely with an increase in the Pio2 beyond
1 atm. Finally, based on previous observations of an increase
in pulmonary vascular resistance during hyperoxia (48, 204),
they hypothesized that a pulmonary vasoconstrictive effect
might selectively reduce flow to well-ventilated alveoli and
thereby increase flow through shunt pathways or perfusion of
poorly ventilated alveoli. It should be noted, however, that the
pulmonary vasoconstrictive effect of hyperoxia on which this
latter hypothesis is based is not a universal finding. Indeed,
arguably the most relevant and recent studies suggest that hy-
perbaric hyperoxia causes pulmonary vasodilation in human
subjects (193, 214).

In addition to these essentially physiological effects of
high inspired oxygen tensions, it remains possible that patho-
physiological changes associated with pulmonary oxygen tox-
icity might also perturb the exchange of oxygen between
alveoli and blood. The mechanisms and consequences of pul-
monary oxygen toxicity were recently reviewed by Clark and
Thom (43) and Clark (38) and are summarized only briefly
here. The process is initiated during cellular metabolism under
conditions of hyperoxia by increased production of free radi-
cal intermediates such as superoxide and hydrogen peroxide,
which undergo further reaction to more reactive species such
as peroxynitrite and the hydroxyl radical. These form a “pool”
of tissue oxidants whose potentially harmful action is nor-
mally opposed by antioxidant defenses such as glutathione.
In hyperoxic conditions favoring increased production of re-
active species, the defenses may be overwhelmed allowing
harmful processes to occur, such as lipid peroxidation, mod-
ification of proteins, and enzyme inactivation. In humans,
the related pulmonary consequences are first manifest subjec-
tively as substernal discomfort and then objectively as a reduc-
tion in vital capacity. Onset of these manifestations is clearly
related to the oxygen dose; that is, the Pio2 and duration of
exposure (see Fig. 11). While it is clear from experiments
in animals that irreversible and ultimately fatal lung damage
can occur if the oxygen dose is large enough (115), the ef-
fects encountered in practical situations by humans have been
invariably reversible, usually with hours to days but occasion-
ally over “months” (184). There is uncertainty over whether
the A-aDo2 might be increased by diffusion limitation arising
from the pulmonary toxic effects of hyperoxia. Several stud-
ies have demonstrated that very long periods of normobaric or
hyperbaric oxygen exposure can reduce the human lung’s dif-
fusing capacity for carbon monoxide (29, 42, 227). This was
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Figure 11 Rates of development of pulmonary symptoms and decre-
ments in slow vital capacity in human subjects continuously breathing
oxygen at increasing inspired pressures (ATA = atm abs). Reproduced
with permission from Clark et al. (42).

interpreted as being caused by interstitial or alveolar edema
formation in one study involving oxygen breathing (Fio2 =
1) at 1 atm abs for 30 to 74 h (29) and by a reduction in
capillary blood volume in another involving oxygen breath-
ing (Fio2 = 1) at 2 atm abs for 6to 11 h (227). According
to Clark and Thom (43), these differing pathophysiological
interpretations may simply reflect “variation in the sequence
of toxic effects on the alveolar-capillary diffusion barrier at
different oxygen pressures and durations of exposure.” Per-
haps not surprisingly, these toxic effects on diffusing capacity
are not seen consistently in shorter oxygen exposures. For
example, Clark et al. (40) found no change in CO diffusing
capacity in human subjects after oxygen breathing (Fio2 = 1)
at 3.0 atm abs for 3.5 h despite significant changes in spiro-
metric indices. Moreover, despite the significant reductions in
DLco in the study by Clark et al. (42), comparison of pre- and
postexposure measurements of the A-aDo2 revealed no sig-
nificant differences except after the very long (mean 17.7 h)
exposure to a Pio2 of 1.5 atm and even then the difference
was only apparent during exercise when capillary transit time
was reduced and any diffusion impairment was more likely
to be detectable. It can be safely concluded that widening of
the A-aDo2 due to pulmonary oxygen toxicity is not an early

effect and is unlikely to be of significance in most oxygen
exposures in practical diving or hyperbaric conditions.

Effect of immersion

The pulmonary effects of immersion were discussed earlier
in the section on CO2. A number of these, particularly in
relation to immersion in the upright position, are potentially
relevant to oxygen uptake. Derion et al. (59) point out that the
associated decrease in functional residual capacity, the de-
crease in elastic recoil at low lung volumes, and the increase
in pulmonary vascular engorgement all favor airway closure
and, potentially, an increase in closing volume. Indeed, sev-
eral studies have demonstrated an increase in closing volume
during head-out immersion (60, 225), with one identifying
a tendency for closing volume to approach the highest lung
volumes reached during tidal breathing in older subjects (60).
If airway closure occurs during tidal breathing, this would al-
ter ventilation and perfusion matching in affected lung units,
with consequent widening of the A-aDo2. Studies designed to
test the significance of any such effect during immersion us-
ing human subjects have had mixed results. Cohen et al. (47)
and Prefaut et al. (225) showed a widening of the A-aDo2 in
the majority of their subjects during head-out immersion. In
contrast, Derion et al. (59) did not demonstrate any sustained
effect of immersion on V̇/Q̇ mismatch in either young or older
subjects, although in some older subjects (age 40-54 years)
in whom the closing volume was greater than the ERV, there
was a small increase in true shunt that nevertheless did not al-
ter the Pao2 significantly. It is difficult to compare the results
of these studies because of variability between the ages and
breathing pattern of the subjects. For example, older subjects
studied by Derion et al. exhibited much larger tidal volumes
than subjects studied by Prefaut et al., meaning that the for-
mer group subjects were ventilating only partially within the
closing volume whereas the latter group subjects ventilated
completely within closing volume. By combining data from
both studies, Moon et al. (200) demonstrated a clear tendency
for the A-aDo2 to increase when the sum of the expiratory re-
serve and tidal volumes approached the closing volume. This
was more likely to occur in older subjects.

For completeness, we mention “immersion pulmonary
edema,” a rare pathological event associated with swimming
or diving that can markedly derange oxygen exchange. This
disorder, whose incidence is unknown, is characterized by
the rapid onset of cough, dyspnea, and hypoxemia. In se-
vere cases, there may be coughing of edema froth that may be
blood stained. Most commonly, the symptoms arise during the
period of immersion and may recover spontaneously and rel-
atively quickly on egress from the water. Nevertheless, some
victims require emergency treatment with oxygen, continu-
ous positive airway pressure, and diuretics, and the condition
may be fatal (242). The most remarkable aspect of the dis-
order, given its resemblance to acute left ventricular failure,
is its occurrence in individuals who are normally fit and well
(108, 114), in fact, who in some cases, are highly trained
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athletes (187, 241). The pathophysiology is not definitively
described. Mitchell (196) speculated on potential contribut-
ing factors that might act in an upright compressed gas diver,
these being simultaneous increases in cardiac preload (caused
by abolition of venous pooling during immersion) and after-
load (caused by peripheral vasoconstriction); an increase in
pulmonary artery pressure; a negative transthoracic pressure
with an associated engorgement of the pulmonary capillaries;
and cyclical worsening of the latter during inspiration of dense
gas or inspiration against the resistance of a poorly tuned reg-
ulator (or both). Several of these factors could predispose to
stress failure in pulmonary capillaries. A number of other risk
factors have been proposed including cold water (295), mod-
erate to heavy exercise (which is an almost invariable feature
of the swimming cases) (241), excessive fluid loading (241),
extant or latent hypertension (295), an exaggerated peripheral
vascular response to cold (296), and (anecdotally) treatment
with beta-blocker drugs (196).

Effect of pressure

Several in vitro studies (20, 155) and one study using human
subjects (248) have demonstrated a small leftward shift in the
P-50 for Hb, indicating an increase in its affinity for oxygen at
very high pressures. The effect appears to increase with pres-
sure (228), but there are no data for pressures less than 26 atm
abs. Thus, it is not clear whether this effect is relevant to the
usual pressure range for diving and hyperbaric exposures. The
finding is most likely explained by conformational changes in
the Hb molecule induced by pressure, with a possible contri-
bution from interaction of the molecule with inert gas (199).
In theory, a left shift of the oxygen-Hb dissociation curve can
be advantageous to the loading of oxygen into the pulmonary
capillary blood (277). However, the magnitude of the change
in P-50 seen in hyperbaric conditions would be unlikely to
have any significant effect on pulmonary gas exchange (200).

Carriage of oxygen under hyperbaric conditions
The carriage of oxygen in blood is described in detail else-
where in Comprehensive Physiology. Once again, the focus
here is on those aspects of “normal” oxygen transport that

change under hyperbaric conditions. As a basis for this dis-
cussion, a brief overview of “normal” oxygen transport is as
follows.

Oxygen is transported in two forms: chemically bound
to Hb and dissolved in blood. Hemoglobin is contained
within erythrocytes at a whole-blood reference concentration
of 15 g/dl. Each Hb molecule is a tetramer and each of its con-
stituent protein chains carries a heme group capable of binding
a molecule of oxygen. Estimates of percentage oxygen satura-
tion of Hb refer to the percentage of the total oxygen binding
sites on Hb that are occupied. The relationship between Po2

and the oxygen saturation of Hb is described by the oxygen-
Hb dissociation curve, which is explained in detail elsewhere
in Comprehensive Physiology. There is a history of contro-
versy over the volumetric oxygen-binding capacity of Hb that
has resulted in different estimates continuing to appear in the
literature. We follow the recent example of Piantadosi (218)
in utilizing the Huffner constant of 1.34 ml O2/g Hb. Thus,
assuming a Pao2 of 100 mmHg, an approximate correspond-
ing Hb saturation of 100%, and a blood Hb concentration of
15 g/dl, the oxygen content of arterial blood (Cao2) that is
bound to Hb is given by 1.34 ml/g × 15 g/dl = 20.1 ml/dl.
In contrast, the amount of oxygen dissolved in plasma under
these conditions is much smaller. The solubility of oxygen in
blood at 37◦C is 0.003 ml/mmHg/dl. Once again assuming a
Pao2 of 100 mmHg, the amount of dissolved oxygen is given
by 0.003 ml/mmHg/dl × 100 mmHg = 0.3 ml/dl. Combined
with the 20.1 ml/dl O2 carried by Hb, this gives a total arterial
oxygen content of 20.4 ml/dl. The quantitative importance of
Hb in oxygen carriage is clearly evident and is brought more
sharply into focus when it is considered that the normal arteri-
ovenous difference in oxygen content at rest is approximately
5 ml/dl.

The amount of oxygen dissolved in plasma can increase
significantly as a result of the hyperoxia frequently encoun-
tered under hyperbaric conditions (see earlier). Table 2 com-
pares theoretical figures for oxygen carriage compiled from
simple calculations similar to that described above. The same
principles are illustrated in Figure 12, which, in effect, shows
the oxygen-Hb dissociation curve on a Po2 scale extending
into the hyperoxic range. Figure 12 demonstrates that the
oxygen content of blood increases rapidly within the range

Table 2 Calculated Arterial Oxygen (CaO2) Carriage by Binding to Hemoglobin and Dissolved in Physical Solution

Pressure, PIO2,a PAO2, PaO2,b CaO2 Hb, CaO2 dissolved,
atm abs Gas mmHg mmHg mmHg Hb sat, % ml/dl ml/dl

1 Air 149 101 101 ∼100 20.1 0.3
1 O2 713 673 673 100 20.1 2.0
2 O2 1473 1433 1433 100 20.1 4.3
3 O2 2233 2193 2193 100 20.1 6.6

CaO2 based on parameters in text.
aWet gas.
bAssuming no A-aDO2.
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Figure 12 Blood oxygen content for oxygen partial pressures ex-
tending into hyperbaric conditions. The right-angle arrows illustrate
oxygen extraction of 5 vol% for air breathing at sea level (left arrow)
and for oxygen breathing at 3 atm abs.

of Pao2 expected during air breathing until Hb is saturated.
From that point, and despite large increases in Pao2, the Cao2

increases only slowly because of oxygen’s low blood solu-
bility. Nevertheless, it is notable that when breathing oxygen
(Fio2 = 1) at 3 atm abs, approximately 6 ml/dl of oxygen
is dissolved in blood. This exceeds the resting arteriovenous
extraction of oxygen and implies that the body’s oxygen re-
quirements could be met from dissolved oxygen alone under
these conditions. This notion is supported by the finding of
a mean venous Po2 of 424 mmHg and a mixed venous Hb
saturation of 100% in 8 of 10 human subjects breathing oxy-
gen (Fio2 = 1) at 3.04 atm abs (292). A further implication
is that breathing oxygen at such pressures could allow sur-
vival without Hb, at least transiently. This was confirmed by
Boerema et al. (21), who exsanguinated piglets and replaced
their blood with a buffer solution while ventilating them with
oxygen at 3 atm abs. This forms the basis for the use of HBOT
in the treatment of exceptional blood loss anemia in humans
where transfusion is not possible (113), such as in the case of
Jehovah’s Witness patients.

Transfer of oxygen to tissues under
hyperbaric conditions
There is abundant evidence that delivery of oxygen to tissues
is enhanced under conditions of hyperbaric hyperoxia. In-
deed, this is a critical goal in most applications of HBOT and
the treatment of nonhealing wounds in particular. The use of
transcutaneous oximetry to demonstrate correction of tissue
hypoxia during hyperoxia is a daily reminder for most hyper-
baric physicians of the efficacy of hyperoxia in this regard and
one of the cornerstones of their approach to patients with prob-
lem wounds (244). In terms of oxygen delivery to individual
organs during hyperoxia, the brain is one of the most exten-
sively studied organs. Both direct and indirect measurements
of cerebral oxygenation show improved oxygenation during
both normobaric and hyperbaric hyperoxia (150, 168, 261)
despite a mild vasoconstrictive response to hyperoxia (56).

An increase in oxygen delivery to tissues during hyper-
oxia is not surprising given the increased Po2 of oxygen dis-
solved in plasma and the dependence of oxygen transfer from
blood to tissues on diffusion under normal circumstances. In
this context, Piantadosi (218) recently discussed the Krogh-
Erlang model, which portrays the capillary-tissue unit as a
cylinder whose radius varies with the Po2 in the capillary and
defines the diffusion distance for oxygen through the tissue.
Since the Po2 declines along the length of the capillary from
the arteriolar to venous ends, the cylinder radius also tapers
in the same direction. The effects of hyperoxia on this model
were predicted for the brain by Saltzman (230) (see Fig. 13).
His calculations were based on a lower limit of tissue Po2

for adequate metabolic function of 12 mmHg and showed
that during air breathing at 1 atm abs, the radii at which this
threshold would be crossed were 64 and 36 µM at the ar-
teriolar and venous ends of a capillary, respectively. These
radii increased to 247 and 64 µM, respectively, during oxy-
gen breathing (Fio2 = 1) at 3 atm abs. It is notable that in the
latter condition, the radius of effective oxygen diffusion at the
venous end of the capillary has increased to be equivalent to
that at the arteriolar end during air breathing. Saltzman also
hypothesized that if countercurrent blood flow occurs in the
capillary bed (see Fig. 13), then the maximal intercapillary
distance consistent with adequate oxygenation of tissue in-
creases even further. The potential benefit of these effects is
apparent in the context of diseases in which capillaries are
injured or destroyed (such as diabetes and radiation tissue
injury) or where there is an increase in interstitial edema that
effectively increases intercapillary diffusion distances (218).

Concerns have been raised that oxygen administration
may reduce tissue perfusion and thereby negate any potential
benefit of an increase in Pao2 (146). In theory, this might
occur because of a more direct vasoconstrictive effect of hy-
peroxia (55). This issue has been recently reviewed by both
Forkner et al. (88) and Piantadosi (218) and is not considered
a valid concern under most circumstances. Indeed, tissue oxy-
gen delivery is almost certainly maintained (in the worst case)
or enhanced during hyperoxia despite the fact that hyperoxia
may reduce blood flow.

Inert Gases
Need for diluent gas
Since oxygen becomes toxic to various organ systems at in-
spired pressure above 0.5 atm, pure oxygen may only be used
as a diving breathing gas at shallow depths and for relatively
brief periods. Most diving therefore occurs using a breath-
ing gas that is a mixture of oxygen and another gas. Air is
the most common breathing gas, but nitrogen-oxygen (ni-
trox), helium-oxygen (heliox), and helium-nitrogen-oxygen
(trimix) mixtures are widely used. In operational diving, if
helium and nitrogen are handled separately from oxygen, they
may be referred to as diluent gases, but in diving physiology
jargon, these gases are “inert” gases, although nitrogen is not
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Figure 13 Intercapillary diffusion distances for oxygen depicted using the Krogh cylinder model
under conditions of air breathing at 1 atm abs (top left); oxygen breathing at 3 atm abs (top right); and
oxygen breathing at 3 atm abs assuming countercurrent flow in adjacent capillaries (bottom). Cylinder
boundaries are defined by the calculated distance from capillary to the point where tissue PO2 falls to
12 mmHg. The advantage of a high PaO2, particularly at the arterial end of the capillary is clearly
apparent, as is the potential advantage of a countercurrent flow pattern during hyperbaric oxygen
breathing. Reproduced with permission from Saltzman (230).

chemically inert; the term refers to the fact that these gases
do not participate in cellular respiration.

The basic issues
For an air-breathing animal that has not made an excursion
from sea level, nitrogen is dissolved in all the body tissues at
a concentration proportional to the alveolar nitrogen partial
pressure as described by Henry’s law.

y j P = Hl j x j (6)

where H is Henry’s constant for gas j in liquid l; x and y are the
mole fractions in the liquid and vapor phases, respectively;
and P is the total gas mixture pressure. The gas partial pres-
sure (yjP) at equilibrium describes the gas activity in either
phase and will generally hereafter be denoted more compactly
as Pj.

A change in alveolar nitrogen partial pressure will result
in the transport of nitrogen between lungs and tissues, eventu-
ally establishing a new equilibrium where alveolar and tissue
Pn2 are equal. Such a change in alveolar Pn2 occurs at sea
level if the inspired gas mixture is changed, for instance, in a
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clinical setting where a patient is administered oxygen or an
anaesthetic gas [change in yj in Eq. (6)]. The resulting change
in tissue nitrogen gas partial pressure is of no consequence at
sea level. During a hyperbaric exposure, although changing
inspired gas mixture is also common, alveolar inert gas partial
pressures change as a result of the change in total pressure
[P in Eq. (6)] and the potential increase of inert gas partial
pressures above 1 atm are not inconsequential.

One consequence is nitrogen narcosis, described in the in-
troduction to this article. Nitrogen narcosis can be eliminated
by substituting helium for nitrogen in breathing gas mixtures.
A consequence of the uptake of diving diluent gases into tis-
sues at increased pressure that cannot be eliminated is the
risk of DCS. During ascent to sea level (decompression) fol-
lowing a hyperbaric exposure, the ambient pressure may drop
below the sum of the partial pressures of all gases dissolved in
tissue:

(∑
Ptisinert + PtisO2

+ PtisCO2
+ PH2O

)
− Pamb > 0 (7)

This state, referred to as supersaturation, is a necessary con-
dition for bubbles to form. Bubbles can then grow from the
excess dissolved gas [Eq. (6)]. Excessive bubble formation
in body tissues is the putative cause of DCS. Minimizing the
risk of DCS is the principal motivation to study the respiratory
exchange of helium and nitrogen.

Decompression models

In diving practice, to minimize the risk of DCS, the rate of
decompression is controlled, typically by interrupting ascent
with specified “decompression stops” (see Fig. 14). Dives are
conducted according to depth/time/breathing gas decompres-
sion schedules derived from decompression algorithms that
implicitly or explicitly minimize bubble formation through
controlling tissue gas supersaturation. The bubble-tissue in-
teractions that result in DCS have not been observed, and
the tissues in which bubble injury manifests as DCS are un-
known; consequently, the relevant gas uptake and washout,
bubble formation, and bubble growth have not been measured
and these processes are represented with latent variables in
decompression models. Parameters of these latent variables
are adjusted in accord with observed DCS incidence result-
ing from manned-testing. Parameters may be adjusted intu-
itively and then representative schedules tested, or parameters
may be formally estimated by statistical fit of the model to
an extensive set of preexisting man-trial data. The resulting
decompression models are physiologically structured empir-
ical models and are not intended to investigate these latent
processes. Such validated decompression algorithms will be
discussed only to the extent that they provide the motivation
for the underlying theory. Decompression models are more
completely reviewed elsewhere (263).
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Figure 14 Ambient pressure (solid line) versus time and the corre-
sponding total gas pressures (�Ptis j) in two compartments (half-times
of 1 and 5 min) for an air-breathing dive. Classical decompression is
scheduled to keep dissolved gas pressure in k modeled compartments
less than or equal to a maximum permissible value, Ptisk ≤ akPamb + bk.
For simplicity, the above figure shows only two compartments and sets
a = 1 and b = 0 so that the “safe ascent depth”, Pamb = max[(Ptisk −
b)/a], is equal to max(Ptisk). By convention, decompression stops are
taken at increments of 10 fsw (0.3 atm abs) deeper than sea level.

Ideal gas approximation in
human hyperbaric exposures
Normal respiratory physiology uses an equation of state and
gas laws, for instance the ideal gas law [Eq. (1)] and Henry’s
law in the form given in Eq. (6), that presume ideal gas and
are strictly correct only in the limit as P approaches zero.
There has been unfounded concern regarding the applicability
of these gas laws in the context of human hyperbaric expo-
sures. However, these gas laws remain good approximations
over the range of pressures encountered in human hyperbaric
exposures.

Equilibrium with respect to heat transfer, boundary dis-
placement, and mass transfer in a heterogeneous closed sys-
tem comprising a gas phase and a liquid phase is defined by
any of the fundamental equations describing the combined
first and second laws of thermodynamics (224). For instance,
Eq. (8) defines the change in Gibb’s free energy (G) in any of
the phases; temperature (T), pressure (P), and chemical po-
tential (µj), each have a uniform value throughout all phases
at equilibrium.

dG ≤ −S dT + V dP +
∑

j

µ j dn j (8)

The chemical potential defines the contribution of a mass
transfer of n moles of chemical species j. The chemical po-
tential can be described in less abstract terms as follows:

µ j = µ0
j + RT ln

f j

f 0
j

(9)
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where R is the universal gas constant; superscript 0 refers to
an arbitrary standard state; and f is the fugacity. Fugacity is
the pressure corrected for deviation from ideal behavior:

fgas j
= ϕy j P (10)

where the fugacity coefficient (ϕ) = 1 for an ideal gas. Gas
departure from ideal is defined by its compressibility (PV/RT),
which can be used to calculate ϕ or fugacity. Fugacity at or
near body temperature differs from the pure gas pressure by
less than 1% (equivalently |ϕ| ≤ 1.01) for pressures up to
at least 20 atm for nitrogen and 30 atm for helium (58, 99,
290). The Lewis rule, implicit in Eq. (10), assumes that the
fugacity coefficient is independent of the composition of a
gas mixture and is a good approximation at pressures where
the gas phase is nearly ideal (ϕ ∼= 1), if the component gases
have similar physical properties or if one species dominates
(224). Breathing gas mixtures can be considered ideal for the
majority of human exposures, which use mixtures of nitrogen
and oxygen (which have similar physical properties), are to
pressures less than 10 atm abs, and deeper dives are conducted
using mixtures consisting mainly of helium (yj > 0.95).

If standard states for different phases are defined at the
same temperature (T), chemical equilibrium of species j be-
tween, for instance, a liquid phase and a gas phase is defined
as follows:

fgas j
= fliquid j

(11)

or, assuming an ideal gas, Pgas j
= Pliquid j

. Diffusion will occur
down any chemical potential gradient to attain this equilib-
rium.

The mole fraction (xj) of a gas solute dissolved in liquid is
related to the fugacity by a proportionality constant that in the
limit of an ideal dilute solution (no solute-solute interactions)
is Henry’s constant:

lim
x j →0

fliquid j

x j
= H (12)

Substitution of Eq. (10) into Eq. (12) and using the identity
of Eq. (11) gives the familiar form of Henry’s law [Eq. (6)]
that does not account for pressure dependence. The pressure
dependence of Henry’s constant for temperatures below the
critical temperature of the solvent can be given by (161):

ln
f j

x j
= ln H + v∞

2 (P − P s)

RT
(13)

where Ps is the vapor pressure of the solvent and v∞
2 is the

partial molar volume of the solute. The second term on the
right-hand side applies a pressure-dependent correction to
what is otherwise Henry’s law. Equation (13) fits experimental
nitrogen and helium solubilities in water and olive oil up to
300 atm (100) and using the estimated partial molar volumes,
the second term on the right-hand side of Eq. (13) results in

Table 3 Ostwald Solubility Coefficients (α, Dimension-
less) and Diffusivities (D, 10−5 cm2/s) at 37◦C*

Nitrogen Helium

αolive oil 0.0736 0.0169a

αyellow marrow 0.073a –

αaqueous tissue 0.0156b 0.0117a,c

αwhole blood 0.0151 0.0094
Dskeletal muscle 1.3 3.94a

Compiled from Lango et al. (170). Data are from various
species. Solubilities are means of 3-10 values, with coeffi-
cient of variation of 8% or less.
*Olive oil often used as a model for biological lipids.
aSingle value.
bBrain.
cSkeletal muscle.

at most a 3% correction to Henry’s constant for nitrogen and
helium for pressures up to 10 atm. Henry’s law in the form
of Eq. (2) is applicable to human hyperbaric exposure with
trivial error.

In physiological literature, it is more common to describe
solubility using a solubility coefficient than using Henry’s
constant. For instance, the Ostwald solubility coefficient (α)
relates partial pressure and concentration (C, in ml gas/ml
liquid at 1 atm) at the temperature of the experiment by αP =
C (see Table 3). The Ostwald coefficient and Henry’s constant
are related by α = RTρ/PMWtH for a liquid, with density ρ

and gram molecular weight MWt at experimental temperature
(T) and pressure (P).

Lungs
Equilibration of arterial blood to changes in inspired partial
pressure of diving diluent gases is rapid as illustrated for ni-
trogen in Figure 15. Underwater breathing apparatus delivers
gas at ambient pressure, so a change in ambient pressure al-
ters inspired and alveolar gas partial pressures in parallel. The
equilibration between inspired, alveolar, and arterial nitrogen
partial pressures proceeds rapidly as a result of the low sol-
ubility of helium and nitrogen in tissues. Therefore, over a
time course relevant to decompression physiology, the kinet-
ics of helium and nitrogen reduces to a problem of exchange
between the blood and the tissues.

Tissue kinetics
Compartmental (lumped) kinetic models are generally used
to describe blood-tissue exchange of diving diluent gases. In
this context, a compartment is represented by a single, time-
varying partial pressure. Underlying this notion is the assump-
tion that owing to rapid diffusion, equilibration of inert gas
partial pressure gradients across the tissue region represented
by the compartment is much faster than transport in and out
of the compartment (well mixed). The most commonly used
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Figure 15 Simulation of the equilibration of blood with inspired ni-
trogen with compression breathing air. Simulation is based on the
standard, resting 70-kg man (189) with inspired gas, alveolar gas,
pulmonary blood, and the body in series, the latter composed of four
parallel compartments representing vessel rich, muscle, fat, and vessel
poor tissue groups (74). The simulation uses nitrogen tissue solubility
coefficients (α) of 0.015 (blood), 0.015 (lean), and 0.075 (fat) and
an estimated lung nitrogen diffusing capacity of 0.15 liters/min/kPa
(170,180). A ramp in inspired PN2 occurs with compression from 101
kPa (sea level) to 404 kPa (4 atm abs) ambient pressure (dashed line).
Ninety-nine percent equilibration of arterial blood with inspired PN2
(solid line) occurs 2.5 min after reaching depth. Throughout the time
course of this simulation, there less than 0.3% difference between ar-
terial blood and alveolar PN2.

tissue model is the single, well-mixed compartment in which
perfusion is considered the rate-limiting process, tissue and
venous partial pressures are in equilibrium, and arterial-tissue
inert gas partial pressure difference (Pa − Ptis) declines mo-
noexponentially. The rate of change of compartmental partial
pressure is given by (suppressing gas subscripts):

dPtis

dt
= (Pa − Ptis)

τ
(14)

where the time constant τ is given by:

τ = Vtisαtis

Q̇tisαblood
(15)

and where V tis is tissue volume, Q̇tis is tissue blood flow, and
αtis/αblood is the tissue:blood partition coefficient. In diving
physiology, it is common to use the half-time, which is equal
to ln(2)τ .

Since the tissue sites relevant to DCS are unknown, it
is common to model uptake and washout of inert gases in
a collection of such compartments in parallel (i.e., no gas
flow between compartments), each with a different time con-
stant spanning some range thought to encompass all relevant
tissues. In this regard, DCS has protean manifestations, cred-
ibly attributable to bubble formation in many organ systems.

This parallel compartment approach dates to Haldane and
colleagues, who produced the first decompression model and
decompression schedules in the early 20th century (22) and is
similar to pharmacokinetic models that first appeared several
decades later (253).

Application: Ratios and M values

The Haldane decompression model tracked air pressure, with
air treated as if a single inert gas, in five parallel compartments
with half-times of 5, 10, 20, 40, and 75 min. Decompression
was allowed to an ambient pressure of half the maximum air
pressure in any compartment (designated a 2:1 tissue ratio).
This tissue ratio was established experimentally from DCS in
goats. Thus, according to this model, an air-breathing diver
could stay an unlimited time at 2 atm abs pressure and return
directly to sea level. From deeper depths, a diver would likely
have to interrupt ascent to the surface with decompression
stops at a depth governed by the 2:1 ratio to allow washout
of gas from the tissues. By convention established with these
decompression tables, decompression stops are taken at in-
crements of 10 fsw pressure (0.3 atm, 31 kPa) from sea level
(see Fig. 14).

The Haldane tables, developed for the Royal Navy, were
soon adopted by the U.S. Navy (208), where the approach has
been further developed in association with extensive manned-
testing. Principal early developments designed to increase the
depth and duration of decompression stops following longer,
deeper dives included increasing the range of compartmental
nitrogen half-times, assigning a different tissue ratio to each
compartment, and using different ratios for decompression
stops than for surfacing (72, 118, 266). Depth-dependent ra-
tios were found to be well described by a relationship of the
form Ptis = aPamb + b, where Ptis is the maximum allowed
compartmental inert gas partial pressure at Pamb. If pressures
are expressed in feet of sea water , the expression is written
as M = aD + M0, and these “M” values give the allowed
compartment inert gas partial pressure at decompression stop
depth (D) (301). M values and an algorithm developed by
Thalmann (255) form the basis of many current U.S. Navy
decompression procedures.

Many decompression procedures employ increased in-
spired oxygen fraction to reduce the inspired inert gas partial
pressure, thereby reducing compartmental inert gas uptake or
accelerating inert gas washout and reducing decompression
time. Helium diving has been handled by a different set of M
values and ignoring nitrogen (256,301) or tracking both gases
and applying compartmental-gas-weighted average of the re-
spective M values (24). The latter model, probably owing to
publication outside the military technical literature, has seen
widespread adaptation for use in diver-carried decompres-
sion computers and desktop decompression software used by
recreational divers. A century after development, the Haldane
approach remains the most prevalent form of decompression
algorithm.
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Experimental data

Consistent with the use of multiple compartments with a
range of time constants in decompression models, experimen-
tal studies of diving diluent gas kinetics have demonstrated
differing rates of gas exchange in different tissues. For in-
stance, early measurements of nitrogen in bone marrow (30)
indicate an approximate time constant of 4.1 h (time constant
from reanalysis of the data by the present authors), whereas
brain has nitrogen and helium time constants of 1.2 and
1.0 min, respectively (64). Whole-body elimination of in-
ert gas reflects such a range in time constants. One to
three exponentials with time constants ranging from 2.2 to
185 min are extracted by graphical backward projection from
lung nitrogen elimination curves of humans during oxygen or
helium-oxygen breathing (16,185,276). Three time constants
(2.1, 16.9, and 153.8 min) have been extracted from arterial-
mixed venous nitrogen difference during nitrogen washout in
oxygen breathing anaesthetised dogs (109). Two time con-
stants (2.9 and 250 min) are extracted from mixed venous
nitrogen concentrations during hyperbaric nitrogen uptake in
dogs (51).

Some earlier workers attempted to identify compartment
time constants with specific anatomical tissues, for instance,
based on symptoms arising from decompression (24). This lat-
ter approach supposes that other latent variables in the model
are correct and can be misleading, for instance, assigning
time constants to the vestibulocochlear apparatus (25) that
are an order of magnitude longer than physiologically plau-
sible (62). Also, the time constants of tissues may change
substantially during and following a dive, as evidenced by al-
teration of lung nitrogen elimination curves in humans under
conditions relevant to diving. Immersion causes an increase
in cardiac output and a more rapid elimination of nitrogen
than in the dry, representing a shift of some some tissues to
a faster time constant (11). Compared to thermoneutral air
temperature (28◦C), warm ambient temperature (37◦C) in-
creases the rate of nitrogen recovery, perhaps as a result of
increase blood flow to superficial tissues (10). Exercise causes
substantial changes in blood flow in many tissues and has been
shown to increase the rate of nitrogen and helium elimination
compared to rest (17).

There is no need to identify compartment time constants
with specific tissues. Of more relevance is whether any mi-
croscopic site at which a DCS-provoking bubble forms is ad-
equately represented by monoexponential gas kinetics. There
are relatively few data on the kinetics of diving diluent gases
suitable to address this issue because of the limited relevance
outside the field of diving. Other inert gases, particularly ni-
trous oxide, krypton, xenon, and hydrogen, have received
considerable attention because of their importance as tracers
for calculation of tissue blood flow from the converging arte-
rial and tissue tracer concentrations according to the indirect
Fick method (154).

Multiexponential uptake and washout of inert gas is found
in even relatively homogenous tissues. For instance, helium

(65), nitrogen (1, 66), xenon (158, 211, 236, 237), hydrogen
(8), and nitrous oxide (68) display multiexponential kinet-
ics in skeletal muscle. Similarly, helium (67), nitrogen (64),
methane, argon, (212), krypton (174), hydrogen (274, 275),
and nitrous oxide (63) display multiexponential kinetics in
the brain.

Multiexponential kinetics has been attributed to adjacent
tissue regions behaving as separate compartments with dif-
fering time constants. Such regions would need to be of mil-
limeter dimensions so that partial pressure gradients between
adjacent regions are not equilibrated by diffusion (61,67,139).
Differing regional time constants could arise from differing
blood flows and differing inert gas tissue:blood partition co-
efficients. Heterogeneity of the latter may arise from differing
fat content because inert gases are much more soluble in fat
than in blood or aqueous tissues (see Table 3). However, the
heterogeneity of blood flow (110, 147, 159, 211, 236) and fat
content (34, 158) is not sufficient to account for the differ-
ence in inert gas time constants measured in skeletal muscle
or brain. Multiexponential kinetics may arise from macro-
scopic diffusion gradients between compartment-sized tissue
volumes, for instance, between distinct tissues (217) or across
a few regions with unusual anatomy (see the “Isobaric coun-
terdiffusion” section below).

However, multiexponential washout of gases is also char-
acteristic of tissue regions too small to behave as separate
compartments. Using fine polarographic electrodes, multi-
exponential hydrogen clearance curves are measured in tis-
sue volumes with less than millimetre dimension (274).
Diffusion-limited gas exchange at this scale over time courses
relevant to decompression calculations is not supported by re-
ported values for diffusion coefficients (170) and the absence
of diffusion limitation is the basic assumption of the lumped
approximation. A candidate process for multiexponential ki-
netics at this scale is diffusion of gas from arterioles to venules,
allowing some gas to bypass the capillary bed. Such arterial-
venous diffusion shunt has been used to explain the observed
kinetics of xenon, hydrogen, nitrous oxide, helium, and nitro-
gen in skeletal muscle (8, 65, 66, 68, 139, 211, 237), helium in
cardiac muscle (297), and nitrogen, helium, and nitrous oxide
in the brain (63, 64, 67). There is direct evidence for arterial-
venous diffusion shunt in brain (23) and muscle (235, 237)
where xenon gas from an arterial bolus appears in venous
effluent ahead of coadministered intravascular tracers.

Alternative approaches

The experimental data indicate that the single perfusion-
limited compartment is an unrealistic representation of the
inert gas kinetics for many tissue regions. Alternative tissue
kinetic treatments have been used for decompression models.
Distributed treatments of blood:tissue diffusion limitation in-
clude a single tissue capillary unit model with annular geome-
try (132,133) and diffusion in a tissue slab bathed on both sides
by arterial blood, the latter forming the basis of Royal Navy
decompression procedures in the 1950s (124). The Canadian
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Forces decompression procedures are based on a mathemat-
ical model of a pneumatic-mechanical analogue decompres-
sion consisting of four gas-filled compartments, connected in
series with breathing gas (210). Except for the nonlinear pres-
sure dependence of gas flow between the compartments, this
serial model has similarities to a finite difference approxima-
tion of bulk diffusion through a slab (125) or to arterial-venous
countercurrent diffusion models (65). Other multiexponential
compartmental models, similar to those used to model diving
diluent gases (65, 67) and other inert gas kinetic data (288),
have been used to analyze the incidence of DCS in military
decompression data sets (3, 105, 119). Monoexponential and
multiexponential compartmental models fit a broad range of
such data equally well (3, 119, 264). There is no evidence
that any of these approaches represent a significant improve-
ment over the more common multiple, parallel compartments
approach for the development of practical decompression
procedures.

Bubble formation
Theory and experimental data

If gas supersaturation occurs in tissue, bubbles may form to
relieve the supersaturation. The sum of all gas partial pressures
inside a spherical bubble (Pbub) of radius r exceeds the ambient
barometric pressure (Pamb) and is given by:

Pbub = Pamb + 2σ

r
+ 4πr3 B

3Vtis
(16)

The last term on the right-hand side is pressure exerted by
displaced tissue, where V tis is the volume of tissue affected
and B is the bulk modulus of elasticity of that tissue (98). The
second term on the right-hand side is the pressure increase
across the gas-liquid interface due to surface tension (σ ).
For instance, for a surface tension characteristic of blood of
56 mN/m (141), a bubble with r = 1 µm must have an internal
pressure that exceeds ambient by 2σ /r = 112 kPa = 1.11 atm
abs. Ignoring any mechanical pressure due to tissue distortion,
a bubble can only persist and grow if �Ptisj exceeds Pamb by
enough to overcome the pressure due to surface tension.

∑
Ptis j − Pamb ≥ 2σ

r
(17)

De novo bubble formation in pure water (nucleation) re-
quires 190 atm supersaturation pressure of nitrogen or 300 atm
supersaturation pressure of helium (121). The free energy re-
quired to nucleate a bubble is not well defined but must include
components for assembly of a sufficiently large cluster of gas
molecules and formation of a surface of separation between
gas and liquid (121) and then maintaining the bubble surface
against surface tension (280).

However, in humans, detectable venous gas bubbles fol-
low decompression to sea level as shallow as 3.6 m (1.36 atm
abs, 137 kPa) (73), indicating only very small tissue super-

saturation is required. Susceptibility to bubble formation is
not an intrinsic property of biological fluids since very high
supersaturation pressures are required to nucleate bubbles in-
side unicellular organisms (123), erythrocytes (120), blood
isolated from the circulation (116, 175), or water in the pres-
ence of surfactants larger than 330 Da (122).

It is widely accepted that bubble form at low supersatu-
ration from preexisting gas nuclei (theoretical protobubbles).
There is evidence for preexisting gas nuclei in animals, for
instance, shrimp can be rendered resistant to decompression-
induced bubble formation with a preceding 200 atm abs com-
pression that presumably drives gas nuclei back into solution
(79). The origin of gas nuclei is unknown, but one source ap-
pears to be from tensile forces induced by movement (79,192).

Application

Decompression models have been developed that count the
number of bubbles induced to grow from a theoretical distri-
bution of gas nuclei sizes in response to supersaturation. De-
compression proceeds allowing a safe number or volume of
bubbles (303). This style of decompression model has gained
importance recently because of widespread adaptation for
use in desktop decompression software by technical divers.
This popularity is probably due to easy access in the main-
stream scientific literature, Internet publication of source code
(305), and because its prescriptions are in keeping with current
folklore.

Influence of bubble growth on inert gas kinetics
Once formed, bubbles will shrink or grow as gas diffuses
to or from surrounding tissue. The primary reason to track
bubble formation and growth in decompression models is to
use some function of bubble size and profusion, typically
bubble volumes, as an indicator of the risk of DCS. However,
bubbles also alter the kinetics of inert gas in surrounding
tissue.

Equation (14) describing tissue gas kinetics must be al-
tered to accommodate transfer of gas between tissue and bub-
ble (suppressing inert gas subscripts):

dPtis

dt
= (Pa − Ptis)

τ
− 1

Vtisαtis

d (PbubVbub)

dt
(18)

The impact of formation of a free gas phase on inert gas
kinetics can be appreciated by examining a hypothetical worst
case following a decompression resulting in sufficiently dense
bubble formation such that all tissue gas is in partial pressure
equilibrium with an adjacent bubble (Pbubj = Ptisj ) and neglect-
ing surface tension so that Pamb = �Pbubj = �Ptisj . This gives
for a single inert gas Ptisinert = Pbubinert = Pamb − �Pfixed, where
�Pfixed is the sum of any gases assumed to have a constant
tissue partial pressure. Although some decompression models
have kinetic treatments of oxygen, for simplicity, tissue oxy-
gen and CO2 partial pressures are commonly assumed fixed.
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Figure 16 (A) Washout of nitrogen (sum of dissolved and free gas) from tissue for the cases of all
gas remaining dissolved (dotted line) according to Eq. (14), for phase equilibrium between bubble
and dissolved gas partial pressures (thin line) according to Eq. (19), and for a single, spherical bubble
in a small tissue volume (equivalent to a very high bubble density of 10−6 bubbles/ml, thick line) by
using a three-region model diffusion-limited bubble growth (245). (B) Dissolved tissue PN2 (thin line,
left axis) and bubble volume (thick line, right axis) for the spherical bubble case illustrated in panel (A).

Furthermore, oxygen and CO2 along with water vapor are
often assumed to equilibrate instantaneously between bubble
and tissue (Pfixed) (132, 255). These assumptions do not hold
during rapid changes in ambient pressure or inspired oxygen
partial pressure, but any changes in these “fixed” gas partial
pressures inside bubbles are considered transient and small
compared to those of the inert gases.

Substituting for Ptis on the right-hand side of Eq. (18) and
collecting together the two differential terms and represented
them in terms of a notional partial pressure this gas would
represent if it had all remained in solution, p′

j = Vj/(αtisVtis)
gives (255):

dP ′

dt
= dPtis

dt
+ 1

Vtisαtis

d (PbubVbub)

dt
=

(
Pa − Pamb + ∑

Pfixed
)

τ
(19)

At constant Pamb and Pa, there will be slow, linear gas
washout while Ptis is “clamped” by the bubble (see Fig. 16).

Inert gas washout is less affected in models that in-
clude restraints on nucleation and bubble growth. There has
been considerable development of diffusion-limited growth
of stationary, spherical decompression bubbles in tissue
(98, 136, 245-247, 262, 271).

The transfer of gas across the bubble surface is given by
Fick’s first law:

d (PbubVbub)

dt
= A

∑

j=1

(

αtis j D j
dPtis j

dr

∣
∣∣∣
r=rA

)

(20)

where Dj is the bulk diffusivity of gas j in tissue, A is the
bubble surface area, and dPtisj /dr is the gas partial pressure
gradient evaluated at the bubble surface. dPtisj/dr is evaluated
using (suppressing gas subscripts):

αtis
∂ Pd

∂t
= αtis D

(
∂2 Pd

∂r2
+ 2

r

∂ Pd

∂r

)
− αblood

Q̇tis

Vtis
(Pd − Ps)

(21)

where Pd is the inert gas partial pressure in the tissue diffusion
region surrounding the bubble. The first term in parentheses
on the right-hand side is the divergence of the partial pressure
gradient for spherical geometry, and the second term allows
for a sink or source of gas pressure (Ps) owing to tissue per-
fusion (245, 271). Equation (21) is typically solved using the
quasi-static approximation that sets ∂P/∂t = 0 (98,245,271).
The quasi-static approximation is used under the presump-
tion that changes in the partial pressure gradient with time are
slow compared to the equilibration between bubble and tissue,
an approximation that differs little from the nonsteady-state
solution (78).

To find bubble radius and surface area (A = 4π r2), the
differential on the left-hand side of Eq. (20) is expanded,
and substituting for Pbub from Eq. (16) (ignoring the tissue
distortion term) and V = 4πr3/3 gives (245):

drA

dt
=

∑

j=1

(
αtis j D j

dPtis j

dr

∣∣∣
r=rA

)
− rA

3
dPamb

dt

Pamb − ∑
Pfixed + 4γ

3rA

(22)
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The solution for the partial pressure gradient at the bubble
surface and the last term in Eq. (18) depends on the modeled
structure of the diffusion region. Equation (21) was originally
developed as a two-region model comprising the bubble and
surrounding tissue, where Ps was defined as the gas pressure
in arterial blood (271) or in tissue too distant to be influenced
by the bubble (245). This model has been shown to imply an
infinite tissue volume and therefore unsuited for evaluating
mass balance of gas in the tissue using Eq. (18) (245). Three-
region models separate the bubble from a well-stirred tissue
with a thin, unperfused diffusion barrier (98, 245, 262) and
Eq. (18) defines the mass balance between the bubble and the
well-stirred tissue. Alternatively, the diffusion region may be
extensive with diffusion gradient defined by Eq. (21) and no
net gas exchange with the well-stirred region, in which case
Eq. (18) defines the mass balance between the bubble and the
diffusion region (246, 247).

Experimental data

There are few experimental measurements of tissue bubble
dynamics in vivo. Oxygen and CO2 partial pressures in macro-
scopic subcutaneous gas pockets have been shown to be quali-
tatively similar to predictions from models of spherical bubble
dynamics (26,269). There are some photomicroscopy data on
growth and dissolution of bubbles in rat abdominal adipose
tissue arising from decompression from air dives (143), air
injected into spinal white matter, muscle, tendon, or eye fol-
lowing decompression from air dives (144, 145), and helium
injected into abdominal adipose tissue prior to heliox dives
(142). These data will be discussed further in the “Isobaric
counterdiffusion” section, but it is interesting to note here that
a switch to breathing pure oxygen following decompression
caused transient bubble growth, indicating elevation of Po2 in
the vicinity of the bubble, contrary to the common simplifying
assumption of a fixed tissue Po2. Thereafter, bubbles shrink
rapidly presumably as a result of rapid washout of tissue inert
gas. A spherical bubble model is qualitatively in accord with
these data if a low oxygen metabolism is assumed (136).

None of these experimental data include mass balance of
tissue gases, so do not address any slowing of inert gas elim-
ination due to bubble growth, but there is indirect evidence
from whole-body inert gas kinetics. In dogs and goats, mixed
venous Pn2 falls rapidly following decompression compared
to the nitrogen kinetics observed following either compres-
sion or isobaric breathing gas switch—the authors attribute
this to retention of nitrogen in the tissues following decom-
pression (51, 53). A slight decrease in rate of whole-body
nitrogen washout with decompression has been reported for
guinea pigs (134). In humans, following air breathing at
4 atm abs, exhaled nitrogen collected during oxygen or heliox
breathing was greater with decompression to 2.5 atm abs than
for decompression to 1.6 or 1.3 atm abs (157, 294).

In the experiments just described, whole-body nitrogen
elimination was greater with decompression to 2.5 atm abs
than with an isobaric breathing gas switch at 4 atm abs

(157, 294). Although not measured in these experiments, ve-
nous bubbles are routinely detected by ultrasound methods
following decompression, raising the possibility that such
bubbles may enhance the washout of inert gas from tissue.
Inert gases are sparing soluble in blood (see Table 3) and
much more gas can be carried in a bubble than dissolved in an
equivalent volume of blood. This concept has been exploited
to enhance blood-carrying capacity for gases with intravascu-
lar administration of a low-boiling-point perflourocarbon that
forms subcapillary size bubbles as it warms to body tempera-
ture. Whole-body nitrogen elimination during oxygen breath-
ing is enhanced in pigs administered with this fluorocarbon
(181). Typically, venous bubbles arising from decompression
are excreted harmlessly in the lungs. Massive embolization of
the pulmonary vasculature impairs respiratory gas exchange
(273) and might impair inert gas exchange, but this has not
been measured, and such massive pulmonary embolization is
rare and often fatal in human diving exposures (92).

Application

There are well-developed decompression models based on
three-region (98) and two-region (102,103) models of spher-
ical bubble growth. The model parameters of the latter model
are estimated by fit to an extensive military decompression
data set and a single schedule has been extensively tested
and found to have the predicted incidence of DCS (101-103).
In neither model do bubbles have significant impact on the
kinetics of dissolved gases.

Exponential uptake and potentially linear washout of inert
gas [described in Eq. (19)] (255) underlie most decompres-
sion schedules in the present U.S. Navy Diving Manual (207).
Linear washout arises at a threshold supersaturation and was
introduced to slow gas washout and to account for the ob-
served incidence of DCS resulting from long, deep dives and
repetitive dives (dives begun with excess tissue inert gas re-
maining from a preceding dive) (255). Linear gas washout re-
sults in a small but significant improvement in fit of models to
an extensive military decompression data set (258). However,
a recent man-trial calls into question the notion that bubble
formation during decompression has any practical influence
on washout of inert gas (101). In this large manned evalu-
ation of two decompression schedules that differed only in
the depth distribution of decompression stop time, the greater
incidence of DCS was observed on the schedule with deeper
initial decompression stops. The deeper initial decompression
stops must result not only in less initial bubble formation, but,
to explain greater incidence of DCS, also in less efficient gas
washout in some tissues.

Inherent unsaturation (oxygen window)
In the course of cellular respiration, oxygen is consumed
and replaced with an approximately equal number of CO2

molecules. Because CO2 is more soluble than oxygen in bio-
logical liquids, the extraction of n moles oxygen from a liquid
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Figure 17 The oxygen window. (A) Increasing dissolved oxygen and CO2 concentrations for a liquid at
equilibrium with increasing partial pressures of these gases for Ostwald solubility coefficients of 0.024 for
oxygen and 0.528 for CO2. (B) Relationship similar to panel A, but with axes reversed. Upper arrow indicates
extraction of 2.5 vol% oxygen from the liquid, and lower arrow indicates replacement with 2.5 vol% CO2;
the dotted line indicates the resulting oxygen window that is the net difference for the sum of all gas partial
pressures in the liquid. Note that extraction of more oxygen, similarly replaced with CO2, would result in a
larger oxygen window.

and replacement with n moles CO2 results in a larger drop in
Po2 than the corresponding increase in Pco2. This concept is
illustrated in Figure 17. As a result, the sum of tissue oxygen
and CO2 partial pressures will be less than the corresponding
alveolar sum under most circumstances,5 as given by a posi-
tive value of the expression on the right-hand side of Eq. (23).
Furthermore, at equilibrium between alveolar and tissue inert
gases (�PAinert = �Ptisinert ), the sum of all alveolar gas partial
pressures equals ambient pressure (Pamb = �PAj ) and the sum
of all tissue gas partial pressures is less than ambient pres-
sure so that issue is “inherently” unsaturated6 and therefore
unfavorable for bubble formation as given by (132):

Pamb −
(∑

Ptisinert + PtisO2
+ PtisCO2

+ PH2O

)

= Pao2 + Paco2 − (
PtisO2

+ PtisCO2

)
(23)

A tissue can be additionally unsaturated as a result of
a compression (increasing Pamb) (see Fig. 18), so Eq. (23)
specifically defines the inherent unsaturation as that portion
of tissue unsaturation that is due to the metabolism of oxygen
into CO2.

In the simple situation illustrated in Figure 17, the magni-
tude of the inherent unsaturation would depend on the tissue
metabolism but be independent of the arterial partial pres-
sures of the gases. However, unless tissue oxygen demand
is satisfied entirely from oxygen dissolved in plasma (as il-

lustrated in Fig. 12), tissue Po2, and therefore the magnitude
of the inherent unsaturation, is strongly dependent on the
nonlinear relationships between oxygen partial pressure and
blood oxygen content due to Hb, as illustrated in Figure 19.
Calculations indicate the inherent unsaturation increases with
increasing Pio2 up to a limit that is not generally met in normal
diving operations (270,304). This linear increase in the inher-
ent unsaturation with Pio2 has been demonstrated in rabbits
exposed to various ambient pressures and Pio2 by allowing
equilibration of gases between tissue and the lumen of an im-
planted subcutaneous polyvinylchloride tube then measuring
the pressure inside the tube (132, 135).

The importance of the inherent unsaturation is that it de-
fines a minimum decompression that will not result in bub-
ble formation, since a decompression of no more than the
inherent unsaturation will not produce supersaturation. This
concept was first proposed by Momson, who defined a “par-
tial pressure vacancy” as �Paj − �Pvj (199), which under
the assumptions of Pvj

∼= Ptisj and �Paj
∼= Pamb is equivalent

to Eq. (23), and used it to calculate decompression to a first
stop that would not result in venous bubble formation. In a
confusing description of Momson’s concept and its potential

5The only exception might be a transient reversal of the above inequality in a
tissue with low metabolism in response to a precipitous drop in inspired and
alveolar Po2 such as would occur during a very rapid decompression.
6The left-hand side of Eq. (23) is the negative of Eq. (7), by convention
in the literature, continued here, both unsaturation and supersaturation are
expressed as absolute values.
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washout of tissue nitrogen and a corresponding increase in the inherent
unsaturation. Inher. Unsat., inherent unsaturation.

application for calculating entirely bubble-free decompres-
sion from saturation dives, Behnke coined the term “oxy-
gen window,” which is usefully evocative of the underlying
mechanism (14). Hills, who appears to have been unaware of
Momson’s work, independently defined the concept of “in-
herent unsaturation” as it appears in Eq. (23) and used it to
schedule bubble-free decompression until the final decom-
pression stop (132). Final ascent to surface is scheduled to
liberate insufficient free gas to provoke symptoms of DCS.

There is probably no diving physiology concept more mis-
understood that the oxygen window and confusion probably
arises because of a related concept. Van Liew and colleagues
(269) examined gas exchange in artificial, compressible, sub-
cutaneous gas pockets created by subcutaneous injection of
air in rats. After compression to 2 or 4 atm abs ambient air
pressure, gas pocket Po2 and Pco2 stabilize at levels consis-
tent with those expected in surrounding tissue. Since the sum
of alveolar gases must equal the sum of pocket gases because
both are at ambient pressure (�PAj = �Ppocketj = Pamb), af-
ter equilibration of tissue and pocket gases, there must be a
pocket-alveolar Pn2 gradient of the same magnitude as the
left-hand side of Eq. (23):

PpocketN2
− PAN2

= PAO2
+ PACO2

−
(

PpocketO2
+ PpocketCO2

)

(24)
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Figure 19 The oxygen window increases with increase inspired PO2
because of the nonlinear relationship between blood oxygen content
and PO2 due to oxygen-hemoglobin dissociation (x- and y-axes re-
versed from the familiar presentation, such as in Fig. 12). The two
right-angle arrows indicate the arterial-venous PO2 differences result-
ing from 5 vol% oxygen extraction for inspired PO2 of 1.3 or 0.2 atm
abs. Since the corresponding increase in PCO2 will be approximately
equal in both cases, and assuming equilibrium between tissue and ve-
nous blood gases, the difference between the vertical segments of the
arrows illustrates the difference in magnitude of the oxygen window for
the two cases.

Similarly, Hills theorized that a diffusion gradient de-
scribed by the right-hand side of Eq. (23) dissolves the gas
phase arising from decompression. This diffusion gradient
was relevant to his model of the critical site for decompres-
sion, where he envisioned that the gas phase initially formed
not as bubbles but as films not subject to surface tension or
mechanical compression and therefore at ambient pressure,
that tissue and separated gas phase Pn2 were in equilibrium,
that owing to a blood:tissue diffusion limitation, capillary
blood was in equilibrium with alveolar gases, and only a sin-
gle inert gas was considered (132). Unfortunately, Hills used
the term “inherent unsaturation” indiscriminately for this dif-
fusion gradient as for the conditions relevant for phase transi-
tion. Subsequently, the term “oxygen window” has also been
used in the same sense but to describe the nitrogen diffusion
gradient between spherical bubbles and tissue when tissue and
alveolar Pn2 are equal, analogous to Eq. (24) (268,270). This
is only approximately correct because spherical bubbles are
not at ambient pressure [see Eq. (16)]. This approximate rela-
tionship does not hold if tissue and alveolar inert gas pressures
are not in equilibrium or for multiple inert gases. Potential am-
biguity is resolved if the oxygen window is defined uniquely
as the difference expressed by the right-hand side of Eq. (23),
which gives rise to the inherent unsaturation and a component
of the bubble-tissue inert gas partial pressure gradient.
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Figure 20 Whole-body washout of helium and nitrogen. Y-axis is
the fraction of total expired gas collected. Drawn from data of Behnke
and colleagues (17,69).

Diving with nitrogen and helium
Although the kinetics of nitrogen and helium is similar in
those tissues where they have both been studied (64,66), lung
washout experiments indicate that nitrogen washes out of
some body tissues slower than does helium (17) (see Fig. 20).
Owing to differing physicochemical properties (see Table 3),
nitrogen may have a longer time constant than helium for some
tissues. The perfusion time constant [Eq. (15)] depends on the
tissue:blood partition coefficient (αtis/αblood) and nitrogen will

have a longer time constant than helium in a tissue with a high
lipid content such as fat. The time constant for a diffusion
process is given by τ = h2/Dtis, where h is the diffusion
distance, and nitrogen will have a longer time constant than
helium owing to the difference in diffusivities (D). Potentially
diffusion-limited inert gas exchange appears to be important
across the skin (167), in the inner ear (62) and perhaps at
articular cartilage (289).

It was noted in the “Application: Ratios and M values”
section that helium and nitrogen may be treated differently
in decompression algorithms. Such empirical differences in
latent algorithm variables could reflect the differing physic-
ochemical properties of helium and nitrogen but may also
arise because heliox diving procedures are generally devel-
oped for, and tested with, deeper dives than nitrox procedures.
There are relatively few data directly comparing identical
dives breathing nitrox and heliox mixtures. Following 60-fsw
bounce dives (70- to 120-min duration) with ascent to surface
without decompression stops, there is a nonsignificant trend
toward higher DCS incidence following heliox dives than air
dives (260). However, following shallow, 12 h, near-saturation
dives, divers could ascend to surface without decompression
stops and without DCS from deeper heliox dives than from
air dives (69). This may be due to more prolonged supersatu-
ration in slowly equilibrating tissues, perhaps those with high
lipid content or substantial diffusion limitation, following ni-
trox dives than heliox dives. Figure 21 illustrates how faster
helium washout than nitrogen uptake, such as might occur
with air breathing following heliox dives, lowers total tissue
partial pressures.
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Figure 21 Isobaric exchange of helium and nitrogen in a compartment with fivefold difference in
time constants (τHe = 7.2, τN2 = 36). Panel A is a simulation of a compartment at equilibrium with
90% N2-10% O2 inspired gas at 10 atm abs ambient pressure and a switch to 90% He-10% O2
inspired gas at time zero. Dashed and thin lines indicate partial pressures of helium and nitrogen. The
thick line indicates the sum of both inert gases and metabolic gases. The compartment is transiently
supersaturated, while the sum of gases is above ambient pressure (dotted line). Panel B shows the
reverse gas switch.
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It is on the premise illustrated in Figure 21 that helium-
rich to nitrogen-rich breathing gas switches can result in
undersaturation and that such breathing gas switches are
claimed to accelerate decompression from bounce dives.
However, the often-cited work supporting accelerated de-
compression by switching from heliox to nitrox (151) in
fact shows nothing of the sort. That work presents several
manned-dives in which breathing gas mixture was changed
during decompression, but changes in inert gas compo-
sition were accompanied by increases in oxygen fraction
(decreases in inert gas fraction)—the latter alone can ac-
celerate decompression. These decompression times were
compared to air decompression times that were not actu-
ally (and never have been) tested. On the other hand, a
larger, although still low-powered man-trial of two sched-
ules, found a nonsignificant increase in DCS following a
heliox to nitox breathing gas switch during decompression
compared to a schedule identical except for heliox breathing
throughout (249).

Isobaric counterdiffusion

Figure 21 illustrates how faster tissue uptake of helium than
washout of nitrogen with an isobaric breathing gas switch
at depth could result in transient supersaturation without de-
compression. Counterdiffusion of inert gases is thought to
underlie the development of signs and symptoms of DCS
and the detection of intravascular bubbles reported during se-
quential breathing of gas mixtures of different helium and
nitrogen composition without change in ambient pressure
(52, 62, 167). Vertigo, nausea, and other symptoms consis-
tent with injury to the vestibulocochlear apparatus (“inner
ear”) can occur with an isobaric switch from heliox to a
nitrogen-rich breathing mixture at pressures in excess of 28
atm abs (167). A physiological model of the inner ear indicates
that transient supersaturation can develop in the vascularized
membranous labyrinth principally due to diffusion of helium
from the endolymph and perilymph exceeding the counter-
diffusion of nitrogen in the opposite direction (62). Previ-
ously, it had been conjectured that counterdiffusion across the
round window could account for inner ear DCS but modeling
indicates trivial gas exchange by this route (62). Inner ear
symptoms are an infrequent but characteristic outcome fol-
lowing helium to nitrogen breathing gas switches during
decompression at depths greater than about 4 atm abs
(19, 25, 62, 83). The magnitude of the counterdiffusion ef-
fect is proportional to the increase in inspired Pn2 and is
probably only modest at depths of 4 atm abs or shallower, and
inner ear DCS at these depths is likely to be partly or wholly
due to inadequate decompression per se rather than solely the
breathing gas switch (62).

During transient breathing of nitrogen-rich gas in the
course of dry, heliox saturation chamber dives, urticaria
and pruritus has occurred where the skin is exposed to
helium (167). Urticaria and eventually lethal vascular bubble
formation occurs at 1 atm abs in pigs breathing nitrous oxide

with the skin exposed to a helium atmosphere (167). This
is clearly due to diffusion across the skin since the pigs
never breathed heliox. Local supersaturation probably arises
because helium has higher skin permeability than other gases,
a difference that has been found between helium and nitrogen
(176), allowing faster diffusion of ambient helium across the
skin than of the less permeable gas in the opposite direction
from the superficial blood vessels. Bubble formation without
decompression has been demonstrated in physical systems
at the interface of bilayers, with differing permeabilities for
helium and nitrogen where the bilayer separates reservoirs of
these two gases (106).

Pruritus occurs in humans following isobaric switch of
the chamber atmosphere (which is also the breathing gas) to
heliox following nitrox saturation dives at 3 or 4 atm abs and
does not occur if the skin is protected from contact with he-
lium (111). Prolonged venous gas bubbling occurs following
an isobaric switch to a heliox atmosphere following nitrox
saturation dives at 5 or 7 atm abs in goats (52); urticaria
was not reported but may not have been evident because of
the animals’ fur. Hydrogen, which has tissue diffusivities and
solubilities different from those of helium and nitrogen (170),
has been investigated as a partial substitute for helium in deep
saturation diving. Following saturation at 46 atm abs with
hydrogen-helium-oxygen, an isobaric switch to a heliox at-
mosphere resulted in venous gas bubbles in one diver (94).
The latency of onset of signs and symptoms following nitrox
to heliox switches appears to be inversely proportional to the
magnitude of the change in inspired Pn2 but is of the order
of hours (52, 111). If these are manifestations of a cutaneous
countediffusion phenomenon, the source of nitrogen must be
a body tissue with long perfusion time constant and is prob-
ably the subcutaneous fat. Following these gas switches, one
human developed knee pain and one goat developed apparent
limb pain; if these were manifestations of DCS, they would
likely arise from a different mechanism than the cutaneous
manifestations. Modeling of a long Krogh cylinder capillary
unit with perfusion-limited axial gas partial pressure gradi-
ents suggested that an isobaric switch from nitrox to heliox
breathing gas can result in supersaturation (254, 302). How-
ever, although the site of bubble formation that results in joint
pain is unknown, it is tempting to speculate that these cases
were due to counterdiffusion of helium and nitrogen in artic-
ular cartilage.

Photomicroscopy shows growth and dissolution of bub-
bles due to counterdiffusion of gases between bubble and
tissue in rats. These data are interesting but difficult to in-
terpret because partial pressures of the gases in the tissues
were not measured. A switch to heliox breathing at sea level
following air dives caused more rapid dissolution of air bub-
bles in adipose tissue and spinal white matter than continued
air breathing (143, 145) and a switch to air breathing follow-
ing heliox dives caused more rapid and prolonged growth of
helium bubbles in adipose than continued heliox breathing
(142), indicating a greater flux of nitrogen than helium across
the bubble surface. For the same partial pressure gradient,
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flux of gas j across the bubble surface is proportional to αtisDj

[Eq. (20)], which may be higher for nitrogen than for helium
in tissues with high lipid content (see Table 3). However, tis-
sues with high lipid content would be expected to have faster
time constant for helium than nitrogen and therefore a faster
change in helium than in nitrogen partial pressures after a
breathing gas switch (see Fig. 21). Also, qualitatively simi-
lar findings on air bubble shrinking were found in aqueous
tissues (144), where the relationships of αtisDj and time con-
stants for helium and nitrogen would be reversed compared
to lipid-rich tissues. These data can be explained by a greater
arterial-venous countercurrent exchange of helium than nitro-
gen so that helium uptake and washout is slower than nitrogen
in the tissue surrounding the bubble (136).

Summary
This article details gas exchange in hyperbaric environments,
in particular the underwater diving environment. Increased
ambient pressure results in increased density of respired gases
and increased partial pressures of inspired gases. Immersion
in water reduces pulmonary compliance and imposes static
lung loads. The use of breathing apparatus often increases
the work of breathing. Not surprisingly, there is a reduction
in maximum voluntary ventilation as depth and the density
of respired gas increases. There is also a propensity to hy-
poventilation and hypercapnia. The underlying mechanism
is uncertain, but it may arise from a tendency of the res-
piratory controller to tolerate hypercapnia rather than drive
the greater work required to maintain normocapnia in typical
underwater conditions. There are multiple hypothetical dis-
turbances of the oxygen cascade under hyperbaric conditions,
but the predominant effect is an elevation of plasma and tissue
Po2 because of the high inspired partial pressures of oxygen
encountered in most hyperbaric situations. This can be ex-
ploited for clinical purposes but sufficient elevation of tissue
Po2 can also be toxic, particularly to the lungs and brain. At
depth, tissues equilibrate with high inspired partial pressures
of nitrogen and helium. Subsequent ascent may reduce am-
bient pressure below the sum of tissue gas partial pressures,
which can result in tissue injury from intracorporeal bubble
formation. Despite these challenges, humans have been ex-
posed to hyperbaric pressures of 71 atm abs and routinely
work underwater at pressures up to 30 atm abs.
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