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Abstract

Arterial blood gas (ABG) measurements at both maximum depth and at resurfacing prior to breathing have not previously been
measured during free dives conducted to extreme depth in cold open-water conditions. An elite free diver was instrumented
with a left radial arterial cannula connected to two sampling syringes through a low-volume splitting device. He performed two
open-water dives to a depth of 60 m (1970, 7 atmospheres absolute pressure) in the constant weight with fins competition format.
ABG samples were drawn at 60 m (by a mixed-gas scuba diver) and again on resurfacing before breathing. An immersed sur-
face static apnea, of identical length to the dives and with ABG sampling at identical times, was also performed. Both dives
lasted approximately 2 min. Arterial partial pressure of oxygen (PaO2 ) increased during descent from an indicative baseline of
15.8 kPa (after hyperventilation and glossopharyngeal insufflation) to 42.8 and 33.3 kPa (dives 1 and 2) and decreased precipi-
tously (to 8.2 and 8.6 kPa) during ascent. Arterial partial pressure of carbon dioxide (PaCO2 ) also increased from a low indicative
baseline of 2.8 kPa to 6.3 and 5.1 kPa on dives 1 and 2; an increase not explained by metabolic production of CO2 alone since
PaCO2 actually decreased during ascent (to 5.2 and 4.5 kPa). Surface static apnea caused a steady decrease in PaO2 and
increase in PaCO2 without the inflections provoked by depth changes. Lung compression and expansion provoke significant
changes in both PaO2 and PaCO2 during rapid descent and ascent on a deep free dive. These changes generally support predic-
tive hypotheses and previous findings in less extreme settings.

NEW & NOTEWORTHY Arterial blood gas measurements at both maximum depth and the surface before breathing on the
same dive have not previously been obtained during deep breath-hold dives in cold open-water conditions and competition dive
format. Such measurements were obtained in two dives to 60m (1970) of 2min duration. Changes in arterial oxygen and carbon
dioxide (an increase during descent, and a decrease during ascent) support previous observations in less extreme dives and
environments.
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INTRODUCTION

Free diving (breath-hold diving) is undertaken for
activities such as underwater tourism and food gathering
and as a competitive sport. Free diving requires apnea
during submersion, and safe conduct, therefore, relies on
return to the surface and resumption of breathing before
the onset of critical hypoxia, which may lead to loss of
consciousness and drowning. Such events were consid-
ered the disabling injury in 12% of 175 Australian snorkel
diving fatalities (1). Hypoxic events are common in free
diving competitions. In 344 constant weight performan-
ces (swimming down and up with fins and no other assis-
tance, maintaining the same weight profile throughout),
there was hypoxic loss of motor control in 6.1% and loss
of consciousness (often referred to by free divers as “shal-
low-water blackout”) in a further 6.1% (2).

A long-standing paradigm for patterns of change in ar-
terial oxygen (O2) and carbon dioxide (CO2) in free diving
holds that despite apnea, compression of the lungs and
gas contained therein by increasing water pressure dur-
ing descent would actually increase the alveolar and arte-
rial pressures of O2 (PAO2 and PaO2 , respectively) while
having little effect on arterial pressure of CO2 (PaCO2 )
because of its markedly greater solubility in blood and
tissue. Conversely, after continued consumption of O2

during the deeper phase of the dive, there would be a pre-
cipitous fall in PAO2 and PaO2 as the lungs expand during
ascent, rendering the diver prone to loss of consciousness
as they approach the surface (3, 4). The increase in PaO2 at
depth coupled with the relatively small increase in PaCO2

(which many divers lower before diving by hyperventilat-
ing) could blunt respiratory drive at depth and encourage
the diver to dangerously prolong their dive.
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At least some aspects of this paradigmhave been validated
in three human studies using arterial blood gas (ABG) sam-
pling (5–7). However, these studies were all conducted under
circumstances that complicate extrapolation of results to
real-world extreme free diving. One was undertaken in the
wet compartment of a hyperbaric chamber in relatively
warm water (25�C) with slow (1 min) transitions to and from
a pressure equivalent to only 20 meters of seawater (msw)
(4). Two studies involved free diving in a warm water pool
(31�C) to 40 meters of fresh water (mfw) with ABG specimens
taken either at depth (6) or at the surface before breathing (7)
but not both on the same dive.

The present study extended this previous work by taking
ABG specimens from an elite free diver both at maximum
depth and (in the same dive) at the surface before breathing,
in dives to a much more challenging depth [60 mfw, 1970, 7
atmospheres absolute (ATA)] and in open-water environ-
mental conditions similar to a real-world free diving compe-
tition. The relatively simple aim of this complex undertaking
was to compare the resulting patterns of change in PaO2 and
PaCO2 to those broadly predicted by the physiological para-
digm articulated above and to those obtained by other stud-
ies conducted inmuch less extreme conditions (5–7).

MATERIALS AND METHODS

The study protocol was approved by the Health and
Disability Ethics Committees of the New Zealand Ministry of
Health, Ref. No. 20/NTB/218. The deep free diver consented
to publication of identifying information and a photograph,
as documented in the appropriate form.

Free Diver Subject

The free diver subject (male, 39yr) provided written
informed consent for participation. He is a former world re-
cord holder in both dynamic apnea categories (swimming
horizontally in a swimming pool with or without fins; 265
and 218m distance, respectively) and a former world cham-
pion in the constant weight with fins category [126 msw
(4130) depth]. He had undergone body plethysmography at
the time of his dynamic apnea records in 2007 and this was
not repeated. For the present field study, he wore an unlined
5-mm Heiwa high-density neoprene top and 2-mm waist-
high pants (Elios Sub Wetsuits, Cattolica, Italy), homemade
fluid-filled goggles, a free diving nose clip (Trygons, Athens,
Greece), a Suunto D4 dive watch (Suunto, Vantaa, Finland), and
a Molchanovs S2 monofin (Mochanovs, https://molchanovs.
com). He was loosely connected to the shot line by a 1-m safety
lanyard. Hewas neutrally buoyant at 12mfw.

Setting and Team Logistics

The study took place at Lake Taupo [altitude 356m
(1,1680)], New Zealand. The water temperature was 18�C at
the surface and 10�C at 60 mfw depth with a thermocline at
15 mfw depth. A competition free diving rig was deployed on
an inflatable platform next to an anchored boat. This rig pro-
vided a vertical weighted line to the target depth with a
“counter-ballast” system whose operation would result in
the line and the free diver being rapidly retrieved to the sur-
face in the event he did not return when expected. A second

nonanchored boat was present for emergency evacuation
from the dive site if necessary.

The team included two mixed-gas (O2, helium, nitrogen)
closed-circuit rebreather divers (one an anesthetist) who
dived to 60 mfw for 36min to take the deep ABG specimens
and, thereafter, completing a 2-h decompression. In accord-
ance with free diving competition guidelines, there were two
safety free divers; one who met the ascending subject at 30
mfw, and the other at 15 mfw. Thus, the last part of each
ascent was accompanied by two safety free divers. Another
anesthetist team member was immersed at the surface to
take the surface ABG specimens before the free diver
resumed breathing. Two team members had trained on the
i-Stat Alinity point-of-care blood gas analyzer (Abbott
Diagnostics, Princeton, NJ, RRID:SCR_008392) to facilitate
the processing of specimens immediately on the boat when
the free diver reached the surface.

Arterial Blood Gas Specimen Collection

Flow in the radial and ulnar arteries was checked using
color-flow ultrasound (Butterfly iQ, Guildford, CT). After
shaving the skin, the wet suit was donned and the skin pre-
pared with 2% chlorhexidine in alcohol. An anesthetist team
member inserted a 48-mm 20-g BD Insyte cannula (Becton
Dickinson, Franklin Lakes, NJ, RRID:SCR_008418) into the
free diver’s nondominant (left) radial artery under local an-
esthesia (2% lidocaine) and ultrasound guidance. The can-
nula was connected to a bespoke low-volume (0.5-mL dead
space) splitting device incorporating thick-walled narrow-
bore tubing and isolation clips that allowed simultaneous
connection of two 5-mL syringes (Fig. 1). Both the splitting
device and the syringes were primed with heparinized saline

Figure 1. The arterial line, low-volume splitter, and two 5-mL syringes in
place on the left (nondominant) arm of the subject. Both syringes contain
heparinized saline (4U·ml�1), and the higher-volume (medial) syringe was
used to administer periodic 0.5-mL aliquots to ensure catheter patency.
Prior to diving, the volume in each syringe was reduced to 0.5 mL, which
was injected to clear the cannula just prior to aspirating the specimen.
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solution (4U·mL�1). The surrounding skin was widely
painted with benzoin compound tincture (Humco, Austin,
TX) to enhance adherence, and a Tegaderm IV dressing (3M
Deutschland, Neuss, Germany) was used to fasten the can-
nula to skin. This was reinforced with Sleek waterproof tape
(BSN medical GmbH, Hamburg, Germany). The wet suit
sleeve was folded down to the insertion site, and the syringes
were taped to the wet suit using Sleek tape. Small (0.5 mL)
aliquots of heparinized saline were administered �15 mi-
nutely during the predive and between-dive periods to
ensure catheter patency. At the point of leaving surface on
each of the two 60-m free dives, the syringes each contained
0.5 mL of heparinized saline. Specimen collection involved
undoing the isolation clip, injecting the residual 0.5 mL of
heparinized saline to ensure catheter patency, and then aspi-
rating arterial blood to the full extent of the syringe (5.6 mL
volume) before refastening the isolation clip.

Study Procedure

A complete practice run, including a 60-mfw (7 ATA) dive
with simulated arterial blood sampling (but without arterial
cannulation), was undertaken over 1 day. The study dives
took place the following day.

Following insertion of the arterial catheter, positioning of
the boat, and deployment of the free diving shot line to 60
mfw, a nonimmersed, resting ABG specimen was taken and
processed. The free diving team entered the water and
another ABG specimen was taken after the deep free diver’s
standardized predive respiratory routine. The latter con-
sisted of 2 min of quiet focused breathing with the last 40s
spent taking six very deep breaths, followed by 10s of lung
“packing” comprising 15 glossopharyngeal insufflation man-
euvers (4). No actual dive was conducted after this first
“simulated” predive respiratory routine because of the inter-
ruption associated with taking an ABG specimen and remov-
ing and replacing the syringe before diving.

The mixed-gas rebreather divers then descended and sig-
naled their readiness at 60 mfw with pulls on the shot line.
In the meantime, the free diver completed three brief
“warm-up” dives to 15, 20, and 20 mfw; all starting at func-
tional residual capacity. Ten minutes after the last of these
dives, he again completed his predive respiratory routine
(see previous paragraph) and descended to 60 mfw (7 ATA),
where the anesthetist rebreather diver drew an ABG speci-
men (see Arterial Blood Gas Specimen Collection) (Fig. 2).
The free diver ascended to the surface where the immersed
surface anesthetist drew the second ABG specimen before
breathing resumed. The syringes were immediately removed
for specimen processing and replaced with syringes for the
next dive. Both specimens were processed within 5 min of
the first being taken. The dive itself followed the procedures
and rules that would be applied in the real-world competi-
tion “constant weight” category (8).

Between dives, the free diver left the water for �10min to
warm up. The second 60-mfw dive was conducted in an
identical manner to the abovementioned but with only one
work-up dive (from functional residual capacity) to 13 mfw
completed 5 min before the second deep dive. On comple-
tion of the second deep free dive, there was another period
out of the water to warm up, after which the free diver

reentered the water and performed a surface static apnea
(breath-holding at rest face down in water) of exactly the
same duration as the first deep dive. ABG specimens were
taken at time points aligned precisely with the deep and sur-
face specimens on the deep dives. Once again, the second
specimenwas taken before breathing resumed.

RESULTS

Free Diver Subject

The diver is a tall (197cm), slim (96kg, body mass index =
24.6kg·m�2), Caucasian male with supranormal lung volumes.
Body plethysmography in 2007 revealed total lung capacity of
11.94 L (138% predicted), vital capacity of 10.42 (157%), func-
tional residual capacity of 6.27 (167%), and residual volume of
1.52 (79%) [National Health and Nutrition Examination Survey
III/Economic Research Service 93 (NHANES III/ERS 93) pre-
dictive values]. Although 13years old, based on predictive
models and measured longitudinal change in diver groups (9),
these values would be expected to have changed very little and
themeasurements were not repeated.

Dives and Arterial Blood Gas Results

The 60-mfw free dives, associated safety free dives, and
the decompression from the mixed-gas dives were all
undertaken without complication. The two 60-mfw free
dives were virtually identical in timing, with descent =
55 s, bottom time = 13 s, ascent = 45 s, total = 113 s.

The ABGmeasurements at resting baseline, post-predive re-
spiratory routine (referred to as “end of packing”), 60 mfw
depth, and the surface before breathing in the two deep free
dives and the identically timed specimens during the surface
apnea are depicted in Fig. 3 (PaO2) and Fig. 4 (PaCO2). To be

Figure 2. Mixed-gas diver taking an arterial blood gas specimen at 60
meters of fresh water (1970, 7 atmospheres absolute) using one of two
syringes attached to the low-volume splitter.
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clear, as described in MATERIALS AND METHODS, resting baseline
and “end of packing” specimens were not taken immediately
before each apnea event. The single values depicted (in the
case of “end of packing,” following a standardized routine) are,
therefore, indicative baselines for the two free dives and sur-
face static apnea, reflected in the figures by the use of dotted
lines linking the baselines to the dive and static apnea data.

DISCUSSION

This study reports, for the first time, to our knowledge,
ABG data from both maximum depth and at the surface
(before breathing) during free dives conducted to extreme

depth in cold open-water conditions and competition for-
mat. It builds on previous work tomuch shallower depths (in
a hyperbaric chamber) (5) and where ABG specimens were
taken either at depth or the surface before breathing in sepa-
rate dives but not both on the same dive (6, 7).

Predive Packing Routine

There was a substantial increase in PaO2 [from 11.8 to
15.8 kPa (88.5 to 118.5mmHg)] and a fall in PaCO2 [from 4.7 to
2.8kPa (35.3 to 21.0mmHg)] between the specimens drawn
during nonimmersed rest and after immersed predive deep
breathing and “packing” (glossopharyngeal insufflation as
described in Study Procedure). These are single observations

Figure 3. PaO2 at indicative baselines (resting nonimmersed and postpredive respiratory routine—referred to as “end of packing”) and the specimens
taken during the two dives and at equivalent times during static surface apnea. Use of dotted lines represents an acknowledgment that the baseline
measurements were indicative (not immediately before each dive or the static surface apnea). The solid lines link measurements made on the same
dive and during surface apnea. PaO2 , arterial partial pressure of oxygen.

Figure 4. PaCO2 at indicative baselines (resting nonimmersed and postpredive respiratory routine—referred to as “end of packing”) and the specimens
taken during the two dives and at equivalent times during static surface apnea. Use of dotted lines represents an acknowledgment that the baseline
measurements were indicative (not immediately before each dive or the static surface apnea). The solid lines link measurements made on the same
dive and during surface apnea. PaCO2 , arterial partial pressure of carbon dioxide.
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in a single diver but are similar to those from two divers who
had ABG samples taken following predive routines including
packing (5). The hypocapnia is clearly explained by hyper-
ventilation, and the reduced fraction of CO2 in alveolar gas
would contribute to the rise in PaO2 . Other potential contrib-
utors to the latter are consequences of glossopharyngeal
insufflation including improved ventilation-perfusion
matching through abolition of atelectasis and increased
transpulmonary pressures that would increase the partial
pressure of any gas present in the lung. Transpulmonary
pressure can rise �2�4kPa (15–30mmHg) above the
expected values at total lung capacity after glossopharyngeal
insufflation (10).

Diving—Arterial Oxygen

The PaO2 increased substantially from the indicative base-
line [15.8kPa (118.5mmHg) at the end of the standardized
predive routine] to the maximum depth [42.8 and 33.3 kPa
(321.0 and 249.8mmHg) on dives 1 and 2, respectively]. In
contrast, an ABG specimen taken at exactly the same time
point (55 s) during static apnea showed a small decline in
PaO2 [to 14.9 kPa (111.8mmHg)] (Fig. 3). The vast increase
with depth was confluent with previous findings (5, 6)
and confirms the prediction that despite apnea and
ongoing O2 metabolism, a free diver’s PaO2 can increase
during descent due to lung compression provided the
latter is fast enough. One caveat to this generalization is
the previous report that two of six subjects descending to
40 mfw did not exhibit such an increase (6). This was
hypothesized to be attributable to atelectasis caused by lung
compression, with a consequent increase in venous admix-
ture. The difference in peak PaO2 readings seen in the present
study might also be an early sign of such a process if, despite
identical predive respiratory routines, the starting lung vol-
ume was smaller on the second dive, for example, due to the
longer total period of prior head out immersion that preceded
that dive. In this setting, a greater degree of compression-
induced atelectasis could increase venous admixture and
depress the peak PaO2 measurement at the deepest depth.
The diver was also subjectively colder before the second dive
and perhaps consumingmore oxygen for thermogenesis.

As predicted, the PaO2 fell precipitously during ascent,
reaching 8.2 and 8.6 kPa (61.5 and 64.5mmHg) at the surface
(before breathing) on dives 1 and 2, respectively. Surfacing
with a PaO2 barely in the hypoxic range is not surprising
given the dive was well inside the performance boundaries
for this diver. However, the simple demonstration of such a
precipitous fall between maximum depth and surface speci-
mens taken on the same dive is a clear (and unique) physio-
logical validation of the hazards associated with the shallow
phase of an extreme free dive ascent. It is obvious how a
deeper dive and/or a longer period at depth with greater con-
sumption of alveolar O2 before ascent could result in hypoxic
loss of consciousness as the PaO2 plummets late in the
ascent.

Diving—Arterial Carbon Dioxide

The PaCO2 also increased from the indicative baseline
[2.8kPa (21.0mmHg)] to the maximum depth [6.3 and 5.1 kPa
(47.3 and 38.3mmHg) on dives 1 and 2, respectively] over a

descent lasting less than 1 min. A much smaller increase [to
3.6 kPa (27.0mmHg)] occurred in the same period during
static apnea at the surface, and this is more confluent with
(albeit slightly lower than) the rate of increase previously
demonstrated in anesthetized humans over the first minute
of apnea (11). The dives involved more exercise and greater
production of CO2 would be expected, but the subsequent
fall in PaCO2 during ascent (which can be considered “real”
because of depth and surface sampling on the same dive)
proves that the initial increase during descent was not driven
solely by metabolic production of CO2 or development of a
CO2 pressure gradient from alveoli to blood, which can occur
when lung volume decreases as oxygen is consumed during
apnea under some static pressure conditions (12). Our find-
ings suggest that rapid lung compression during a fast
descent can increase the alveolar PCO2 with a consequent
rise in PaCO2 that is partly, but not completely, buffered by
carbon dioxide’s extremely high solubility in tissues and
blood. This phenomenon has been subtly demonstrated and
discussed previously (3, 5), but the present data provide the
clearest demonstration to date.

Strengths and Limitations

The most important strengths of this study are its
unique ecological validity in relation to real-world
extreme free diving and related competitions, and the
taking of ABG specimens both at depth and at the surface
before breathing on the same dive. However, there are
important limitations. Most obviously, it involved only
one subject and two dives to a single depth, which means
that any generalization must be made cautiously. In rela-
tion to methodology, there was potential for small errors
in absolute ABG values resulting from the small dead
space in the arterial line splitter system being aspirated
into the samples. Specimen collection from an arterial
catheter typically involves aspirating and discarding any
fluid or blood from system dead space before sampling.
This is impractical where two specimens are to be taken
on the same deep free dive because it would take too long
and would require a complicated bulky system of three-
way taps and syringes. Consequently, the very low dead
space splitter was combined with two 5-mL sampling
syringes (larger than usually used for ABG sampling)
aspirated to their full volume (5.6 mL) during sampling.
The potential for the 0.5-mL dead space crystalloid fluid
to affect the ABG result from a total sample size of 5.6 mL
is small but acknowledged. It is germane that all speci-
mens were collected and affected in exactly the same
way, and given that the primary aim was to evaluate pat-
terns of change with secondary focus on absolute values,
the advantages of this system (particularly the collection
of deep and surface-before-breathing specimens on the
same dive) offset any small inaccuracies introduced.
Such errors are highly unlikely to have affected the fun-
damental conclusions of the study. In relation to these
and other potential limitations, it is easy to conceive opti-
mizations or extensions to this sort of work but often very
difficult to implement them. There are substantial ethical
and logistic difficulties in safely and effectively conduct-
ing field studies of this nature.
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Conclusions

Predive ventilation routines used by deep free divers are
effective in lowering PaCO2 and increasing PaO2 before div-
ing. PaO2 increases markedly during a rapid free diving
descent to extreme depth. It subsequently decreases precipi-
tously during ascent, creating a significant hazard of hypoxic
loss of consciousness in the latter part of ascent. This finding
is confluent with those of other studies and long-standing
beliefs around the pathophysiology of hypoxic loss of con-
sciousness in free diving. PaCO2 increases during a rapid free
diving descent to a degree unexplained bymetabolic produc-
tion of CO2. This probably arises as a result of compression
of pulmonary gas with an increase in alveolar partial pres-
sure of carbon dioxide (PACO2).
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