176

tation Medicine and various specialist departments of the
Tan Tock Seng Hospital. We am to give all the DCS
patients the complete management that they deserve.
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BREATH-HOLD DIVING

Michagl Davis

I ntroduction

Thereisabeautiful photograph by Flip Nicklininthe
December 1984 issue of the National Geographic magazine
of a sperm whale sounding. This epitomises for me the
wonder and majesty of the diving mammals, that diverse
group of animals of widely varying structure, function,
habitat and behaviour who grace our oceans(Table 1). This
paper briefly reviews the physiology of these animals and
aspectsof human breathhold diving, whil st the bibliography
provides a selection from the literature rather than an ex-
haustive list.

Asphyxiaisaprogressiveprocesswhichbeginsat the
moment that external gasexchange ceases. The cessation of
respiration leads to hypoxia, hypercapnia and acidosis, the
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TABLE 1

SOME ADAPTATIONSTO APNOEIC DIVING IN
AQUATIC MAMMALS

Respiratory
Tolerance of thoracic squeeze
lung collapse
elastic chest wall
mechanically tough tracheo-bronchial tree

Protection from decompression sickness
lung collapse (loss of gas exchange)
Decreased sensitivity to hypoxia and hypercapnia
Increased ventilatory/gas exchange efficiency

Cardiovascular
Blood shift into thoracic cavity
Venous spincters and sinuses
Large spleen
Diving Reflex CV S components

Biochemical
Increased blood (haemoglobin) and tissue (myogl obin)
oxygen stores
Diving Reflex Switch to anaerobic metabolism
Hypother mia/l nsulation

Efficient locomotion

triad of asphyxia. The successful mammalian diver can
postpone the inevitable functional collapse that followsthe
cessation of breathing by virtue of three main mechanisms:

1 Enhancement of the oxygen stores in the body

2 Acid buffering of the products of metabolism

3 Circulatory reduction and redistribution, leading to
metabolic conservation.

Regulation of theseresponsesisessentially identical
to that governing the protective reaction to asphyxia in
terrestrial animals, the observed differences being quantita-
tive rather than qualitative.

Scientists have approached the study of these re-
markable animals' adaptation to asphyxia both in the labo-
ratory and in their natural environment. Although some
laboratory work has been criticised, field and laboratory
research are, in fact, complimentary, and not conflicting.
“Exploring what an animal is capable of is not the same as
asking how it normally behaves.”
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Adaptationsin diving mammals

Animal behaviour is determined by ecological con-
straints and physiological limits. In diving mammalsthese
limits are defined by the amount of oxygen carried, the rate
of oxygen consumption and the maximum pressure the
animal is capable of withstanding. For instance, harbour
sedls have been recorded whilst diving under the Antarctic
icefor more than one hour and to depths greater than 600 m.
Thephysiol ogical and anatomical adaptationsinvolvedvary
considerably from species to species, each adopting differ-
ent strategies. Therefore, not all the features described
below are shared by all.

ANATOMY

Quite apart from the sleek, well-insulated body hab-
itus that allows high swimming efficiency and protection
from hypothermia, numerous anatomical features are pres-
ent in the diving mammals to facilitate tolerance to the
challenges of the underwater environment. Many have a
floating, compliant rib cage, with avery obliquely inserted
diaphragm. Therespiratory tract tendsto be short, wideand
mechanically tough. In somewhales, but not in pinnepeds,
the respiratory tract can be occluded by special anatomical
structuresin the blow-hole, spiracle chamber and glottis. In
some species these and other features may improve toler-
anceto chest compression (“thoracic squeeze”) during deep
dives.

Dolphins have terminal respiratory bronchioles that
takepart in gas exchange and the structure of the pulmonary
microvascul ature allows a reduced diffusion barrier. Also
present arerete mirabileand arterio-venousshuntsin certain
organs, including the lining of the airways in the sperm
whale. Inthedeep diving species, avery largeinferior vena
cava with a precordia sphincter, and a large spleen are
present, whilst harbour sealsal so possessan aortic bulb. All
these features may be important either for gas exchange or
intheoxygendelivery tovital organs, butinmany casestheir
contributions remain ill-understood.

LUNG VOLUMES

Long-durationdivingwhaleshavesmall lungswhich
collapse during dives and are not used as an oxygen store,
e.g. the bottlenose whale has 25 mi/kg body weight. Short
duration diverstend to have lung volumes similar to terres-
trial mammals and dive following inspiration. Thus they
appear to use the lungs as an oxygen store, e.g. man and
porpoise have 70 ml/kg body weight. Sealsdivefollowing
partial expiration which also resultsin lung collapse during
descent. Although lung size may vary, diving mammals
tend to have large tidal volumes, low end-expiratory vol-
umes and a breathhold (“skip”) breathing pattern. Minute
ventilation ishigh during surfaced periods between hunting
dives. For instanceit has been measured at greater than 601/
minute in the harp seal.
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OXYGEN DELIVERY

Oxygen may be stored in the lungs, blood and mus-
cle. These stores are considerably greater in diving mam-
mals than terrestrial animals:

Weddell sed 60 mi/kg body weight
Cdliforniasedlion 40 ml/kg body weight
Man 20 ml/kg body weight
Haemoglobin

Adaptation of haemoglobin-oxygen affinity parallels
the modifications in lung volumes in that, where the lung
doesnot act asan oxygen store, oxygen affinity islow. This
leads to maximal unloading of oxygen at the tissues (i.e. a
shift of the haemoglobin-oxygen dissociation curve to the
right). For instance, seals and some whales extract 7-10
vol% of oxygen from the blood, compared to man at around
5vol%. Inthose animalsin which the lungs act as a store,
affinity tends to be high. This ensures maximal oxygen
uptakeinthelungs(i.e. thedissociation curveisshiftedtothe
left).

Blood stores of oxygen are oneto threetimesthat of
terrestrial mammals. Both blood volume and haemoglobin
concentration may be high. In Weddell seals, the red cell
mass and haemogl obin concentration actually increase dur-
ing adive by about 8 g/l/min during the first 10 minutes of
the dive. This extrared cell mass probably comes largely
fromvenouspooling and sequestration of oxygen-richblood
inthe spleen which hasthe highest weight asapercentage of
body weight of any reported mammal. Itisprobablethat the
precordial sphincter in the inferior vena cava periodically
relaxesto give a pulsed delivery of this oxygen-rich blood.

Interestingly, in seals resting on the surface, arterial
oxygen tension is actually lower (70-80 mm Hg) than most
terrestrial mammals, but can be rapidly raised to over 110
mm Hg by hyperventilation just beforethedive. Duringthe
dive, oxygen tension risesto a maximum of about 230 mm
Hgandfallsto 25-35 mmHg by theend. Thelowestin-dive
oxygen tension recorded in Weddell sealsin Antarcticawas
18 mm Hg.

Myoglobin
Oxygen storesin myoglobin vary from oneto nearly

ten times that of terrestrial mammals. Like haemoglabin,
this parallels the dive duration capabilities of the species
concerned.

CARDIOVASCULAR MODIFICATIONS

Astheanimal divesdeeper and thegasvolumeinthe
lungsiscompressed, therib cage gradually collapses, ashas
been dramatically illustrated in photographs taken at depth.
In addition, there is amajor shift in blood volume into the
lungsto take up some of the additional space, thus prevent-
inglungrupture. Aswell asthisincreasein pulmonary blood
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volume, thecoronary vascular blood volumetendstobehigh
during bradycardia. However, coronary blood flow demon-
strateslargefluctuationsfromvirtually no flow to periods of
high perfusion during adive. This may alow the myocar-
dium to derive maximum benefit from both its oxidativeand
anaerobic metabolic reserves by permitting periodic wash-
out of metabolic products, and reperfusionwith oxygen-rich
blood.

AEROBIC DIVING

The calculated aerobic breathhold times based on
estimated body oxygen stores and oxygen uptake fit very
well with metabolic evidence from free-diving seals. For
instance, in the Weddell seal the aerobic breathhold limit is
about 20-30 minutes which is the same as for thisanimal’s
usabl eoxygen storesunder normal aerobic metabolic condi-
tions. Observations on Weddell seals and several other
species suggest that more than 90% of dives are within the
aerobiclimitssothat metabolicrequirementsaresatisfied by
the body’ s oxygen stores with minimal increase in lactate.

Short aerobic dives have abrief recovery time since
they require restoration of oxygen stores only. Anaerobic
dives, however, require metabolism of lactate and other
metabolic products that takes much longer to complete. A
series of short duration dives increases hunting efficiency
compared with afew long dives by allowing amuch greater
proportion of time underwater. For instance, in harp seals
about 88% of thetimeis spent diving when feeding, with an
averagedivetimeof about fiveminutes. During such* bout”
diving thereisvirtually no disturbance to metabolic homeo-
stasis except the rise in haematocrit seen during dives.

THE DIVING REFLEX, ANAEROBIC DIVING

Thediving reflex istriggered by faceimmersion and
breath-holding. It is mediated by both the parasympathetic
and sympathetic nervous systems to produce some intense
physiological and biochemical changes (Table 2). The
components of the diving reflex have been seen best in
captive laboratory dives. However, field work with seals
and dolphins has shown that this response is not an all-or-
none phenomenon, but extremely variable. There is now
strong evidencethat diving mammalscan anticipatethedive
duration and control both the degree of bradycardiaand the
extent of blood flow redistribution needed for agiven dive.
Animalsalso anticipate surfacing and their heart rateis seen
to increase shortly before the end of the dive.

Oncetheanaerobicthresholdisreached, somemajor
metabolic adaptations comeinto play. Muscleglycolysisis
animpressiveanaerobic machineeveninnon-divers, but the
diving mammals have refined it in a number of ways:

a) Steady state concentrations of a few glycolytic
enzymesarehigh, soincreasing the capacity to maintain
NAD/NADH (Redox Potential) ratios under anoxic
stress.

SPUMS Journal Vol 20 No 3 July-September 1990

TABLE 2
COMPONENTSOF THE DIVING REFLEX
Bradycardia
Intense peripheral vasoconstriction
Reduced cardiac output
Redistribution of cardiac output to vital organs
Metabolic shift to anaerobic glycolysis

Decrease in body temperature due to decrease in
metabolic rate

b) Concentrations of fructose-diphosphatase which
is a key regulatory step in the glycolytic pathway are
amongst the highest reportedinanimals. Thisappearsto
amplify thecyclic-AMPsignal for glycolyticactivation.

C) Pyruvate kinase activity is enhanced. This en-
zymeisregulatory to the glycolytic pathway inthat itis
highly sensitiveto both feed-forward activation by fruc-
tose-1,6 diphosphate and feedback decrease by ATP,
alanine and citrate. Thisisthought to help particularly
in switching to and from the aerobic to the anaerobic
state.

d) Ve high titres of aspartate and aanine trans-
ferases are present. These enzymes are very important
in the control of the Krebs cycle.

Diving mammals can tolerate high lactate loads in
their tissues. Plasma lactate concentration does not rise
much until immediately after the dive, when metabolic
productsarewashed out of the non-perfused tissuesoncethe
diving reflex ceases. The amount of lactate produced
increasesexponentially asdivetimegoesbeyondtheaerobic
limit. Duringlong dives, sealsareableto sustainwork |oads
more than twice their maximum aerobic capacity with little
or no increase in oxygen uptake. To support this, both
skeletal and heart muscle are rich in myoglobin (see above)
which has important buffering functions under anaerobic
conditions.

The brain and the heart of diving mammals have
considerable anaerobic capacities and can produce large
guantities of lactate toward the end of a long dive. In
addition, the brain of diving mammals has a much greater
tolerance to decreased oxygen compared with terrestrial
mammals. Cerebral integrity is retained down to oxygen
tensions as low as 8-10 mm Hg, whereasin humansthisis
about 25-30 mm Hg.



SPUMS Journal Vol 20 No 3 July-September 1990

Organs such asthe kidney, have a so been shown to
tolerate asphyxia far better than those of terrestrial mam-
mals. For instance, therisein intracellular sodium and fall
in potassium in anoxic harbour seal kidney slicesisconsis-
tently lessthaninrat kidney, especialy at low pH. Also, the
sedl kidney functions differently in that water conservation
occurs with immersion unlike the diuresis seen in man.

Hochachkahaswritten extensively on the molecular
mechanisms of defense against hypoxia. He believes that
three main mechanisms are important:

1 Arrest of oxidative metabolism and electron-
transfer system functions (i.e. reduced metabolic rate)
2 Arrest of glycolytic activation

3 Arrest of ion-specific channel functions

He hypothesises that hypoxia-tolerance depends on
an exceptionally tight regulation of energy demand and
supply. Such closeregulation of ATPturnover asthetissue
becomes hypometabolic is only possible if at least one
regulator signal switchesdown ATP utilisation and synthe-
sisratessimultaneoudly. Itisnot known what thisregulator
might be nor even if it exists. This concept has been called
the “membrane channel arrest” hypothesis.

DECOMPRESSION SICKNESS AND THE DIVING
MAMMALS

There are several potential mechanismsfor limiting
nitrogen loading in the tissues during long deep breathhold
dives by reducing the nitrogen storesin the lungs:

a) Dive at low lung volumes

b) Produce aprofound fall in pulmonary blood flow
early in the dive

C) Allow lung parenchymato become gas-freewith
compression, the residual volume shifting into the air-

ways.

It is the latter mechanism for which there is most
evidence. Recent work has been done on Weddell seals
during divesaveraging about 23 minutesdurationand 230m
averagedepth. Thishasshown that plasmanitrogentension
rises rapidly during the early part of the dive, peaking at
2,000-2,4000 mm Hg at about 40 m depth. At this depth
(shallower than previously believed) the lungs collapse.
Nitrogentensionthenslowly fallsto about 1500 mmHg near
to the time for surfacing. Thus the seal is protected from
decompression sickness and nitrogen narcosis by limiting
nitrogen uptake and redistributing nitrogen during dives.
Part of this redistribution may be into the red cell mass
enteringthecircul ationfromthespleenduringthedive. This
would also protect against oxygen toxicity.

Other factors could a so play apart in protecting the
animal from decompression sickness. For instance, repeti-
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tive breathhold dives might force gas micronuclei into
solution, thereby decreasing any tendency to bubble seed-
ing. Finaly, the possibility has been raised that the acoustic
echo-location system of whales and dolphins, which is fat-
rich, may provide an early-warning bubble detection sys-
tem.

Human breath-hold diving

Free-diving is an ancient and widespread human
activity. In communities such as the Ama of Korea and
Japan it became part of the economic basisof society. Inthe
twentieth century it has become a popular sport, whilst free
divingforalivingamongstindigenouspeopleshasgenerally
either dwindled markedly or they have moved on to scuba
techniques.

TABLE 3

DIVING DATA FOR MAN AND AND DIVING

MAMMALS
Breath-hold Maximum
Time (min) Depth (m)
Man 2-4 ?100
Dolphin 6 300
Orca 12 ?
Weddell Seal 75 600
Sperm Whale ?75 ?1000 +

When | first learnt to dive in the early 1960s, | was
taught two concepts about breathhold diving. Thefirst was
that the maximum depth for human breathhold diving was
about 33 m (100 ft). This was because, as the lung gas
volume diminished with increasing pressure, a point was
reached where lung tissue would rupture and pulmonary
haemorrhage occur. Thiswas called “thoracic squeeze”.

We now know the above concept isnot valid. Tho-
racic sgueeze probably does not occur in breathhold diving
in man under most circumstances because there is a major
shift of blood volume into the pulmonary vascular bed with
compression. The second concept of much more practical
importance to man than thoracic sgueeze was that dive
durationwaslimited to only oneor two minutesby “ shallow
water blackout”.

Thelongest human breathhold timesrecorded on air
are about 4 to 5 minutes. The deepest dives recorded are
those of Robert Croft to 240 ft in the 1960s, and Jacques
Mayol towell over 300ftinthe1970s. Thepattern of diving
activitieshasbeen extensively studiedfor groupssuch asthe
Ama, but less so for intensive sport divers such as underwa-
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ter hockey playersor competitive spearfishermen. TheAma
dive 30 to 45 times an hour for 30-45 seconds with 45-90
secondsrest between divesfor many hours, spending 1/3-2/
5 ths of their total time underwater. In contrast, the dive
duration for underwater hockey playersover a30-40 minute
playing period, averages only 8-10 seconds per dive, but
recovery periodsare only 3-12 seconds. Thusthey spend 2/
5-2/3 of the total time underwater (personal observations).

Such effortspaleintoinsignificance compared to the
diving mammals! However, many physiologists have been
interested to observe whether human breathhold divers
demonstrate any adaptations in the ways seen in the diving
mammals. The classic studies on the Amamake absorbing
reading and the reader is recommended the proceedings
edited by Rahn.

FACTORS INFLUENCING BREATHHOLD TIME IN
MAN
TABLE 4

CONDITIONS FAVOURING
LONG BREATHHOLD TIMES

Large O, stores
Diving Reflex
Pre-breahhold hyperventilation
Increased diving depth

Thermoneutral immersion

LUNG VOLUME

Record divers all have big lungs. Geoff Skinner,
Australian spearfishing champion for many years, demon-
strated an air breathhold of 3 minutes 8 seconds during the
talk at Port Vila. He hasavital capacity of well over seven
litres. Amawere shown to have anincreased vital capacity
compared with non-diving women in their community, but
aslong as 20 years ago, Hong questioned whether thiswas
due to diving per se or rather to physical fithess. Recent
studies suggest the lungs or breathhold divers areindeed no
bigger than other athletes. However, studies of breathhold
times have been conflicting. Dry-land athletes and divers
performed the same in one study, but the divers had longer
timesinanother. Breathholdtimesin children correlatewith
agein proportion to their lung size.

Thus, our primary oxygen storesfor diving areinthe
lungs, as for the short duration diving mammals.
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HYPERVENTILATION

By decreasing the CO, tension, respiratory drive is
decreased. The increase in alveolar oxygen concentration
increases the oxygen stores in the lung dlightly but only
minimally increases oxygen content in the blood.

OXYGEN BREATHING

Oxygen breathing increases the oxygen storesin the
lungsby uptoseveral litres. Followingoxygen breathingfor
three minutes, Geoff Skinner’s breathhold time at the Port
Vilameeting increased to just under ten minutes.

METABOLIC RATE (VO,)

Thereis an inverse relationship between breathhold
timeand VO,. However, oxygen consumption varies with
thetype of diving being undertaken. For instance, adiveto
5 m depth without swim-fins and lasting 30 seconds has a
mean VO, of about 0.8 litres, whereas a 10 m dive for 30
secondsuses 1.2litresO,. Oxygen consumptionisincreased
when the descent is active rather than passive. Swimfins
reduce oxygen uptake dlightly at comparable swimming
speeds. In underwater hockey, a higher VO, is likely
because of thehigh swimming speedswhil st breath-holding.
Sincethe total oxygen stores of an average 70 kg man with
normal lung sizeareonly approx 1.5 L breathing air, uncon-
sciousnessiis likely to occur in approx 80 seconds at aVO,
of 1.0 1/min (about that of moderate fin swimming). There
isno evidence in man of a switch to anaerobic metabolism
with the induction of the diving reflex.

OXYGEN AND CARBON DIOXIDE CHANGES DUR-
ING BREATHHOLD DIVES

Changes in O, and CO, are very important in the
control of breathing, in determining the* breaking point” for
abreathhold, andinthe aetiol ogy of shallow water blackout.

a) Oxygen

During most of a dive the relationship between
V02 and oxygen tension is linear. However, once the
“alveolar stores’ in the lungs are exhausted, the “blood
stores” of oxygen are used and the rel ationship becomes
non-linear withrapid desaturation of haemoglobin. Thus,
the rate of fall of PaO, below 100 mm Hg is highly
dependent on the haemoglobin concentration and on
circulating blood volume.

Thealveolar-arterial oxygendifferenceissimilar
throughout the dive at approximately 10 mm Hg. If an
ascent is needed at the end, there is arapid decreasein
PAQ, andinvery long divesthiscould resultinan actual
reversal of oxygen transfer across the alveolar mem-
brane resulting in even more rapid desaturation. To-
wards the end of long dives, in fact, mixed venous and
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arterial oxygen tensions approach each other. In the
many studies by Craig, Hong and Paulens, oxygen ten-
sion at the end of most divestended to be around 60 mm
Hg but was quite variable, and in some dives levels as
low as 30 mm Hg were observed.

b) Carbon Dioxide
Changesin CO2 during adive are more complex
than those for oxygen:

1 Approximately half the CO2 entersthealveoli
during a dive in the first few seconds as a conse-
quence of the acute fall in the CO, tension (P,CO,).
Thisisduetodilutioninto thelargeinspired volume
immediately prior to the dive.

2 Withtheinitial descent, the PACO, increases
with lung compression to approximately 50-60 mm
Hg. Thisleadsto anincreased P,CO, and therefore
a decreased gradient for tissue off-loading. Tissue
off-loading could be further reduced by decreased
muscle perfusion as part of the diving reflex asin
diving mammals. However, there is no metabolic
evidence for thisin man (see below).

3 The aveolar volume cannot serve as a CO2
store due to its rapid compression with descent.
During adivethisrapid compressionisana ogousto
arebreathing test and equilibrium between alveolar
and arterial PCO, should occur rapidly. Indeed, it
does so after less than a minute, after which the
aveolar-arterial CO, gradient may actually reverse
and alveolar CO, fall slightly. During theremainder
of adiveafter theappear to berel ated to thelength of
the dive and is non-linear.

In Craig’'s studies, PACO, tended to be ap-
proximately 60 mm Hg suggesting tissue CO, ten-
sionsclosetothis. Thiscould explain the subjective
experienceof approaching the breaking point imme-
diately after a rapid descent. This sensation then
passes, only to return towards the end of the dive.
During ascent the urge to breathe is often relieved
again asthe P,CO, falls, enhancing CO, off loading
into the alveoli.

4 The PACO, at the end of adiveis much less
than after an equivalent period of breathhold exer-
ciseondry land. Valuesaretypically 48-50 mm Hg,
but in Paulev’'s study they were normal in many
subjects. Hong calculated that during a 4-minute
oxygen breathhold, the lung supplied 700 ml oxy-
gen, but only gained 160 ml CO,.

Why does the PACO, rise initially then pla-
teau during adive? Whereisthe CO, stored, since
thereis no evidence of a shift to anaerobic metabo-
lism in man? Exercise studies at 30% of VO, max
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suggest a storage capacity for CO, in the body of
1.83+/-0.55 ml/kg/hr, thisisvery largeand isdueto
the high solubility of CO, in body tissues. Thus it
would appear that the tissues act as the buffer for
P,CO, changesduring adiveand asastorefor CO,.

C) Shallow Water Blackout

The non-linearity of the relationship between
oxygen tension and blood oxygen content at theend of a
breathhold dive is very important to understanding the
mechanism of shallow water blackout. Toillustratethis,
let usconsider thetwo divesin Figure 1. Thefirst graph
is derived from adive in Shaeffer's earlier work. This
illustratesa9 m dive divided into three equal 20 second
periods for descent, bottom time and ascent.

During descent the PaO2 increases, then gradu-
ally falls during the working part of the dive. Then, on
ascent, thisfall becomes steeper. If, however, welook at
oxygen saturation in the blood during this period, it
remains nearly fully saturated for virtually the whole
dive, only dropping toward the end of the ascent. Inthe
first dive the O, saturation never reaches dangerous
levels at which adiver might lose consciousness.

If wenow extend thisdiveby afurther 20 seconds
workingtime(Figurel), thenat theend of oneminutethe
P.O, isstill relatively highand the S O, only just starting
to fall. However, because the lung oxygen stores are
amost used up at thisstage, thediver startstodraw onhis
blood stores which, as we said earlier, are of limited
capacity. During this ascent, saturation falls far more
precipitously and the point of loss of consciousness is
reached very rapidly. Onthegraphthispointisarbitrar-
ily set at about 29 mm Hg or the P_ for the normal
haemogl obin-oxygendissociation curve, sinceconscious-
nessislost in the range 25-30 mm Hg.

Weareall awarethat shallow water blackout does
occur even without a descent/ascent dive pattern, par-
ticularly if respiratory driveisdiminished by prior hyper-
ventilation. What | wish to emphasiseis the non-linear
nature of the rate of change in oxygen saturation, and
how narrow is the margin between a “safe” dive and
shallow water blackout.

Bove has suggested that those with diminished
carbon dioxide and hypoxic responses may be more
prone to shallow water blackout. He believes this is
partly becausetheinitial decreasein heart rate with face
immersion is later potentiated by hypoxia during long
breath-holds.

OXYGEN AND CARBON DIOXIDE SENSITIVITY

There has been much work on the ventilatory re-

sponses to exercise, hypercapnia and hypoxia in athletes.
These studies have demonstrated that the peripheral che-
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Thetime course of changesin P.O, and SO, during
two breathhold divesto 9 m depth, one having a20 seconds
longer bottom timethan the other. Notethe steepnessof the
fall in SO, towards the end of the longer dive.

moreceptors in the carotid body are responsible for the
respiratory compensationsto the metabolic acidosisof exer-
cise. Forinstance, if the carotid body isabsent, both therate
of riseof ventilation and itspeak |evel arediminished during
graded exercise.

It is also known that there is marked individual
variability in the responses to hypercapnia and hypoxia.
High performanceathl etestendto show decreased responses
at rest, suggesting decreased chemoreceptor function. There
appearsto beamajor genetic component tothisin endurance
athletesand swimmers, with no evidencethat it isaltered by
physiological training.

The ventilatory response to exercise appears to par-
allel the hypoxic response at both low and high work levels
and the hypercapnic response at heavy exercise. Also any
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fal in ventilation with hyperoxia is proportiona to the
hypoxic response of theindividual. It hasbeen reported that
breathhold time is inversely proportiona to the CO2 re-
sponse (re=-0.89) in dry-land athletes, but such arelation-
ship has not been the case in studies of breathhold divers.

DO DIVERS HAVE ALTERED SENSITIVITY TO CO,
AND O,?

It hasbeen suggested for many yearsthat diversmay
havereduced chemoreceptor sensitivity. What isthecurrent
evidence for this?

1 Of thetwo types of Amadivers, only the Funado
have shown any evidence of decreased carbon dioxide
responses, yet their breathhold times were the same as
non-diving controls. There has been no convincing
evidence of a decreased hypoxic response in the Ama.

2 Submarine-escape tower divers: One NMRI re-
port suggested that the CO2 response decreases during
training in successful diving candidates. Schaeffer
reported a low CO, response in escape tower safety
divers, which increased after a five week lay off.

3 Melamed and Kerem reported that O, diving did
not alter peripheral oxygen chemoreceptor responseand
there was no change in hypoxia response compared to
controls. A sub-group of scubadiversintheir study were
reported to have a decreased CO, response.

4 Several studies have shown low CO2 responses
in underwater hockey players, but this has not consis-
tently been less than for high-class dry-land athletes.
Only asmall effect of training was seen in one unpub-
lished study (McKennaand Green, personal communi-
cation). This suggests that, overall, breathhold divers
may have adiminished CO, response, but whether this
ismodifiablewith training or whether they demonstrate
other differencesin ventilatory responsesis not known.
We have recently been studying in our laboratory the
effects of breathhold training on the hypercapnic and
hypoxic responses in underwater hockey players, but
our data have not yet been analysed.

In summary, no clear relationship between periph-
eral chemoreceptor sensitivity and breathhold times has
been demonstrated in man.

OTHER FACTORS

a) Water temperature: With decreasing water tem-
perature there is a decrease in breathhold time propor-
tional to theincreased metabolic rate of coldimmersion.
Thisisin spite of an enhanced diving bradycardiaincold
water. In other words, metabolic rate and the diving
reflex are physiologically independent in man, rather
than liked as in the diving mammals.



SPUMS Journal Vol 20 No 3 July-September 1990

b) Thediving bradycardia (seebelow): Thereisno
prolongation of breathhold time asdiving bradycardiais
elicited.

) Cortical stimuli: In man, motivation is probably
thestrongest factor in breathhol d duration totheconven-
tional “breaking point” (see below).

THE BREAKING POINT

Thedriveto break abreathhold isboth chemica and
mechanical.

Two end-points have been used in past studies:

1 The conventional breaking point is taken as the
time to the first inhalation.

2 Physiological bresking point is the time to the
onset of involuntary ventilatory muscleactivity (usually
measured using electromyography). This appearsto be
PCO2 and V O, dependent, non-subjective and therefore
amore precise end-point for laboratory studies.

Several components are important, including the
chemoreceptor sensitivity to carbon dioxide and oxygen,
signalsfrom pulmonary and chest wall stretch receptors, and
motivation. Conventiona breathhold timeis prolonged by
rebreathing in the absence of alveolar O, and CO, changes.
Thisshowstheimportanceof signalsfromthechest wall and

lung stretch receptors. IM M E R S | O N
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BREATHHOLD AND FACE IMMERSION - THE “DIV-
ING REFLEX” IN MAN

Breathhold in man is characterised by bradycardia
(Figure 2), a progressive rise in blood pressure, stroke
volume, cardiac output and peripheral vascular resistance.
There is no evidence for significant metabolic changes or
maj or oxygen-conserving responses such asoccur indiving
mammals. Therefore, the evidenceto dateisthat habituated
divers such as the Ama and underwater hockey players do
not show enhanced defences against asphyxia

The “Diving Reflex” inmanis:

1 Independent of posture

2 Relative to the level of body immersion

3 Proportiona to lung volume at which breath is
held

4 A function of intrapleural pressure

5 Potentiated by face immersion

6 Inversely proportional to water temperature

7 Enhanced by dynamic exercise, but not propor-

tional to level of fitness (including Ama divers)
8 Enhancedinswimmerscomparedwith non-swim-
mers
9 Diminished by wearing facemask and hood in
warm but not cold water
The samein childreninwhom breathhold timeis
long enough to reach full diving bradycardia
(approx 25 seconds) asit isin adults.
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In summary, man isapoor diver, reliant on hislung
oxygen storesduring abreathhold. Whilst thediving brady-
cardiaoccursin man, it isnot accompanied by theimportant
metabolicand other circulatory changesthat characterisethe
full “diving reflex” in many diving mammals. In addition,
theevidencefor physiological adaptationto habitual breath-
hold diving isinconclusive. An understanding of the non-
linear relationship between oxygen tension and content in
the blood helpsto explain the narrow line between a“ safe”
dive and one leading to shallow water blackout. Clearly,
thereismuch research yet to bedoneinthisfascinating field
of environmental physiology.

UNDERWATER HOCKEY

Underwater hockey is a team water sport, with six
players per side in the water, played on the bottom of a 1.8-
2.5 m deep swimming pool with swimfins, mask and snor-
kel. A plastic covered lead or brass disc-shaped puck is
pushed or flicked along the bottom of the pool with a short
roughly triangular-shaped single-handed stick. A god is
scored when the puck isplayed into ashallow trough or goal
a either end of the playing area. The game is played
underwater during repeated breath-holds, and lasts 30-40
min.

At international level, it requires an extremely high
level of fitnessand breathhold diving skills. However, at all
level sof competitionit providesextremely good exercisefor
scuba divers, maintaining water skills and fin swimming
fitness. It may thus be regarded as ideal exercise for
maintaining scubadiving fitnessin all age groups (thereare
now significant numbers of players over the age of 40
participating very successfully in the sport). Although it
obviously will not appeal to al, | believe it should be
recommendedto diversasan excellent group activity for the
maintenance of water skills.
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EDITED QUESTIONTIME

Vanessa Haller
How do you feel about asthmatics playing underwa-
ter hockey as an alternative to scuba diving?

M Davis

If youwant alet outinyour responsetothesepatients,
swimmingisanexcellent sport for asthmatics. | cannot think
of areason why underwater hockey should not necessarily
be good for them aswell. Anybody whoisinthewater isat
risk of aspiration precipitating an asthmatic attack. How-
ever, thereisgood evidencethat swimming and water sports
apart from scuba diving are often very good for asthmatics.
| see no logical reason why asthmatics should not play
underwater hockey. Thewater isnot deep, up to 8-9 feet, it
iswarm and not likely to give cold precipitation of asthma.
Y ou havetheother advantage of doing competitiveexercise
with high endogenous adrenalin levels, keeping the airways
open! Certainly our top player in Christchurch is a moder-
ately severe asthmatic. He actually controls his asthma by
playing underwater hockey and swimming. If helaysoff he
is into the Ventolin inhaler 3-4 times daily. If he plays
regularly he only occasionally needs hisinhaler.

V Haller
It is good because it gives them an outlet for their
aggression. Hating themselves for having asthma at that

age.

V Brand

It is a pity to make a blanket condemnation of
hyperventilation. M ost spearfishermenand breathholddivers
take 3-4 deep breaths before they dive. If they do not, they
do not know what they aremissing. Thedangerousonesare
when you seek kidswho hyperventilate for aminute or two
in order to compete with their peers.

Continued on page 176
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