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LI QU D BREATHI NG
Prof. Johannes A Kylstra
(Cceans 2000, 1973)

As sone of you may recall, during the Second Wrld Congress of Underwater Activities
hel d i n London in 1962, Jacques Cousteau startled his audience with a vision of the
di ver of the future - honp aquaticus - a hunman creature with liquid-filled |ungs,
breathing like a fish, with a surgically inplanted gill. Honp aquaticus woul d be
free to roam the oceans from the surface to great depths, protected against
deconpr essi on si ckness by an i ncompressible liquidinhislungs. As all of you know,
one of the main hazards in diving is the presence of conpressed air in the |ungs,
whi ch prevents t he chest frombei ng crushed while, at the sane tinme, sustaininglife.
The pressure causes gases to dissolve in the blood, with potentially serious
consequences. At hei ghtened concentrations in the blood and ti ssues, nost gases are
toxi c: oxygen can cause | ung damage and convul sions; nitrogen can produce a state
of altered consciousness, and usually incapacitates a diver at a depth of 300ft or
t hereabouts. These conplications can be avoided by using helium which is not
narcotic at high partial pressures, and by ninimising the fractional concentration
of oxygenin the inspired gas m xture so that the partial pressure of oxygen renains
within safe linmts.

However, regardl ess of the gas nixture used, the inert gas dissolves in the bl ood
and ti ssues and, whenever a diver surfaces too rapidly fromdepth, rel eases bubbl es
that result in deconpression sickness. Theoretically, deconpression sickness and
gas toxicity coul d both be avoided by filling the diver’'slungswithaliquidinstead
of conpressed gas. This liquid would resist the external pressure wi thout a change
inthe volunme of the chest and, at the sane tine, no gas woul d di ssol ve in the bl ood
fl owi ng-through the | ungs sincethere would be nogasinthelungsinthefirst place.

To supply the diver with enough oxygen and an avenue for the di sposal of the carbon
di oxide that is continually being produced in his body woul d necessitate the use of
a device simlar to the ones now bei ng used by surgeons to keep patients alive while
repairing their hearts; an artificial lung, but this time fashioned after the gills
of fish, et voila - honp aquati cus.

The essential feature of honp aquaticus is the inconpressible liquidin his Iungs.
The artificial gill - a technical and surgical “tour de force” - is necessary to
protect himfromdrowning, or is it? Could not the diver’'s liquid-filled |ungs be
made to functionlike gills? Asit turns out, the answer is “Yes”, and t he advant ages

over the surgically inplanted artificial gill are obvious.
Animal life on our planet began in the sea in an environment in which oxygen is
relatively scarce. Early forns of animal life, making the best of the conditions

i mposed by the environnment, evol ved breat hi ng organs such as gills that are capabl e
of extracting adequate anmounts of oxygen fromwater. Eventually the evolution of
lungs made it possible for aninmals to energe fromthe sea and to benefit fromthe
physi cal characteristics and advantages of an oxygen-rich gaseous environnent.
Thr oughout the span of evolution, however, the function of the respiratory organs
has remai ned basically the same: in both gills and I ungs oxygen diffuses fromthe
envi ronnent, across thin nenbranes, into the blood, and carbon di oxi de coni ng out
of the bl ood di ffusesinthe oppositedirectionto be dischargedintothe environnent.
Nevert hel ess, to reverse evol ution and to resune wat er breat hi ng presents form dabl e
problems for a manmal . | have al ready nmentioned one: the fact that under nor mal
conditions, at ordinary atnospheric pressure, water contains too little dissolved
oxygen. Another problemliesinthe fact that natural water, beit fresh or seawater,
usual Iy has a conposition which is very different fromthat of blood. Hence, when
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such water is inhaled it causes lung tissue damage and, provided enough of it is
i nhal ed, fatal alterations in the volune or conposition of the body fluid.

Now it is a sinple matter to prepare a liquid that overcomes both of these
difficulties. Suppose we take an isotonic salt solution that is Iike blood plasm
in conposition, and charge this solution with oxygen under greater-than-normal
pressure: the solutions’ simlarity to the blood will prevent any alterations in
t he vol ume or conposition of body fluid by diffusion or osnosis. Under pressure,
t he sol ution can be charged wi t h about t he sanme concentration of oxygenasis normally
present in air at sea level. Could a mamrmal breat he such a sol ution?

Using a small pressure chanber partly filled with an isotonic salt solution, |

performed the first experiment, with a nouse, at the University of Leiden in 1961.

The nouse was i ntroduced at the bottomof the pressure chanber through a | ock like
t he escape hatch of a submarine; the chanber had transparent walls so t hat the nmouse
coul d be observed. Inthe first fewnonents after entering the chanber , the ani nal

tried to swimto the surface of the water, but was prevented fromdoing so by a grid
bel owthe water level. After a short period the nouse qui eted down and di d not seem
to be in any particular distress; it nade slowrhythm c novenents of respiration -
apparently inhaling and exhaling the 1iquid. It noved about in the chanber
occasionally and would respond to a rap on the wall. Some of the mce so tested
survived for many hours, thel ength of survival dependi ngonthe particul ar conditions
of the experinment such as tenmperature and the chem cal conposition of the |iquid.

In each case, however, the nmpbuse eventually ceased his respiratory activity.

Fromthe results of variations of the applied environnmental conditions, it appeared
that the decisive factor, limtingthe survival of the m ce was not the | ack of oxygen
- which coul d be supplied in anpl e amounts sinply by increasing the oxygen parti al
pressure in the liquid - but the difficulty of elimnating carbon dioxide at the
required rate. The nousse that survived for the | ongest tinme - 18 hours was assi sted
by the addition to the solution of a small amunt of tris(hydroxynethyl)-
am nonet hane, which is a substance that minimnmzes the untoward effects of carbon
di oxide retention in animals and nan. Lowering the tenperature of the solution to
20°C, about half the nouse’s normal body tenperature, also | engthened the survival
time by cooling the animal and thus reducing his netabolic rate, and consequently
his rate of carbon di oxi de production.

Nowwith miceinasmall pressure chanber it isdifficult to determ ne hownuch oxygen
is actually taken up by the lungs, how well the arterial blood is oxygenated, and
how much carbon di oxide the animal retains. Consequently, ny associates and |
resortedto nore el aborate procedures using dogs inalarge pressure chanber provi ded
wi th additional equipnent.

The entire chanmber was pressurised with air and an anaest heti zed dog was | owered i nto
a tub of oxygenated saline. The ani mal was kept cool at about 32°Cin order to reduce
hi s oxygen requirement. Wil e subnerged, the dog continued to breathe, and jets of
water rising fromthe surface showed cl early that he was punpi ng the sol ution in and
out of his lungs. At the end of the observations, the dog was lifted out of the tub
and hi s lungs were drained of water and re-inflated with air. One of these dogs was
| ater adopted as a mascot by the crew of the Royal Netherlands Navy vessel HVS
Cer ber us.

We had now shown in neasurable terns that under certain conditions a nmanmal could
i ndeed mai ntain respiration by breathing water for a limted period of tinme. The
bl ood pressure of the dog was slightly below normal while he was breathing the
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oxygenated liquid, but it remained stable; his heart rate and respiration were | ow
but regular and his water breathing kept the arterial blood fully saturated with
oxygen. However, the carbon dioxide content of the blood steadily increased,
i ndicating that the dog’s vigorous respiratory efforts were not enough to rempve
sufficient anounts of carbon dioxide fromthe body.

| continued my studi es at the State University of NewYork at Buffal o, usi ng appar at us
that makes it possible to nmeasure the actual exchange of gases taking place in the
| ungs of water-breathing dogs. As before, an anaesthetized dog breathed the salt
sol uti on oxygenat ed under pressure. This time, however, the ani mal did not have to
nmove the water into and out of the lungs on his own, and it was possible to neasure
accurately the gas content of the inhal ed and exhal ed water. Oxygenated |iquid was
deliveredtothe dogviaatube fromareservoir, and was drai ned back i nto areservoir
under neat ht he dog. Anotor drivenval ve systemregul atedtherespiration. The anpbunt
of oxygen taken up fromthe liquid in the |ungs, and the anmount of carbon dioxide
di scharged into it, was nmeasured by conparing the relative anounts of these gases
intheinspiredandexpiredliquid. Sanples weretaken, sowe knewthe oxygen cont ent
of theliquidgoingintoandout of thelungs; the dogwas not cooled, andit extracted
about t he sane amount of oxygen fromwater as it normally woul d have fromair. However,
in spite of the nechanical assistance to its water breathing, the animal did not
elimnate sufficient amounts of carbon dioxide in the exhal ed water, so that the
partial pressure of carbon dioxide in the arterial blood gradually increased. At
the end of the period of water breathing, which |asted up to three-quarters of an
hour, the water inthe dog’ s |ungs was drai ned by gravity through atubeinthetrachea
and the animal’s lungs were inflated with a few breaths of air bl own into the tube.
Several of these water-breathing dogs | at er becane heal t hy and pl easant fam |y pets.

It was now abundantly clear that inadequate elim nation of carbon dioxide was the
mai n problemin water breathing. There are two reasons for this. First of all, we
now know t hat when a breath of fresh air or water is drawn into the air sacs of the
| ung, the oxygen nol ecules are at first concentrated in the centre of the sacs and
have to traverse a substantial distance by diffusion before they reach the walls to
enter the bl oodstream this distance is nany tines greater than the thickness of the
menbr anes that normal |y separate air frombloodinthelungs. |f the breathing medi um
is air, the situationis of little consequence: oxygen diffuses in air so rapidly
that freshly inhaled oxygen is distributed honogeneously in a matter of mlli-
seconds. However, when the nmediumis water, in which the respiratory gases diffuse
about 6,000 tinmes slower than in air, a gradient of oxygen tensions persists over
the di stance between the centre of the air sacs and the walls at the periphery.
Thr oughout the cycl e of each respiration the oxygentensionis greater at the centre
than at the walls; the sane being true of carbon di oxi de di scharged fromthe bl ood:
it is nore concentrated near the transfer nmenbranes than at the centre of the sacs.
Thus, at a normal resting respiratory frequency, the average carbon di oxi de parti al
pressure in exhal ed water is considerably |Iower than in exhaled air, at the sane
partial pressure of carbon dioxideinthe arterial blood. Furthernore, the situation
may be expected to get worse as the respiratory frequency increases and |less tine
is available for carbon dioxide to diffuse during each breath.

Secondl y, at normal body tenperature, the solubility of carbon dioxide in water is
lessthaninair, whichis to say that water contai ns fewer carbon di oxi de nol ecul es
t han an equal volune of air at the sane partial pressure. Hence, an increase inthe
partial pressure of carbon dioxide in the arterial blood, and consequently, in the
air sacsinthelungs, woul d eventual |y restorethe bal ance of t he producti on of carbon
di oxide i n the body and el im nation throughthe liquid-filledlungs. Unfortunately,
t he body tol erates only minor variations of carbon dioxide partial pressures inthe
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arterial blood. Cbviously thenif we put all these factors together, we find that
inorder to maintain his arterial carbon di oxide partial pressure within tol erable
| evels - to prevent a sense of suffocation or even | oss of consci ousness - a water-
br eat hi ng di ver woul d have t o nove a substanti ally greater vol ume of water per mnute
in and out of his lungs than the air-breathing diver noves air. At first sight this
woul d not seemto be an i nsurnmount abl e probl em since a suitable notor-driven punp
couldrelievethe diver of the extra work of breathing, but unfortunately the maxi num
rate at which air or water can fl owout of the lungs is effort i ndependent: the flow
initially increases with the increase in expiratory effort, but only up to a point,
after which the flow no | onger increases no matter how nuch pressure is applied to
the lungs. The reason for thisisthe pliability of the walls of the airways so that
they col |l apse once the critical expiratory flow has been reached.

David Leith and Jerry Mead at the Harvard School of Public Health, Boston, have
measur ed t he maxi numexpi ratory fl owof water fromthe | ungs of dogs, and on t he basi s
of their findings predictedthat the maxi mumm nute ventil ati on of a sal i ne breat hi ng
di ver woul d be approximately 3.5 litres. |If one realises that a resting man nust
breathe normally al nobst twice this amount of air per mnute and nmuch nore when he
is performing work, then it becones clear that the water-breathing diver could not
possibly elimnate carbon dioxide at the necessary rate, even if he remained
absolutely at rest in the water.

Now does this nmean that we nust find other ways to elim nate carbon di oxi de fromthe
body such as, for instance, an artificial gill? Not necessarily. Theoretically,
t he probl emcoul d be sol ved by using a liquidin which carbon di oxide is nore sol uble
than in water, or by addi ng a substance which chem cally binds carbon di oxi de; the
ef fect of either of these neasures woul d be the same, nanely to increase the nunber
of carbon di oxi de nol ecul es present inthe exhal edliquidat agivenpartial pressure.

W are mainly interested in the solubility of carbon dioxide at a partial pressure
of 40mllimetres of nmercury; that is apartial COpressure nornmally foundinarteri al

bl ood. Under these conditions, one litre of saline contains approxinmtely 30
mllilitres of carbon di oxide, whil e FC80 - asynthetic fluorocarbonliquid- contains
84 millilitres (alnmost three tinmes as nmuch), whereas one litre of air at the same
partial pressure contains approximately 60 mllilitres. A solution of
tris(hydroxymnet hyl)-am nonmet hane in a 0.3 nol ar concentration and adjusted to a pH
of 7.4 contains 320 mllilitres of carbon dioxide per litre.

Since, in normal resting conditions a man produces about 250 mllilitres of carbon

di oxi de per minute, it would followthat carbon di oxide elimnation nght not be a
problemif a diver were breathing atris buffer solution, evenif his maxi mumm nute
ventilation were no nore than 3.5 litres, as predicted by Leith and Mead. In fact
it can be shown that such a diver woul d be able to performwork requiring up to 1, 300
mllilitres of oxygen per minute - that is, approximately four tinmes as nuch as under
resting conditions - and still have a normal partial pressure of carbon dioxide in
his arterial blood.

Unfortunately, the solubility of oxygen in a tris buffer solution is no different
fromthat innormal saline, thus aninspired oxygen partial pressure of approxi mately
18 at nospheres woul d be required to provide the diver with the 1,300 mllilitres of
oxygen per mnute. |If our diver were to breathe fluorocarbon liquid instead, his
maxi mumoxygen consunpti on at a nornal arterial carbon di oxi de partial pressure would
only be about 300 mllilitres per mnute - barely enough to support him while
completely at rest. On the other hand, only one half of an atnosphere of inspired
oxygen pressure woul d be needed to provide himw th the necessary anmobunt of oxygen.
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I n general then, the high carbon di oxi de-carrying capacity of atris buffer solution
woul d al | ow productive physical activity of a liquid-breathing diver but, with the
oxygen solubility being so low, prohibitively high partial pressures of inspired
oxygen woul d be necessary. The solubility of oxygenin a fluorocarbon liquidis high
enough to providethe diver with sufficient oxygenat safeinspiredpartial pressures,
but the solubility of COin fluorocarbon liquids is still not good enough: even at
conmplete rest in the water and while breathing at his maxi num capacity, the diver
woul d barely be able to maintain a normal carbon dioxide partial pressure in his
arterial blood.

Wul d it be possible to conmbinethe advantages of a fluorocarbon liquidand of atris
buffer solution by mxing the two in suitable proportions? Fluorocarbon |iquids do
not mx with water and are in general very poor solvents for all but a few organic
subst ances. However, it is possible to nake stabl e enul sions of fluorocarbon |iquid
dropl ets in physiol ogical salt solutioncontainingtris buffers. Such enul sions have
been prepared as a blood substitute, the fluorocarbon Iiquid droplets functioning
as liquid blood cells to carry oxygen fromthe lungs to the tissues.

We can now estimate the maxi mum oxygen uptake through human lungs filled with
different liquids at various arterial carbon dioxide partial pressures. The
cal cul ati ons are based on t he known oxygen and car bon di oxi de sol ubilities of various
liquids, on an estimted maxi numeffective al veol ar ventilation of three litres per
mnute, a mninumarterial oxygen pressure of 100 mllinmetres of mercury and a gas
exchange ratio of 0.8. On the basis of such cal cul ati ons one can predict that the
maxi mum oxygen upt ake of a saline-breathing diver could be no nore than one third
of his resting oxygen requirenment at a nornmal arterial carbon di oxi de pressure, that
istosay, he couldnot survive under these conditions. Inorder to be ableto extract
the mninmumrequired 300 mllilitres of oxygen per m nute fromthe oxygenat ed saline
inhislungs, the partial pressure of carbon dioxideinhis arterial bl ood wuldrise
to 110mm of nercury and cause himto | ose consci ousness. As you may recall, these
predictions are in accordance with the experinmental findings in saline-breathing
ani mal s which | discussed earlier.

If a diver were to breathe FX80 Fl uorocarbon |iquidinstead of saline, the situation
woul d be sonmewhat better: the estimated maxi mum oxygen uptake woul d be slightly
greater than his mninum oxygen requirenment at a normal arterial carbon dioxide
partial pressure. However, the slightest amount of physical activity, raising his
demand for oxygen by no nore than about 60 per cent, woul d cause an increase in his
arterial carbon dioxide partial pressure to 60nm of nmercury, and give rise to a
sensati on of inmpendi ng suffocation. For this reason a fl uorocarbon-breathing di ver
woul d not be of nuch use in the water.

If we estimate the maxi mum upt ake of oxygen through the |ungs of a diver breathing
an emul sion of fluorocarbonliquidinanisotonictris buffer solution, the prospects
bri ght en consi derably: the diver woul d be abl eto performwork that requires an oxygen
uptake of 1,100 millilitres per mnute, at a norrmal arterial CO pressure of 40nm
of mercury, and he coul d i ncrease his oxygen consunptionto alnost 1,500 mllilitres
per mnute before he woul d be so short of breath that he would have to stop. The
di vi ng wonren of Korea, who harvest abal one and oysters and other materials fromthe
seabed at depths of up to 60ft, require about 1,200 millilitres of oxygen per m nute
whi | e they are worki ng underwater. So this would seemto be a reasonable figure for
a reasonably active diver.

| have prepared a G aph showi ng the rel ati onshi p between oxygen uptake, effective
al veol ar ventil ati on, and oxygen and car bon di oxi de parti al pressuresinthearterial
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bl ood of a hypot heti cal fluorocarbon emul sion-breathing diver. As you can see, the
effective al veolar ventilation increases linearly with an increase in the oxygen
consunption, while the arterial carbon dioxide and oxygen partial pressures at the
end of an expiration remain 40 and approxi mately 1, 300mmof mercury, respectively.

Once the maxi mum al veol ar ventilation of three litres per m nute has been reached
- whi ch occurs at an oxygen consunpti on of approximately 1,100 mllilitres per m nute
- afurther increase in activity and consequently in the oxygen consunpti on, causes
ariseinthe arterial carbon dioxide partial pressure and a drop in the arteria

oxygen partial pressure. An inspired oxygen partial pressure of approximtely 4
at nospheres was chosen to prevent bl ackout as aresult of arterial hypoxaem a before
the diver’s arterial carbon dioxide tension rises to a value that would force him
torest. Inspite of the highinspired oxygen partial pressure, the partial pressure
of oxygeninthe arterial blood remains within acceptablelimts, at |east for adive
that woul d not | ast rmuch | onger than an hour or so. Wth liquid-filled | ungs that
woul d be | ong enough to descend several thousand feet into the water, work at depth
for perhaps half an hour and return safely to the surface - all within an hour

Granted that it has been shown that ani nal s can breat he oxygenated salt sol ution or
fluorocarbon liquid; granted that ny estimate of the respiratory capabilities of a
hypot heti cal fluorocarbon emnul si on-breathing diver is approxi mately correct, what
evidence is there that a real diver could tolerate the sensations arising fromthe
presence of a liquid instead of air in his |lungs?

During the past six or seven years ny colleagues and | at Duke University Medica
Center have been treating patients suffering froma variety of lung di seases by
rinsing their lungs with a physiological salt solution in order to renove harnfu
secretions.

The patients are anaesthetised and a double tube catheter is inserted into the
trachea: one |ung breathes anaesthetic gas and oxygen while the other has its air
repl aced by physiol ogical salt solution at normal body tenperature. Once all the
gas in the lung has been replaced by liquid, the rinsing procedure, which nore or
| ess resenbles the normal breathing process, begins. A tidal breath of 500
mllilitres of saline is made to flowinto the liquid-filled |lung and i nredi ately
after this the sane volume of liquid is siphoned off. W continue this treatnent
for up to two hours and may use as nuch as 10 gal |l ons of salt sol ution on one | ung;
so far we have done this on about 200 occasions, and the patients have suffered no
harnful effects.

The sanme procedure was performed on a healthy volunteer whose w ndpipe was
anaest hetised to i ntroduce the cat heter; he otherw se recei ved no nedi cati on and was
wi de awake t hroughout the entire experinent. Hetold nme afterwards that the |iquid-
filled lung had not felt noticeably different fromthe gas filled one, and that he
had experi enced no unpl easant sensations arising fromthe flow of saline in and out
of his lung. O course, such atest is very different fromtrying to breathe |iquid
with both lungs, but it did at |east showthat filling the human body with liquid
wi | I not necessarily damage t he ti ssues or produce unaccept abl e sensati ons, provided
a suitable liquid is used and provided the proper technique is enployed.

Wth the advent of this volune-controlled |lung | avage technique it has al so becone
possi bl e to nmeasure accurately the rate at which a saline solution can fl ow out of
t he human | ung. W have been abl e t o drai n 500cc of salinefromone lungin 7 seconds,
so it should be possible to exhale twice that anpbunt, that is one litre of saline,
fromboth lungs inthe same time and, sinceinhal ati on and exhal ati on nornmally require
about the same anount of time, it should be possible to nove nore than 4 litres of
saline per minute into and out of both lungs. This is slightly better than Leith
and Mead's estimate of 3.5 litres per mnute.

8
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The total amount of |iquidinhal ed and exhal ed per mi nute will al ways be greater than
the effective al veol ar ventilation since part of it iswastedinventilatingthe dead
space. Consequently, the maxi mumeffective alveol ar ventilation nay be expected to
be somewhat | ess than 4 litres per m nute, dependi ng upon the size of the anatom cal
dead space, therespiratory frequency, the distributionof the flowof inhaledliquid
and bl ood in the I ung, and t he presence of absence of partial gas pressure gradients
within the liquid-filled gas exchange units of the |ung.

During volunme-controll ed lung | avage in patients and again in a healthy vol unteer,
nmy col |l eagues and | found that diffusive mxing in the liquid-filled gas exchange
units of the human lung is complete, provided that the respiratory frequency is no
nmore than two or three breaths per mnute. In addition, we found no evidence of a
gross i nbal ance between the fl ows of inspired liquid and blood inthe saline filled
human | ungs which, by the way, is in conplete agreenent with observations in dogs’
| ungs made several years ago by John West and his Cinical Research Physiol ogy G oup
at Hammersmith Hospital in London.

It seens therefore safe to conclude that at a respiratory frequency of two or three
breat hs per m nute t he physi ol ogi cal dead space in a |iquid-breathing man woul d not

be nmuch greater than the anatom cal dead space of sone 200 mllilitres. Thus, with
4 litres ventilation per mnute the effective alveolar ventilation of a liquid
breat hing di ver could be as high as 3.5 litres per mnute. As you will recall, ny

predi cti ons were based on the assunption of an effective alveolar ventilation of 3
litres per minute, so they are in fact a little bit on the safe side.

This is in essence what is known now - 12 years after it was first shown that mce
coul d be kept alive breathing on their own in oxygenated salt sol ution, instead of
ai r. Many questions remai n unanswer ed and nuch wor k remai ns t o be done. Nevert hel ess,
| ookingtothe future, it seens |ikely that some day - soon, perhaps - sone cour ageous
man will take a deep breath of specially prepared liquid and that, by the turn of
the century, divers with liquid-filled lungs will carry out critical rescue and
sal vage operations at great depths in the oceans, where gas-breathing divers woul d
have fail ed.

Surgeon Commpdore Raw ins: | think our |ast speaker gave an extrenely interesting
and erudite presentation, but | have al ways personally felt that hono aquati cus coul d
be equated with man-powered flight: extrenely interesting but not too practical, I
could be wong about that.

* * *x k* * * * %

Brief Profile

Johannes A Kyl stra, widely known for his |iquid breathing experinents, is Associ ate
Prof essor of Medicine and Assistant Professor of Physiology at America s Duke
University. Borninthe Netherlands - he recei ved a nedi cal degree fromthe University
of Leiden in 1952. From 1952 to 1954 he was an intern at Al bany, NY, and from 1955
to 1958 he was a Lieutenant in the Royal Netherlands Navy Medical Corps.

In 1958 he obtained his PhD in physiology fromthe University of Leiden, and after
three nore years in the US, he served from1961 to 1963 as Assistant Professor of
Physi ol ogy at that University.
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