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ABSTRACT

Carbon dioxide (CO2) retention, or hypercapnia, is a
known risk of diving that can cause mental and physical
impairments leading to life-threatening accidents.
Often, such accidents occur due to elevated inspired
carbon dioxide. For instance, in cases of CO2 elimination
system failures during rebreather dives, elevated inspired partial pressure of carbon dioxide (PCO2)
can rapidly lead to dangerous levels of hypercapnia.
Elevations in PaCO2 (arterial pressure of CO2) can
also occur in divers without a change in inspired PCO2.
In such cases, hypercapnia occurs due to alveolar
hypoventilation. Several factors of the dive environment
contribute to this effect through changes in minute
ventilation and dead space. Predominantly, minute

ventilation is reduced in diving due to changes in
respiratory load and associated changes in respiratory
control. Minute ventilation is further reduced by
hyperoxic attenuation of chemosensitivity. Physiologic
dead space is also increased due to elevated breathing
gas density and to hyperoxia. The Haldane effect, a
reduction in CO2 solubility in blood due to hyperoxia,
may contribute indirectly to hypercapnia through an
increase in mixed venous PCO2. In some individuals,
low ventilatory response to hypercapnia may also
contribute to carbon dioxide retention. This review
outlines what is currently known about hypercapnia
in diving, including its measurement, cause, mental
and physical effects, and areas for future study.

_____________________________________________________________________________________________________________________________________________________________________

Introduction
Hypercapnia in diving was first described in the 1920s
during an investigation of the dangers of deep diving.
A committee appointed by the British Admiralty found
that divers often became unconscious or “greatly
exhausted” with exertion at depth. Samples taken from
the helmets of these divers showed carbon dioxide (CO2)
levels equivalent to 9% CO2 at the surface (significantly
higher than even a normal end-tidal CO2 of 5-6%)[1].
Later work during the Second World War explored

hypercapnia as the cause of “shallow water blackouts.”
At that time, Royal Navy divers using oxygen rebreathers
were found to become significantly impaired or to occasionally lose consciousness in water too shallow to
incite oxygen toxicity. These “blackouts” were attributed
to the narcotic effects of CO2 [2]. Subsequent work has
confirmed the importance of carbon dioxide in compressed-air narcosis [3, 4]. With prolonged or high levels
of exposure to carbon dioxide, studies have demonstrated both physical [5-8] and cognitive impairments
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[9-16]. Elevated carbon dioxide also increases the risk
for oxygen toxicity [17, 18], likely due to vasodilation of
the cerebral vasculature [19], which can lead to oxygeninduced convulsions during dives considered to be within the safe limit for oxygen exposure [20].
Carbon dioxide retention in diving is usually the
result of alveolar hypoventilation. Both an increase in
dead space and a reduction in overall ventilation contribute to this effect. In some cases, a high inspired
partial pressure of carbon dioxide (PiCO2) contributes
dramatically to elevations in arterial partial pressure of
CO2 (PaCO2). This can occur during rebreather dives
due to exhaustion or malfunction of the CO2 absorbent.
It is relevant to note that, at rest, partial rebreather
failure leading to elevated inspired PCO2 can be
compensated for by a small increase in ventilation [21].
During exercise, however, elevations in inspired PCO2
are less tolerated and can lead to carbon dioxide retention [22]. The resulting hypercapnia is often tolerated
to an extent [23-25], but can lead to incapacitation or
to unconsciousness [3, 4, 7, 9, 11, 12, 15]. In divers, such
incapacitation is especially problematic and can be
deadly [14].
At this time, hypercapnia remains an unpredictable
and sometimes lethal risk of diving. Yet, we are aware
of only one recent comprehensive review of hypercapnia in diving [26]. This review outlines what is
currently known about hypercapnia in diving — its
measurement, cause and effects — and further explores
two relevant topics: the relationship between end-tidal
and arterial PCO2 under submersed exercise conditions
and the role of hyperoxia in the development of divingrelated hypercapnia, including a secondary analysis
of four previously published studies.
Methods
Data source
Data were obtained from four previously published
studies: Cherry, et al. 2009 [27], Wester, et al. 2009 [28],
Peacher, et al. 2010 [29] and Fraser, et al. 2011 [30].
Data points from Cherry, et al. with added external
breathing resistance or static lung load were excluded
from all analyses to reduce confounding factors.
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Subjects
Each study received institutional approval and informed
consent. Data from a total of 49 subjects were included
in the present analysis, as there was some subject overlap between the four studies. Subject exclusion criteria
included: VO2max < 30 mL·kg−1 · min−1, ratio of FEV1 to
forced vital capacity < 0.75, or estimated body fat >3%
higher than the age- and sex-based upper limits (male <
35 years = 25%, ≥35 years = 28%; female < 35 years = 38%,
≥ 35 years = 41%), contraindications to diving (ear or
sinus infection and inability to autoinflate the middle
ear), and pregnancy.
Experimental procedures
Experiments were conducted in a small water-filled pool
inside a hyperbaric chamber. Submersed exercise took
place in the prone position, using an electronically braked
ergometer as previously described [27]. In two studies
subjects were studied at rest and during submersed
exercise at both the surface (1.0 atmosphere absolute
(ATA)) and at a simulated depth of 37 meters of sea
water (4.7 ATA) [27, 29]. One study examined subjects
during submersed exercise only at 1.0 ATA [28], and
one study examined subjects during submersed exercise
only at 4.7 ATA [30]. Studies during submersed exercise
at 4.7 ATA were conducted over a range of inspired
oxygen partial pressures (PiO2 = 0.21, 0.7, 1.0, 1.3 and
1.75 atmospheres/atm) with some variations in water
temperature and work rate between the four experiments.
Nitrogen was used as the diluent in all experiments. Expired gas and arterial and venous blood samples were
collected at rest and six minutes into exercise, as well
as at 16 minutes into exercise for two studies [29, 30].
Statistical analyses
The agreement between end-tidal and arterial PCO2
was analyzed using Bland-Altman plots (matched pairs
analysis, JMP Pro 12, SAS Inc). The association of PiO2
with arterial to end-tidal PCO2 difference was analyzed
using a repeated-measures mixed model (mixed model,
Statistical Analysis, Software, SAS Inc) that included
PiO2 as a fixed effect with a random effect for subject.
The association of PiO2 with minute ventilation (VE) and
PaCO2 was analyzed using a repeated-measures mixed
model (mixed model, Statistical Analysis Software,
SAS Inc) that included PiO2 and external work rate as
fixed effects with a random effect for subject. Post hoc
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Tukey tests were used for pairwise comparisons of all
PiO2 conditions at 4.7 ATA of depth. The association
of depth with VE and PaCO2 was analyzed using a
mixed model including depth and external work rate
as fixed effects with a random effect for subject (mixed
model, Statistical Analysis Software, SAS Inc). Data are
displayed as means ± 95% confidence intervals.
The association of PiO2 with mixed venous PCO2 was
analyzed using a mixed model (JMP Pro 12, SAS Inc.)
with PiO2, carbon dioxide production (VCO2) and
PaCO2 as fixed effects and with subject as a random
effect. This analysis included data from only two
studies [28, 29] and only from subjects with paired data
(i.e., measurements collected at both PiO2 = 0.21
and 1.75 atm). Paired t-tests were used to compare
VCO2, PaCO2, oxygen consumption (VO2) and cardiac
output between the two inspired oxygen conditions
(matched pairs analysis, JMP Pro 12, SAS Inc). Data
are displayed as means ± SEM.
Measuring hypercapnia in diving
While hypercapnia is defined by an increase in arterial
PCO2, it is rarely feasible to measure PaCO2 directly.
Consequently, both inspired PCO2 and end-tidal PCO2
are sometimes used as surrogate measures of hypercapnia. As arterial PCO2 is directly related to CO2
delivery to the lungs and indirectly related to alveolar
ventilation, an increase in inspired PCO2 (and therefore
CO2 delivery to the lungs) can often be compensated
for by an increase in ventilation. Consequently, inspired
PCO2 is an imprecise tool for representing hypercapnia; it is a particularly poor reflection of end-tidal or
arterial PCO2 at rest [21], but has been associated with
increased end-tidal PCO2 under exercising conditions
[22]. End-tidal PCO2 (PETCO2) is considered to be a
better surrogate and is often reported in the literature
in place of PaCO2. During rest at 1 ATA, with normal
lungs the difference between end-tidal and arterial PCO2
is small (normally, PaCO2 is 2-5 mmHg higher than
PETCO2). In cases of elevated dead space or VA/Q mismatch (which may be the case under hyperoxic diving
conditions (PiO2 = 1.75 atm)), PETCO2 tends to underestimate PaCO2. The opposite is true during exercise,
where end-tidal PCO2 has been shown to overestimate
arterial PCO2 by up to around 14 mmHg at high work
rates [31]. Discrepancies between arterial and end-tidal
PCO2 during exercise may be due to a lack of temperature
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correction. Arterial blood gas measurements are made
at 37°C irrespective of a subject’s body temperature at
the time of collection. As body temperature is increased
during exercise, the reported values of PaCO2 will be
lower than the actual PaCO2 in the subject, falsely
increasing the end-tidal to arterial difference. One
study found that correction of PaCO2 for body temperature accounted for 44% of the end-tidal arterial
difference during exercise [32]. Given the importance
of this correction, Henriquez, et al. suggest the following formula for estimating temperature-corrected
arterial PCO2 from PETCO2 during exercise:
(1)
PaCO2tc = 8.607 + 0.716 x PETCO2 [33].
The relationship between PaCO2 and PETCO2 under
dive conditions was examined in a study by Mummery,
et al., which found that in a dry hyperbaric chamber
at 2.8 ATA, the end-tidal arterial PCO2 difference was
smaller at depth versus the surface under both resting
and exercising conditions. At 2.8 ATA, PETCO2 underestimated PaCO2 by about 2.21 mmHg during rest and
overestimated PaCO2 by 2.46 mmHg during exercise.
There was also large intersubject variability in end-tidal
arterial difference under all conditions [34].
To further elucidate the relationship and agreement
between PaCO2 and PETCO2 under diving conditions
specifically, Figures 1-3 combine data from four previously published studies in our lab involving submersed exercise at the surface and at depth (4.7 ATA)
[27-30]. In this set of studies, mean arterial to endtidal difference is not significantly different from zero
under any of the following conditions:
(1) submersed rest at 1 ATA
(mean difference= 0.255mmHg, p=0.636);
(2) submersed exercise at 1 ATA
(mean difference=-0.733mmHg, p=0.171); or
(3) submersed exercise at 4.7 ATA
(mean difference= 0.693 mmHg, p=0.0780).
PaCO2 and PETCO2 both tend to be higher during
exercise at 4.7 ATA than either the resting or exercise
condition at 1 ATA (Figure 1). Although the average
difference between end-tidal and arterial PCO2 is small,
individual pairs reveal considerable scatter (Figure 2).
Interestingly, the precision appears to improve from rest
to exercise at the surface and then again from exercise
at the surface to exercise at depth. Under all conditions,
more than 80% of the values for the end-tidal to arterial
difference fall within ±10 mmHg, as demonstrated by
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End-tidal CO2 vs. arterial CO2 during
rest and submersed exercise. The line
of identity is shown. From [27-30] excluding data with added
resistance or static lung load. Unusually low PCO2 values are
at rest during cold-water immersion, when subjects are
hyperventilating [28].

Figure 2

►

Bland-Altman plots for arterial to end-tidal difference
during rest and submersed exercise at depth. Solid line
shows the mean difference. Dashed lines show
90th percentiles in both directions. From [27-30]
excluding data with added resistance or static lung load.
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the red dashed lines showing the 90th percentiles in
both directions.
To assess a possible impact of hyperoxia on the relationship between arterial and end-tidal PCO2, Figure 3
shows the arterial to end-tidal PCO2 difference for each
hyperoxic condition compared to normoxia during
submersed exercise at 4.7 ATA. Arterial to end-tidal
difference was significantly different from zero at a PiO2
of 1.75 atm (mean difference = 3.457 mmHg, P< 0.0001)
but not significant under any other hyperoxic condition. Overall, end-tidal PCO2 is an imprecise
but relatively unbiased surrogate for arterial PCO2
and appears to be a better surrogate under most
diving conditions (submersed exercise at depth) than
under normal resting conditions at the surface. Under
very hyperoxic, hyperbaric conditions (PiO2 = 1.75 atm),
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end-tidal PCO2 is more likely to underestimate
PaCO2 and may be a less appropriate surrogate.
Respiratory physiology and hypercapnia in diving
Under dry, resting conditions at 1 ATA, alveolar ventilation is regulated to maintain an arterial PCO2 of
approximately 40 mmHg [35]. During strenuous exercise
at the surface, ventilation increases and PaCO2 drops
in association with the increased acid production
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	Figure 3

change in PaCO2 – PETCO2 compared to normoxia (mmHg)
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►

Demonstrates the effect of hyperoxia on arterial
to end-tidal PCO2 difference as compared to normoxia
during submersed exercise at 4.7 ATA. Red lines
indicate 95% confidence intervals. From [27, 29, 30]
excluding data with added resistance or static lung load.

Lactic acid concentration, hydrogen ion concentration
and PaCO2 with increasing work rate at 1 ATA
(upper plate) and 66 ATA (lower plate) (PiO2 = 0.5 atm).
PaCO2 decreases with increasing work at 1 ATA
and increases with work at 66 ATA.
Reproduced with permission from Salzano 1984 [36].
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within working muscles, attenuating the acidemia of
exercise (i.e., respiratory compensation for exerciseinduced metabolic acidosis). During exercise at pressure,
however, minute ventilation and alveolar ventilation
(VA) are reduced for any workload compared to the
surface. This leads to hypercapnia (rather than the
hypocapnia seen with exercise at the surface), which
exacerbates exercise-induced acidemia, as shown in
Figure 4 [36].
The weight of evidence does not support increased
ambient pressure as the cause of hypoventilation and
hypercapnia seen with exercise at depth. While pressure itself may have some direct effects at very high
pressures (e.g. 30 ATA) [37), breathing gas density
(which increases in proportion to increases in pressure) is the most important factor in the development
of hypoventilation and hypercapnia at the pressures experienced by most recreational or commercial divers
(typically up to ~6 ATA) [38]. Immersion, external
breathing resistance from a regulator and hyperoxic
breathing gas are also contributing factors.
Except for high inspired PCO2 in rebreather diving,
hypercapnia occurs due to alveolar hypoventilation
as a result of two main mechanisms: reduced total pulmonary ventilation — due to increased respiratory
load and reduced chemosensitivity — and increased
physiologic dead space. The following section elucidates
these mechanisms and explores the possible impact
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of density-related gas exchange impairment and
pressure-induced carbonic anhydrase inhibition on
diving-related hypercapnia.
Respiratory load in the dive environment
Ventilation is a balance between chemosensitivity
and ventilatory work [39, 40]. Respiratory load — including elastic, resistive and inertial load — is increased in diving [41] and can lead to an increased
work of breathing (WOB). Immersion, elevated gas
density and external breathing resistance from a
regulator all contribute to changes in respiratory
load and exacerbate the increased WOB in diving.
Immersion or submersion contributes to an increased
WOB mainly through changes in lung elastic load.
During immersion at any depth and in any posture,
there is a passive redistribution of blood to the thorax
and pulmonary vasculature. Pulmonary vascular engorgement occurs [42] resulting in an increase in lung
elastic resistance [43] and necessitating higher negative
inspiratory pressures [44].
Immersion in the head-up position exacerbates
changes in lung elastance. In head-out immersion or
upright water submersion, there is a pressure differential between the mouth and the centroid of the lung
equal to roughly -21 cmH2O [45]. This negative static
lung load (SLL) increases elastic load and has been
shown to reduce total lung capacity, vital capacity
and residual volume [46, 47]. Such reductions in lung
volume also result in decreased force produced by
a given respiratory effort due to the length-tension
relationship of skeletal muscle [48, 49]. Work of
breathing is therefore increased at low lung volumes.
Despite the effect of negative static lung load on efficiency and work of breathing, SLL does not appear to
affect hypercapnia directly. One study found that an
SLL of up to -20 cmH2O increased subject-reported
dyspnea without exerting a significant change in
PETCO2 [50]. Another study using arterial PCO2
found that there was no effect of either positive or
negative SLL (+10 cmH2O and -10 cmH2O) on PaCO2
during submersed prone exercise [27].
Along with lung elastic load, resistive load increases
in diving, mainly due to increased breathing gas density.
In large airways with turbulent flow, flow resistance is
directly dependent on gas density during both inspiration and expiration. The effects of elevated gas density
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on flow resistance are manifested by reductions in
expiratory flow [34, 51, 52], maximum voluntary ventilation (MVV) [51, 53] (which is also reduced by immersion [54]) and total ventilation with exercise at
depth [38]. Changes in peak expiratory flow or in
MVV in relation to changes in gas density can be
represented by the following equation:
(2)
A = A0(ρ/ρ0)-k
where A is either MVV or peak expiratory flow at gas
density ρ (related to the ambient pressure of the diver),
A0 is MVV or peak expiratory flow at 1 ATA, ρ0 is gas
density at 1 ATA and k is a constant (valued at 0.4-0.5)
[55]. The mechanisms by which diving reduces MVV
have been previously explored in detail [26, 41]. Briefly,
MVV is reduced in diving due to reductions in both
inspiratory and expiratory flow. During expiration of
dense gas, a small increase in flow requires a greater
increase in pleural pressure [56], partially due to dynamic airway compression at lower flow rates [26].
Inspiratory flow is not affected by dynamic airway
compression, but is similarly reduced at high gas
densities, contributing to an overall reduction in
MVV [51]. As PaCO2 increases when exercise ventilation approaches MVV, reductions in MVV at depth
may contribute to hypercapnia during immersed
exercise in diving.
Flow resistance is further increased in diving by external breathing resistance from a regulator. A small
amount of external breathing resistance is unavoidable
with currently available breathing gear. This added
external resistance does not significantly affect maximum exercise capacity during non-immersed exercise
at the surface [57], but at depth increased external resistance has been shown to reduce ventilation [57],
increase subject dyspnea scores [58] and increase
PaCO2 with submersed exercise [27, 45].
Inertial resistance refers to the amount of pressure
required to accelerate the respiratory tissues (i.e., lung
and thoracic tissues) and the gas stream. Inertial resistance is also increased in diving in proportion to the
increase in gas density [59]. However, changes in inertial
resistance contribute only minimally to the changes in
WOB at depth. The relative impact of elevated inertial
resistance on WOB is dependent on breathing frequency; when respiratory rate is less than the resonant
frequency of the respiratory system (which is about 6 Hz
at the surface and 2 Hz at depth), inertial resistance plays
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only a small role in respiratory load. This is the case at
depth due to the reduced respiratory rate [41]. Further,
when respiratory rate is equal to the resonant frequency,
inertial resistance and elastic resistance can actually
balance each other to reduce WOB. One study found
that divers using a tunable closed-circuit breathing
apparatus would adjust their respiratory rates to match
the resonant frequency of the system in order to reduce
respiratory load [60]. While inertial resistance may
account for some increase in respiratory load with a
normal breathing apparatus, lung elastic resistance and
flow resistance account for the majority of the increased
respiratory load and increased WOB experienced
during diving.
Despite this increased work of breathing, divers are
prone to total pulmonary hypoventilation with exercise
at depth, leading to progressive accumulation of CO2.
As discussed by Doolette and Mitchell [26], this hypoventilation is not entirely explained by an insurmountable increase in WOB at depth. Hypoventilation and
hypercapnia have been shown to occur even during
submaximal exercise under hyperbaric conditions [27,
61-63]. Thus, it is unlikely that the increased respiratory
load at depth simply surpasses a diver’s physical ability
to compensate with increased ventilation. Instead,
the authors suggest that there is a change in ventilatory
control (which continually balances between chemosensitivity and respiratory work) that leads an attenuated
response to CO2. In other words, some control over
CO2 elimination (the key chemosensitive driver in respiration) is sacrificed in order to reduce ventilatory
work (in the presence of increased respiratory load)
during exercise at depth [64-66]. Additionally, hypercapnic ventilatory response (HCVR) tends to be reduced
in divers [67, 68]. This furthers supports a diving-related
attenuation of CO2 chemosensitivity and suggests that
the changes in ventilatory control that occur under
hyperbaric conditions may not be transient.
Hyperoxia and chemosensitivity
The partial pressures of both oxygen and nitrogen are
increased during compressed air breathing at depth
compared to the surface. For some divers, inspired
oxygen partial pressure (PiO2) is further increased by
the use of oxygen-enriched air mixtures. These changes
in gas partial pressure, oxygen in particular, are
thought to lead to reductions in respiratory rate due to
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attenuation of the response of peripheral chemosensors
to hypercapnia, and may further exacerbate alveolar
hypoventilation and thus carbon dioxide retention.
While hyperoxia is commonly thought to exacerbate
carbon dioxide retention, some controversy remains.
A recent study by Gill, et al. did not find a significant
change in PETCO2 during exercise at 1.45 ATA with a
PiO2 of 1.3 atm [11]. Although the authors pointed out
that hyperoxia might have changed the relationship
between end-tidal PCO2 and arterial PCO2 (through a
change in VA/Q distribution), our data do not support
such a change in the arterial to end-tidal difference at
a PiO2 of 1.3 atm (Figure 3). However, our studies were
conducted during submersion, while the Gill, et al.
study was conducted in a dry chamber. Cherry, et al.
also found no significant association between PaCO2
during submersed exercise at 4.7 ATA and a range of
inspired oxygen pressures (PiO2 = 0.7, 1.0, 1.3 atm) [27].
Conversely, two studies by Fraser, et al. and Peacher,
et al. found a significant increase in PaCO2 during
submersed exercise at 4.7 ATA with a PiO2 of 1.75 atm
compared to normoxia [29, 30]. A third study by
Lambertsen, et al. found significant changes in PaCO2
during exercise in the dry at a PiO2 of 2 atm, although
this study did not control for the effect of increased gas
density (which would arguably be a small contributor at
only 2.0 ATA of pressure) [69]. Figure 5 combines data
from Cherry, et al., Fraser, et al., Peacher, et al., and a
fourth previously published study performed in our lab
by Wester, et al. [27-30]. It demonstrates a significant
change in VE and PaCO2 at depth with a PiO2 of 1.75 atm
when compared to a PiO2 of 0.21 atm (P<0.05). The remaining oxygen conditions (PiO2 = 0.7, 1.0 or 1.3 atm)
did not significantly affect VE or PaCO2. Based on these
findings, it is plausible that hyperoxia affects hypercapnia in diving but only at extreme levels of inspired
PO2 (e.g., ≥1.75 atm), which are not permitted in usual
diving practice.
The mechanism by which hyperoxia induces hypercapnia remains incompletely understood. One suggested
mechanism is hyperoxic attenuation of respiratory
chemosensitivity. Interestingly, this mechanism is not
supported within a clinical context. Some patients with
chronic obstructive pulmonary disease (COPD) experience hypercapnia when supplemental oxygen is administered. Originally this phenomenon was attributed to
chemosensitive reductions in the hypoxic drive, lead-
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Figure 5
VE and PaCO2 during submersed exercise at 4.7 ATA vs. PiO2. + P<0.05 vs. normobaric normoxia;
* in the figure P<0.05 vs. hyperbaric normoxia. Table: means (±SEM) for arterial and mixed venous
PO2 and saturation. From [27-30] excluding data with added resistance or static lung load.
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ing to hypoventilation [70]. Later research, however,
has refuted hypoventilation as the cause of hyperoxiainduced hypercapnia in COPD patients [71-75]. One
study by Aubier, et al. demonstrated elevations in
PaCO2 in COPD patients after 15 minutes of oxygen
administration despite only small reductions in minute
ventilation (VE= 93 ± 6% VE (mean ± SEM) on room air).
Given the maintenance of relatively normal ventilation,
the authors attributed elevations in PaCO2 to inhomogeneous VA/Q distribution [73]. A subsequent study,
by Sassoon, et al., found that changes in PaCO2 with
oxygen administration were associated with both decreased VE and increased VD/V T. Reductions in VE,
however, corresponded completely with changes in
carbon dioxide production (VCO2) and the increases
in PaCO2 were therefore explained by changes in VD/V T
[75]. Most recently, a study by Rialp, et al. demonstrated
no significant effect of hyperoxia on respiratory drive
or on VE in patients with COPD [71]. At this time,
hyperoxia-induced hypercapnia in patients with COPD
is thought to occur due to changes in VA/Q distribution,
elevations in dead space and a direct decrease in blood
CO2 solubility through the Haldane effect. These effects
are also applicable to diving and will be explored in a
later section.
Unlike COPD patients, hyperoxia does appear to
affect ventilatory rate in divers. Hyperoxia has been
shown to reduce minute ventilation during exercise at
the surface and at depth (Figure 5) [29] and to reduce
hypercapnic ventilatory response (HCVR) [76-78].
Hyperoxia-induced hypoventilation was previously attributed, at least in part, to the attenuation of exerciseinduced metabolic acidosis: i.e., higher tissue PO2
reduces muscle acid production leading to a higher
arterial pH and reduced respiratory compensation
(ventilation) [29, 69]. A study by Peacher, et al., however, found that compared to normoxia (PiO2 = 0.21
atm) there was no change in arterial pH with exercise
under hyperoxic conditions (PiO2 = 1.75 atm). Reductions in metabolic acidosis were balanced by increases in
respiratory acidosis, resulting in a constant arterial pH
[29]. Thus the respiratory suppression in hyperoxia cannot be explained completely by reductions in metabolic
acidosis. Instead, hyperoxia is also thought to directly
inhibit ventilation through its interactions with chemoreceptors and the hypercapnic ventilatory response.
While there is a ventilatory response to hypoxia,
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ventilation is primarily determined by PCO2 within
arterial blood and the brain. Therefore, hyperoxia affects ventilation mainly through its interactions with
CO2 chemoreceptors. These chemoreceptors are divided into peripheral chemoreceptors, primarily
in the carotid body, and central chemoreceptors in the
medulla oblongata [79]. The responses of these two
types of receptors are not entirely independent. Studies
of neural circuitry suggest that afferent input from the
carotid body modulates central receptor chemosensitivity to carbon dioxide [80, 81]. Regardless of this subtle
modulation, the chemosensory response to carbon dioxide under conditions of normoxia or hypoxia essentially
occurs in two phases corresponding to separate and
sequential responses of the two different receptor types.
The rapid reflex ventilatory response is mediated mainly by peripheral chemoreceptors, while the slow reflex
response is mediated by central chemoreceptors [77]. In
hyperoxia, the rapid response to carbon dioxide (peripheral chemoreceptor response) is attenuated [82] or
even eliminated [77, 83], while the slow reflex response
is preserved. This results in a longer latency of response
to hypercapnia under hyperoxic conditions [84] and
could contribute to hypoventilation, though at higher
pressures of inspired oxygen than typically encountered
in diving.
In addition to oxygen, partial pressures of nitrogen
are increased during compressed-air breathing. Nitrogen
narcosis was once thought to contribute to carbon
dioxide retention at depth, but is not currently considered
a main factor in the phenomenon [85].
Effects of diving on dead space
The geometry of the human lung is uniquely suited
for air breathing at the surface. Cyclic gas flow into an
individual lung unit in response to a cyclic driving
pressure is a function of its time constant (a number
derived from the product of that unit’s resistance and
compliance). In spite of large variations in distance between conductive airways and gas exchange units, time
constants are approximately equal across different lung
units at 1 ATA. Thus ventilation remains reasonably
homogenous in healthy individuals [86]. As gas density
increases, however, changes in flow resistance lead to an
increase in time constant variability [87], and ventilation
becomes more heterogeneous [45]. Regional differences
in pleural pressure also increase at depth. At baseline,
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Figure 6
Dead space/tidal volume ratio vs. gas density
Demonstrates an increase in fractional dead space with
increasing gas density. ° is from a liquid-breathing experiment
in dogs. Reproduced with permission from Moon 2009 [45].

some variation in pleural pressure exists between the
upper and lower lobes of the lung [88]. Elevated gas
density exacerbates these differences in pleural pressure
and may further contribute to increased heterogeneity
of ventilation. Although ventilation becomes more
heterogeneous, oxygen exchange actually improves at
elevated gas density (as evidenced by a decrease in
alveolar-arterial O2 difference). This phenomenon may
be explained by increased cyclic perfusion of the
lungs at high gas density [89, 90]. Due to the large
pleural pressures swings experienced during dense
gas breathing, lung perfusion adopts a cyclical flow
that tracks with the breath cycle, which could lead to
better VA/Q matching at any point in time. While cyclic
lung perfusion may benefit oxygen exchange, it has
been shown to have only a small effect on CO2
exchange (likely due to the high solubility of CO2
in blood) [90].
In fact, high gas density likely contributes to elevations
in PaCO2 through an increase in dead space. During
exercise with high breathing gas density in the dry, there
is an increase in fractional dead space (VD/V T) (Figure 6),
likely due to increased variability of ventilation within
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the lung [27, 34, 36, 91]. It is possible that increased gas
density could also augment regional inhomogeneity due
to both gravitational effects and interlobar variability
[92]. Interestingly, submersion appears to attenuate the
effect of gas density on dead space [27, 29], except under
some hyperoxic conditions (e.g., PiO2 = 1.75 atm) [29].
Two studies (Cherry, et al. and Peacher, et al.) measured
VD/V T during submersed exercise with air at depth and
found no change in VD/V T [27, 29]. However, Peacher, et
al. also explored the effects of hyperoxia on dead space
and found that VD/V T did increase significantly during
submersed exercise at 4.7 ATA with a PiO2 equal to 1.75
atm (Figure 7) [29]. As hyperoxia has been shown to
cause general pulmonary vasodilation [93], the authors
suggested that the increase in fractional dead space
seen with hyperoxia could be due to pulmonary vasodilation leading to an increase in ventilation perfusion
(VA/Q) mismatch. Specifically, non-selective pulmonary
vasodilation would divert perfusion from well-ventilated
lung units to less well-ventilated units (which may be
vasoconstricted under normoxic conditions). Due to the
decreased perfusion of well-ventilated lung units and
increased perfusion of poorly ventilated units, VA/Q
mismatch and physiologic dead space would both increase. Studies in patients with COPD support increased
VA/Q mismatch and physiologic dead space as contributors to hyperoxia-induced hypercapnia [72-75].
The Haldane effect, which causes a slight reduction
in CO2 solubility with elevated oxygen levels, has been
suggested to exacerbate the effects of hyperoxia on dead
space [94] and is commonly considered to be a main
contributor to carbon dioxide retention in both COPD
patients on oxygen and healthy divers. While CO2 solubility is measurably reduced from hypoxia to normoxia,
the reduction in CO2 solubility from normoxia to
hyperoxia is insignificant [95]. The impact of the Haldane
effect on CO2 solubility within arterial blood is thus
more profound under hypoxic conditions (for example,
in patients with COPD or other underlying pulmonary
conditions) [74, 75] and would not contribute directly
to an increased PaCO2 in healthy divers. However,
studies within our lab show that the Haldane effect may
increase mixed venous PCO2 in healthy individuals.
During submersed exercise at 4.7 ATA, mixed venous
PCO2 is higher with a PiO2 of 1.75 atm compared to
normoxia even after controlling for differences in PaCO2
and CO2 production (VCO2) between the two oxygen
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Fractional dead space (VD/VT) during exercise trials.
VD/VT increased with hyperoxia. It was not affected by depth
alone or by ongoing exercise (6 minutes to 15 minutes).
Redrawn from Peacher 2010 [29] with permission.
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inspired PO2 (atm)
0.21
1.75

p-value

_________________________________________________________________________________________________________

mixed venous PCO2 (mmHg)
65.79±1.40
70.08±1.37*
0.0003
_________________________________________________________________________________________________________
VCO2 STPD (L/min) (dm3/min)
2.20±0.06
2.01±0.05*
<0.0001
_________________________________________________________________________________________________________
PaCO2 (mmHg)
44.33±0.76
48.06±0.66*
<0.0001
_________________________________________________________________________________________________________
VO2 STPD (L/min) (dm3/min)
2.31±0.08
2.21±0.07
0.3655
_________________________________________________________________________________________________________
Fick cardiac output (L/min) (dm3/min)
18.89±1.39
17.16±0.58
0.2179
_________________________________________________________________________________________________________

Table 1.
Effect of hyperoxia (PiO2 = 1.75 atm) on mixed venous PCO2
during submersed, prone exercise at 4.7 ATA
Values shown are group means ± standard error means. * significant difference
from normoxic exercise condition (PiO2 = 0.21 atm). Data from [29] and [28].

conditions (Table 1). The downstream effects of a Haldane-related increase in venous PCO2 remain unclear.
It is plausible that the increase in mixed venous PCO2
could contribute to an increase in dead space through
an increase in alveolar PCO2 (PACO2). Fractional dead
space can be calculated using the Bohr equation:
(3)
VD/V T = (PACO2 – PECO2) / PACO2
where PECO2 is the mixed expired PCO2. An increase
in venous PCO2 might increase PACO2 and therefore
increase fractional dead space. Overall, however, the
Haldane effect likely plays a smaller role in carbon
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dioxide retention for divers than was historically
thought; it does increase mixed venous PCO2 but does
not directly increase arterial PCO2.
Carbon dioxide and oxygen exchange
at high gas density
Diffusion limitation at high gas density has been suggested to cause impairment in gas exchange at depth.
A phenomenon thought to contribute to diffusion limitation of carbon dioxide specifically is functional
screening of distal alveoli. As oxygen diffuses along an
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acinus, it is absorbed by the proximal alveoli and may
not reach more distal alveoli. This effectively “screens”
distal alveoli from gas exchange and reduces the total
area available for diffusion of gases. Functional screening of alveoli could contribute to the hypercapnia seen
in diving as screening affects carbon dioxide exchange
to a greater extent than oxygen exchange [96] and as
screening is exacerbated by elevated gas density [97].
A study by Kylstra, et al. found that there was diffusion
limitation of both oxygen and carbon dioxide during
ventilation of dogs with hyperoxygenated saline. However, the authors were still able to achieve adequate
arterial PO2 and PCO2 during ventilation with a liquid. This suggests that diffusion limitation occurs
but does not significantly impact gas exchange, even at
the highest densities [98], and therefore does not play
a significant role in hypercapnia in diving.
Effects of pressure on carbonic anhydrase
The impact of increased ambient pressure on carbon
dioxide retention can be primarily explained by elevated
gas density at depth. However, at extreme depths, pressure itself may contribute directly to increased PaCO2
through reduced functioning of carbonic anhydrase, the
enzyme that catalyzes the conversion between carbon
dioxide and carbonic acid. A study of red blood cells
in simulated saturation dives to 30.6 ATA revealed a
decrease in carbonic anhydrase within red cells at extreme pressure. This reduction was due, in part, to
binding of the enzyme to the red cell membrane [37].
Reduced carbonic anhydrase function could disrupt
the conversion of CO2 to carbonic acid and contribute
to carbon dioxide retention at depth. As this effect
was observed only at very high pressures, it does not
apply to the shallower depths experienced by most
recreational and commercial divers.
Physical and cognitive impact of hypercapnia
Compressed-air narcosis has long been known to
cause behavioral and physical changes that can be dangerously incapacitating for divers. While nitrogen is
considered the main cause of narcosis, elevations in carbon dioxide have been shown to contribute additively
(or even synergistically) to this effect [3, 4]. Even when
considered separately from nitrogen narcosis, carbon
dioxide is thought to lead to its own mental and physical impairments. In fact, at very high levels (over about
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10% inspired CO2), hypercapnia is known to uniformly
cause unconsciousness [99]. Conversely, at low levels,
hypercapnia is often tolerated [23-25]. At levels between
these two extremes, hypercapnia is thought to exert both
physical and mental effects, although there is some inconsistency with regard to its observed cognitive effects.
Physical symptoms of hypercapnia
Hypercapnia is often a physically uncomfortable as well
as a physically incapacitating experience. Reported
symptoms of breathing carbon dioxide include anxiety
[9], shortness of breath, sweating, heart palpitations,
chest pressure, tingling and dizziness [7]. Hypercapnia
can cause headache and increased intracranial pressure
due to cerebral vasodilation, as well as muscle twitching
of the extremities or face [6], or psychomotor slowing
[3]. A rapid return to breathing room air or oxygen
following exposure to carbon dioxide can cause
vomiting, headache and discomfort [8].
Hypercapnia has additional implications for the
heart. In vitro, CO2 causes a direct reduction in myocardial contractility [100]. In vivo, however, carbon
dioxide triggering of peripheral chemoreceptors causes
an increase in circulating catecholamines and counteracts this cardiac depression [101-103]. Elevated arterial
PCO2 also causes coronary vasodilation in animals and
humans [104-106]. Given the normally tight coupling
between coronary vasodilation and myocardial oxygen
demand, non-specific vasodilation increases myocardial O2 delivery, as demonstrated by a decrease in the
arteriovenous PO2 difference [104, 107-110]. For this
reason, elevated arterial PCO2 may provide some protective effects for the heart following ischemia [111, 112].
Despite these positive effects on the cardiopulmonary
system, carbon dioxide has dangerous neurological
effects for divers. Chronic exposure to even low levels of
carbon dioxide (PiCO2 = 0.7% and 1.2% for 26 days) may
cause transient visuomotor decrements [13] and, at
high levels, carbon dioxide uniformly leads to unconsciousness [99]. In fact, carbon dioxide is used as an
effective and rapid anesthetic for animals [5]. In diving,
unconsciousness from carbon dioxide retention can
prove fatal [14]. Additionally, elevated carbon dioxide
increases the risk for oxygen toxicity [17, 18]; Hypercapnia lowers the hyperbaric, hyperoxic seizure threshold and can lead to oxygen-induced convulsions during
dives considered to be within the safe limit for oxygen
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exposure [20]. This likely occurs due to increased cerebral blood flow and increased oxygen delivery to the
brain under hypercapnic conditions [19], as carbon dioxide is a potent, cerebral vasodilator [113]. Cerebral
blood flow increases by 50% during inhalation of 5%
CO2 and by 100% during inhalation of 7% CO2 [114].
Cognitive impairments
While the anesthetic properties of CO2 are undeniable
at very high levels, there remains some controversy
regarding the cognitive and psychomotor effects of
CO2 at intermediate levels. Some studies support reduced cognitive performance with moderately elevated
amounts of inspired or end-tidal CO2. Hesser, et al.
found that an increase of 10 mmHg in PETCO2 at depth
was associated with a significant decrease in performance on arithmetic and manual dexterity testing [3]. A
study by Sayers et al under normobaric conditions found
that a PETCO2 greater than approximately 51 mmHg
was associated with a significant increase in time to
complete reasoning tests [15]. Henning, et al. measured
simple and choice reaction time before, during and after
exposure to 6% inspired CO2 under normoxic conditions
and hyperoxic conditions. The authors found no significant change in reaction time during CO2 exposure, but
did find significant decrements in performance immediately after exposure (24). Most recently, Freiberger, et al.
examined the relationship between arterial PCO2 and a
number of cognitive performance tests—including tests
of memory, attention, planning and motor performance
— as measured by MATB-II flight simulator software.
Elevated PaCO2 was not associated with impairments
in memory or attention, but was significantly associated
with impaired motor and planning performance [10].
Hyperoxia has been suggested to attenuate the mental
effects of hypercapnia, although this hypothesis remains questionable. Henning, et al. found that hyperoxia
did not significantly change reaction time [24]. In the
study by Freiberger, et al., hyperoxia (PiO2 = 0.925 atm)
was found to attenuate the cognitive impairments
associated with hypercapnia at the surface. However,
at increased ambient pressure, high PO2 (1.22 atm)
actually worsened memory, attention and motor performance [10]. In another study by Gill, et al. [11],
hyperoxia was found to attenuate reductions in N-back
performance [115] associated with elevated PETCO2.
It remains unclear, however, if hyperoxia simply attenu-
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ated the hypercapnia itself in this study, as hyperoxia
improved cognitive performance through an elevation
in minute ventilation and a reduction in PETCO2 [11].
Two studies within the last decade demonstrated no
significant effect of carbon dioxide exposure on cognitive or psychomotor performance. In a study by
Vercruyssen, et al., subjects were exposed to three
carbon dioxide conditions (room air, 3% CO2 or
4% CO2) at sea level for 60 minutes during rest and
exercise. Performance on grammatical reasoning, addition, multiplication and postural sway testing was not
significantly affected by inspired carbon dioxide before,
during or after exercise [25]. In a subsequent study by
Haran and Lovelace, U.S. Navy Divers were exposed
to up to 2% surface equivalent value (SEV) CO2 with
an imposed external breathing resistance of up to 1.8
kPa (gauge, equivalent to 13.5 mmHg) during endurance exercise testing at a depth of 12 fsw (1.35 ATA).
While physical symptoms such as headache increased
with both higher resistance and higher inspired CO2,
there was no significant change in cognition (measured
before and after exercise by a subset of Automated
Neuropsychological Assessment Metrics) or in balance
[23].
A number of studies demonstrate cognitive effects of
carbon dioxide only above a threshold level. A study by
Hesser, et al. (1971) found that carbon dioxide contributed significantly to compressed-air narcosis only with
CO2 alveolar tensions above 40 mmHg [4]. Similarly,
Inouye, et al. found that subjects breathing up to 5%
CO2 did not experience a significant change in mental
performance, as measured by a modified Kraepelin’s
test. At 7% CO2, however, subjects showed significant
reductions in mental performance, as well as reductions in hearing and in fusion frequency of flicker
(a psychophysical phenomenon) [12].
Several theories may explain the discrepancies within
the literature regarding the cognitive effects of hypercapnia. Findings such as those of Inouye, et al. [12] and
Hesser, et al. [4] suggest that there may be a threshold
of hypercapnia below which carbon dioxide exerts
minimal effects on cognition and psychomotor abilities.
It is also possible that the cognitive effects of carbon
dioxide are subtle at intermediate levels and have not
been accurately assessed by all protocols; specifically,
hypercapnia is though to affect cognition by reducing
an individual’s ability to multitask, in which case single-
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task assessments (such as arithmetic) do not fully capture cognitive impairment. A final suggestion is that
discrepancies in reported effects of hypercapnia may
be the result of differences in PCO2 measurement [3].
In particular, inspired PCO2 levels may not accurately
reflect alveolar or, more importantly, arterial PCO2
such that studies examining inspired PCO2 may
underestimate the effects of true hypercapnia.
Prediction of hypercapnia in diving
Given the potentially lethal sequelae of hypercapnia
while diving, some attempts have been made to predict
carbon dioxide retention at depth. Ventilatory response
to elevated CO2 (hypercapnic ventilatory response, or
HCVR) varies among individuals and is often attenuated in scuba (self-contained underwater breathing
apparatus) divers [67, 116, 117]. Lanphier, et al. explored
HCVR as a predictor of carbon dioxide retention by
comparing surface HCVR to end-tidal PCO2 at depth.
The study found that there was an association between
a reduced HCVR at the surface and elevated PETCO2
with exercise at depth. However, the association varied
greatly between individuals and was found to be neither
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statistically significant nor a useful means of prediction across all subjects [116]. Later work by Cherry, et
al. using arterial PCO2 did find a statistically significant
association between HCVR at sea level and elevated
PaCO2 with exercise at depth. Again, the association
was not a good individual predictor due to high interindividual variability [27]. Peacher, et al. describe one
example of this variability; one subject with a remarkably low HCVR had below-average levels of PaCO2 [29].
While it is an inaccurate tool for predicting individual
risk, HCVR is correlated with carbon dioxide retention
in some divers. For these individuals, a low HCVR
at baseline may be a modifiable risk factor for hypercapnia, as HCVR can be altered by respiratory muscle
training (RMT). In a study by Pendergast, et al. [68],
subjects underwent baseline HCVR testing followed by
four weeks of RMT during which they breathed against
a spring-loaded valve for 30 minutes a day three to five
times a week. At the end of this training period, HCVR
following RMT was approximately equal for all subjects
regardless of their baseline sensitivity (Figure 8).
Subjects with normal pre-training carbon dioxide sensitivity experienced no change in sensitivity follow-
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ing RMT. Low sensitivity subjects, however, showed an
increase in sensitivity. For these subjects, RMT may be
useful in preventing diving-related carbon dioxide retention.
Conclusion
Hypercapnia remains a potential and unpredictable risk
for divers. It is often studied using end-tidal PCO2 as a
surrogate measure for arterial PCO2. Despite the widespread use of PETCO2 in the diving literature, very few
studies have examined the relationship between endtidal and arterial PCO2 in diving. The available data
suggest that end-tidal PCO2 is a reasonable representative of arterial PCO2 on average but with large variability within and between subjects. Arterial PCO2 remains
the gold standard for assessing hypercapnia in diving.
In terms of the mechanism of hypercapnia, CO2 retention often occurs in diving due to alveolar hypoventilation. Conditions of the dive environment lead to
reduced alveolar ventilation through an increase in
respiratory load and work of breathing, a decrease in
hypercapnic ventilatory response and an increase in
dead space. While elevated gas density during compressed-air breathing is the main mechanism in these
respiratory changes, there is also an effect of PO2;
elevated inspired PO2 is associated with reduced respiratory chemosensitivity and increased physiologic dead
space. Additionally, hyperoxia increases mixed venous
PCO2 due to the Haldane effect. This change in PvCO2
could conceivably contribute to carbon dioxide retention in diving, but remains to be explored.

Once carbon dioxide retention occurs, hypercapnia
can lead to life-threatening physical and mental changes
for divers. Physical symptoms include shortness of
breath, sweating, heart palpitations, muscle twitching,
tingling, headache and vomiting. Hypercapnia can also
exacerbate nitrogen narcosis and oxygen toxicity and
will uniformly lead to unconsciousness at high levels.
At intermediate levels, hypercapnia may have some additional cognitive and psychomotor effects that are not
yet clearly defined. Future research should utilize tests
that require multitasking in order to clarify the cognitive
impact of hypercapnia at intermediate levels.
New research on HCVR suggests that respiratory
muscle training may improve ventilatory response for
individuals with a low HCVR at baseline. The effects
of RMT on PaCO2 in diving have not yet been studied.
Through its effects on HCVR, respiratory muscle
training may be able to reduce the risk of carbon dioxide retention at depth and could prevent injuries
from hypercapnia in the future. Whether this finding can be exploited in practice needs investigation.
n
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