MAMMALIAN BREATHOLD DIVING

John Knight

| am going to talk about air breathing mammals, of which
one has two legs, two arms, a head and is called man or
woman and comparethat mammal withtheother mammals
that go underwater.

DIVING RESPONSES IN ALL MAMMALS

All mammals when they dive develop a bradycardia
Thereisvaso-constriction to al areas except the heart and
brain. Asaresult they develop alactic acidosisand more
than usua anaerobic metabolism. That applies to all
mammal's, but some havetheseresponses more devel oped
than others.

Thereare certain advantages from these diving responses.
They shut down the circulation to the unnecessary parts of
thebody. Asananaesthetist, | reckonthat theheart and the
brain are necessary for survival. By shutting down the
peripheral circulation, these responses reduce the oxygen
need. Again, by shutting down the peripheral circulation,
thereisincreased oxygen extractionfromtheblood, because
theblood-tissuepartial pressuredifferential ishigher. The
production of energy without oxygen is increased. By
shutting down the circulation to the periphery the core
temperature is maintained. Anyone who gets into the
water in Victoria shuts down the peripheral circulation
very smartly. In a wet-suit | can last for about three-
guartersof an hour beforemy coretemperaturehasdropped
to the point where | start to shiver.

There are certain disadvantages. There is an increased
oxygen debt because of the anaerobic metabolism. The
oxygenhastobesuppliedlater. Thereistissueanoxiafrom
the shut-down. No matter how efficient the periphera
vasoconstriction is, one still loses heat and gets cold.

IMMERSION RESPONSES IN MAN

The effect of getting into water in the vertical positionis
that hydrostatic pressurecompressesthel egsand abdomen
andforcesblood fromthe periphery upintothechest. This
results in a number of physiological reflexes. There are
receptors which monitor the size of the great veinsin the
chest. If they get stretched, the brain reckonsthat thereis
too much blood and takes stepsto get rid of fluid. Asa
result thereisadiuresis. That iswhy about half an hour
after one getsinto thewater thereisan overpowering urge
todampenyour wet suit evenmore. Itisavery comfortable
dampness because it is warmer than the water.

Lung Changes

Vertical immersion putsbloodintothechest and evenwith
the diuresisit leaves more blood in the chest than before.
As blood is transferred to the thorax, lung mechanics
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change. If there is more blood in the lungs, the lungs
become stiffer. This results in an increase in airway
resistance of the order of 58%. Thisresultsin anincrease
of 60% in thework of breathing. Thisiswith immersion
to the neck. Underwater the work of breathing is further
increased by the inefficiencies of the diver's breathing
apparatus.

Theincreasein pulmonary blood volumeincreasesthesize
of the closing volume. With expiration an equal pressure
point developsat whichthesmall airwayscollapseandtrap
theair beyondit. Duringimmersion the pressureishigher
and the trapped volume, the closing volume, larger. Asa
result of the increased pulmonary blood volume areas
which are normally poorly perfused, are better perfused
but they are not better ventilated. So there are changesin
ventilation-perfusionratios. Thesechangesoccur because
normally the apices of thelungsare perfused lessthan the
bases. Alsotheapicesarebetter ventilated than the bases.
Butwhenwegetinthewater theblood flow i sredistributed
and thewholelungismoreor lessuniformly perfused, but
ventilation continues to be preferential.

Lung compliance decreases. Our lungs become stiffer so
itismoredifficult totakeabreath. Thevital capacity goes
down, depending on whosework you quote by 3%to 10%.
The residual volume decreases by 4% to 17%. The
expiratory reservevolumedecreasesby 50%to 74%. That
isthe part of your lung contents you could breathe out if
you tried to but is not used in normal breathing. The
maximum voluntary ventilation, (MVV) decreases by
15%. This is because the lungs are stiffer and cannot
accommodate to rapid change. When underwater one
breathes denser gas than at the surface, so the MVV goes
down further due to the increased density.

There are two theories why the vital capacity goes down.
Recently it has been claimed that the increased thoracic
blood volume would completely explain the decrease.
Earlier workers attributed 60% of the decrease to extra
intrathoracic blood and 40% to the changes in chest
mechanics, ie. the upward el evation of the diaphragm and
theresistance of the surrounding water to chest expansion.
| am not sure that either side convince me that they are
right. | think that the earlier workers are probably right.
When one has water around the chest one has to push the
water out of the way to expand the chest, which must bea
drawback to taking afull breath of air.

Thisdisplacement of blood into the thorax allows humans
to breathhold dive to depths at which their total lung
capacity has been reduced to less than their residua
volume. Humans can go as deep as 100 metres, if you
happentobeJacquesMayol. | cannot doit, butif youhave
got the right physique and the right amount of blood
shunted into your lungs, you can do it.

Gastro-oesophageal Pressure Changes

Another consequence of immersion isgastro-oesophageal
pressure changes. |f youweighdiversduring adiveasthe
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Swedes have done, you find that they get lighter towards
theend of adive. Inother words, they aredisplacing more
water. The reason that they are displacing more water, is
that every time they equalize, they swallow alittle bit of
air. 1t goesdown into the stomach much more easily than
in air because the pressure differential s are much reduced
in water.

We normally have a quite reasonable pressure gradient
between gastric pressure and oesophageal pressure. If we
stay upright underwater that increases, but if we invert
ourselves, as most of us do at some stage in a dive, that
pressuredifferencedecreasestremendously. Upsidedown
in the water the pressure to keep gas out of the stomachis
not there. People who come out of the water feeling
dlightly bloated have every reason to feel that way, if they
have been swimming upside down.

Cardiovascular Changes

Thecardiovascul ar changesapply to humans, dogs, beavers,
hi ppopotamuses, or any other mammal sthat youliketo put
inwater. Thereisaheart sizeincrease. Inhumansitis150
ml, 50% increase compared with out of the water. The
stroke volume increases by 35%. Inthermoneutral water
the peripheral resistanceis decreased by 30%. Asaresult
of the decrease in the periphera resistance, periphera
circulationincreases. Thishashbeen shown by radioactive
xenoneliminationfrommuscleswhichincreasesby 130%.
Also by measuring the rate at which nitrogen came out of
theimmersed body compared with the out-of-water body.
In 35°C water, nitrogen excretion rate was increased by
40%inthefirst 30 minutesand by 27% over 7 hours. There
was a greater increase in excretive rate in 37°C water.

In cold water there is an increase in peripheral resistance
due to the effects of cold on the skin and heat |oss.

So perhaps one could say that the sensible thing for the
diver to dowhiledecompressingisto sit in abath of warm
water. Thisisbased ontheideathat you get rid of theinert
gases better if you are warm and immersed to the neck.
What happens when you warm a cooled body during
decompressionisagamble. | am not volunteeringto bethe
first experimental subject.

Thereisnot all that much work that tells one about what
happens when someone gets into the water feet first and
then swims horizontaly or head down. Asfar as| can
make out, many of the changes of vertical immersion are
reversed. But | havenot read any evidenceto show that the
changesthat occur onimmersion are completely reversed.
Onemust awaysremember that any diver whohasbeenin
the water for any length of timeis going to dehydrate just
from the physiological results of pushing blood from his
periphery intohischest, stimulatingthegreat vessel reflexes
and excreting more urine.

RESPONSES ACQUIRED WITH DIVING PRACTICE

Any mammal whichissubjected to divingimproveshisor
her diving ability with practice. There is evidence that

groupsof humansthat breathhold divefor their living, had
higher haemoglobins, bigger lungs and abetter efficiency
of ventilation; that is they exchange more gas per breath,
than those who do not. Incidentally, Robin Cox told me
someeight yearsagothat theonly positiveresearchfinding
that he had got out of al the diving medicalsthat had been
done in Yarmouth, was that the eighteen year olds had
developed a bigger vital capacity by the time they were
twenty. People who breathhold dive for aliving can hold
their breath for longer so cantoleratealarger oxygen debt.
They can tolerate araised PaC02. Also they can tolerate
cold better. They start to shiver after alonger than usual
heat loss. If they havegot enough food, they increasetheir
insulation.

These responses have certain advantages. If one has a
bigger vital capacity, one can go deeper before getting a
thoracic squeeze. With ahigher haemoglobin thereisan
increase in body oxygen stores. increased tolerance to a
raised PCO2 alows the person to hold his or her breath
longer. Thetwo together allow alonger dive. Tolerance
to cold can be acquired. Whether all humans can develop
this tolerance is a subject that can be debated for many
days. Itisaccepted that many ethnic groupsaretolerant to
cold. | believe that western Europeans can be made
tolerant to cold otherwise they could not have done the
exploratory voyages that they did in unheated sailing
ships.

AQUATIC MAMMALS

The specialised aguatic mammals are better at diving than
weare. They areespecialy adapted tolifeinthewater. A
human has problemswhen hegetsunderwater. 1f hewants
to divefor morethan acouple of minuteshehasto havean
air supply. He hasto have atank on his back, aregulator
in his mouth, a compensator on his chest, and sois not a
streamlined shape. The specialised aguatic mammals,
whether they be beavers, or sea otters, or seals or whales,
have anicerounded body contour for efficient swimming.
They aso have various anatomical changes that help.
Their chest wallsare easily compressed. They havelungs
that collapse and expand again easily. They have
adaptationsin their blood vessel swhich allow blood to be
shunted, not to the lungs, but into the blood vesselsin the
thorax, so that the lung does not get stiffer. When they
dive, they shut down the rena circulation and become
anuric.

They a so have certain modificationsin their anatomy for
avoiding barotrauma. The lining of the middle ear is
distensible, unlikethat of humans. Asthey godown blood
isshuntedinto that lining. Itislikeagreat big velvet rug,
whichswellsout and surroundstheossi clesand compl etely
displaces any air in the middle ear. They aso have an
adaptation to avoid decompression sickness and nitrogen
narcosis. Asthey go down their lungs collapse and gasis
pushed into the non-respiratory airways. Here it has no
exchangewith the blood so the PN2 doesnot rise. Sothey
do not get nitrogen narcosis. Neither do they take up any
extragas. They a so have high haemoglobin and so carry
alot moreoxygen. They can usethevenousoxygen stores.



Thecirculatory shutdown shuntstheblood to the heart and
brain. Because they are streamlined they have increased
swimming power. Becausethey shut down the peripheral
circulation they are tolerant to cold. A whale is not
imperviousto cold. It survivesinthe Antarctic becauseit
has about afoot and a half of blubber al around. He has
got heat producing organsinside and the insulation keeps
the heat in.

TABLE

BREATHHOLD DIVING TIMES (IN MINUTES)

Man 35
Dog 4
Beaver 15
Porpoise 6
Killer Whale 12
Manatee 30
Grey Sed 20
Harbour Seal 23
Weddell Seal 43
Blue Whale 50
Sperm Whale 75
Bottlenose 120

Now to compare the times that mammals can hold their
breath. Dogscandoit better than humans. Thebeaver can
last longer than with dog or man. The porpoise, a very
specialised aguatic mammal, can breathhold only twiceas
long as a human. A porpoise is about the same size or
perhaps a bit bigger than a human. It is really quite
interesting that his breathhold is so much less than that of
the sperm whale, which isvast compared to the porpoise.
Y et the sperm whale has a breathhold of over an hour.

If wecomparetheactual divetimeswiththosepredicted on
thebasisof oxygen carried intheblood, even man exceeds
the predictions. The various diving reflexes increase the
dive time beyond the theoretical limit.

TABLEI

PREDICTED AND ATTAINED DIVE TIMES
(INMINUTES)

SPECIES PREDICTED OBSERVED
Man 25 35
Porpoise 25 6

Seal 6 18

Fin Whale 17 30
Bottlenose 36 120

Man is apoor performer in the depth stakes. The 100 m
record was attained after a long work up with special
equipment to get JacquesMayol downquickly. Hereached
itinavery spectacular seriesof dives. It wasalot further

33
than anyone had been before and a lot further than the
physiologists predicted was possible a mere five years
beforehedidit. Weknow that spermwhalesdiveto 1,000
metres because some have died at that depth entangled in
submarinecablesand beenfoundwhenthecablewaslifted
for repair.

TABLEII

DEPTH OF DIVES (IN METRES)

Man 100
Grey Sed 134
Harbour Sed 250
Porpoise 305
Weddell Seal 550
Bottlenose Whale 825
Sperm Whale 1000

One of the major modifications in aguatic mammals is
their remarkably slow respiratory rate at rest. A human
sitting on the beach sunning himself breathesfifteen times
a minute. A Californian sea lion sitting on the beach
sunning himself breathes six timesaminute. The dolphin
needs to take three or four breaths a minute. The killer
whale breathes 0.8 times a minute when he gets to the
surface. Thisis probably the most spectacular change in
aquatic mammals - their incredible efficiency at inflating
their lungs.

Besides the slow respiratory rate the diving mammals
have, relative to man, a very much reduced ventilation.
Thisisnot surprising astheir relativelung capacity isalso
reduced. We are pretty inefficient. We requireto change
12litresof air per minute per 100 kg. Porpoisesonly need
6 litres per minute, per 100 kg. The bottle nosed whale,
whichcandivefortwohours, only needs3litresper minute
per 100 kg.

Wehaveatidal volume of about 500 ml or so whichworks
out at approximately 0.8 of alitre per 100 kg. While the
porpoise has avery much higher tidal volume than we do,
he does not fit into the scheme of things properly. The
bottle nosed whale hasatidal volumewhichisthreetimes
ours per 100 kg.

Comparingvital capacity withweight, porpoisesarenot as
good aswe are. Seals are about the same aswe are. But
thereally deep divers, theoneswho canreally last, arevery
much better equipped with what one might call apower to
weight ratio. They have got relatively smaller lungs for
their bodiesthanwehave, yet they useagreater percentage
of the inhaled oxygen than we do.

Humanshavegot about 900 ml of oxygenavailableintheir
lungsor 7 ml per kg. We use 4 ml/kg/min. Sotwo and a
guarter minutesisquite areasonable estimate of when one
shouldstartto breatheagain. Thefinwhalehasawhopping
great oxygen storage. But when you trandateit into mgm
per kg, it isrealy quite small and his usageis quite high,



TABLE IV

RELATIVE VENTILATION

BREATHS RELATIVE RELATIVE RELATIVE OXYGEN DIVE
PERMINUTE  VENTILATION LUNG CAPACITY TIDAL VOLUME UTILIZATION TIME
(/min/100 kg) (2/100 kg) (/100 kg) (%) (min)
Man 15 12 5.0 0.8 4.5 35
Porpoise 1 6 6.6 5.9 81to 10 6
Seal 34 14 5.0 1.8 5.7 18
Fin Whale 12 3 29 25 81010 30
Bottlenose 12 3 25 22 81010 120
which explainswhy heisnot at the bottom of thelist. The TABLE VI
bottle nosed whal e, which hasamuch smaller storage, and
usesdlightly lessinml/kg, usesso muchlessthat heisable BRADYCARDIA WITH IMMERSION
to take those very long breathhold dives.
RESTING IMMERSED
TABLEV PULSE RATE PULSE RATE
PULMONARY OXYGEN STORES Man 75 40to 50
Porpoise 60 30
RESTING Penguin 200 20
OXYGEN LUNG OXYGEN Sealion 95 20
AVAILABLE VOLUME USAGE Whale 100 12t024
(ml) (ml/kg) (ml/min) Hippopotamus 100 10to 20
Beaver 751090 10
Man 900 7.0 400 Seal 70to 140 7t014
Porpoise 1,000 6.9 450
Sedl 1,520 5.0 250 The scubadiver with amask on does not develop as slow
Fin Whale 3,350,000 29 200,000 abradycardiaashewould with hismask off. Coveringthe
Bottle 109,000 25 3,500 beak area does not cancel the reflex. The bradycardiais

The bottlenose whale uses alot more oxygen than we do
per kg, nearly three times as much. Yet he can dive an
awful lot longer. He can do this because of the various
anatomical and physiological adaptations. His high
haemoglobin level allows him to take up alot of oxygen.
He has a lung which collapses when he dives, and so
preventshimdevel oping nitrogen narcosi s, decompression
sickness, or barotrauma, and still provides enough oxygen
for himto do long, long dives.

When an animal puts its face into water it develops
bradycardia. Thevital spot isthe snout area, the beak. |If
you push aduck’ sheak into water itspul serate goesdown.
If you push ahuman’ s noseinto water, his pulse rate goes
down. If he has a tachycardia, in alarge proportion of
people, thetachycardiastops. 1f ahuman putshisfaceinto
water hispulseratedropsto 40 or 50. The porpoise, when
hisfaceisout of water, hasapulserate of 60. He putshis
face under water and it drops to 30. The hippopotamus
divides his pulse rate by nearly 10 when he puts his face
under water. The beaver by approximately 10. The sed
divideshisby 10. Thewhalevery nearly dividesit by 10.
The penguin goes from 200 to 20 with immersion. If the
heart rate goes down like that the oxygen should last
longer, because it is not going to be pumped around the
body so quickly.

greater in cold water than in warm water. Humans do not
really rate as bradycardic mammals, which probably
explains some of the problems that Chris Lourey was
talking about in Singapore. (This paper was published in
the 1981 Supplement to the Journal).

CONCLUSIONS

So humansarenot really suited to be breathhol ding diving
mammals.

Neither are they suited to being scuba diving mammals
unless they have adequate insulation to prevent them
getting cold. They are not suited to being scuba diving
mammals unless they stay within the limits of
experimentally determined safediving habits, ie. thediving
tables. We are all sticking our necks out to get into the
water and go down to look at beautiful things underwater.
Thereisanawful lot not known about humans' reactionto
being inthewater. But we do knew that what isknown to
be relatively safe exposure has been determined by trial
and error over many, many years. Wewould be stupid to
gooutsidethosetrial and error guidelines, especially those
of uswhoareolder. EvenNavy divers,whoareusually 19
to 30, should keep inside the limits set down for Navy
divers, which have been proved on Navy divers. We
should keep in practice, so keeping our diving adaptation.
Weneedto be confident inthewater, so that we may enjoy
our holidays, enjoy our diving, pick up large scallops and
keep our heads down when a motor boat goes overhead.



