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I. Introduction - origins of interest in the study of liquid breathing. 

Liquid breathing occasionally termed fluid respiration, is the substitution 

of a relatively inert fluid medium for an inert gas in a breathing mixture for 

lung-breathing animals. At this writing, the subject remains in a partially 

theoretical, partially experimental state. It has been reasoned that fluids with 

certain physical characteristics containing sufficient dis solved oxygen could be 

used as a respirable medium for humans who find themselves in the very alien 

environments of outer space and in the ocean depths. The practical advantages to 

accrue from this would include, theoretically, the prevention of decompression 

sickness during very rapid ascents from high to low ambient pressures, and 

the prevention pulmonary problems associated with high accelerative forces. 

Experimentally, certain of the advantages remain to be proven in animal tests. 

Some of these will be discussed below together with a consideration of some of 

the limitations of liquid breathing. The reader is directed to reviews of this 

subject (7, 12). 

Consideration of liquid breathing as a practical, applied affair appears to 

have had its origin in two previous areas of study. One was research into the 

mechanisms of death by drowning. Here, two possibilities presented themselves 

as the primary cause of death. One was simple anoxia and the other comprised the 

sequellae of aspiration of fluid into the lungs with consequent changes in the 

composition of body fluids. Attempts to distinguish between these two mechanisms 
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led to a rec_ogni tion of a difference between drowni_ng in salt water and drowning 

in fresh water(21) . In pursui_ng this research, Kylstra (9,10) attempted to avoid 

the possibility of anoxia by pressurizi_ng experimental animals breathing oxygen 

dissolved in fluid to 8 . 0 atmospheres. The increased partial pressure of dis-

solved oxygen appeared to make this gas available in adequate concentration to 

satisfy respiration needs . A complication which was early recognized in this 

work was the. fact that, altho_ugh oxygen might be adequately supplied via this 

route, carbon dioxide, evolved from metabolism, was removed with difficulty . 

Further, the transition from breathing of a liquid to a gas was troublesome. 

Finally, it was discovered that body temperature and, hence, metabolic function 

appeared. strongly to influence survival of animals which underwent liquid breathi_ng. 

The net result of these investigations , however, was the fact that under proper 

circumstances, fluid-filled lu_ngs were not incompatible with life (14,19). 

The other area of interest which encouraged observations of fluid-filled, 

living lungs was the s tudy .of in vivo lung lavage or washing as a therapeutic tool. 

Kylstra in 1957 (8) reasoned that the failure of :renal function might be compen-

sated for temporarily by dialysis across the alveolar-capillary "membrane." 

Accordingly, he attempted to r emove selectively a number of substances from the 

vascular compartment by lavaging one of a pai'i::,.Qf'lungs. He employe.d 

a variety of fluids in order to achieve "extrarenal purification" including saline, 

Ringer.'s solution, serum and plasma. He claimed modest success in removi_ng urea, 

sodium thiocyanate and phenobarbital . from the blood stream. 

II . Summary of research performed and limitations to liquid breathing. 

A small variety of fluid materials have been used experimentally as vehicles 

for dissolved respiratory gases. One of the theoretical aims has been to conside r 

practical applications of fluid breathing for divers and for escape from damaged 

submarines. Hence, as might be expect ed, earliest cons ideration was give n t o the 
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use of fluids which were easily available or even ubiquitous, such as water. 

Successive experimental procedures have used fluids possessing physical character

istics which have theoretical advantages and which, in fact, have proved to be 

useful in increasing survival times . A list of the various fluids used together 

with certain of their properties is offered in Table 1. 

Fresh water was early identified as an unsatisfactory breathi.ng medium (2 ,9, 

10) . Animals breathed with water fail to surviv~ yet anoxi~ '"'could not always be 

blamed for their demise. Further, as might be expected, the anisotonicity of the 

fluid plus its solubility lead to unwanted fluid shifts across the respiratory 

membranes. Isotonic saline (with various mixtures of other essential mineral 

components) has been used by a number of investigators to study liquid breathi.ng. 

Goodlin (5) used Hanks basic salt solution. Kylstra (15) experimented with 

Sterofundin (a balanced salt solution, pH 6.8, containing acetate and lactate), 

and modified Ringer's solution (13) . 

A number of problems were highlighted by these experiments which serve to 

point out the physiological alterations which accompany fluid respiration and in 

some cases limit its application: 

A. Fluid shift from the alveolar space into the extra- and intravascular 

compartments. 

This is .simply related to the colloidal and crystalloidal components of the 

breathing fluid compared with those of the tissues of the l~ng . If the breathing 

fluid is miscible or soluble in the body fluid, osmotic differences are incompat

ible with survival because of resulting fluid shifts which might occur. Obviously, 

this was the advant.age of saline over water. 

B. Toxicity 

Referred to he r e is both the toxicity of the breathing fluid itself and the 

unwanted accumulation of harmful exogenous materials in the fluid medium. 

___ , _ _..,_ ... 

!!----------------------·-----··--~--·---·-



-4-

C. Temperature 

Fluid respiration has been tried experimentally over a fairly wide range of 

temperatures from 6° to 41° C ( 15 ). For the experimental procedures used, it 

has been found that survival time can be increased by modestly lowering the body 

temperature to around 20° C. Presumably this effect is related to the decrease 

in metabolic function and rate of gas exchange from the lower temperature. 

D. Oxygenation 

The transfer of oxygen from the respiratory medium within the alveolar space 

into the alveolar capillary blood is, in the first approximation, a function of 

the· oxygen gradient or difference in oxygen partial pressures between these two 

compartments. Generally, the diffusion of oxygen across the alveolar-capillary 
,, 

membrane is exceedingly rapid and is only rarely a limiting factor. Normally, 

too, the diffusion of oxygen molecules within a gas medium in a space as small as 

an alveolus is rapid enough at physiological breathing rates to prevent significant 

gradients of concentration. In liquids, however, the diffusion of dissolved gases 

is much slower (Table 1). Hence, it is theoretically possible to draw off oxygen 

from the periphery of an alveolus into the capillary blood at a rate which exceeds 

the random diffusion through the alveolar fluid contents. This would result in 

a gradient in ox ygen concentration with decreasing values found toward the 

periphery. In fact, the phenomenon appears to obtain a liquid breathing and 

could act as a limitation. The limitation has been overcome in two ways. In 

the case of saline-filled lungs, survival has been increased by raising the partial 

pressure of oxygen dissolved in the fluid. Generally, this hyperoxygenation has 

been accomplished by exposing the breathing fluid to pure oxygen at increased 

ambient pressures. Thus, Pegg ~al (19) reported survival times of fluid brea th-

ing ratios as less than 5 minutes at 2. 5 atmospheres, and about 200 minutes at 10 

atmospheres . Further, at 10 atmospheres, the authors found that arterial oxygen 
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saturation was 76%. In a series of experiments with dogs, Kylstra et~ (13) was 

able to sustain an arterial oxygen partial pressure nearly l~O mrnHg. The animals 

and the breathing fluid were pressurized to 5.0. 

E. co
2 
e~imination. 

The same factors which operate to limit oxygen provision in fluid breathing 

also act to limit co
2 

elimination. That is, diffusion of co
2 

through the fluid 

medium within an individual alveolus is relatively slow for the alveolar dimen-

. sions and when compared to diffusion through a gas. Thus, as co2 
is delivered 

from the pulmonary blood to the alveolus, a concentration gradient develops within 

each lu.ng unit . In this case, the concentration falls with increasing distance 

from the periphery of the alveolus. Kylstra et al (13) have developed a 

theoretical lu.ng model to illustrate this. gradient. Hyperbaric oxygenation was the 

means used to compensate for the diffusion limitation for .oxygen. There is no 

known comparable method to compensate for the co
2 

diffusion limitation and, at 

present, this stands as one of the serious limiting factors to liquid breathing. 

Kylstra has described and computed a carbon dioxide diffusion dead space for saline 

breathing d.ogs. For example, with. tidal volumes of 150-400 ml, these co
2 

dead 

spaces were estimated to be 119-274 ml . 

A partial and temporary solution to this problem is found in the use of appro

priate buffers. Tris-hydroxymethyl amino methane (THAM) has been shown to increase 

greatly the survival times of saline breathing mice (15) and rats (19) . However, 

the limitation r emains as one of the constraints to liquid breathing. 

F. Surface tension 

The normal gas-~iquid interface in the air breathing lung is of functional 

importance. The surface tension associated with this surface makes a large contri

bution to the normal elastic characteristic of the lung. For example, the e lastic 

properties of the lung determine the transpulmonary pressure of pressure across the 

lung at any lung volume. This figure in turn governs the flow of gas from the 

lung (17). Figure 1 demonstrates the contribution of surface tension to lung 
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elastic behavior. For the purposes of this discussion, two factors are important. 

The first is that maximum lung recoil is reduced when surface tension is removed 

and successive values of statid transpulmonary pre.ssure for all lung volumes are 

correspondingly decreased. According to the argument presented, flow of a fluid 

'through the lung would thereby be reduced. With bulk flow limited, therefore, 

the liquid breathing animal would face a severe limitation to ventilation made 

· more urgent in the face of an increased demand for COz elimination. 

A second consequence of the disruption in the normal surface behavior of lungs 

with liquid filling is the transition from the liquid-filled back to the air-filled state. 

One of the important characteristics of normal lung elasticity is thought to be the 

hysteresis of this pressure-volume behavior. This appears to accrue from the 

peculiarities of the surface active material (surfactant) which lines the alveolar 

spaces. Surface tension of surfactant actually decreases as alveolar area decreases. 

This property of hysteresis assures normal stability of alveolar units and prevents 

them from collapsing as lung volume decreases. 

This is important as collapsed lung units would require very high opening 

pressures in order to be re-expanded. One of the consequences of saline washing of 

lungs appears to come from the accompanying washout of the surfactant layer. The 

resultant lung is thus in a compromised state and difficult to re-expand with gas. 

There have been a number of accounts of histologic examination of lungs of animals 

after liquid breathing and emptying which appear to have undergone surface damage (19). 

G. Resistance to flow 

The resistance to flow of a liquid through the lung airways is the other limita

tion to fluid respiration. An accurate assessment of the extra work needed to over-

come resi stance to flow is difficult to provide because of incomplete knowledge of 

lung airway and air space dimensions and because there is no readily available descrip

tion of the variation of resistance with Reynold's number for the several parts of the 
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lung. If one assumes that Reynold's number will be unchanged when exchanging gas 

for liquid, then the pressure drop across a segment of the lung required to produce 

a given flow will be proportional to density. The liquids contemplated for use in 

liquid breathing are roughly 103 times as dense as air at I. 0 atmosphere. Hence, a 

1000 fold increase in resistance might be expe~ted in the first approximation. How-

ever, the viscosity of these liquids is also greater than that of air (roughly by a 

factor of 10 2 ). -1 Hence, the kinematic viscosity is reduced approximci.tely by 10 • 

This would lead to higher effective Reynold's number and a correspondingly reduced 

drag. For the purposes of this very rough estimate, the value of resistance to flow 

for liquids might be somewhat less than the upper limit expressed above. 

Hamosh and Luchsinger (6) observed a 50-100 fold reduction in maximum expira-

tory flow from liquid-filled dog lungs when compared to air-filled lungs. Leith and 

Mead (16) made measurements of static pressure-volume behavior and maximum 

expiratory flow-volume curves from air-filled and saline-filled dog and rat lungs. 

Recoil pressures were reduced by less than half and flows were reduced by a factor 

of about 102 in liquid-filled lungs when compared to their air-filled counterparts. These 

authors normalized the values of maximum flow to body weight and demonstrated that 

mice, rats and dogs were capable of liquid ventilations much greater than that of man. 

To summarize certain of the important limitations to liquid breathing, the rest-

ing organism is faced with an increased demand for ventilation mainly due to the 

evolution of carbon dioxide. Because of diffusion limitation through the liquid in 

the periphery of the lung, there occurs a gradient of co2 concentration which 

increases towards the periphery and which can be compensated for only partially by 

buff~ring. In spite of this increased demand for ventilation, there is a severe limita-

ti.on on the maximum flow which can be accommodated by the respiratory system. This 

is due in part to the decreased static r ecoil pressure of the lung, because its surface 

force s have been removed, and in part to the a ltered physical characteristics 

--- -·-··· ----
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of the fluid medium. 

One of the liquids which has been used recently with great success for fluid 

respiration is a fluorinated hydrocarbon known asFX-75 (18). An examination of 

the physical properties of this material in the l _ight of the above discussion reveals 

some of its advantages . 

A. Biologically inert and non-toxic. 

B. Unusually high solubility of oxygen and carbon dioxide. For example, the 

solubility of oxygen in FX-75 is great enough to allow for fluid respiration at 

ambient pressures. 

C. FX~75 is relatively insoluble in other materials. Hence, it , itself, does 

not tend to enter the interstitial tissue and bloodstream. 

D. Relative ly high diffusion rate for gases when compared to other fluid media. 

E. Low surface tension. 

F. High vapor pressure. Thus, evaporation and drainage from the lung are 

facilitated. The combination of rapid evaporation, low surface tension and relative 

insolubility in body fluids tends to preserve the integrity of the surface active 

layer during the transition from the fluid-breathing to the gas-breathing state. 

III. Practical applications. Implications for life support. 

It has been considered that there are two general areas of practical applica

tion of liquid breathing for l ife support. One relates to the hazard of inert gas 

and the other conc~rns high accelerative forces. 

One of the principal dangers associated with rapid ascent from the ocean floor 

(as in escape from disabled submarines) is decompr ession sickness. This disease 

comes about because of the evolution of nitrogen or other inert gas from its 

dissolved state as ambient pressure decreases. In liquid breathing, a non-compres

sible fluid is used in place of gaseous nitrogen as a vehicle for the respirable 

gases, carbon dioxide and oxygen. According to this scheme, the "inert" vehicle 
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would never appear in gaseous form and, hence'· gas bubbles would not be a problem 

with rapid' decompression. 

Gollan and Clark (4) demonstrated that this theoretical advantage can be 

realized in practice. They decompressed a series of liquid-breathing mice from 

500 psi (equivalent to 1000 feet or 34 atmospheres absolute) to sea level in 

5 seconds . They reported a 100% survival for this series versus a 100% mortality 

of similarly decompressed air-breathing controls. 

· The other major implication of liquid breathing for life support is protection 

against accelerative forces. By virtue of the 1 G gravitational force on earth 

there exists a hydrostatic gradient of perfusion and a gradient of ventilation from 

the top to the bottom of the lu.ngs of an upr.ight man. One of the consequences of 

these. gradients is a certain inequality of blood flow and ventilation which appears 

effectively as the shunting of blood thro.ugh the lungs without gas exchange • . If the 

gravitational force applied to the organism is increased, the ventilation/perfusion 

ratio is made increasingly unfavorable (22). Further, similar reasoning has led to 

conjecture that actual rupture of l ung parenchymal tissue might result if the 

accelerative forces were sufficiently severe (23). The advantage of liquid breathing 

in this case would be to fill the air spaces of the lung with a liquid whose density 

corresponded to that of the lung tissue. Theoretically, this should relieve the 

subject of the disparities between ventilation and perfusion during high G accelera

tions. 

l ' 
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Caption for Figure • 

Pulmo.nary static volume-pressure curves for saline- and air- filled l u.ngs. 

Open symbols: points obtained duri.ng filling. Closed symbols: points obtained 

during emptying of the lungs . Note: (1) the reduction in hysteresis with l iquid 

filling; (2) the r eduction in transpulmonary pressure for a given volume with 

liquid filling over air filli.ng, and (3) the r eduction in the maximum transpul

monary ; pressure associated with the maximum inflation during fluid fi lling compared 

with air inflation. (After 20) 



MATERIAL 

AIR . 

WATER 

PHYSIOLOGICAL 
SALINE 

FLUORINATED 
HYDROCARBON 

DENSITY 
(g/cm3) 

12 .x 10-
4 

1.0 

1.0 

l. 77 

Table 1 

A comparison of certain physical properties of materials 

used for liquid breathing (from various sources) . 

VISCOSITY SOLUBILITY OF DISSOLVED GASES rIFFUSION COEFFICIENT SURFACE 

c / (ml of gas/ml of solvent at 20°L) for 02 TENSION gm cm+sec) 
CO 0 (cm2/sec) (Dynes cm) 0 

_:.2 

183 x 10-6 
0.21 0.05 0.178 

10-2 0 . 02831 0.7598 3.2 x 10-5 
72 

10-2 
0.02211 0.529 3.2 x 10 

-5 
72 

1.15 x 10 
-2 

0.65 0.65 12 x 10-5 
15 
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