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SUMMARY PAGE 

THE PROBLEM 

To review the literature of work done on submerging lower mammals 
in liquid to perfect a technique whereby such animals could survive a 
period of immersion, with the idea that such liquid breathing might pos- 
sibly become feasible for men. 

FINDINGS 

The work of twenty-three authors is reviewed and summarized. It is 
concluded that while the research done up to this point presents very in- 
teresting possibilities for the future, these possibilities are limited by too 
many serious problems (poor C02 diffusion, fluid and electrolyte imbalance, 
fatigue, etc.) to hope for any practical application to man in the near 
future. 

APPLICATIONS 

If a feasible technique could be worked out for animals to successfully 
breathe liquids, it should be possible to extend the process to humans and 
thus overcome many of the problems of diving compressions and de- 
compression. 

ADMINISTRATIVE INFORMATION 

This investigation was carried out by the author and reported in partial fulfillment 
of the requirements for qualification as a Qualified Submarine Medical Officer. His thesis 
was selected for publication at this time as a Submarine Medical Research Laboratory 
Report in order to make this information readily available in the literature of Subma- 
rine Medicine and for use in the School of Submarine Medicine at the Submarine Medi- 
ical Center. It has been designated as SMRL Report No. 518, MF022.03.03-9025, and is 
the 28th report on that Work Unit. 

This document has been approved for public release and sale; its distribution is 
unlimited. 
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ABSTRACT 

The author reviews the literature on fluid respiration and reports on 
the publications by twenty-three researchers, describing the various exper- 
iments performed, results obtained, problems encountered and possible 
future applications of this work. 

It appears that certain investigators became interested in the mecha- 
nism of death by drowning. Work progressed from this to purposely sub- 
merging animals in liquids to perfect a technique whereby the animals 
could survive a period of immersion. The object of this work was to test 
the feasibility of man's breathing liquid and thus overcoming many of the 
problems of diving compression and decompression. As work progressed, 
problems began to arise—poor C02 diffusion, fluid and electrolyte imbal- 
ance, fatigue, et cetera—which would appear to severely limit the useful- 
ness to man of such a system. More work is needed in order to overcome 
these major problems before man can apply them to himself if, indeed, he 
can ever hope to do this. 

in 



BREATHING OF PRESSURE OXYGENATED FLUIDS BY SUBMERGED 

MAMMALS: A LITERATURE REVIEW 

Work on the subject of fluid respiration 
began as an outgrowth of studies on the 
mechanism of death by drowning. The as- 
asumption that acute death is primarily due 
to asphyxia was unproved. During drowning, 
fluid may enter into the air spaces of the 
lung. Transfer of water and solutes across 
the alveolar walls would cause alteration in 
the volume of composition of the body fluids 
incompatible with life. Recognition of this 
led to a distinction between drowning in 
fresh water and in sea water.1 However, it 
was not known to what degree fluids aspira- 
tion contributed to death or how the chances 
for survival from near drowning in fresh 
and salt water differed. 

In 1960 den Otter2 and co-workers at- 
tempted to assess the relative importance of 
anoxia and the sequelae of entry of water 
into the lungs during drowning in fresh 
water. In dogs one lung was filled with tap 
water; the other was ventilated with oxygen 
to prevent hypoxia. The animals remained in 
good general condition and the arterial and 
venous blood pressure remained stable as 
long as a normal arterial oxygen saturation 
was maintained. Most of the water intro- 
duced into the lung remained confined to the 
lung tissue as interstitial edema and altera- 
tions in plasma electrolyte concentrations 
were not very marked. The authors con- 
cluded that death due to drowning in fresh 
water is primarily a result of anoxia. How- 
ever, transfer of water and solutes across 
the walls of fluid filled alveoli may differ 
from the transfer occurring during actual 
drowning. Shunting of pulmonary blood 
flow through the ventilated lung would tend 
to diminish such a transfer while gravity 
would tend to promote a flux of fluid from 
the air spaces into the lung vessels of an 
animal not submerged. 

Kylstra 3-4 in 1961 reported on an experi- 
ment in which the effects of anoxia and of 
the presence of fluids in the lungs were ob- 
served separately in animals submerged in 
fluids with different oxygen content under 
otherwise similar conditions. 

Adult, random bred "Swiss" mice of either 
sex were submerged in tap water, isotonic 
saline, or water from the North Sea all at 
23 to 25°C. The animals were not anesthe- 
tized. The interval between submersion and 
the last visible respiratory movement was 
referred to as survival time. 

In mice submerged in either tap water, 
isotonic saline or sea water at 23 to 25°C in 
an open container no respiratory movements 
were observed after approximately one min- 
ute. 

Three mice submerged in tap water at 
25°C under compressed nitrogen (7 atm.) 
lived from 4.1 to 5.4 minutes. Three mice 
submerged in 25 °C tap water equilibrated 
with oxygen at 8 atm. pressure (absolute) 
lived from 5.7 to 6.1 minutes. 

Three mice submerged in sea water at 
25°C under compressed nitrogen (8 atm. 
abs) survived from 4.8 to 8.2 minutes. When 
submerged in 25 °C sea water equilibrated 
with 8 atm. abs. of oxygen, three survived 
from 11.0 to 11.5 minutes. Three mice sub- 
merged in 25°C saline equilibrated with 
oxygen at 8 atm. abs. lived from 22 to 40 
minutes. 

All animals submerged in a fluid not 
oxygenated died cyanotic. All those sub- 
merged in oxygenated fluids had pink skin 
and mucous membranes to the end. 

At autopsy the lungs of tap water, open 
container drowned animals floated in water 
and contained gas. The lungs of mice drown- 
ed in isotonic saline or sea water under com- 
pressed oxygen or nitrogen resembled liver 
and sank in water. The lungs of pressurized 
tap-water-drowned animals were either com- 
pletely filled with fluid or contained vary- 
ing amounts of fluid and gas. 

Oxygen in solution at 8 atm. abs. is ap- 
parently readily available for the submerged 
mammal. Mice submerged in tap water 
which contained a sufficient amount of dis- 
solved oxygen lived only slightly longer than 
controls subjected to drowning asphyxia. 
Thus death could only be attributed to the 



sequelae of fluid aspiration; aspiration of 
tap water killed mice about as quickly as 
lack of oxygen. The survival time of mice 
submerged in an open container appeared 
not to be significantly affected by the com- 
position of drowning medium. The lungs 
of all mice drowned under pressure had been 
previously filled with compressed oxygen 
and this explains the longer survival under 
pressurized nitrogen than in an open con- 
tainer. 

The author states that the experimental 
results leave no doubt as to the cause of 
death due to sea water submersion being 
anoxia. Whether death by drowning in fresh 
water is caused by lack of oxygen or by 
water in the lungs or by a combination of 
these would depend on the amount of water 
aspirated and the interval between submer- 
sion and the time of entry of the water into 
the lungs. Respiration of isotonic saline ap- 
peared to be relatively harmless although the 
cause of death in this case could not be de- 
termined. 

It is interesting to note that the author 
suggests that addition of 9 grams of salt to 
each liter of swimming pool water might in- 
crease the number of successful resuscita- 
tions after accidental submersion. 

Goodlin5 in 1962 studying the feasibility of 
a fetal incubator immersed newborn mice in 
Hanks basic salt solution under increased 
oxygen tension and found that they sur- 
vived up to six times longer than others in 
the same solution at atmospheric pressure. 
At the time of death such animals were 
never cyanotic but appeared very well oxy- 
genated. In a study of 1220 mice, newborn 
survivals of nine hours occurred at solution 
temperature of 28 °C and an oxygen pressure 
of 250 psi. Solution temperature of 37°C led 
to low survival time for mice despite in- 
creased oxygen tension. The author sug- 
gests that at higher temperature and oxygen 
tensions there is a very narrow range of 
oxygen pressure between adequate supply 
and oxygen poisoning. 

In an experiment similar to his first but 
with slightly different materials Kylstra et 
a]6 was able to produce longer survival 
of   submerged  mice.    Adult,   random   bred 

"Swiss" mice were submerged in Sterofundin 
(a balanced salt solution, pH 6.8 containing 
acetate and lactate) or Sterofundin plus 
0.1% T.H.A.M. Seventeen mice submerged 
in Sterofundin equilibrated with oxygen at 
8 atm. abs. and temperature ranging from 
6 to 41 °C survived up to 4 hours, the maxi- 
mum survival occurring at 20°C. 

Thirty-one mice submerged in Sterofundin 
at 20°C and oxygen presure from 0.2 to 8 
atm. abs. continued breathing for 5 to 247 
min. However, when 0.1% T.H.A.M. was 
added at 20 °C and oxygen varied from 1 to 
8 atm. abs. the survival time ranged from 4 
minutes to 18 hours, survival being a linear 
function of oxygen tension. 

Fifteen mice in oxygenated Sterofundin 
with 0.1% T.H.A.M. were subjected to uni- 
form compression from 8 to 160 atmospheres 
by means of compressed oxygen, or nitrogen, 
or both. Rhythmic respiratory movements 
were observed at 145 and 160 atm., but in 
both instances the animals appeared as if 
deeply anesthetized. Mice that breathed fluid 
for 10 to 30 minutes were subsequently kept 
alive for over 2 hours in compressed gas with 
a high oxygen tension. 

T.H.A.M. minimizes hyercapnic acidosis. 
Addition of this to the fluid medium resulted 
in markedly prolonged survivals of submerg- 
ed mice. This would indicate that elimina- 
tion of CO2 was deficient under the given 
experimental conditions. Carbon dioxide re- 
tention results in an increase of arterial pC02 
as a function of time. Resulting shifts of the 
oxygen dissociation curve of hemoglobin to 
the right may well account for progressively 
longer survivals at higher oxygen tensions. 

The longest survival of mice was observed 
at 20 °C under 8 atm. abs. of oxygen pres- 
sure. According to the authors adverse ef- 
fects of deep hypothermia probably account 
for the shorted survivals at lower tempera- 
ture, whereas at higher temperatures the 
shorter survival times may have been due 
primarily to deficient elimination of CO2. 

The authors then state that if humans 
possess a tolerance to pressure similar to the 
mice then escape from submarines might be 
possible at depths far greater than the ones 
currently considered to be prohibitive.   By 



using fluid as a respiratory medium instead 
of toxic or narcotic compressible gases an 
important limiting factor could be elimin- 
ated. 

At about this time Bodell and co-workers7 

working on a capillary membrane oxygen- 
ator for extracorporeal circulation were hav- 
ing similar problems with C02. The elevated 
02 and low pH values they at first obtained 
were incompatible with life while oxygena- 
tion was more than adequate. The adequate 
C02 concentration encouraged them to seek 
ways of removing more C02 which they were 
able to perfect by reengineering the capillary 
membranes for better gas exchange. 

Under ether anesthesia Pegg et al8 per- 
formed tracheotomies on 33 rats, tied them 
to a lucite frame, placed electrocardiographic 
leads and placed the rats in a pressure cham- 
ber. Desired pressure and solution p02 were 
obtained within three minutes. Solution tem- 
perature was held between 30°-37°C. With 
16 rats a solution balanced in ionic concen- 
tration and osmolarity with rat plasma was 
used. 

Upon immersion of the tracheotomy tube 
the heart rate dropped approximately 40 per- 
cent in five rats. In the same rats irregular 
respiration during the first three minutes 
gave way to a respiratory rate of approxi- 
mately 28/min with prolonged forced respi- 
ration. Skin and mucous membranes re- 
mained pink. Survival time was less than 
five minutes at 2.5 atm. (2 rats), rose to 170 
and 248 minutes at 10 atm. (2 rats), and 
dropped to 90 and 135 min. at 20 atm. (2 
rats). After 30 min. breathing the balanced 
solution at 10 atm. (one rat), arterial oxygen 
saturation was 76%, pC02 174 mm Hg and 
pH 6.61. The high pC02 reflected the poor 
C02 carrying capacity of this virtually un- 
buffered solution. Six other animals were 
immersed in a solution buffered with 0.4% 
T.H.A.M. After 30 min. in this solution at 
10 atm. (one rat), pC02 was 50 and pH 7.00. 
Arterial oxygen saturation was 24% at 10 
atm., 93% at 17.5 atm. and 100 % at 20 atm. 
where foaming occurred. 

After 30 minutes in the liquid, rapid de- 
compression (30 sec), removal from the 
chamber, and postural drainage to remove 

most of the 5-7 ml of fluid in the lungs, eight 
rats quickly resumed normal breathing and 
had a normal gait. However, within 15 min- 
utes, sero-sanguinous fluid with bubbles ap- 
peared in the transparent tracheotomy tube, 
respiration became slow and labored, mucous 
membranes were cyanotic, and the rats died 
despite administration of 100 % oxygen or in- 
termittent positive pressure breathing. When 
the chest was opened, the lungs collapsed 
completely and small pleural effusions were 
present. Lung extracts for pulmonary sur- 
factant done in 5 rats had minimum surfaces 
tensions greater than 18 dynes/cm (normal 
less than 10 dynes/cm). 

The labored respiration and acidosis 
seen in rats, even in the buffered solution, 
suggested that they succumb in the liquid 
from exhaustion from the excessive work of 
breathing. Breathing of pressure oxygenat- 
ed solutions is not innocuous, as the author 
states, as demonstrated by the prompt death 
usually seen upon return to the gaseous en- 
vironment. Since the animal is totally sub- 
merged, it is subject to breathing contami- 
nants (skin oils, urine, feces) which may 
damage the lungs. Perhaps retained liquid in 
the lungs is detrimental and the prolonged 
survival of the animals breathing saline re- 
sulted from its lack of oncotic pressure (pro- 
vided by the glucose and T.H.A.M. in the 
other solutions) permitting more rapid ab- 
sorption from the alveoli. The collapse of the 
lungs and abnormal surface tensions of lung 
extracts seen at autopsy of rats removed 
from the liquid, and their need for continu- 
ous positive pressure, suggests that death 
following air breathing is due to massive 
atelectasis secondary to washing out of the 
pulmonary surfactant with consequent in- 
crease in surface forces tending to collapse 
alveoli. A deficiency of this material occurs 
in idiopathic respiratory distress syndrome 
of the newborn in which PAS positive stain- 
ing hyaline membranes are found as was the 
case with the rats in this experiment. 

Evolution is generally considered irreversi- 
ble, but on the basis of previous experiments 
Kylstra had demonstrated the adaptability of 
adult mammals to aquatic respiration.   He 



took the next step and studied this phenome- 
non in dogs.9 A tub filled with saline was 
placed in a pressure chamber large enough to 
accommodate the investigators also. A dog 
was anesthetized, shaved, washed, intubated 
or tracheotomized and given prophylactic an- 
tibiotics. The chamber was pressurized with 
air and oxygen was bubbled through the 
saline until saturation. The animal was then 
submerged and observed through the trans- 
parent cover. Jets of exhaled liquid were 
clearly visible breaking the surface. Fluid 
breathing was terminated by lifting the dog 
out of the tub, draining the liquid from his 
lungs through a hose, and then forceful infla- 
tion for several times with air during cham- 
ber decompression. 

The first mammal to survive breathing was 
a mongrel dog. His average systolic and di- 
astolic pressures were diminished slightly but 
stable. The solution was equilibrated with 
oxygen at 5 atmospheres at 32 °C. There was 
a moderate brachycardia. Respiration was 
slow and regular, arterial blood remained ful- 
ly oxygen saturated but arterial C02 in- 
creased by 8 volumes percent in 20 minutes. 
The animal was resuscitated after 24 minutes 
submergence. 

It is not difficult to provide adequate oxy- 
gen but the amount of CO2 eliminated in the 
fluid depends on the partial C02 pressure in 
the alveolar capillaries and the solubility of 
CO2 in the alvelor fluid. The isotonic salt 
solution at 39 °C equilibrated with a 40 mm 
Hg pressure of C02 contains about 30 ml. of 
CO2 per liter while one liter of air contains 
approximately 50 ml of C02 under similar 
conditions. Thus, alveolar saline ventilation 
should be about twice as great as air. How- 
ever, the viscosity of water is about 36 times 
that of air at 37°C so that 36 times more 
pressure is necessary for laminar saline solu- 
tion flow through the trachea and bronchi. 
In water, turbulence occurs at flow rates 27 
times smaller than in air at 37 °C and the 
pressure required for turbulent flow is much 
greater. Thus, the work of liquid breathing 
is likely to be excessive. In the dogs, respira- 
tory pressure fluctuations of up to 40 mm Hg 
were recorded in the right atrium indicating 
strenuous inspiratory and expiratory muscu- 

lar activity. In spite of this, alveolar ventila- 
tion was inadequate and C02 retention oc- 
curred. 

In a variation of this experiment1" hyper- 
barically bubble oxygenated modified Ring- 
er's solution flowed from an elevated contain- 
er into the lungs and drained out into a lower 
reservoir. With an inflow-outflow valve sys- 
tem fluid ventilation resembled pump ventila- 
tion with air except that tubal volume dis- 
placements occurred by gravity instead of a 
piston. The C02 content of the inspired fluid 
was negligible. By collecting the expired fluid 
and determining the oxygen and carbon di- 
oxide content of a mixed minute volume, the 
rate of oxygen uptake and carbon dioxide 
elimination was computed and gave evidence 
that mammalian lungs can function as gills. 
It was the author's hope that if man were 
able to breathe oxygenated water instead of 
an oxygenated carrier gas, exploration of the 
oceans would no longer be limited by gas tox- 
icity and decompression sickness. 

A short review of the work done up to this 
point is provided by Kylstra.11 Also noted in 
this article is the fact that puppies sub- 
merged as long as 54 minutes12 and newborn 
rats submerged in water at 37 °C continue to 
make respiratory movements—they can sur- 
vive underwater for at least 40 minutes, re- 
cover when taken out of the water and devel- 
op normally into adult rats.13 This ability of 
newborn mammals to exist temporarily in a 
completely aquatic environment can partly 
be explained by their tolerance to anoxia.14 

Many experimenters have observed that 
the fetus can make ventilatory movements. 
The extent to which ventilation occurs is un- 
certain but it is well known that asphyxia in- 
duces ventilatory movements. Howatt and 
co-workers15 experimented with fetal lambs 
in an attempt to find the volumes of liquid 
displaced, the mechanical limitations involved 
in breathing liquid and the extent to which 
amniotic fluid inhaled by the fetus will mix 
with and displace liquid already in the lung. 

After delivery of the lamb by cesarean sec- 
tion, a tracheotomy was performed and a 
tube inserted and connected to a bottle con- 
taining 1-2 liters of normal saline. The um- 
bilical cord was clamped and the lamb began 



to gasp between 1 and 2 minutes after occlu- 
sion. Usually the largest individual gasps oc- 
curred during this period when pleural pres- 
sures up to -68 cm water, inspired flow up to 
1.5 liters/min., and displaced volume of up to 
14.5 ml were recorded in mature animals. 
After release of the cord the animal usually 
began to gasp again within a minute—having 
stopped with prolonged clamping—and then 
frequently entered a phase of regular liquid 
breathing lasting up to 20 minutes. During 
this period breathing sometimes reached sus- 
tained rates between 20 and 30/min. The 
total volume ventilated after release of the 
cord was usually larger than during the pre- 
ceding period of occlusion. 

Static pressure-volume inflation curves at 
10 ml volume increments over the volume 
range between resting lung volume and the 
addition of 100 ml of normal saline were ap- 
proximately linear and gave compliance val- 
ues between 9 and 15 ml/cm H20. Compli- 
ance pressure thus represented a very small 
part of transpulmonary pressure during in- 
spiration. The major part of the pressure 
was evidently resistive. 

It appears to the authors that although the 
major part of each liquid breath is returned 
unmixed with lung liquid, a small part of the 
inhaled liquid does mix with and wash out 
some of the lung liquid. It was concluded 
that asphyxial gasping by the fetus causes 
some considerable admixture of lung liquid 
with amniotic fluid. Presumably with the 
passage of time such inhaled liquid would 
become evenly distributed throughout the 
lungs by diffusion. 

This work demonstrates the known ability 
of animals to breathe fluids and points out 
the difficulties which occur—resistance to 
flow, poor admixture, etc.—which would ap- 
ply to any experiments with adult mammals 
breathing liquid. The authors also note that 
an effect of ventilation with amniotic fluid 
could be the washout of the pulmonary sur- 
face active agent or the inactivation of this 
material by substances present in the amnio- 
tic fluid. This problem was, in fact, one of 
the first ones noted in the early experiments 
with mice breathing various fluids. 

Kylstra11 noted a similar problem to the 
poor amniotic fluid-lung fluid exchange in the 
low diffusion of C02 in water. It is so much 
slower than in air that the partial pressure 
at the center of the liquid filled alveoli re- 
mains well below the partial pressure in the 
alveolar capillaries. This results in a large 
"diffusion dead space" which renders liquid 
breathing inefficient as compared with air 
breathing so that greater minute volumes of 
ventilation are required. Computed total 
dead spaces for C02 in liquid-ventilated dogs 
ranged from 119 to 274 ml at tidal volumes 
of 150 to 400 ml. Thus, the elimination of 
dissolved C02 through the lungs of liquid 
breathing mammals is generally deficient. 
This problem may be solved, at least in part 
and temporarily, by the use of appropriate 
C02 buffers. As noted previously, mice and 
rats submerged in solutions to which T.H.A. 
M. has been added survive many times longer 
than in unbuffered solutions. 

More light was shed on the subject of fluid 
dynamics in saline filled lungs by the work of 
West and associates.16 They noted that blood 
flow decreases greatly from the bottom to the 
top of the upright human lung and in the 
isolated dog lung. It has been shown to be 
caused by the hydrostatic pressure differ- 
ences which are inevitable in an organ which 
separates blood from gas by a thin mem- 
brane. In only two situations would these 
pressure differences be eliminated; in outer 
space with the absence of gravity or in a lung 
filled with and surrounded by fluid with the 
same specific gravity as blood. Thus, West 
removed the left lung of greyhound dogs, 
tied glass cannulae into the pulmonary ar- 
tery, left main bronchus, and excised left 
atrium. The lung was placed vertically in a 
water-tight lucite box. The box was filled 
with warm saline and the lung was then in- 
flated with warm normal saline. The lung 
was perfused with venous blood from a sec- 
ond dog via two femoral vein catheters and 
returned via the jugular. The distribution of 
blood flow was measured by injecting aggre- 
gated I131-labeled albumin into the pulmonary 
artery and scanning the lung from bottom to 
top when the particles had been trapped by 
the small vessels. After equilibrating the al- 



veolar saline with more inhaled iodinated al- 
bumin and scanning again blood flow per unit 
alveolar volume could be calculated. 

The isolated lung gradually became edema- 
tous during the course of perfusion. Sections 
were taken at the end of the experiments, 
fixed and stained. The sections showed some 
interstitial edema but in general the alveoli, 
blood vessels, and bronchi looked remarkably 
normal. 

Means and standard errors for blood flow 
for five equidistant points up the lung showed 
that blood flow was, on the average, about 
evenly distributed although the vascular 
pressures were such that in the air-filled lung, 
the flow distribution would have been grossly 
uneven due to pressure inside the vessels in- 
creasing down the lung while the pressure 
outside the vessels remains constant. By con- 
trast the saline-filled lung has the same ver- 
tical pressure gradient inside as out resulting 
in an even blood flow. 

From the statistics compiled on fluid ex- 
change, it was concluded that ventilation per 
unit alveolar volume was substantially uni- 
form. However, during the course of re- 
breathing to equilibrate the Im-Iabeled albu- 
min, an unexpected delay was noted in mix- 
ing of the inspired tracer with the alveolar 
saline. It was then noted that with no post- 
inspiratory pause, a relatively large propor- 
tion of inspired tracer was exhaled early in 
expiration and that towards the end of a rel- 
atively long expiration, the expired radioac- 
tivity became very low. Thus the late ex- 
pired alveolar saline had a tracer concentra- 
tion far below what would have been expected 
if mixing within the alveolus were complete. 

At this point the authors note that the 
gross inequality of blood flow and ventilation 
under increased acceleration is due to pres- 
sure differences across the lung tissue sec- 
ondary to the difference in density between 
blood and air. A suggested way of abolishing 
these pressure differences is by replacing air 
with oxygen-enriched saline for short peri- 
ods. This expedient may be possible for the 
very large initial acceleration necessary in 
future space travel. 

The present belief is that the linear veloci- 

ties of inspired gases or liquids are so small 
in the terminal airways that mixing of the 
inspired tidal volume with the alveolar gas 
occurs only by diffusion. Diffusion is very 
slow in liquids and in these experiments the 
flow rates produced laminar flow and weak 
convection currents with little mixing of 
fluids. 

Diffusion within the airways in the gas 
phase may cause a barely measurable in- 
equality of ventilation but it is likely to in- 
terfere seriously with gas exchange in the 
saline-filled lung. In a related study, after 
inhalation of radioactive oxygen, the alveolar 
concentration at an expired volume of 700 ml 
was only 11% of the inspired concentration 
with no postinspiratory pause. After 3 min- 
utes pause the alveolar concentration rose to 
31%. If curves are extrapolated to an ex- 
pired volume of 1000 ml, the alveolar concen- 
tration with no pause falls to less than 5% 
and the diffusion gradient is seen as very 
large. Diffusion limitations of a similar or- 
der of magnitude must occur for carbon di- 
oxide. The mechanical mixing action of the 
heart within the thorax may be a slight miti- 
gating factor. 

Another study in which the pulmonary gas 
exchange was measured in dogs mechanically 
ventilated with a hyperbarically oxygenated 
modified Ringer's solution is reported by Kyl- 
stra.17 The experiments were conducted in a 
US Navy recompression chamber sufficiently 
large to accommodate the animal and two in- 
vestigators. The chamber was pressurized 
with air, and in most of the experiments the 
dogs were not submerged but remained ex- 
posed to the chamber atmosphere. Twenty- 
nine mongrel dogs were anesthetized with IV 
sodium pentobarbital, given prophylactic an- 
tibiotics, and intubated. The ventilating fluid 
was a modified Ringer's solution with 1 g/ 
liter of dextrose added to balance the osmo- 
tic effect of the plasma protein. Bicarbonate 
was omitted to obtain a virtually unbuffered 
solution. 

The oxygenated fluid was made to flow 
into the lungs by gravity and expired liquid 
drained into a reservoir, was reoxygenated 
and reused. The liquid was maintained at 
37 °C.  The dog was allowed to breathe oxy- 
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gen for 3 minutes to wash out nitrogen. Suc- 
cinyl-choline was then given IV to prevent 
further respiratory activity. Motor driven 
valves alternated-the inflow and outflow lines. 
Fluid volumes were obtained by suspending 
the dog from a strain gauge force transducer 
and reading volumes off a calibrated weight 
record. Liquid ventilation was terminated by 
stopping the valve motor with the outflow 
open and, after adequate drainage, the lungs 
were forcefully inflated several times by the 
endotracheal tube. 

No particular emphasis was placed on re- 
suscitation of the dogs, nevertheless, seven 
animals survived the procedure and one de- 
livered a litter of healthy puppies 44 days 
later. These dogs, in good health and without 
any signs of respiratory embarassment were 
sacrificed and histologic examination of the 
lungs performed. There was a remarkable 
degree of scarring with interstitial fibrosis 
and thickening of alveolar walls and septa 
which were very cellular and vascular. These 
changes were focal and in tissues not involved 
by this scarring process the alveolar walls 
were relatively thin but did not possess the 
delicate appearance of normal lung tissue 
since there was an increase in cellularity. 
There were scattered giant cells and masses 
of eosinophilic material surrounded by small 
round cells embedded in the scarred areas. 
Dense eosinophilic membranes in association 
with chronic inflammatory cells and fibro- 
blasts were seen in alveolar and bronchiolar 
luminar. Modest emphysematous changes 
were present just beneath the pleura. Only 
minor pathological changes were found in the 
lungs of the other dogs, consisting of small 
granulomata sometimes associated with 
amorphous bluish-pink material and giant 
cells. There were focal pleural thickening 
and emphysema. It of course is not known 
which of these dogs represents the expected 
reaction. No discussion of the possible fac- 
tors of death was made in the article and any 
would be pure speculation. 

The oxygen uptake through the lungs of 
the dogs was adequate, ranging from 31 to 
93 ml/min at inspired oxygen tensions of 
3300 to 3640 mm Hg in the fluid. The arterial 
oxygen tensions were very low at inspired 

oxygen tensions of less than 5 atm. The elim- 
ination of dissolved C02 through the lungs 
was generally deficient with respiratory ex- 
change ratios ranging from 0.3 to 0.7 at ar- 
terial C02 tensions of 43 to 80 mm Hg. 

Kylstra found, as had West, that net trans- 
fer of gases within the air spaces occurs by 
diffusion and bulk flow but that bulk flow ac- 
counts for no more than a fraction of the net 
transfer of gases within the air spaces. Net 
transfer of gases within the terminal air 
spaces and the overall transfer of gases in 
saline ventilated lungs is primarily diffusion 
limited. 

The gas exchange in liquid-ventilated dog's 
lungs is similar to the computed gas exchange 
in a lung model consisting of sperical ex- 
change units in which gas transfer occurs by 
diffusion only. In this same experiment Kyl- 
stra and co-workers mathematically com- 
pared gas exchange results to radial diffusion 
in a sphere. This lung model contains approx- 
imately one-half million spherical exchange 
units each with a diameter of approximately 
1 mm. This is comparable to the overall di- 
ameter of primary lung lobules. 

There did exist a fair degree of positive 
linear correlation between the measured ar- 
terial oxygen tensions and computed theo- 
retical values. Measured gas tensions in 
artificial blood and alveolar liquid were plot- 
ted against computed distances from the 
center of a hypothetical exchange unit. Tidal 
volumes and computed total dead space vol- 
umes are given. The largest part of those 
total dead spaces appeared to be the result 
of diffusion gradients within the exchange 
units which seriously impair the efficiency 
of tidal ventilation in liquid breathing. 

Unfortunately the complex geometry of 
the anatomical structure and the lack of 
precise information regarding their dimen- 
sions and the compliances which determine 
bulk flow patterns appeared to the authors 
to preclude an analysis of their experimental 
data in terms of actual diffusion profiles 
within the exchange units proper. It was 
concluded that pulmonary gas exchange in 
liquid-ventilated dogs is diffusion limited and 
can be described mathematically in terms of 
radial diffusion in a sphere. 



Lukin18 studied the difficulties which de- 
velop during liquid breathing; attempted to 
determine the survival rate, and made gross 
and histopathologic exams of nonsurviving 
animals. 

Seven mongrel dogs were partially or 
totally immersed in Ringers solution plus 
0.1% T.H.A.M. as buffer in a procedure simi- 
lar to the earlier experiments. The average 
tital volume for liquid breathing was 150 ml. 
Up to 175 ml of liquid was retained in the 
lnugs after the experiment, part of which 
may have passed into the blood. 

Two of the dogs survived. One developed 
temporary apnea during submersion but re- 
covered. The second appeared to do well 
even though his arterial oxygen concentra- 
tion fell as low as 13 vol % at one point. 
Three other dogs developed apnea within 
13 minutes and died. The sixth dog develop- 
ed apparent bronchospasm after 25 minutes 
and died. The seventh dog developed some 
bronchospasm but maintained minimal vent- 
ilation, however, arterial oxygen was 11 vol 
% at 30 minutes when the experiment was 
terminated. 

Necropsy was done on four of the dogs. 
Their lungs were found to be highly edemat- 
ous and discolored dark red to brownish red, 
indicating hyperemia and hemorrhage. His- 
topathologic exam confirmed the finding. 
No atelectasis was found in any of the lobes 
examined. The general picture resembled 
acute pneumonia. The central nervous sys- 
tem was also examined and vascular lesions 
were found in the spinal cord, brain stem, 
and cerebral cortex. 

At an oxygen tension of 8 atmospheres, 
hemoglobin in a concentration of 15 gm % 
can carry about 20 vol % 02, and plasma up 
to 18 vol % giving a total of about 38 vol % 
for whole blood. The highest levels in the 
dogs ranged from 26 to 37 vol %. It is a 
suggested possibility that the CO2 buildup 
(up to 72 vol % highest) may be secondary 
to edema and consequent decreased diffusion. 
Although hypercapnia is a great problem it 
was not regarded as a causative factor of 
death in this experiment. The cause appear- 
ed to be a sharp drop in arterial 02 concentra- 
tion to about zero just before death. 

The cause of the fatal fall in arterial 02 

concentration was apnea and/or dyspnea 
with bronchospasm. Vascular lesions which 
developed in the lungs and in the medulla 
were probably the chief causes of the arrest 
of respiration. It remains questionable 
whether the pressure of a merely iso-osmotic 
salt solution in the bronchioles and alveoli 
is entirely harmless. On the other hand, the 
hemorrhages observed in the central nervous 
system point to a systemic vascular reaction 
typical of various acute stress situations. The 
authors were unable to draw any conclusions 
about survival rates. 

Another approach to exchanging gases 
with fluids was experimented with by two 
different groups at about this time. The 
thickness of a seawater layer with an oxygen 
concentration approximating that of the sur- 
face (150 mm Hg) varies widely in the 
oceans, extending from 150 to 300 feet in 
some areas. Since the partial pressure of 
oxygen in circulating sea water is higher 
than that of expired air, the reverse being 
true with C02, a net transfer of the two 
gases in the desired direction is possible. An 
apparatus was constructed by Strauss and 
Moulder19 to allow a guinea pig to maintain 
respiratory exchange by means of these dif- 
fusion gradients. A teflon membrane was 
interposed between the guinea pig's expired 
air and the water. The air above the water 
was at atmospheric pressure. Fifteen such 
membrane units were supported on an open 
frame and each unit was made by placing 
screening between two Teflon membranes. 
Expired air flowed between the two mem- 
branes which were sealed by autoclavable 
masking tape. A respiratory valve from the 
guinea pigs trachea was connected to a mani- 
fold at each end of the apparatus. The ap- 
paratus was submerged and the guinea pig 
placed on top of it above the water level. The 
quantity of oxygen diffusing across the 
membrane increased until it equalled the 
amount of oxygen utilized by the animal 
which occurred after 3V2 hours. The respira- 
tory rate rose however, probably secondary 
to hypoxia and fatigue. It was later calcu- 
lated that the apparatus furnisher approxi- 
mately 4 ml oxygen/min. 
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In the second experiment the apparatus 
was first flushed with an air-nitrogen mix- 
ture of p02108 mm Hg. The respiratory p02 

rose for'the first half hour and thereafter 
remained stable for 5 hours. The membrane 
apparatus did allow diffusion of 02 and C02 

at a level permitting animal survival. How- 
ever sea water contains at best only 9 ml of 
oxygen per liter and a large quantity of 
water and a large membrane surface area 
are needed even for a small animal. Also, if 
the apparatus were taken below the surface 
as with a diver, problems of lung compres- 
sion, gas narcosis, etc., arise. 

Another artificial gill was developed by 
Bodell20. Silicone rubber tubing readily al- 
lows diffusion of oxygen and carbon dioxide 
and utilizing this facilitated large areas for 
gas exchange. The apparatus is similar to a 
previously described capillary membrane 
oxygenator for extracorporeal blood circu- 
lation.7 Expired air is passed through the 
lumen of the tubing, partial pressure dif- 
ferences allowing diffusion of 02 and C02 

in and out respectively. 
Expired air from rats in a submerged en- 

closed chamber was circulated through sub- 
merged silicon tubing in tap water by means 
of a roller pump. The animals breathed from 
22 hours to 6 days and all survived. The 
p02 decreased and the pC02 increased at first 
but levelled out at 80 mm and 20 mm Hg 
respectively; pressure sufficient to sustain 
life. Varying the water flow directly varied 
the p02 and pC02. It also became apparent 
that toxic gases such as ammonia (from 
urine decomposition) are excreted by this 
gill. 

Howlett21 and co-workers in 1965 reported 
on an extracorporeal circulation apparatus 
using fluid exchange of oxygen rather than 
gaseous exchange in order to minimize blood 
trauma. Venous blood entered the bottom 
of concentric lucite cylinders forming a film 
on the wall and exited at the top. The spaces 
between the cylinders were filled with a fluor- 
ocarbon fluid containing dissolved oxygen. 
The blood film was in contact with the fluid 
and readily took up oxygen from it with 
minimal blood trauma. The fluid is a 
fluorocarbon   (primarily  isomers  of  C8Fi60, 

labeled FX-80 and supplied by Minnesota 
Mining and Manufacturing Co.) and used 
because of its inertness, high oxygen solu- 
bility, density much greater than blood and 
immiscibility with blood. Work on these 
fluids had been done by various companies 
as early as 1954. 

Oxygen is at least ten times as soluable 
in silicone and fluorochemical liquids as in 
plasma or saline. A given volume of silicone 
oil (polymethylsiloxanes) oxygen saturated 
at atmospheric pressure contains half again 
as much oxygen as the same volume of air 
or whole blood; fluorocarbon liquid under 
similar conditions contains three times as 
much. Clark and Gollan27, on the basis of 
this information, submerged mice and cats 
in the two fluids with oxygen bubbled 
through it at atmospheric pressure. Mice 
breathing the liquid fluorocarbon for one 
hour, in contrast to those breathing the sili- 
cone oils, survived for several weeks after 
removal from the fluids. Immersion survival 
time averaged about 4 hours at 18°C, 40 
minutes at 25 °C and 15 minutes at 30 °C. 
One animal continued to breathe the liquid 
for 20 hours at 18°C. The addition of Fluo- 
thane arrested swimming motion and in- 
creased survival. The cerebral oxygen ten- 
sion during fluid breathing was roughly 
equivalent to that observed during air 
breathing. After the animal is removed 
from the fluid the brain oxygen level returns 
to control values. If liquid temperature is 
increased from 20° to 35° or the p02 lowered 
from 600 to 140 mm at 20° C the recording 
of brain oxygen falls to zero. 

Anesthetized cats were submerged in and 
spontaneously respired through a tracheal 
cannula the fluorocarbon liquid with oxygen 
bubbled through it. Arterial oxygen ten- 
sions ranged between 140 and 300 mm using 
tidal volumes between 12 and 60 cm3 and 
endotracheal pressures of 10 to 15 cm water. 
The arterial pC02 increased from 50 to 80 
mm and the pH fell from 7.35 to 7.10. 

One cat was observed for 5 days following 
liquid breathing; the animal walked about 
and drank milk but was in respiratory dis- 
tress during this time and succumbed within 



15 minutes after the subcutaneous adminis- 
tration of 50 mg hydrocortisone, with copi- 
ous loss of bloody fluid frQiri the trachea. All 
of the organs were grossly normal except 
the lungs, which appeared congested when 
collapsed but normal when inflated. Several 
of the apparently normal mice sacrificed on 
the fifth day showed red areas distributed 
on the lungs in a polka-dot pattern. The ob- 
servations in mice strongly suggested that 
the tracheal diameter limits the gas ex- 
change, meeting the requirements only in 
hypothermia, at a high fluid p02, and a vis- 
cosity near that of water. In the cat, arterial 
oxygenation was entirely adequate but, 
again, carbon dioxide elimination is im- 
paired. 

The authors state that fluorochemieal 
liquid respiration should prove to be more 
efficient than aqueous liquid respiration be- 
cause of its remarkably higher solubility for 
oxygen and carbon dioxide, its higher dif- 
fusion coefficient for gases, and its somewhat 
lower viscosity. Whether pulmonary damage 
observed is due to solvent activity, toxic 
impurities, chemical interaction, or some 
other factor is not clear. It is certain that 
fluorocarbon liquid is superior to the silicone 
oils. 

DISCUSSION AND CONCLUSION 
What began as an investigation of drown- 

ing blossomed into a field of endeavor aimed 
toward making gills out of mammalian 
lungs23 and overcoming decompression prob- 
lems by sidestepping them. The experiments 
reviewed in this paper began with simple 
submersion experiments and developed into 
more complex physiological investigation. At 
first there seemed to be great possibilities 
for the eventual use of liquid breathing for 
man in order to overcome decompression 
problems. Uses were advocated in deep sea 
exploration, submarine escape, medical re- 
search, and even space travel. However as 
more information is compiled the problems 
in this concept have become more clearly 
defined. The problems include fluid and elec- 
trolyte  imbalance,   anoxia,   respiratory  ex- 

haustion secondary to breathing a very 
dense medium, breathing of contaminants in 
the fluids, abnormal surface tension of fluids 
remaining in the lungs and large diffusion 
dead space imposing a serious limitation on 
gas exchange. The organic liquids removed 
the need for hyperbaric oxygenation but 
carbon dioxide retention still remains a 
great problem. The pulmonary damage due 
to the organic liquids remains a major com- 
plication. 

The use of gill systems does not seem like- 
ly for individuals at present since the re- 
quired system is too bulky. Application of 
the gill system could be used for whole un- 
dersea environmental systems where bulki- 
ness is not a problem. One might conceive 
of man breathing fluid into a gill system but 
again the size would preclude any usefulness 
for an individual. Also the amount of heat 
loss from the body through the fluid either 
with a gill or not is too great for survival. 
Heating the fluid again presents unit size 
and weight problem 

In conclusion, the work done up to this 
point presents very interesting possibilities 
for the future. However, these possibilities 
are limited by serious problems the solutions 
to which certainly do not appear to be just 
over the horizon. 

SUMMARY 
Certain investigators became interested in 

the mechanism of death by drowning. Work 
progressed from this to purposely submerg- 
ing animals in liquids to perfect the science 
whereby the animals could survive a period 
of immersion. The object of this work was 
to test the feasibility of man's breathing 
liquid and thus overcoming many of the 
problems of diving compression and decom- 
pression. As work progressed problems be- 
gan to rise — poor CO2 diffusion, fluid and 
electrolyte imbalance, fatigue, etc. — which 
would appear to severely limit the usefulness 
to man of such a system. More work is need- 
ed in order to overcome these major prob- 
lems before man can apply them to himself 
if, indeed, he can at all. 
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